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Neutron Oscillations: Appearance, Disappearance, and Baryogenesis

Free n-nbar oscillations 
can be free of damping 

and decoherence effects

Based on collaboration with B. Kerbikov (ITEP) and L. Varriano (UT)  



  and   n n n n¢ «
• There are similarities and differences
• What is effect of residual gas pressure?
• What should be the level of vacuum?
• both components are in the same gas
• ᇱ components can be in different gas
• Mirror gas pressure (if any) can not be controlled
• In mag. field    ത;  ᇲ, but 
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Hamiltonian of a neutron in an environment 
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ܸ௧ - average nuclear potential of media seen by the neutron



https://www.pfeiffer-vacuum.com/en/know-how/introduction-to-vacuum-technology/influences-in-real-vacuum-systems/residual-gas-composition/

Vacuum gas composition
When working in ultra-high vacuum, it can be important to know the composition of the residual gas before starting 
vacuum processes or in order to monitor and control processes. The percentages of water (m/e = 18) and its fragment 
OH (m/e = 17) will be large in the case of vacuum chambers that are not clean or well baked. Leaks can be identified 
by the peaks of nitrogen (m/e = 28) and oxygen (m/e = 32) in the ratio N2/O2 of approx. 4 to 1.

Hydrogen (m/e = 2), water (m/e = 17 and 18), carbon monoxide (m/e = 28) and carbon dioxide (m/e= 44) will be found 
in well-baked chambers. No hydrocarbons will be found when using turbomolecular pumps. They are very effectively 
kept out of the chamber due to the high molecular masses and the resulting high compression ratios. A typical 
residual gas spectrum for a clean vessel evacuated by a turbomolecular pump is shown in Figure below.

Typical residual gas spectrum of a vessel evacuated by a turbomolecular pump

Mostly H2
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Index of Refraction of the Media. 
When neutron with momentum enters a medium
its momentum is modified as ᇱ . The is index
of refraction of the media. 

Modification of the phase induces a modification 
of the wave velocity is descried by the real part of 
the index of refraction, while the modification of 
the amplitude is described by its imaginary part.

݊ = ݇′݇ = ܧ)2݉ − ܧ2݉(ݐܸ = 1 − ܸ௧ܧ ≈ 1 − 12 ܸ௧ܧ

5



- Optical Potential

୭୮୲  ଶ ௦∗  
Where ߥ௦ - number density of the gas;				݉∗ - reduced mass;				 ݂ ݇ - scattering amplitude at angle 0݇ =  ℏ⁄ - wave number of neutron

୭୮୲
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ܴ݁ ܸ௧ = ℏଶܾߨ2 ∗௦݉ߥ = ܸ
For s-wave elastic scattering:  ఏ݂ୀ = −ܾ(1 − ܾ݅݇)
where		ܾ = −ܴ݁ ఏ݂ୀ 	− length	scattering	ݐ݊݁ݎ݄݁ܿ
More generally:   I݉ ఏ݂ୀ = ସగ theorem	optical				௧௧ߪ
݉ܫ ܸ௧ = ℏߥ௦(ߪ௧௧·߭ )݉2݉∗ = ܹ

V୭୮୲  = ℏଶߨ2− ∗௦݉ߥ ݂ ݇ = ܸ − ܹ݅
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Gas at 1 atm

Question: is ߣ  ݀ a necessary condition for defining 
the refraction index of the media?
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2 2
Wavenumber  is a vector:   ( , , )      ;  =

that is determining a wavepacket of particle along beam axis .

For neutron moving along  the  and  are  0.
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rsal direction wavepackets are not localized

and neutron sees other atoms. Thus, the average Fermi potential is defined.
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Description of matter effects of oscillating system

• L. D. Landau and E. M. Lifshitz, Quantum Mechanics, Course Theoretical Physics v. 3 
• R. P. Feynman, Statistical Mechanics, A Set Of Lectures (Advanced Books Classics)
• https://en.wikipedia.org/wiki/Density_matrix 

Mixed	state:					 ݊݊′ = ܽ 10 + ܾ 01 		; 										 ܽ ଶ + ܾ ଶ = 1|݊˃ = 10 ;   |݊ᇱ˃ = 01
ොߩ = ܽܽ∗ ܾܽ∗ܾܽ∗ ܾܾ∗ = ଵଵߩ ଶଵߩଵଶߩ ଶଶߩ 	−		density matrix 

ݐ߲߲ ොߩ = −݅ ܪ · ොߩ = ොߩܪ݅− +   றܪොߩ݅

Liouville–von Neumann equation 
for density matrix evolution       

ݐ)ොߩ = 0) = 1 00 0
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including decaying systems interacting with the environment via absorption.

For Hermitian, unitary Hamiltonians the  Liouville–von 
Neumann equation is equivalent to Schrödinger equation. 
The concept of density matrix ρ was introduced to describe 
the behavior of the system with coordinates x averaged over 
external coordinates q of the environment:

coordinates x

 remaining 
coordinates q݂̅ = ∬Ψ∗ ,ݍ ݔ መ݂ Ψ ,ݍ ݔ ߩݔ݀ݍ݀ ,ݔ ᇱݔ =ሶ නΨ ,ݍ ݔ Ψ∗ ,ݍ ᇱݔ ݍ݀

In Landau v. 3:

In our case the environment is some gas in the neutron flight path (“vacuum”)
and “system with coordinates ݔ” is oscillating ݊ → ݊′



Let’s consider simple Hamiltonian  :

If all parameters are real (if H is Hermitian) the oscillating system can be equivalently 
solved either with time dependent Schrödinger equation or with density matrix.
Real part of the energy (potential energy) similar for both components doesn’t change 
oscillation dynamics:  ܧ = ܧ) + (ᇱܧ 2⁄ . Define difference as 2ܸ = ܧ − ′ܧ . 

