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Abstract: This manuscript investigates the potential effect of a nuclear-disturbed atmospheric
environment on the signal attenuation of a ground/satellite transmitter/receiver system for
both classical optical and quantum communications applications. Attenuation of a signal
transmitted through the rising nuclear cloud and the subsequently transported debris is modeled
climatologically for surface-level detonations of 10 kt, 100 kt, and 1 Mt. Attenuation statistics
were collected as a function of time after detonation. These loss terms were compared to normal
loss sources such as clouds, smoke from fires, and clear sky operation. Finally, the loss was
related to the degradation of transmitted entanglement derived from Bayesian mean estimation.
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1. Introduction

The detonation of a nuclear weapon in the atmosphere can create adverse conditions for free
space optical communications, including quantum communications. A nuclear detonation has
three main outputs: blast, thermal and ionizing radiation [1]. These effects occur over the
span of seconds, but the resulting environment, i.e., the nuclear disturbed environment, can
persist for hours to days afterwards. In a nuclear disturbed environment, two major effects can
degrade an optical communications link: increased transmission loss of the optical signal and
the addition of more background noise in the detector. The degradation of the optical link in a
nuclear disturbed environment is caused by absorption/scattering of the optical signal due to
nuclear cloud formation, weapon debris/soil lofting and elevated levels of particulate matter in
the air (haze/smoke), for example, from a nearby burning city. Ionospheric effects from high
altitude nuclear detonations can have significant effects (polarization, reflection, decoherence,
phase effects, etc. [1]) on a radio-frequency communications link due to the increased electron
density in the upper atmosphere, but it has negligible effects in the near-IR optical range. In this
paper, we consider near-IR wavelengths for the classical and quantum communications links.
In this regime, the dominant loss mechanism will occur from absorption/scattering, and more
specifically, Mie scattering due to the various aerosols and particulate matter injected into the
atmosphere from the nuclear detonation. To keep the scope manageable, we consider detector
noise effects elsewhere.

As a nuclear fireball rises and cools, it forms a cloud filled with water vapor droplets, weapon
debris and entrained material (soil, concrete, etc.) that was in the vicinity of the fireball. This
cloud will cause significant scattering and absorption to the wavelengths we are investigating
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for the optical link. Additionally, the material lofted by the cloud will remain airborne for
hours to days afterwards, depending on the particle size distribution of the material. The high
thermal output of a weapon detonation can cause secondary fires to start in an urban or rural
area. The subject of burning cities and ‘nuclear winter’ has been studied in detail by many
research groups over the past couple of decades [2,3] but is outside the research scope of this
study. Instead, we investigate blast-generated particulate matter in the air and its resulting effect
on an optical communications link. The radiative output of the debris is substantial in the first
hours, but the density of the lower atmosphere (generally around the tropopause and below for
surface-level detonations) allows for charge recombination, minimizing the effect of ionization
on beam transmission. We therefore assume this term is minor relative to the attenuation of
the debris itself and neglect it. In this way, we provide a scoping study of the additional loss
that arises from various nuclear blast scenarios on an earth to satellite optical (conventional and
quantum) communications link.

Typical free-space conventional communications build in generous power margins by launching
bright signals with millions or more of photons to account for signal losses. However, quantum
communications generally operate at the single-photon level. Thus, while we compute the impact
of loss generally, we expect the nuclear disturbed environment to present greater challenges for
quantum communications. However, there are compelling capabilities not available without
quantum signal transmission, namely information theoretic security through quantum key
distribution (QKD) protocols [4—7], where security remains independent of computational
capability. In addition, by distributing entanglement, one can teleport quantum information
over large distances provided one also has classical communications [8]. As it is required
for teleportation, entanglement is considered a key resource for quantum communications and
networking. Limitations on the range over which entanglement can be shared due to channel loss
restrict the scale of global quantum networks [9]. Without quantum repeaters [10], a channel
using commercial optical fiber can transmit quantum signals roughly only a couple of hundred
kilometers [11]. A terrestrial free-space optical (FSO) channel can suffer from obstacles in the
field of view, atmosphere related effects, and the curvature of the earth that limit transmission range
[12]. Satellite-based networks are a potential solution for long-range entanglement distribution
on a global scale. Satellite-based architecture offers longer communication range than optical
fiber due to lower attenuation scaling. Proof-of-concept demonstrations have been performed
or are in conceptual phases for satellite quantum communications in China [13,14], the United
States [15,16], the European Union [17,18], Japan [19,20], and Canada [21,22]. In addition,
there has been much theoretical work analyzing the effect of the atmosphere and turbulence on
satellite quantum communications [23-27]. A feasibility analysis of satellite constellations to
realize a global quantum network has been performed [28].

The main contribution of this manuscript is to estimate the additive nuclear disturbed penalty
for earth-space communications links. That is, we calculate the loss penalty to an optical
signal attempting to pass through (a) the stabilized nuclear cloud, (b) later-time transported
airborne debris, and (c) ash and smoke from secondary fires initiated by the detonation. We
assume that these loss terms are fully separable from the normal transmission losses in the
atmosphere due to air, ambient airborne particulates, turbulence, etc., and that these loss terms
(in dB) may be added to the atmospheric losses for the full transmitter-to-receiver attenuation
estimate. We also assume that any photon interaction with the nuclear cloud or debris results in
extinction of the photon (that is, no photon interacts weakly yet still survives to the receiver).
Therefore, the loss terms are direction-independent and apply equally to both ground-to-satellite
and satellite-to-ground transmission. All direction- and distance-dependent losses would be
attributable to the atmospheric attenuation term.
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2. Background

Before analyzing the performance of a quantum channel in a disturbed environment, it is necessary
to determine what is possible during more favorable operating conditions. A concept of operations
schematic for a future space-based communications network is shown in Fig. 1. The figure
provides a summary of the optical channels that can be considered, and for concreteness, we
specifically consider heralded two-qubit entanglement distribution between ground stations and
satellites. In heralding, one photon of the entangled pair is measured at the transmitter while the
other is sent over the free-space optical channel. In the ideal limit, this is analogous to having an
ideal deterministic single photon source and could also represent a directly encoded photon, as
typically used in QKD.
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Fig. 1. A schematic of the principle of operation for different link scenarios in a hypothetical
space-based quantum and/or classical communications network: 1) Ground-to-low Earth orbit
(LEO) 2) Ground-to-aircraft 3) LEO-to-aircraft 4) LEO-to-LEO 5) LEO-to-geosynchronous
orbit (GEO) 6) GEO-to-GEO 7) Ground-to-GEO. All types of links can be bidirectional.

An encoded quantum photon propagating through a free space optical (FSO) channel displays
similar behavior as a classical pulse of light with otherwise similar characteristics (e.g., wavelength,
spatial mode, pulse duration, etc.) transmitted in the same conditions. Modeling the optical
loss of a laser-based FSO link therefore has become a standard way to gain insight into the
performance of a quantum link. More specifically, Gaussian beam propagation is applied to
analyze the performance of an optical channel to infer the limitations of a quantum link due
to diffraction and the atmospheric turbulence [23]. This section introduces the Gaussian beam
propagation methodology and the atmospheric model that analyze the optical channel of a
quantum link between ground stations and satellites.

