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[C. Giles et al., J. Lightwave Technol. 9, 271-283 (1991)]

An atom and a two-core fiber [M. Koshiba et al., Opt. Express 19, B102 (2011)]
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— |1), w1
atom in a plane wave two-core fiber
unperturbed frequency level frequency w, = E,/h propagation constant [, = 27 nes /A
coupling  dipole coupling || = |d21|Eo/h mode-overlap coupling &

frequency fluctuations atomic collisions, laser phase noise  bends, twist, core-radius fluctuations

1 coupled-amplitude equation —— 2 phase noise: averaged equation —— 3 rate equations
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[H. Haus et al., Proc. IEEE 79, 1505-1518 (1991)]

Two cores: the coupled-mode equation [A' W, Snyder, J. Opt. Soc. Am. 62, 1267 (1972)]

1 isolated cores
E, = e,(z,y) e (Wt—Prnz) Physical origin of the entries

Bn = 2mneg /A core index and radius
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[H. Haus et al., Proc. IEEE 79, 1505-1518 (1991)]

Two cores: the coupled-mode equation [A' W, Snyder, J. Opt. Soc. Am. 62, 1267 (1972)]

1 isolated cores

E, = e,(z,y) e (Wt—Prnz) Physical origin of the entries

Bn = 2mneg /A core index and radius

2 coupled cores

— jwt
E=>3 bu(2)en(z,y) e
substitute into Maxwell’s equations; for the mode of core 1,
core 2 is a permittivity perturbation Ae; project onto each

mode e,

. b b w .
- )6 e s

|| o< e=A/0 core pitch A, tail length §
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[H. Haus et al., Proc. IEEE 79, 1505-1518 (1991)]

Two cores: the coupled-mode equation [A' W, Snyder, J. Opt. Soc. Am. 62, 1267 (1972)]

1 isolated cores

E, = e,(z,y) e (Wt—Prnz) Physical origin of the entries

Bn = 2mneg /A core index and radius

2 coupled cores

E = Zn bn(2) en(z,y) elwt || o< e=A/0 core pitch A, tail length §
substitute into Maxwell’s equations; for the mode of core 1, AB~BA/R bend radius R
core 2 is a permittivity perturbation Ae; project onto each
mode e,

. b b w .
- )6 e s

3 input in core 1: b(0) = (1,0)
2 2
K2 Ap
bo(2)|% = —|R|2 sin? Rz, RZ=|k|?+ Y AB =51 — B
complete power transfer requires A3 = 0 and occurs at

z=Le=m/(2|l)
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[R. P. Feynman et al., J. Appl. Phys. 28, 49-52 (1957)]

An atom in a plane wave: the same equation [C. Allinson et ., arXiv:2601.20631 (2026)]

1 unperturbed atom
) = Zn Cy(t)|n), C,, ox e~ iwnt Physical origin of the entries
3

w2] XN principal quantum number n
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[R. P. Feynman et al., J. Appl. Phys. 28, 49-52 (1957)]

An atom in a plane wave: the same equation [C. Allinson et ., arXiv:2601.20631 (2026)]

1 unperturbed atom
) = Zn Cy(t)|n), C,, ox e~ iwnt Physical origin of the entries

wo1 xx n3 principal quantum number n

2 plane wave E = Ejpécoswt

¢ add the dipole interaction —d - E to the Hamiltonian;
project Schrédinger's equation onto each level (m|
ml|d|n) - E(t
ZatC(rn = wm,cm - Z Lﬁ?() C’n,
n

rotating-wave approximation: retain only the term of coswt

resonant with 1 — 2; C; = Cie™?: level 1 plus one

absorbed photon, frequency w1 + w

a(g)= (o’ ) (G)

with Q = —do1Eo/h, d21 = (2|d|1) - &

| x n?Ey  dipole |d21| o n%eaq
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[R. P. Feynman et al., J. Appl. Phys. 28, 49-52 (1957)]

