Large Momentum Diffusion from the Dipole Force of Travelling Waves

2026 CAP Congress | Congres de I'ACP 2026
June 21-26, 2026

Louis Marmet
York University

Session (DAMOPC) R2-3 | Thu, June 25, 4:45 - 5:00 PM

U. Ottawa - Learning Crossroads (CRX) Building, 100 Louis-Pasteur Private, Ottawa, ON K1IN 9N3




Large Momentum Diffusion from the Dipole Force of Travellin
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Travelling waves
Dipole force may become non-conservative

Photon transfers produces 1/A heating

Standing wave
Dipole force is conservative

Quantum fluctuations produce 1/A? heating
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Standing Wave: A single Quantum State

Fields are subject to a boundary condition such as

a reflection on a mirror 2 _;
= V2 ad, cos(kx) e ™!

= (a1 + a2)/V2

conservative potential
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https://doi.org/10.1364/JOSAB.8.000903

Travelling Waves: Two Interfering Quantum Waves

Natural choice when the field is the
combination of two independent waves A (2, 1) = & [@1 exp(ikix) + ao exp(ika)] i

ailni,ne)r = /niln1 — 1,n2) g
as|ni,na)g = /n2|ni,ne — )R

non-conservative potential
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Interaction Hamiltonian

ONE-PHOTON RABI FREQUENCY (g = u&/h

Standing wave
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Dipole Force: Adiabatic Elimination of the Atomic Operator

DETUNING A = w — wy

MOMENTUM TRANSFER ¢ = k1 — ko

Standing wave
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Travelling waves
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Dipole Force: Stimulated Emission and Momentum Recoll

PHOTON 2 PHOTON I
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Momentum Diffusion: Quantum Fluctuations of the Force

MOMENTUM DIFFUSION 1d
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1 to+AL N
EQUATION OF MOTION FOR THE DENSITY MATRIX  Ap(ty) = T / dt [H (L), ﬁ(t)]
ih Ji,

Photon transfers 1-2 and 2-1 are correlated. Solve Bloch equations w correlations.

Standing wave

(counterpropagating beams)
DETUNING A = w — wy
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Momentum Diffusion: Travelling Waves, 1 Order

EQUATION OF MOTION FOR THE DENSITY MATRIX

A(to) = / o g (1), 5(1)
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Photon transfers 1-2 and 2—-1 are correlated.
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Momentum Diffusion: Travelling Waves, 2" Order

EQQ’ATION OF MOTION FOR THE DENSITY MATRIX + 2 ND ORDER
1 to+At ~ i to+At ' N -
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Photon transfers 1-2 and 2—-1 are independent.
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Momentum Diffusion: Travelling Waves

Travelling waves y
(counterpropagating beams) Dpw ~/ (hk )
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DETUNING A = w — wy

Spontaneous scattering
(radiation pressure)

DECAY RATE |
Standing wave
(counterpropagating beams)
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Momentum Diffusion: Earth’s and Stellar Atmospheres

Earth
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Measurement of the Large Momentum Diffusion for Travelling

Heating of laser-cooled atoms in
an atomic-interferometer

Laser Power for Diffusion Measurements

Rubidium; 2.5 ms/interaction

™
\

0.5 cm?

Power [mW]; A

o
L=}

-y
8

700 800
Wavelength [nm]




Large Momentum Diffusion from the Dipole Force of Travellin

Standing wave Travelling waves
Dipole force is conservative Dipole force may become non-conservative

Quantum fluctuations produce 1/A? diffusion Photon transfers produces 1/A diffusion




Large Momentum Diffusion from the Dipole Force of Travellin

Abstract

In the presence of a resonant light field, atoms of a gas spontaneously scatter photons in random directions, leading to a momentum diffusion A
that causes the temperature to increase at a rate proportional to the spontaneous emission rate. When light is detuned from the atomic resonance
by a frequency 4, the scattering rate decreases rapidly resulting in Da « 1/4°. In a standing wave configuration, atoms redistribute photons

through stimulated emission and experience a dipole force proportional to 1/4. However, this redistribution process does not lead to momentum

diffusion, as photons from a standing wave state [ |+) + |—) ]2 can only be transferred between counterpropagating components of the same
quantum state. Since the average momentum of the state is zero, there is no momentum diffusion, indicating that the force is conservative. This
property allows for experimental trapping of cold atoms with a very low heating rate.

This work addresses the case where the dipole force is generated by independent travelling waves in the weak field limit, described by a
statistical mixture of photons within a reservoir. In this context, photon redistribution between travelling waves causes a momentum kick in a
random direction, resulting in a dipole force that is no longer conservative. The irreversible process yields a diffusion coefficient proportional to the

stimulated emission rate Dg « 1/4, which is in general much larger than in the case of a standing wave. This can significantly increase the
temperature of atoms interacting with broadband radiation.

We examine the implications of this large heating rate on the temperatures of Earth’s and stellar atmospheres, as well as for general heating
processes in astrophysics. Additionally, | propose an experiment using an atom interferometer that could detect momentum diffusion of atoms
resulting from the travelling waves of independent counter-propagating beams generated by broadband laser sources.
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