2.1.  Atmospheric model

A Gaussian beam is a focused or collimated beam of light where the irradiance and transverse
electromagnetic field are defined by a Gaussian function. The Gaussian beam approximation is
suitable for small divergence angles where the paraxial approximation is applicable. We assume
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that our laser beam is perfectly collimated and of a Gaussian form described by the fundamental
transverse electromagnetic mode (TEMqg). The complex amplitude of the electric field for a
Gaussian beam at a distance z from the waist is given in [29] as

2 2

U(r) = UO% exp (—MZ—(Z)) exp (—ikz - ikﬂg(z) + zz(z)), e

where U is the maximum value of the amplitude, wq is minimum beam radius at the waist (z =
0), R(z) is the radius of curvature, r is the radius at a distance z, i is the imaginary unit, k is the
wavenumber k = 27/A. The evolution of the real part of the Gaussian beam in the propagating
direction z can be calculated from the beam waist [30]

w(z) = \Jw] + 2262, 2

where the beam divergence 6, is given by

0g = —, (3)
TW(
and A is the channel wavelength. We assume the beam is transmitted either from a satellite or a
ground station and the spot size spreads as it propagates to the receiver at another satellite or
ground station.
The irradiance of the beam is obtained from the modulus squared of the electric field as

2 2 2
I(r,2) = Ioaj;)—?z) exp (_w%(z)) . 4)

By integrating the irradiance an expression for the power passing through a circular receiver of
radius ry is

2r 1
P(z) = / / I(r,z)rdrdd . (5)
o Jo
By solving Eq. (5), the transmission power ratio for an unfocused beam is
PR 27‘2 )
— =1-exp|-———]. 6
mo-onl-g :

The link efficiency ratio for an channel is the power passing through a receiver aperture of
diameter Dg from a transmitting device of diameter Dy that is separated by a link distance of L
and is calculated as

2D?
D2 + 4120,

Pr

P—Tz 1 —exp . @)

Here, the minimum beam waist is treated as half of the diameter of the transmitting aperture
wo = Dr/2 and the collection radius is half of the diameter of the receiving aperture r = Dg/2.
The optical link attenuation is the inverse of the link efficiency:

-1
) . ®)

Equation (8) is sufficient to understand the propagation of a beam that is purely diffraction
limited and gives a lower bound of the channel attenuation. Given the typically high loss over the

2
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scenarios considered, the attenuation A is more conveniently expressed in dB by converting the
attenuation ratio as follows:

P
A =10 xlog,, (P—;) )

Several obstacles complicate any attempt to transmit an optical signal through the atmosphere
including scattering, absorption, and variations in the atmospheric refractive index [25]. The
atmosphere consists of various gases, atoms, water vapor, and molecules trapped by the gravity
of the earth. The various molecules present in the atmosphere can absorb or scatter a photon
leading to a reduction in signal power. Meanwhile, changes to the temperature, density, pressure,
and humidity of the air cause variations in the refractive index of the atmosphere [31]. The
propagation of a beam through the atmosphere causes a distortion of the beam shape due to
the constant variation of the index of refraction. These effects manifest as twinkling, beam
wandering, image distortion, etc. [32]. Various mathematical models have been proposed that
attempt to characterize the index of refraction structure constant [33].

‘We model the index of refraction structure constant, C,%, as a function of altitude, A, using
the Hufnagel-Valley (HV) model [31]. The HV model was proposed by Hufnagel based on
balloon-borne measurements of the temperature of the troposphere made by Bufton et al. [34-36].
The model was improved later by Valley with the inclusion of a ground-level turbulence term
[37] that increases the scope of the different conditions on the surface [38]. The HV model
is chosen due to the flexibility offered by the parameters to model the turbulence in different
geographical locations. The atmospheric structure constant according to the HV model is:

2
C2(h) = 5.94 x 1075 (%) 110~ T w0

+2.7% 107100 100 + C,ZI(O)g—l% _

Here, the atmospheric structure constant is a function of the following: increasing height from
the surface, &, the root mean squared wind speed, v, and the ground level turbulence, C,zl(O). We
chose the typical values of v = 21 m/s for the wind speed velocity and a ground-level turbulence
of C2(0) = 1.7 x 10~'* m~2/3 to obtain an approximation of the atmospheric turbulence where
the isoplanatic angle is 7 urad and the atmospheric coherent length is 0.05 m at A = 500 nm.

Using this form of the structure constant, the effect of the atmospheric turbulence on a
propagating beam is determined using the atmospheric coherence length or the Fried parameter,
ro. The Fried parameter is defined in [39] as

wiw

L -

ro = (0.423k2 sec cﬁ(z')dz') . (11)
ho

where ¢ is the zenith angle, k is the wave number k = 27/, and hy is the starting height. The

divergence angle as a result of atmospheric turbulence is

A
Outm = — - 12)

o
We assume that the divergence due to the atmosphere is squared and additive to the diffraction
divergence [23] due to the divergences being dependent on different sources. The attenuation for

an optical link through the atmosphere is given in [23] as

-1
1—exp(— M )) , (13)
D2+ 4L2(62 + 62,

atm

Pr_ 107
Pr

where A (dB) is the attenuation of the atmosphere due to scattering and absorption. (Note that
[23] expressed air attenuation as A,y,; we changed this to A,; and instead use A,y to refer to
attenuation due to air molecules, turbulence, and thermal diffraction within the atmosphere.)
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We are only interested in the fundamentals of the problem and therefore, we do not consider
pointing loss, transmitting factors for the telescopes, or detector inefficiency. These are
scaling factors and applications of these parameters to the equations can be found here [23,26].
Calculations using Eqgs. (8) and (13) were verified by comparing to previously published results
of Aspelmeyer et. al. [23].

The optical channel is assumed to operate at a wavelength of 1550 nm, which has an atmospheric
attenuation A,;, = 1 dB from [23] for scattering and absorption by air molecules between ground
and space. The 1550 nm wavelength is assumed due to existing satellite technology operating in
that wavelength range and eye safety concerns of using shorter wavelengths. A link distance of
L =400 km is assumed between the ground station (at sea-level, iy = 0 km) and orbiting satellite.
The space aperture has an assumed diameter of 0.1 m (D7 for downlink, and Dy for uplink) and
the ground station aperture has an assumed diameter of 1 m (Dg for downlink, and Dy for uplink).
The angular divergence is 6; = 9.87 x 10~ for the uplink scenario and 6, = 9.87 x 1076 for the
downlink case. In the uplink case, the Fried parameter is 7y = 0.193 m and the atmospheric
divergence is 6,,, = 8.04 x 107>, Using Eq. (13), the downlink and uplink clear air attenuation
for this configuration are 16.0 dB and 34.0 dB, respectively. This gives us a reference optical link
scenario, which we will later consider in the context of how a heralded entangled link degrades
with the addition of the nuclear disturbed attenuation.

For debris particles, all scattering and absorption interactions are assumed to remove a photon
from the optical beam, so the extinction attenuation (the sum of the scattering and absorption
attenuations) Q,; = Q, + Q, is taken as the metric for beam loss due to debris interference.
Because the larger particle sizes fall out of the atmosphere relatively quickly, Mie scattering is
assumed for all airborne particles at 1 hour or later. The PyMieScatt Python package [40] is
used to calculate Q. [41] between the transmitter and receiver due to all particle sizes at all
atmospheric levels using the equation

Qew = =5 ) 20+ DRe(ay +by) (14)

n=1

where a, and b, are coefficients that are functions of the complex refractive index m and the size
parameter
x=nd,/A, (15)

where d, is the particle diameter and A is the wavelength. Note that this does not yet include
attenuation from the atmosphere. Attenuations are calculated for 800 nm and 1550 nm wavelengths.
By evaluating Eq. (14) for all particle sizes, the per-particle extinction attenuation is found for all
particles.

The total attenuation (in dB) of an optical transmission between a ground station and a satellite
is calculated as the integral of the attenuation of all particles between the transmitting and
receiving stations. The discretization of the atmosphere within the transport calculations renders
the integral as a sum over the vertical layers. The total attenuation is therefore given as

Lmax 100

Asoral = Z Z [10 % loglO(end,z*n*rﬁ*Qex:,d*Vz) , (16)
=1 d=1

where [ is the vertical layer, d is the particle size class, 14 is the vertical particle number density
(particles per meter), r, is the particle radius, Q. 4 is the single-particle extinction attenuation,
and V is the layer thickness.

