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(1) N-Nbar relative phase shifts in gas transmission and mirror reflection
(2) N-Nbar decoherence in gas transmission and mirror reflection
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Neutron Optical Potential for n and nbar
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Nbar scattering lengths from theory

Batty-Friedman-Gal approach

The interaction of low-energy antiprotons with nuclei, as well as the interaction of

antiprotons bound 1n an atomic system, 1s described in this work by the conventional ‘1o’
potential [8]

A—1pu
24 Vope(r) = —4 —= :
1 Vope(r) n(l-i- r m)bop(r) 3)

where m 1s the nucleon mass, p 1s the p-nucleus reduced mass, bg 1s an ‘effective
scattering length’ complex parameter obtained from fits to the data and p(r) 1s the nuclear

density distnbution normalized to A. The density p(r) may also i 10
p Re a = (1.54 + 0.03) . A031120.05 g, /r
Po.Nyg
ppn(2) = TR , £ e
,n = %
1+ exp(—ﬂ— ) F .

Very strong annihilation “kills” the wave function inside £ L s
the nucleus and the imaginary part of the scattering 2

length becomes sensitive to diffuseness only
I ajy = (1.00 £ 0.04) fm

L."(r) = —L.v'oc—r,.'ro . liHl Im as = _ro(f; —_ ‘f')
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Karmanov, Protasov, Voronin, Eur Phys J A8, 429 (2000)

E0+%&8#+5%!"7892AGPH%6)78H61)%  see K. Protasov et al, arXiv: 2009.11467



. eikr _ An(k)e“ih, r < 0,
Ln(l) - { Bn(k)e—ﬁnzw T > O’

where k = vV2mE, k, = /2m(U, — E). One has

Au(K) = 8, o, (k) = 2 arctan —,

Kn
or,
-, 2kk
An(k) = en(k)e8), o, (k) =1, ¢),(k) = arctan —.
Kz — k*
For the antineutron component with E' < V; similar equations read
b = (k) etkr Af,(k)c_’.’”, z <0,
o= B (k)e o=, z >0,
where ki = &, — ik = [2m(V; — iW; — E)]'/2. One gets
Kia + Zk ipp (k)
An(k) = - = oa(k)e™,
Kn — itk
. K — k)2 + k2 kK
o2 (k) = (x5 )2 —+ ¥a(k) = arctan -

) ) 9"
K2 + K — k2
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This is phase shift
of n and nbar
separately. OK in
the presence of
oscillations?

l

J —_—
th';i (h'n hﬂ)'




Quantum Decoherence and Neutron Optics
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NOTE: “nothing new”: Lindblad treatment is known to reduce to usual Van Hove expressions
for n scattering theory. But a much more convenient way to analyze effects of interest.

for Lindblad->Van Hove: see L. Lanz, et al., Phys. Rev. A 56, 4826 (1997).



Quantum Decoherence and Neutron Optics

: do(t e A ] 1 .. . 1.
b= "2 = —ilA, 6]+ Y [Lad(0) L} — 5 LY La(6) — 5 2L L],

For the n-nbar two-state system: one gets

~ E+A|—%1111'Ref|(0)—i~).;— £ fl(B) 0
H_( ) E+Ag—lT’anefz(0)—i%)' L=+nvF, F:( 0 £©) )

For nnbar in a gas medium one can calculate the damping factor to be:

2(0

-

A4 nv Im

=nvog/2=T,.
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0) 040
10+%U.VVF%% 10+9%U.::F%%

2 4e” 482 ) 7 9 l , 3
Wi (r)|™ = 22 P —Tt‘). (Wa(t)|" = e™t” — e"At” -

~

Small effect for ILL experiment given residual gas pressure

B. O. Kerbikov, Lindblad and Bloch Equations for a conversion of a neutron into an antineutron,
Nucl. Phys. A 975, 59-72 (2018). arXiv: 1810.04988



Quantum Decoherence in Neutron Reflection
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B.O. Kerbikov, “The effect of collisions with the wall on neutron-antineutron transitions”,
Phys. Lett. B 795, 362 (2019)
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Observation of the Goos-Hianchen Shift with Neutrons
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FIG. 1 (color online). Reflection of a plane wave with incident
angle 0 on a substrate boundary at y = 0 indicating the Goos-
Hinchen shift, {. Inset: nuclear V,, and magnetic =V, , scatter-
ing potential and kinetic energy E; associated with neutron
velocity component perpendicular to the surface.
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FIG. 2 (color online). Goos-Hinchen shift, { along the inter-
face for an incident angle of 2 mrad as function of the wave
vector component perpendicular to the surface, k, for up (full
line) and down (dashed line) spin state for fully magnetized iron.
Inset: Splitting, s of the neutron wave function at the interface.



