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At found 𝑛𝑡2

max position

𝑛 → ത𝑛 Baseline Configuration for Simulation (2015)

Known Challenges 
!  cost 
!  Will be difficult to assemble
+ 200m × dia 4m vacuum tank
+ magnetic compensation screen
+ large volume → rad. shielding
+ needs building with floor and crane

Large elliptical focusing reflector with m=6 was proposed for ESS 𝑛 → ത𝑛 experiment
to search for baryon number violation

Focusing idea:
Neutrons emitted withing large 
± 5° aperture by single reflection
should be directed to annihilation 
target

In vacuum with B=0
(𝜇𝑛 = −𝜇 ത𝑛 from CPT)

𝑃 𝑛 → ത𝑛 =
𝑡

𝜏𝑜𝑠𝑐
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According to classical paper S. Marsh and K.W. McVoy (1983) oscillation phase of mixed  𝑛 → ഥ𝑛 system 
is reset due to collapse of the wave function under the collision either to 𝑛 or to ത𝑛 interaction state

Therefore, one should not allow the number of collisions of the system to be > 1.
If  # ≫ 1 there will be no quadratic time dependence (e. g. in UCN trap), but 
rather only linear dependence and the sensitivity of experiment will be reduced.



Recent conjecture of Valery Nesvizhevsky/ILL et al. (2019) is that reset of the oscillation wave function 
occurs because the complex potential of interaction for 𝑛 and ത𝑛 with reflecting surface is very different, 
e. g. due to large annihilation (imaginary) potential of ത𝑛 interaction with the reflector.



The next conjectured points are: 

• If  𝑈𝑛 = 𝑉𝑛 − 𝑖𝑊𝑛 ≡ 𝑈ത𝑛 = 𝑉ത𝑛 − 𝑖𝑊ത𝑛 there will be no oscillation reset.
(𝑉𝑛 is real part of optical potential, 𝑊ത𝑛 imaginary part due to absorption)

• If 𝑈𝑛 and 𝑈ത𝑛 potentials are about the same, then 𝑛ത𝑛 system can be 
reflected coherently many times from the surfaces

→ if the coherence is maintained under many collisions, then one can build 
a very long reflecting tube of a small diameter  (e. g. 20 cm) and   
(a) dramatically reduce cost of experiment. 
(b) achieve higher sensitivity of 𝑛ത𝑛 search.

Most recent found published paper on that is https://pos.sissa.it/380/428/pdf

https://pos.sissa.it/380/428/pdf


Identified example for reflector:

𝑛𝐶𝑢 ⇒ 𝑉𝑛 − 𝑖𝑊𝑛 = (168.− 𝑖 ∙ 0.026) 𝑛𝑒𝑉
ത𝑛𝐶𝑢 ⇒ 𝑉ത𝑛 − 𝑖𝑊ത𝑛 = ( 94.− 𝑖 ∙ 27.0 ) 𝑛𝑒𝑉

• this is m=1 reflection with 𝜐⊥~4.2 𝑚/𝑠
• super-mirrors with m>1 are not considered 

𝑈𝑛 potentials are NOT the same
however, theoretically, reflection 
coefficients are large for both n 
and ത𝑛

Is it possible to model reflection of 2-level 𝑛 → ത𝑛 oscillating system 
with two-spin states precession in magnetic field?

Even if  𝑈𝑛 ≡ 𝑈ത𝑛 , the fact of retaining the phase (coherence) under reflection is not experimentally established.



If the reflection would collapse nnbar system to either 𝑛 or ത𝑛
the reflection should also “measure” polarization of reflected spin of 𝑛

(a) Two-state system 𝐻 = 𝜇𝝈 ∙ 𝑩 ; 𝑛 =
↑
↓

; 𝐻 = 𝜇
𝐵𝑧 𝐵𝑥 + 𝑖𝐵𝑦

𝐵𝑥 − 𝑖𝐵𝑦 −𝐵𝑧
⟹ 𝜇

0 𝐵𝑥
𝐵𝑥 0

𝐸1,2 = ±𝜇𝐵𝑥

(b) Two-state system N =
𝑛
ത𝑛

𝐻 =
𝐸 𝜖
𝜖 𝐸

𝐸1,2 = ±𝜖

For 𝑛 → ത𝑛 oscillation beam polarization is not essential, since 𝐵 = 0 is required

Hamiltonians are similar: 

𝑩 = 𝐵𝑥 , 0, 0 ; 𝑛(0) =
1
0𝑃 0

1

(𝑡) = 𝑠𝑖𝑛2 ( Τ𝜇𝐵𝑥𝑡 ℏ)