For this simulation, the attenuation is independent of the direction of the signal transmission
(i.e., ground-to-satellite versus satellite-to-ground). This independence is the result of two
simplifying assumptions. First, only non-interacting photons pass through the debris. Any
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interaction at all results in photon extinction. This renders the problem tractable, as solutions do
not need to be considered for the rare cases of photons that may weakly interact yet still reach
the receiver with some altered angle and wavelength. Second (and partly a result of the first
assumption), the signal attenuation is separable between the debris and the atmosphere. The
attenuation effects of atmospheric diffusion (A,,,), signal direction (A4;-), and aperture sizes
(Agpermre) are also assumed to be additive to the attenuation of the cloud (Acjouq), debris (Apye),
or smoke (Agoke) in the attenuation calculations that follow using Eq. (17). This should hold
true because the signal is weak and operating on a single photon level so that nonlinear effects do
not need to be considered.

Anuc

atm Air
At = 1010g;o (108 + 10 + 107 +..) . (17)

Further, the attenuation dependence on transmitter/receiver distance as well as the direction
of transmission (i.e., satellite-to-ground or ground-to-satellite) are contained entirely within
Aaim» Adir, and Agpernire [23]. Since the nuclear disturbance terms Aye, Acioud, and Agpore are
assumed to be extinction-only attenuation effects, their resulting losses are the same whether
the material is close to the transmitter, close to the receiver, or anywhere in between. Therefore,
the nuclear-disturbed attenuation losses apply equally to ground-to-satellite communications
and satellite-to-ground communications, regardless of the altitude of the satellite. These terms
also apply equally to ground-to-aircraft and aircraft-to-ground communications if the debris is
assumed to be entirely within the line of sight (i.e., the aircraft is flying above the debris, not
through or below it).

2.2. Quantum state estimation (QSE)

To understand how a quantum link will degrade, we must consider how the reduced transmission
impacts our ability to estimate the quality of a transmitted quantum state. Our quantum state
estimation technique utilizes statistical inference via application of Bayes rule,

P(D|7)P()

PrID) = =,

(18)

which allows expression of the probability of parameter set T given dataset D, P(t|D), based on
specific events and prior knowledge. In this case, our events are photon counts measured from
a photon detector. Our parameter space describes the quantum state as well as experimental
aspects such as photon attenuation. We previously applied this technique to two-qubit states in
some simple scenarios [42].

Our specific concept of operations involves an entangled photon pair source operated as a
heralded single-photon source, a single loss transmission channel, and a perfect measurement
apparatus. The primary parameter affecting the state estimation is the attenuation of the channel.

The application of Bayes rule to a single state channel includes complete enumeration of the
possible experimental outcomes given our initial state, a single pair of entangled photons. For
the heralded single-photon source, we assume perfect detection of the sender’s herald photon,
imperfect transmission of the signal photon sent to the receiver, and perfect measurement and
detection by receiver’s apparatus. Figure 2 illustrates the potential outcomes for our photonic
qubits in any given measurement basis in which both sender and receiver measure a binary result,
0 or 1, with a transmission channel efficiency @, 1 — « is then the attenuation.
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Fig. 2. Potential measurement and loss outcomes for sender’s and receiver’s shared photon
pair.

We can use this probability tree to build the single-basis likelihood. In this scenario, the
single-basis likelihood is

Pu(Dlpj, @) = (1 — a)o*41=¢
€00 ,,€01 ,,€C10 ,,C11
X PooPo1 P1o P11
A —_, —
X (poo + por ) 00T

% (plO +p“)A1—Clo—C|| ,

19)

where k,l € 1,X,Y, to denote measurements in the rectilinear, diagonal, and circular bases,
respectively, D = {Ag, A1, coo, €01, €10, €11}, C = coo + co1 + 10 + ¢11, and Ag + A; = N being
the total number of photon pairs shared between sender and receiver. Ayg and A; are sender’s
single-photon counts and cqo, co1, 19, and ¢ are the sender’s and receiver’s coincidence
counts. As can be seen in Eq. (19), the attenuation is the same for all bases and measurement
channels which leads to the reduced representation in which the attenuation is not intertwined
with the individual measurement outcomes. Thus, the attenuation’s effect on the quantum state
estimation, in this case, amounts to an increased uncertainty due to fewer measurements results.
Understanding this uncertainty is important as one is often required to do parameter estimation
to carry out a desired protocol, for example, to do quantum key distribution. The complete
likelihood can then be written as a product of the individual basis likelihoods,

P(r,0|D) = [ | Pusr,elD), (20)
kil

where we have adjusted the parameterization (p; — 7), see Appendix A, such that the density
matrix (p) associated with these probabilities fulfills all quantum criteria:

Tr(p) =1 Probabilities sum to 1,
(Ylply) = 0 Positive semi-definite,
p= pJr Hermitian.
With the complete parameterized likelihood, we can apply Bayes rule to obtain the normalized

probability distribution. With this we simply integrate to estimate any mean or related standard
deviation of any parameter or function of parameters ¥ (7, @) as

F = / / drdaP(t,a|D)F (1, a) . ©2))

The complexity of the integral typically requires a numerical approach to evaluate it. We use a
Markov Chain Monte Carlo algorithm known as slice sampling [43] to evaluate the integrals.
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Thus, calculation of any integral of the form given in Eq. (21) is approximated numerically as

= i LN 0
F o= lim Zl] 7, 22)
where 7 is a single value 7 (7", @) at specific sample points 7" and o). This approximation
converges on the correct value for large R. In our approach, independent samplers are run in
parallel. The statistics from each sampler are then compared with each other. Once all samplers
agree, defined by their estimation overlap, the numerical approximation is accepted [42]. The
quantity central to our entanglement analysis is the density matrix for which the mean estimate is

p= //decxP(T,cle))p(T). (23)

We note that the density matrix as defined in Appendix A is connected to the probability
distribution P(7, @|D) through the parameters 7.

There are a variety of entanglement measures and metrics used within the research community.
Some of these have specific relevance to a certain application or perhaps an especially simple
evaluation. We have chosen to use the Entanglement of Formation (EOF) as our entanglement
measure, which is based on another quantity called the concurrence C [44]. For two qubits, the
concurrence is expressible as

C =max{0,4; — A, — A3 — 44}, (24)

where the A’s are the decreasing (1] > Ay > A3 > A4) eigenvalues of the matrix p - § with

0 —i
p = (oy®0y) p* (0y ® ) with oy = ) (25)
i 0

The EOF is then determined using the formula

E(p) = h(“— VIECW) , (26)

with
h(x) = ~xlogy(x) - (1 - x) logy(1 — x) . @7

where h(x) is known as the binary entropy.

2.3. Nuclear debris model

The Defense Land Fallout Interpretive Code (DELFIC) is used to calculate the nuclear cloud
dimensions as a function of time. DELFIC models nuclear cloud rise and formation by solving
eight differential equations related to the detonation and the surrounding atmosphere [45,46].
The cloud rise model begins when the fireball reaches pressure equilibrium with the atmosphere
and is essentially a rising hot gas bubble within a cooler medium. At this time, the shock wave
has separated from the fireball, leaving temperatures of the gas phase and condensed phase, mass
of debris and entrained air, internal kinetic energy (of the vorticity of the toroidal core), and the
fireball rise rate, radius, and volume. Ballistic ejecta, which are typically very large particles
(perhaps >1 cm in diameter), fall to the ground within a few seconds and are ignored. The
remaining lofted debris is modeled as the DELFIC default lognormal particle size distribution for
U.S. continental soil, which ranges from about 3 microns to 450 microns in diameter [45]. The
conservation equations are solved iteratively in time until the cloud stabilizes at its final altitude,
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at which point it has lost its internal vorticity. During this time, the advection of the cloud
due to ambient winds is accounted for, and the gravitational settling of particles is computed,
allowing some of the larger particles may fall to the ground prior to the end of cloud rise. These
calculations result in a description of all lofted particle sizes at cloud stabilization time and
whether they remain in the cloud volume, have landed on the ground, or are at some intermediate
altitude.