An atom in a plane wave: the same equation [C. Allinson et ., arXiv:2601.20631 (2026)]

1 unperturbed atom
) = Zn Cy(t)|n), C,, ox e~ iwnt Physical origin of the entries
3

w2] XN principal quantum number n

2 plane wave E = Ejpécoswt
¢ add the dipole interaction —d - E to the Hamiltonian; |2 o n?Ey  dipole |da1| o n2eag

project Schrédinger's equation onto each level (m| B AT 6 e e

m|d|n) - E(t
ZatC(rn = wm,cm - Z Lﬁ?() C’n,
n
rotating-wave approximation: retain only the term of coswt
resonant with 1 — 2; C; = Cie™?: level 1 plus one

absorbed photon, frequency w1 + w
i o 4 _ w1 +w Q*/Z o
"\ Oy Q0/2 wa T
with Q = —do1 Eg/h, do1 = (2|d|1)-é
3 initial state |1): C(0) = (1,0)

e Q
|Ca ()2 = it sin? —t, Q2 = QP + A?

Q2 2
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One equation, two systems

two-core fiber atom in a plane wave [ —' AB =0 ('A':' d)' ol
evolution variable  z t o = as=2n (& =(a) :
diagonal entries B1, B w1 + w, w2 QN -
off-diagonal entries « 0*/2 5 :
detuning AB=Pp1—B2 A=w—wu & _
coherent exchange coupler beat Rabi oscillation = :
complete transfer L. =7/(2|k|) = pulse, t =7/|Q] \
equal split 3dB coupler  7/2 pulse ) 1 2 3 4
eigenstates supermodes dressed states z/Le or |Qlt/m
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[R. Kubo, J. Math. Phys. 4, 174-183 (1963)] [H. Haken

Phase noise: the averaged equation et al, Z, Phys. 262, 135148 (1973)]

B2 = P2 +&(2) (random), (+): average over fibers, Po = ([bn]?),  c= (b1b3)
1 ong fiber )

d|b d|b d(b1 5 . -

dlbo|” = 2Im(Kk*b1b3) = — 0] , (5:05) = —j(AB—=&)bib; + jk (|b1|2 — |b2|2)

dz dz dz
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Phase noise' the averaged equation [R. Kubo, J. Math. Phys. 4, 174-183 (1963)] [H. Haken

et al., Z. Phys. 262, 135-148 (1973)]

Ba — B2+ &(z) (random), (-): average over fibers, P, = {(|bn]?), c= (b1b})
1 one fiber
d|be|? _d|l)1|2 d(b103)

L — ZIm(H*blb;) = Ep 1z = —] (Aﬂ - f) blbs +.]K: (|b1|2 - |b2|2)

2 over a short length Az, ¢ rotates the phase of b1b; by ¢ = f;+AZ £dy’
(6¢%) = 29Az = (/%) =e 7% 1Az
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Phase noise' the averaged equation [R. Kubo, J. Math. Phys. 4, 174-183 (1963)] [H. Haken

et al., Z. Phys. 262, 135-148 (1973)]

B2 — B2+ &(2) (random), (-): average over fibers, P, = {(|bn]?), c= (b1b})
1 ong fiber )

d|b,| . d|b, | d(b163) : -

A4z ZZIm(“ b1b2) I P dz2 =—j(AB =& bibs + jk (|b1|2_ |b2|2)

2 over a short length Az, ¢ rotates the phase of b;1b5 by 6¢ = sz+AZ§dz’
(6¢%) = 29Az = (/%) =e 7% 1Az

3 the averaged equation (atoms: optical Bloch equations)

dP. dP, d
=2 =2Im (k*c) = ! €

P 5 5 = (Y tiAB) et ik (P P)
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[D. Marcuse, Bell Syst. Tech. J. 51, 229-237 (1972)]

Strong phase noise: coupled-power theory [M. Koshiba et al, Opt. Express 19, B102 (2011)]