Goos-Hanchen phase shift and displacement

neutrons polarized along sample magnetization:

bt = Qiln(pt.) = 2arccos(k,/k;)
. om 2k,
kS o r e

This determines also the time delay

between the two neutron spin states associated
with the different rays. This was ~10-7 seconds
near the critical angle for the magnetized
Permalloy (Feg ,Nip g) sample used

e

_k 2k,
ke Jwzy - 12

Experiment done on Offspec spin echo
instrument at ISIS using polarized
neutron spin-echo reflectometry, which
directly measured the phase difference

P
— = cosNé(k,)
P )
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FIG. 3 (color online). Measured normalized polarization,
P /P, as function of perpendicular wave vector, k, representing
the Larmor pseudo precession due to the Goos-Hiinchen shift
along the interface for a single (top) and double (bottom)
reflection from a Permalloy thin film. The black lines represent
the theoretical predictions. The (red) dashed line in the lower
graph represents a simulation (see text).



(2) Does quantum decoherence from time in
mirror kill the oscillations?
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How can we get info on nbar reflection physics?
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Can we use
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To learn about
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Conclusions

n

pe’n

(1) Neutron optics theory can be used to
calculate p and ¢ for n-bar oscillating system
given U . Theory for nbar Uoot implies
qguasifree condition can be met in mirror
reflection and gas transmission in certain
regimes.

(2) Quantum decoherence from imaginary
part of U, can suppress oscillations. Effect is
calculable given nbar optical potential from
theory, can be small.

(3) Calculate decoherence for mirrors made
of stable nuclei and investigate antineutron
supermirrors



(3) Use resonances in Gd  To emulate n-nbar, we want:
Im(b)<<Re(b) for |! >,

res - 2k; [(E' — Ej) +1L'; /2] Im(b)~Re(b) for |" >. How?
Both 15Gd and 57Gd: 1=3/2 on n-A resonance, Re(b

)=0,
and lowest-energy resonance J=2 and Im(b_.) large
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Experimental determination of gadolinium scattering characteristics in
neutron reflectometry with reference layer  piysica B Condensed Matter 552 2019) 5861

Ekaterina S. Nikova™™", Yuri A. Salamatov®, Evgeny A. Kravtsov™", Viktor I. Bodnarchuk,
Vladimir V. Ustinov™”

Experiment
Solution

16+

Unpolarized reflectometry on Gd evaporated | -
on a silicon substrate. Results in good agreement CIHE NMWW\\\/\
with neutron optics calculations including -

the large imaginary part of the optical 5 i WW
|

potential from the Gd resonances.

104

Real part of b and imaginary part of b are comparable ——————————7———
due to the resonance contributions E. meV

Fig. 3. Appoximxion of the experimental valoes of the scawering length

—— theory

Polarized neutron scattering on magnetized Gd? | : — experiment
" Y&#DO(#H!)

Im(b) is large, but about the same for |! >and |" >.

For Im(b) (|! >) large and Im(b) [|" >] small? 5-
Use polarized neutrons and polarized Gd nuclei ol 0 S
Exploit spin-dependence of resonance E.mev

Fig. 4. Real (2) and imaginasy (b) pams of the gadolintum scatwering lengsh.



Neutron scattering lengths and
Cross sections

ry

ZSymbA  por Ty, I bc b+ b ¢ OCcoh QOinc O scatt Oabs
64-Gd-155 14.9 32 138(3) E 408(4)  250(60) 66.0(6.0) 61100.0(400.0)
64-Gd-156 20.6 0 6.3(4) 5.0(6) 0 5.0(6) 15(1.2)
64-Gd-157 15.7 32 4.0(2.0) E  6500(40) 394.0(7.0) 1044.0(8.0) 259000.0(700.0)
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Neutron-Antineutron transition probability

#m +VvV o1& 12 LHWIZHVE
ForH = (  Pyal)=—5oz*dn’- to
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where V isthepotentia difference for neutron and anti-neutron
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