Once DELFIC has calculated the particle locations at cloud stabilization, these data are passed
to the National Oceanic and Atmospheric Administration’s (NOAA) Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) code for atmospheric transport [47]. HYSPLIT’s
particle representation (as opposed to a puff representation) of the debris is transported using
atmospheric and wind data from the North American Mesoscale Forecast System (NAM) at
12 km resolution [48]. The HYSPLIT’s “concentration” calculations are used to predict the
volumetric concentrations of all debris particle sizes in the atmosphere as a function of time after
detonation, altitude, and latitude/longitude.

The DELFIC cloud rise model and the HYSPLIT atmospheric transport code are integrated
using the ORNL-built Airborne Planning Tool (APTool) [49,50]. A surface-level nuclear
detonation is simulated every 4 hours from January 1 through December 31, 2019, resulting
in over 2,000 simulations per yield scenario. The detonation simulations are independent
of each other (i.e., not cumulative over time). The debris location as a function of latitude,
longitude, and altitude is calculated at one-hour intervals from 1 to 6 hours at a latitude/longitude
resolution of 0.05 degrees (very roughly 5 km) and eight to thirteen vertical layers, depending
on the yield. The simulation ensemble is performed for yields of 10 kt, 100 kt, and 1 Mt
(1,000 kt). Concentrations are calculated using 10 minute averages to reduce instantaneous spikes
or depressions in concentration. The resulting concentration outputs are then inspected using
APTool post-processing utilities to find the peak attenuation due to debris between a ground
transmitter and a vertically-overhead receiver. As discussed in Section 2.1, these results apply
equally to satellite-to-ground transmission. Signal losses (in dB) are assumed to be additive to
normal atmospheric losses, so a zero loss condition would be expressed as 0 dB.

3. Results
3.1. Nuclear link loss — stabilized cloud

For the first effect in a nuclear disturbed environment, nuclear cloud formation and stabilization
are calculated for yields of 10 kt, 100 kt and 1 Mt at a height of burst of 1 m. The cloud was
represented as a homogeneous mixture of water vapor (the liquid water content of the cloud is
1 g/m?), soil and weapon debris. The particle size distribution for the soil and weapon debris
is assumed to be the default DELFIC lognormal distribution with a median particle diameter
around 130 pum [45] and the water vapor droplets are assumed to have a uniform diameter of 12
um. The cloud data is inputted into the Mie scattering equations [41] to determine the amount
of attenuation the optical link experienced during propagation through the nuclear cloud. The
optical link is assumed to pass through the center of the nuclear cloud. The added attenuation
through the stabilized cloud is given in Fig. 3. While the actual stabilization time and size of the
stabilized cloud will vary with atmospheric conditions for a given shot scenario (e.g., humidity,
temperature, wind conditions, air pressure, etc.), very rough conceptual sizes and times for the
stabilized clouds may be considered as follows: 3 km cloud diameter at 5 min for a 10 kt yield,
10 km cloud diameter at 10 min for 100 kt, and 30 km cloud diameter at 15 min for a 1 Mt yield.
Even for a 1 Mt detonation, direct transmission through a stabilized cloud is unlikely, and even
then only for a small window of time.
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Fig. 3. 1550 nm optical attenuation through a nuclear cloud as a function of weapon yield.

3.2.  Nuclear link loss — transported debris

During the initial cloud rise, the vorticity within the cloud causes it to retain shape, minimizing
atmospheric diffusion. Additionally, the debris falling from the cloud is directly under the cloud
itself and can result in very large attenuations, albeit for relatively small footprints. Eventually,
as the vorticity weakens and the cloud cools, the cloud rise ceases and the debris begins to
move in the atmosphere according to the winds, turbulent diffusion, and other meteorological
effects. For a 1 Mt explosion, cloud rise typically ends about 15 to 20 minutes after detonation,
while cloud rise from 100 kt and 10 kt detonations typically end after about 10 minutes and
5 minutes, respectively. From here, the debris will diffuse in the atmosphere, lowering the peak
volumetric concentration and, by extension, the peak attenuation. Diffusion also causes the debris
to occupy a larger volume of the atmosphere, increasing the region in which ground/satellite
communications may be affected. Since the transport and diffusion is heavily dependent on
atmospheric conditions, an ensemble of simulations is performed for each explosive yield value
to generate a statistical measure of the potential signal attenuation as a function of time.

The ensembles are analyzed in two manners. First, the maximum observed attenuation of
each simulation is recorded as a function of time, regardless of downwind position. Figure 4
illustrates the change in location of the attenuation observation for two different detonation times.
This represents the maximum possible signal loss that the nuclear debris could cause at a given
time after detonation and is therefore an upper bound to potential signal disruption. The maxima
are determined for all simulations within an ensemble and collected into a distribution of upper
bounds as a function of time. Figure 5 shows the aggregated maximum observed attenuation of
each simulation for yields of 1 Mt, 100 kt, and 10 kt. The 1550 nm wavelength is evaluated for
all yields, and the 800 nm wavelength is shown for the 1 Mt case as a comparison. For 10 kt
yields, no attenuation greater than 3 dB is ever observed. For 100 kt, attenuation is only once
observed as high as 14 dB at 1 hour, but 90% of scenarios have a maximum attenuation of 5 dB
or less, and 99% have a maximum attenuation of 10 dB or less. At 1 Mt, 96% of all scenarios
have a maximum attenuation of 20 dB or less at 1 hour, and all but one scenario have a maximum
attenuation of 10 dB by 2 hours. The 800 nm and 1550 nm simulations provide nearly identical
results due to the wide range of particle sizes within the transported debris. Because of this, the
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Oklahoma City for two different detonation times. The location of maximum attenuation is
shown as a white dot.
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rest of the results are given for the 1550 nm wavelength and are assumed to be applicable to the
800 nm wavelength.

Since the maximum attenuation values in Fig. 5 are independent of the attenuation of the clear
air atmospheric channel (A;,), the additional attenuation A, for the 1550 nm wavelength of
the 1 Mt yield ensemble are plotted in Fig. 6. At 3 hours, 95% of the 1 Mt simulations have no
location where the debris contribution to attenuation is greater than 3 dB and the median 1 Mt
simulation has a maximum attenuation of 0.9 dB.

Where Fig. 5 illustrates the maximum observed attenuation in each simulation, Fig. 7 shows all
observed nonzero attenuation results at all geographic grid locations for each ensemble. (Unlike
the maximal histograms, the count frequency is given as a fraction of all observations in semi-log
scaling to show the smaller bins. Note the very rapid reduction in count frequency from the
first to second bin in all subplots.) In all cases and at all times, nearly all of the geographic grid
locations experience less than 1 dB of attenuation due to nuclear debris. For the worst case of a
1 Mt yield and one hour after detonation, there is less than a 1% chance that an affected location
would experience added attenuation greater than 10 dB. By two hours, the likelihood of 10 dB
attenuation is effectively zero.

3.3.  Nuclear link loss — secondary smoke

The last absorption/scattering mechanism that can cause degradation in the optical link is from
elevated levels of particulate matter in the air from smoke and haze of a nearby burning city. In
this scenario, we assume that a nuclear detonation has occurred in a nearby city, the debris of
the nuclear cloud has passed, and that the smoke from the burning city is being blown in the
direction of the ground station for the optical link. In smoke, the majority of particles are under
1 um and so it is common to use the particulate matter 2.5 (PM2.5, typically with units of ug/m?)
equations to determine visibility in the smoke. The amount of smoke and haze from a burning
city is difficult to quantify as each city has different parameters (such as fuel loading, city size,
average wind speeds, etc.) though some quantification efforts have been performed [2]. A full
treatment of smoke is beyond the scope of the present study. As a scoping study, however, a
comparison of varying PM2.5 levels are considered for an optical link. The PM2.5 levels shown
in Fig. 8 are used to calculate the visibility of the optical link as a function of haze thickness.
The equation to relate visibility to PM2.5 levels is taken from [51] and assumes relative humidity
levels under 60 percent.