ଵ,ଶ ாାாᇲଶ ாିாᇲଶ ଶ ଶ
Average energy 
level of system ܧ

ᇲ ఢమఠమ ଶ ଶ ଶ
The increase of frequency here suppresses the appearance probability.
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Quasi-free potential 
condition

Quasi-free potential condition doesn’t depend on ε in the wide range 
of the latter. However, it depends on the flight time t in experiment. 
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ఊଶ ᇱ ఊଶ

Hamiltonian for the oscillating neutron (no polarization) 
moving through the gas (no mag. field)

ଶ ଶ ଶ ଶReal potential diff.
increases frequency

Absorption
damping

Proper 
oscillation

Frequency of
the system 

we should expect for frequency:
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For even more general case of the complex potential, 
decay, and including magnetic field and spin:

System of 16 coupled diff. eqs can be handled by Mathematica
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Thi description by Liouville–von Neumann equation is still not complete

Direct interaction with environment via incoherent elastic collisions 
is not included. This will lead to decoherence.

http://www.nybooks.com/articles/2017/01/19/trouble-with-quantum-mechanics/

“Most general evolution of probabilities satisfies an equation 
of a class known as Lindblad equations.”

ݐ߲߲ ොߩ = −݅ ܪ · ොߩ = ොߩܪ݅− + ற  − Liouville–von Neumann equationܪොߩ݅



This equation includes in general the loss of coherence of oscillating system to environment.

Loss of coherence is the reset of the oscillation phase between two components.
At this moment oscillating system collapses (with some probability) into one of its 
pure states and continue motion with this boundary conditions. It is “measurement” 
of the system by the environment; system remains in the oscillating state with reset 
boundary conditions.
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https://en.wikipedia.org/wiki/Lindblad_equation



Example of decoherence of two-level system in old classical paper

ାߤ m+

e-

m-

e+

Measurement of the system (the effect):ିߤ	decay	with	emission	of	Michelᇱs		݁ି;
or inelastic collision with molecules 
leading again to the decay of the ିߤ

Here the evolution equation for ߩ has resulted into simple form of Lindblad equation 
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(1)
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(2)
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(1)

(2)
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It looks like the Lindblad “super-operator” term is coming here from the incoherent 
elastic scattering of the oscillating system on the molecules of environment.
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… and produces a decoherence effect on oscillation.

Probability 
of oscillation 
in vacuum.Noted	by	Kerbikov:߱ ⋍ ߣ might 
be not the 
case for ݊ → ത݊
in gas.
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ற ଵ ଶ ଵଵ ଵ ଶ∗ ଵଶଵ∗ ଶ ଶଵ ଶ ଶ ଶଶ

Scattering Integral in Feinberg & Weinberg evolution equation

ܨ ߠ = ଵ݂(ߠ) 00 ଶ݂(ߠ)

Will be zero if 
one of f’s is zero

Source of decoherence
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Loss of COHERENCE is due to scattering integral
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In the vacuum the probability ߩଶଶ
coherently grows as ~ݐଶ			[ ݊݅ݏଶ(߱ݐ) ] . 
Every incoherent elastic collision resets 
the oscillating system’s phase to zero, but 
the system continues its motion in the 
environment contributing (with + sign) to 
the evolution of ߩ until it is being 
“measured” at some later time.
Weinberg’s recommendation is to 
make number of collisions < 1. 
That is the reason why current muonium
oscillation search experiments are being 
performed in vacuum or with zero 
pressure.

Absorption and decay
make here negative 
contribution 

ݕ݈ݐ݊݁ݎ݄݁ܿ݊݅ ݐ݁ݏ݁ݎ
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Loss of coherence in transformation?
• In ESS n-nbar experiment with L=200-m vacuum vessel and residual pressure is <10ି଼		ܽ݉ݐ or < 10ିଷ		ܲܽ	,	vacuum gas H2 , with total cross section 82 barns for thermal neutrons 
(overestimate), the probability of elastic collision for the neutron component with gas 
molecules is  ܮߪߥ	 ≲	 10ି per flight. Elastic x-section for ത݊ component is not well known 
but its x-section is not larger than for ݊.
• If incoherent elastic scattering will occur to oscillating ݊ ത݊	system in the beam, the ݊ ത݊ system will be scattered isotropically in s-wave and will be mostly removed from the 
beam. So it will not contribute to the evolution of ߩ matrix through scattering integral, 
since the system after scattering can not be measured.

Conclusion:  for ݊݊	ഥ oscillation in gas with residual pressure 
< 10ିହ	ܾ݉ܽݎ		the evolution equation has the form :ற

without scattering integral introducing decoherence. 29



Parameters used in calculation
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Neutron velocity  m/s 

Neutron velocity spectrum for ESS beam
arriving to n-nbar target

Matt Frost, Feb 2016



Neutron TOF spectrum for ESS beam
In n-nbar layout

TOF from last reflection to target, sec
Matt Frost, Feb 2016



ି	 ࡼ
ࢇ

Requirement for ݊ ത݊ residual gas pressure (assuming hydrogen) in ESS 200 m flight path

L. Varriano/UT

Residual vacuum pressure
better than 10ିଷ	 Pa 
should be sufficient for ESS
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