𝑩 = 0, 0, 0 ; N(0) =
1
0

𝑃ത𝑛(𝑡) = 𝑠𝑖𝑛2 ( Τ𝜖𝑡 ℏ)

Longitudinally polarized 
beam along z 



𝑅𝑒𝑈𝑜𝑝𝑡 = 2𝜋ℏ2𝑅𝑒(𝑏)
𝜈

𝑚
≡ 𝑉

For s-wave elastic scattering:  𝑓𝜃=0 = −𝑏(1 − 𝑖𝑘𝑟𝑒𝑙𝑏)

More generally:   I𝑚𝑓𝜃=0 =
𝑘

4𝜋
𝜎𝑡𝑜𝑡 optical theorem

↪ (including elastic, inelastic, absorption)

𝑊 =
ℏ(𝜎𝑡𝑜𝑡𝜐 )

2
𝜈;

𝑈opt 𝑝𝑟𝑒𝑙 = −2𝜋ℏ2
𝜈

𝑚∗
𝑓0 𝑘𝑟𝑒𝑙 = 𝑉 − 𝑖𝑊
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where 𝑚∗ is reduced mass

If 𝑏 = − 𝑓0 𝑘𝑟𝑒𝑙 is bound coherent scattering length, then instead 𝑚∗ one can use 𝑚𝑛 ≡ 𝑚 (See UCN book of Golub),  
𝜈 − number density of the material, 𝜐 − velocity

𝐼𝑚𝑈𝑜𝑝𝑡 = 2𝜋ℏ2𝐼𝑚(𝑏)
𝜈

𝑚
≡ 𝑊

𝑉 = 2𝜋ℏ2𝑅𝑒(𝑏𝑐𝑜ℎ)
𝜈

𝑚

Calculation of Optical Potentials  in QM Scattering Theory

𝜈 – is number density of material



Let’s look at the non-magnetic reflector materials

• Reflector should be absorptive like 
ത𝑛𝐶𝑢 ⇒ 94.− 𝑖 ∙ 27.0 𝑛𝑒𝑉

• Material properties should allow production
of mirror surface (e.g.  Cd is very soft)

Gd (ferromagnetic < 20℃, paramagnetic > 20℃



1. For two polarizations of neutrons the Re and Im  parts of the optical potential will be 
equal, that makes a perfect condition for testing the hypothesis of the oscillation phase 
non-reset.

2. By measuring  reflection phase change for two materials with complex optical    
potential  close to 𝑛 & 𝐶𝑢 and  to ത𝑛 & 𝐶𝑢 one can calculate the phase shift for               
𝑛 ↔ ത𝑛 system reflection from 𝐶𝑢.

3. How in reflection one can make 
Interaction potential different for 
two neutron polarizations?
Polarizing reflector? Cold Gd?

Program of experiment



𝜆 = 5Å Velocity 800 m/s

0.65 G

0.60 G

0.50 G

0.40 G

0.30 G

0.25 G 

11.5 cm

𝜔 = 𝜇𝐵/ℏ

Spin precession in uniform field

𝜌22 = 𝑠𝑖𝑛2(𝜔𝑡)

𝜇 = 60.3 Τ𝑛𝑒𝑉 𝑇
𝐵𝑧 = 1𝐺 = 10−4𝑇
𝐵𝑥 = 0.65𝐺
𝐵𝑡 = 1.193𝐺 = 1.193 ∙ 10−4𝑇
Frequency ~1.6 𝑘𝐻𝑧

2𝜋

𝐵𝑥

calculated by grad student Erich Bermel / UT / 2021



Longitudinally 
polarized beam

at  𝜌11 = 1

P A

Polarization  
Analyzer
detector

Z

𝐵𝑧 = 1 𝐺
𝐵𝑥 = 0.65 𝐺
𝐵𝑦= 0 𝐺

11.5 cm

𝜌22

   

• For fixed 𝜆 max of 𝜌22 defines the position of beam reflection point
• Spectrum of 𝜆 (TOF) can be used for simultaneous measurements.
• absorbing/non-absorbing reflectors can be compared
• Reflectors with different 𝑈1 ≠ 𝑈2 to study ∆𝑉 and  ∆𝑊 effect on phase shift
• One reflector can be chosen with O.P. like 𝑛𝐴 and another like ത𝑛𝐴.

Difference of phase differences for two cases will determine the answer for (𝑛ത𝑛) reflection

Magnetically controlled precession volume 

Idea of experiment: measure phase shift due to reflection from absorbing mirror material

↕