The optical link attenuation calculation in Fig. 9 assumes a 1550 nm uplink and downlink
scenario between a ground station and a satellite; the satellite is assumed to have a 0.1 meter
diameter optical aperture while the ground station is assumed to have a 1 meter diameter optical
aperture. The amount of haze and smoke is set for a vertical thickness of 3 km for this study,
and the satellite is assumed to be directly overhead (elevation angle of 90°). Figure 9 is a best
case scenario as the attenuation increases when the elevation angle is dropped from 90 degrees
(attenuation increases as the inverse of the sine of the elevation angle).

3.4. Nuclear link loss summary

Table 1 summarizes representative attenuation values for the nuclear cloud and debris terms
in comparison to natural sources (clouds, city haze, and atmosphere) as well as the potential
secondary effect of post-detonation fire. During the rise of the nuclear cloud up to stabilization,
the attenuation of the signal through the cloud is several hundred dB in addition to normal
atmospheric losses. However, by an hour after detonation, atmospheric diffusion of the debris
reduces the maximum attenuation to a median of 7 dB for a 1 Mt detonation, with 30 dB as the
highest attenuation seen at 1 hour in any of the simulations. Attenuation from lower yields are
substantially lower at 1 hour as well.
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Table 1. Summary of representative signal
attenuation terms (in dB).

Nuclear Debris
Yield | Nuclear Cloud” 1 Hour? 2 Hours”
1 Mt 550 30 (7) 10 (2)
100 kt 350 15(2) 5(0.5)
10 kt 250 3(0.5) 1(0.1)
Clouds®
Nimbostratus Cumulus Stratus
220 70 25
PM2.5 Pollutants
Fire Haze? Foreign City® | US City*
30 3 1
Atmosphere/
Downlink Uplink
16.0 34.0

“Nuclear Cloud attenuation is calculated at the time of cloud
stabilization (i.e., end of cloud rise): approx. 30 min for 1 Mt,
10 min for 100 kt, and 5 min for 10 kt.

bMaximum attenuation for all simulations is given. The
value in parentheses is the median maximum value across all
simulations.

¢Cloud data taken from [52]

9Fire Haze data taken from [53]

“Foreign City and US City pollution data taken from [54]

JL =400 km, Dg = 0.1 m, Dgs = 1 m.

3.5. QSE

So far, we have focused on computing the attenuation of an optical channel. Now we will describe
how the attenuation translates into the degradation of transmitted heralded entanglement. To do
so, we apply the formalism from Section 2.2 to simulation data. The simulations assume that
1 million maximally entangled photon pairs are generated by sender for each measurement basis
combination, nine million photon pairs total. The photon pair is in the polarization entangled
Bell state |

IP-) = A (IHAVE) — |[HpVa)) .- (28)

The sender detects one photon of the pair, heralding a single photon which is sent to the
receiver. The transmission channel includes attenuation which has a chance of destroying the
single photon. We vary the attenuation from 0 dB to 50 dB. From the collected data we estimate
the state, the EOF from Eq. (26), and the transmission efficiency estimate @, the attenuation is
1-a.

We plot the entanglement and transmission estimates for each attenuation setting in Fig. 10,
using Eq. (17). The numerical data for the combined atmosphere/debris attenuation are given in
Table 2.

As can be seen in Fig. 10, our estimate for the transmission efficiency has almost no uncertainty
due to the symmetry of the attenuation and the large dataset. More specifically, the sender gets
one count for every photon pair generated. Whether or not the receiver receives a count is directly
proportional to the attenuation. Thus, as simulated, this is a very low uncertainty measurement.

We also plot the entanglement of formation versus the loss in Fig. 10. From this, one can
discern the impact of a change in attenuation from a “normal” operating condition. While our
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Table 2. Summary of the attenuation due to the nuclear debris and
atmosphere for varying yields (kilotons) and times post-detonation (TPD)
(hours). The clear air attenuation is assumed to be 16.0 dB for a downlink

configuration optical link of 400 km between a 0.1 m diameter space aperture
and a ground station with a 1 m aperture size. The mean, standard deviation
(SD), median, and 95% confidence intervals (Cl) are shown for the nuclear
debris attenuations as well as the total mean and median attenuations for the
clear air and debris combined.

Yield | TPD | Nuclear SD Total | Nuclear | 95% 5% Total
Mean Mean | Median CI CI Median

(kt) (h) (dB)
0.5 55.6 239 55.6 48.8 104. 28.3 48.8
1000 1.0 9.12 5.07 16.8 7.65 20.0 3.58 16.6
2.0 2.67 1.71 16.2 2.17 6.36 0.841 16.2
0.5 18.0 9.16 20.1 153 37.4 7.93 18.7
100 1.0 2.98 2.08 16.2 2.30 7.30 0.832 16.2
2.0 0.688 0.589 16.1 0.496 1.87 0.145 16.1
0.5 3.98 1.88 16.2 3.51 7.66 1.76 16.2
10 1.0 0.598 0411 16.1 0.481 1.40 0.147 16.1
2.0 0.120 0.0970 16.1 0.0923 | 0.310 | 0.0473 16.1

state never changes (it is still maximally entangled), the amount of data we generate decreases
with increasing attenuation. Thus, the uncertainty in our entanglement estimates increases due
to the finite photon statistics. One could always consider a longer integration time, but this
illustrates that there are fundamental limits to how much attenuation is allowable for practical
quantum applications. In addition, as satellite platforms may be moving and hence not always
aligned, opportunities to collect data may not have a high duty cycle further limiting the data set
size.

Application of this approach to a dynamic attenuation is done by analyzing smaller chunks
of data from discrete time bins. Analysis of estimates from short time intervals in “real-time’
allows tracking channel dynamics.

The spread of attenuation values in Fig. 10 are calculated using Eq. (17) assuming that A, =
16 dB and A, is the nuclear debris values, obtained from the DELFIC simulation and presented
in Table 2. The spread of values is meant to highlight the degradation of the optical channel as
a function of time due to the debris when compared to the normal operating conditions. The
mean and the median are provided to show the skew of the distribution. The debris only impairs
the optical channel during the first hour, with the severity depending on the explosive yield.
Despite the adverse effect on optical channel, only the 1 Mt explosion is able to produce enough
attenuation in the first hour where the entanglement severely suffers.

)
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Fig. 10. The entanglement estimate (with 1 standard deviation) and the transmission
probability as a function of the loss in a nuclear disturbed environment after the detonation of
a 1 Mt and 100 kt device. The solid black line is the downlink clear air attenuation calculated
for a 400 km optical link between a space aperture diameter of 0.1 m and a ground station
1 m in diameter. Box plots are shown for 1 Mt and 100 kt explosions 30 minutes and 1 hour
after detonation to show the evolution of the air and nuclear debris attenuation statistics with
time. 10 kt data is not shown due to insignificant contribution to attenuation (see Table 2).

4. Conclusions

The research of this paper addresses the potential for airborne nuclear debris to interfere with
optical or quantum communications between a ground/satellite transmitter/receiver system. If
a nuclear weapon were detonated near the surface of the earth (where a significant amount of
ground soil is entrained into the fireball), the rising cloud may contain up to millions of tons
of debris. During the cloud rise, much of the debris remains contained in the cloud due to the
internal vorticity. If an optical or quantum signal were transmitted through the rising cloud, the
signal loss would be in the hundreds of dB, likely rendering successful communication impossible.
This condition would last until the cloud reaches its peak altitude, at which point the internal
vorticity is completely dissipated and the debris transports in the atmosphere according to wind
and gravitational forces. The dissipation of the debris rapidly decreases the peak attenuation
of the signal. By the time an hour has passed after the detonation, the maximum simulated
attenuation of the signal is bounded within 30 dB for a 1 Mt surface detonation. After two hours,
the peak attenuation is reduced to about 10 to 11 dB for 1 Mt. These peak values, however, are
the worst cases in all scenarios, where the signal is being transmitted through the location of
greatest loss. For the rising cloud, this is a cross-sectional radius of a few km that is generally
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found relatively close to the ground zero of the detonation. By one or two hours, the point of peak
attenuation may have moved to 100 km or more downwind of ground zero, but the area affected
by this attenuation is still relatively small, and the rapid speed of upper air winds will generally
ensure that communications at a fixed point are interrupted for only a small window of time.