~v > |k|: ¢ relaxes within a length 1/~, before the powers change appreciably
¢ set dc¢/dz ~ 0 in the averaged equation
- jlﬁ: (Pl — PQ)
Y+ IAB
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[D. Marcuse, Bell Syst. Tech. J. 51, 229-237 (1972)]

Strong phase noise: coupled-power theory [M. Koshiba et al, Opt. Express 19, B102 (2011)]

~v > |k|: ¢ relaxes within a length 1/~, before the powers change appreciably

¢ set dc¢/dz ~ 0 in the averaged equation

_Je(PL— P)
v+ AL
¢ substitute into dP»/dz = 2Im(k*¢c)
dPs 2|k|%y
— =h(P - F h=——71"—
dz (P 2) v2 + AB2?

input in core 1: Py(z) = %(1 — e 2hz)
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Rydberg sensor: working principle

[S. H. Autler et al., Phys. Rev. 100, 703-722 (1955)]

[M. Fleischhauer et al., Rev. Mod. Phys. 77, 633-673

(2005)] [J. A. Sedlacek et al., Nat. Phys. 8, 819-824
(2012)] [C. L. Holloway et al., IEEE Trans. Antennas
Propag. 62, 6169-6182 (2014)]

|2) excited
probe
|1 ground

=il0 0 10
probe detuning (MHz)

probe only: absorption line

=10 0
probe detuning (MHz)

10

probe detuning (MHz)

computed: weak probe, atoms at rest
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Rydberg sensor: working principle

[S. H. Autler et al., Phys. Rev. 100, 703-722 (1955)]

[M. Fleischhauer et al., Rev. Mod. Phys. 77, 633-673

(2005)] [J. A. Sedlacek et al., Nat. Phys. 8, 819-824
(2012)] [C. L. Holloway et al., IEEE Trans. Antennas

|2) excited
probe
|1 ground

=il0 0 10
probe detuning (MHz)

probe only: absorption line

|3) Rydberg
coupling

=10 0 10
probe detuning (MHz)

+ coupling laser: transparency
window (EIT)

Propag. 62, 6169-6182 (2014)]

probe detuning (MHz)

computed: weak probe, atoms at rest
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Rydberg sensor: working principle

[S. H. Autler et al., Phys. Rev. 100, 703-722 (1955)]
[M. Fleischhauer et al., Rev. Mod. Phys. 77, 633-673
(2005)] [J. A. Sedlacek et al., Nat. Phys. 8, 819-824
(2012)] [C. L. Holloway et al., IEEE Trans. Antennas

|2) excited
probe
|1 ground

=il0 0 10
probe detuning (MHz)

probe only: absorption line

|3) Rydberg
coupling

probe

probe detuning (MHz)

+ coupling laser: transparency
window (EIT)

Propag. 62, 6169-6182 (2014)]

probe detuning (MHz)

+ RF field: the window splits by
Af < Egp (Autler—Townes)

Err =hAf/d, d: dipole of the Rydberg transition

computed: weak probe, atoms at rest
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Rydberg RF receivers: where they stand

reported noise-equivalent field versus year

Noise Equivalent Field (uvm~=1/VHz)
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Plots from [G. Allinson et al., arXiv:2601.20631 (2026)]; noise-equivalent field in 1V m~ 1 Hz

[G. Allinson et al., arXiv:2601.20631 (2026)]

requirements of spaceborne receivers
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Conclusions

coherent regime one 2 X 2 equation: frequencies on the diagonal, couplings off-diagonal

two cores <> atom Bi, B2, k & wi+tw, wa, Q°/2

phase noise, strength ~ the relative phase decorrelates over a length 1/~

U

v > |k coupled-power theory, h = 2|k|>v/(v* + AB?)

multicore-fiber crosstalk and atomic rate equations: the same strong-dephasing limit

Thank you!
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