When looking at the entire region where airborne debris has a measurable attenuation of the
signal, it is very unlikely that a ground/satellite system within this region would experience
significant attenuation. Even for a 1 Mt explosion at 1 hour, about 90% of all the affected
area experience 1 dB or less of attenuation, and 99% of all the area experience less than 1 dB
attenuation. If the non-nuclear atmospheric loss is assumed to be about 20 dB, then the additional
attenuation burden of the nuclear debris is a very small fraction of the total signal loss. Whether
this additional burden is significant will be a function of the transmitter/receiver system.

In contrast, the smoke from potential fires caused by a near-surface nuclear detonation may
provide a larger, more persistent source of attenuation downwind of the detonation site. The
PM2.5 pollutants may cause losses on the order of 30 dB throughout the affected region, and if
these fires persist over hours or days, then the attenuation would potentially be present for a much
longer time. The general concerns are thus (in chronological order):

1. The rising nuclear cloud, if the transmitter/receiver system is close to, and downwind of,
the detonation, but not so close as to be affected by the initial blast or other localized
effects.

2. The dispersed nuclear debris, up to an hour after detonation for very large yields, and for
less time for smaller yields.

3. Smoke and soot from fires caused by the detonation, which may persist for hours or days
after the detonation and become a source of large attenuation for the affected regions.
Given that the winds will not be constant, the region of affected transmission may change
over time.

Our analyses focused on 1550 nm wavelengths due to their relatively low attenuation through
normal atmospheric conditions. A brief inspection of the 800 nm wavelength revealed that the
attenuation through debris — whether the rising cloud, the transported debris, or the smoke — was
generally insensitive to the difference between these wavelengths due to the broad distribution of
particle sizes (typically from 1 to 100 um).

Lastly, we provide estimates on the impact to entanglement transmission through a nuclear-
disturbed optical channel. By adding the effects of the nuclear debris (in dB) to that of the
atmosphere, an estimate of the potential degradation of entanglement is found for various
yields and times after detonation. In the case of an actual need to transmit a quantum signal
through a nuclear disturbed environment, these loss estimates may be applied to the particular
transmitter/receiver system, atmospheric conditions, and nuclear-induced disturbance to assist in
operational decision-making. By maintaining the assumption of independence of the atmospheric
losses and the nuclear losses, the potential attenuation and signal degradation may be rapidly
estimated by adding the separate loss terms in dB. As our research is intended to provide upper
bound estimates on the potential losses, we minimize the possibility of predicting ‘false positive’
transmission rates using this method.

This research focused on quantifying the severity of potential transmission attenuation due to
airborne nuclear debris, in terms of total attenuation and time of significant attenuation. While
the analysis is applicable to both conventional and quantum signals, analysis of measures to
counteract these effects are beyond the scope of the research, but merit some discussion. As
noted, this work assumed communications between a single satellite and a single ground station.
Given the localized effect of nuclear debris attenuation, it is entirely possible that an optical
signal or entangled photon may simply be sent to a different receiver, or sent from a different
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transmitter if such a transmission is time-critical. This decision is best analyzed by the operator
of the communications network; in our opinion, however, this course of action is likely to be
viable at any time after detonation. Alternatively, changing to a modality (e.g., radio frequency
communication, for classical-only communications) that is insensitive to the presence of debris
may provide a solution. For solely classical communications, the use of high-intensity lasers to
mitigate turbulence [55] or fog [56] may be considered. Similar to a change in wavelength, this
obviates the use of single-photon communications, which may or may not be desirable depending
on the needs of the user.

Appendix A. Parametrizing the two-qubit density matrix

We briefly describe the parametrization of the two-qubit density matrix here, for a complete
description of this topic see [42]. For a 4-dimensional Hilbert space, the density matrix is formed
using the Cholesky decomposition, requiring p = L@L@)" with

Lu@ 0 0 0
L)@ Lo 0 0
L] [0 1200 | .
L3 L@ L@ 0
Ly@ L@ L@ Lu@
which is a lower triangular matrix with positive real diagonal elements. The parameter set T

includes 15 parameters which describe a unique density matrix.
The elements L; may be written as

L@ = U;Vy (j<i), and

. (30)
Li@®=0 (>,
where

Uy =cos(uy),

k=1
Uy = cos (uy) 1_[ sin (u;)  (1<k<n),

j=1
Uy = sin (uy),

31

N G
Vi = cos(8;1) e (i>1), and

k=1
Vie = cos (0j) €' 1—[ sin (0;)  (1<k<i).
j=1
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Our simulation has dimension n = 4, and the parameterized matrix elements of L) are
L@ =cos(ui) ,
Lo1 @) =sin(u;) cos(uz) cos(6) e,
L@ =sin(u;) cos(uz) sin(621) ,
L31 @) =sin(u) sin(uz) cos(u3) cos(631)e'?*!,

L3> @) =sin(u;) sin(uz) cos(u3) sin(631) cos(632)e™?32, -
L33 =sin(uy) sin(uy) cos(us ) sin(f31) sin(63,) , (32)

L1 @) =sin(uy) sin(uz) sin(u3z) cos(641)e'

Lur@) =sin(u;) sin(uz) sin(u3z) sin(64;) cos(62)e'®*,

Ly3@) = sin(uy) sin(uz) sin(u3) sin(641) sin(642) cos(643)e?*, and
Ly @) =sin(u;) sin(uy) sin(u3) sin(f41 ) sin(047) sin(643)

with u; € [0, 7], 6; € [0, 7], and ¢;; € [0, 27]. The parameter set is then explicitly

7 = {u1, u2, u3, 021,631,632, 041, 042, 043, P21, 31, $32, Pa1, Pa2, a3} . (33)
Funding. Defense Threat Reduction Agency (HDTRA1-93-1-201).

Acknowledgments. This manuscript has been co-authored by UT-Battelle, LLC, under contract DE-ACO5-
000R22725 with the US Department of Energy (DOE). The US government retains and the publisher, by accepting the
article for publication, acknowledges that the US government retains a nonexclusive, paid-up, irrevocable, worldwide
license to publish or reproduce the published form of this manuscript, or allow others to do so, for US government
purposes. DOE will provide public access to these results of federally sponsored research in accordance with the DOE
Public Access Plan (http://energy.gov/downloads/doe-public-access-plan).

Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.

References

1. S. Glasstone and P. J. Dolan, The Effects of Nuclear Weapons (US Department of Defense and US Department of
Energy, 1977), chap. 1, p. 3, 3rd ed.

2. R.P. Turco, O. B. Toon, T. P. Ackerman, J. B. Pollack, and C. Sagan, “Climate and smoke: An appraisal of nuclear
winter,” Science 247(4939), 166-176 (1990).

3. J. E. Penner, “Uncertainties in the smoke source term for ‘nuclear winter* studies,” Nature 324(6094), 222-226
(1986).

4. C. H. Bennett and G. Brassard, “Quantum cryptography: Public key distribution and coin tossing,” arXiv preprint
arXiv:2003.06557 (2020).

5. A. K. Ekert, “Quantum cryptography based on Bell’s theorem,” Phys. Rev. Lett. 67(6), 661-663 (1991).

6. V. Scarani, A. Acin, G. Ribordy, and N. Gisin, “Quantum cryptography protocols robust against photon number
splitting attacks for weak laser pulse implementations,” Phys. Rev. Lett. 92(5), 057901 (2004).

7. A.IL Nurhadi and N. R. Syambas, “Quantum Key Distribution (QKD) Protocols: A Survey,” in 2018 4th International
Conference on Wireless and Telematics (ICWT), (2018), pp. 1-5.

8. C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa, A. Peres, and W. K. Wootters, “Teleporting an unknown quantum
state via dual classical and Einstein-Podolsky-Rosen channels,” Phys. Rev. Lett. 70(13), 1895-1899 (1993).

9. M. Lucamarini, Z. L. Yuan, J. F. Dynes, and A. J. Shields, “Overcoming the rate—distance limit of quantum key
distribution without quantum repeaters,” Nature 557(7705), 400-403 (2018).

10. H.-J. Briegel, W. Diir, J. I. Cirac, and P. Zoller, “Quantum repeaters: The role of imperfect local operations in
quantum communication,” Phys. Rev. Lett. 81(26), 5932-5935 (1998).

11. J.-P. Chen, C. Zhang, Y. Liu, C. Jiang, W. Zhang, X.-L. Hu, J.-Y. Guan, Z.-W. Yu, H. Xu, J. Lin, M.-J. Li, H. Chen,
H. Li, L. You, Z. Wang, X.-B. Wang, Q. Zhang, and J.-W. Pan, “Sending-or-not-sending with independent lasers:
Secure twin-field quantum key distribution over 509 km,” Phys. Rev. Lett. 124(7), 070501 (2020).

12. A. Malik and P. Singh, “Free space optics: current applications and future challenges,” Int. J. Opt. 2015, 1-7 (2015).

13. S.-K. Liao, W.-Q. Cai, W.-Y. Liu, L. Zhang, Y. Li, J.-G. Ren, J. Yin, Q. Shen, Y. Cao, Z.-P. Li, F.-Z. Li, X.-W. Chen,
L.-H. Sun, J.-J. Jia, J.-C. Wu, X.-J. Jiang, J.-F. Wang, Y.-M. Huang, Q. Wang, Y.-L. Zhou, L. Deng, T. Xi, L. Ma, T.
Hu, Q. Zhang, Y.-A. Chen, N.-L. Liu, X.-B. Wang, Z.-C. Zhu, C.-Y. Lu, R. Shu, C.-Z. Peng, J.-Y. Wang, and J.-W.
Pan, “Satellite-to-ground quantum key distribution,” Nature 549(7670), 4347 (2017).


https://doi.org/10.1126/science.11538069
https://doi.org/10.1038/324222a0
https://doi.org/10.1103/PhysRevLett.67.661
https://doi.org/10.1103/PhysRevLett.92.057901
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1038/s41586-018-0066-6
https://doi.org/10.1103/PhysRevLett.81.5932
https://doi.org/10.1103/PhysRevLett.124.070501
https://doi.org/10.1155/2015/945483
https://doi.org/10.1038/nature23655

Research Article

20.
21.

22.

23.
24.

25.

26.
27.
28.
29.
. J. Alda, “Laser and gaussian beam propagation and transformation,” Encycl. Opt. Eng. 2013, 999-1013 (2003).
31

32.
33.

34.

35.

37.
38.

39.

Optics EXPRESS

. J.-G. Ren, P. Xu, H.-L. Yong, L. Zhang, S.-K. Liao, J. Yin, W.-Y. Liu, W.-Q. Cai, M. Yang, L. Li, K.-X. Yang, X.

Han, Y.-Q. Yao, J. Li, H.-Y. Wu, S. Wan, L. Lio, D.-Q. Liu, Y.-W. Kuang, Z.-P. He, P. Shang, C. Guo, R.-H. Zheng, K.
Tian, Z.-C. Zhu, N.-L. Lio, C.-Y. Lu, R. Shu, Y.-A. Chen, C.-Z. Peng, J.-Y. Wang, and J.-W. Pan, “Ground-to-satellite
quantum teleportation,” Nature 549(7670), 70-73 (2017).

. S. A. Hamilton, D. M. Boroson, P. B. Dixon, M. E. Grein, N. D. Hardy, T. R. Howe, C. Lee, R. P. Murphy, H. G.

Rao, N. W. Spellmeyer, D. M. Cornwell, N. Barghouty, B. J. Geldzahler, and B. A. Younes, “Overview of NASA’s
National Space Quantum Laboratory Program,” in 70th International Astronautical Congress (IAC), (International
Astronautical Federation (IAF), Washington, D.C., United States, 2019), IAC-19-B2.7.12.

. A. Seas, B. Robinson, T. Shih, F. Khatri, and M. Brumfield, “Optical communications systems for NASA’s human

space flight missions,” in International Conference on Space Optics — ICSO 2018, vol. 11180 (International Society
for Optics and Photonics, 2019), pp. 1-10.

. G. Vallone, D. Bacco, D. Dequal, S. Gaiarin, V. Luceri, G. Bianco, and P. Villoresi, “Experimental satellite quantum

communications,” Phys. Rev. Lett. 115(4), 040502 (2015).

. R. Ursin, T. Jennewein, J. Kofler, J. M. Perdigues, L. Cacciapuoti, C. J. de Matos, M. Aspelmeyer, A. Valencia, T.

Scheidl, A. Acin, C. Barbieri, G. Bianco, C. Brukner, J. Capmany, S. Cova, D. Giggenbach, W. Leeb, R. H. Hadfield,
R. Laflamme, N. Liitkenhaus, G. Milburn, M. Peev, T. Ralph, R. J. R. Renner, E. Samain, N. Solomos, W. Tittel, J.
P. Torres, M. Toyoshima, A. Ortisoga-Blanch, V. Pruneri, P. Villoresi, I. Walmsley, G. Weihs, H. Weinfurter, M.
Zukowski, and A. Zeilinger, “Space-quest, experiments with quantum entanglement in space,” Europhys. News 40(3),
26-29 (2009).

. H. Takenaka, A. Carrasco-Casado, M. Fujiwara, M. Kitamura, M. Sasaki, and M. Toyoshima, “Satellite-to-ground

quantum-limited communication using a 50-kg-class microsatellite,” Nat. Photonics 11(8), 502-508 (2017).

Y. Yamamoto, M. Sasaki, and H. Takesue, “Quantum information science and technology in Japan,” Quantum Sci.
Technol. 4(2), 020502 (2019).

B. Sussman, P. Corkum, A. Blais, D. Cory, and A. Damascelli, “Quantum Canada,” Quantum Sci. Technol. 4(2),
020503 (2019).

T. Jennewein, J. P. Bourgoin, B. Higgins, C. Holloway, E. Meyer-Scott, C. Erven, B. Heim, Z. Yan, H. Hiibel, G.
Weihs, E. Choi, I. D’Souza, D. Hudson, and R. Laflamme, “QEYSSAT: a mission proposal for a quantum receiver in
space,” in Advances in Photonics of Quantum Computing, Memory, and Communication VII, vol. 8997 Z. U. Hasan, P.
R. Hemmer, H. Lee, and C. M. Santori, eds., International Society for Optics and Photonics (SPIE, 2014), pp. 21-27.
M. Aspelmeyer, T. Jennewein, M. Pfennigbauer, W. R. Leeb, and A. Zeilinger, “Long-distance quantum communication
with entangled photons using satellites,” IEEE J. Sel. Top. Quantum Electron. 9(6), 1541-1551 (2003).

C. Bonato, A. Tomaello, V. D. Deppo, G. Naletto, and P. Villoresi, “Feasibility of satellite quantum key distribution,”
New J. Phys. 11(4), 045017 (2009).

J. C. Denton, D. D. Hodson, R. G. Cobb, L. O. Mailloux, M. R. Grimaila, and G. Baumgartner, “A model to estimate
performance of space-based quantum communication protocols including quantum key distribution systems,” The J.
Def. Model. Simul. 16(1), 5-13 (2019).

V. Sharma and S. Banerjee, “Analysis of atmospheric effects on satellite-based quantum communication: a
comparative study,” Quantum Inf. Process. 18(3), 67 (2019).

C. Liorni, H. Kampermann, and D. Bruf, “Satellite-based links for quantum key distribution: beam effects and
weather dependence,” New J. Phys. 21(9), 093055 (2019).

T. Vergoossen, S. Loarte, R. Bedington, H. Kuiper, and A. Ling, “Modelling of satellite constellations for trusted
node QKD networks,” Acta Astronaut. 173, 164—171 (2020).

B. E. A. Saleh and M. C. Teich, Fundamentals of Photonics (John Wiley & Sons, Ltd, 1991), chap. 3, pp. 80-107.

L. C. Andrews and R. L. Phillips, Laser Beam Propagation through Random Media (SPIE, 2005), chap. 12, pp.
477-531.

R. L. Fante, “Electromagnetic beam propagation in turbulent media,” Proc. IEEE 63(12), 1669—-1692 (1975).

H. Kaushal and G. Kaddoum, “Free space optical communication: challenges and mitigation techniques,” arXiv
preprint arXiv:1506.04836 (2015).

R. Hufnagel, “Variation of atmospheric turbulence,” Dig. OSA Top. Meet. on Opt. Propag. through Turbul. pp.
WAI1-1-4 (1974).

R. E. Hufnagel, “Propagation through atmospheric turbulence,” in The Infrared Handbook, (Office of Naval Research,
1978), chap. 6, pp. 6-1-56.

. J. L. Bufton, P. O. Minott, M. W. Fitzmaurice, and P. J. Titterton, “Measurements of turbulence profiles in the

troposphere,” J. Opt. Soc. Am. 62(9), 1068-1070 (1972).

G. C. Valley, “Isoplanatic degradation of tilt correction and short-term imaging systems,” Appl. Opt. 19(4), 574-577
(1980).

R.J. Sasiela, Electromagnetic Wave Propagation in Turbulence - Evaluation and Application of Mellin Transforms
(SPIE, 2007), chap. 4, pp. 95-116, 2nd ed.

D. L. Fried, “Optical resolution through a randomly inhomogeneous medium for very long and very short exposures,”
J. Opt. Soc. Am. 56(10), 1372-1379 (1966).


https://doi.org/10.1038/nature23675
https://doi.org/10.1103/PhysRevLett.115.040502
https://doi.org/10.1051/epn/2009503
https://doi.org/10.1038/nphoton.2017.107
https://doi.org/10.1088/2058-9565/ab0077
https://doi.org/10.1088/2058-9565/ab0077
https://doi.org/10.1088/2058-9565/ab029d
https://doi.org/10.1109/JSTQE.2003.820918
https://doi.org/10.1088/1367-2630/11/4/045017
https://doi.org/10.1177/1548512916684562
https://doi.org/10.1177/1548512916684562
https://doi.org/10.1007/s11128-019-2182-0
https://doi.org/10.1088/1367-2630/ab41a2
https://doi.org/10.1016/j.actaastro.2020.02.010
https://doi.org/10.1081/E-EOE 120009751
https://doi.org/10.1109/PROC.1975.10035
https://doi.org/10.1364/JOSA.62.001068
https://doi.org/10.1364/AO.19.000574
https://doi.org/10.1364/JOSA.56.001372

Vol. 29, No. 17/16 Aug 2021/ Optics Express 27277 |

Optics EXPRESS

40. B. J. Sumlin, W. R. Heinson, and R. K. Chakrabarty, “Retrieving the aerosol complex refractive index using
PyMieScatt: A Mie computational package with visualization capabilities,” J. Quant. Spectrosc. Radiat. Transfer
205, 127-134 (2018).

41. G. Mie, “Beitrdge zur optik triiber medien, speziell kolloidaler metallosungen,” Ann. Phys. 330(3), 377445 (1908).

42. B. P. Williams and P. Lougovski, “Quantum state estimation when qubits are lost: a no-data-left-behind approach,”
New J. Phys. 19(4), 043003 (2017).

43. R. M. Neal, “Slice sampling,” Ann. Statist. 31(3), 705-741 (2003).

44. W. K. Wootters, “Entanglement of formation of an arbitrary state of two qubits,” Phys. Rev. Lett. 80(10), 2245-2248
(1998).

45. H. G. Norment, “DELFIC: Department of Defense Fallout Prediction System; Volume I - Fundamentals,” DNA
5159F-1, Defense Nuclear Agency, Washington, DC (1979).

46. H. G. Norment, “DELFIC: Department of Defense Fallout Prediction System; Volume II - User’s Manual,” DNA
5159F-2, Defense Nuclear Agency, Washington, DC (1979).

47. A.F. Stein, R. R. Draxler, G. D. Rolph, B. J. B. Stunder, M. D. Cohen, and F. Ngan, “NOAA’s HYSPLIT Atmospheric
Transport and Dispersion Modeling System,” Bull. Am. Meteorol. Soc. 96(12), 2059-2077 (2015).

48. National Climatic Data  Center, “North American Mesoscale Forecast System (NAM),”
https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/north-american-mesoscale-forecast-system-
nam (2021). [Online; accessed 26-February-2021].

49. J. P. Lefebvre, D. A. Hooper, M. W. Swinney, E. D. Kabela, and V. J. Jodoin, “Final Development of the Airborne
Debris Collection Planning Tool,” ORNL/TM-2018/1100, Oak Ridge National Laboratory, Oak Ridge, TN (2018).

50. D. A. Hooper, E. Kabela, J. P. Lefebvre, S. J. Cope, and V. J. Jodoin, “Ground-Based Collection of Volatile Samples:
Optimal Sampler Networks,” ORNL/TM-2018/1101, Oak Ridge National Laboratory, Oak Ridge, TN (2018).

51. X. Sun, T. Zhao, D. Liu, S. Gong, J. Xu, and X. Ma, “Quantifying the Influences of PM2.5 and Relative Humidity on
Change of Atmospheric Visibility over Recent Winters in an Urban Area of East China,” Atmosphere 11(5), 461
(2020).

52. M. S. Awan, Marzuki, E. Leitgeb, B. Hillbrand, F. Nadeem, and M. S. Khan, “Cloud attenuations for free-space
optical links,” in 2009 International Workshop on Satellite and Space Communications, (2009), pp. 274-278.

53. A. L. Holder, A. K. Mebust, L. A. Maghran, M. R. McGown, K. E. Stewart, D. M. Vallano, R. A. Elleman, and K. R.
Baker, “Field evaluation of low-cost particulate matter sensors for measuring wildfire smoke,” Sensors 20(17), 4796
(2020).

54. L. Zhang, J. P. Wilson, B. MacDonald, W. Zhang, and T. Yu, “The changing PM2.5 dynamics of global megacities
based on long-term remotely sensed observations,” Environ. Int. 142, 105862 (2020).

55. R. Salamé, N. Lascoux, E. Salmon, R. Ackermann, J. Kasparian, and J.-P. Wolf, “Propagation of laser filaments
through an extended turbulent region,” Appl. Phys. Lett. 91(17), 171106 (2007).

56. G. Schimmel, T. Produit, D. Mongin, J. Kasparian, and J.-P. Wolf, “Free space laser telecommunication through fog,”
Optica 5(10), 1338-1341 (2018).


https://doi.org/10.1016/j.jqsrt.2017.10.012
https://doi.org/10.1002/andp.19083300302
https://doi.org/10.1088/1367-2630/aa65de
https://doi.org/10.1214/aos/1056562461
https://doi.org/10.1103/PhysRevLett.80.2245
https://doi.org/10.1175/BAMS-D-14-00110.1
https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/north-american-mesoscale-forecast-system-nam
https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/north-american-mesoscale-forecast-system-nam
https://doi.org/10.3390/atmos11050461
https://doi.org/10.3390/s20174796
https://doi.org/10.1016/j.envint.2020.105862
https://doi.org/10.1063/1.2799163
https://doi.org/10.1364/OPTICA.5.001338

