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Neutron dispersion law in matter

Effective potential is a basis of UCN Optics

Interaction of a neutron wave
with an atomic nucleus
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Neutron dispersion law in matter

Effective potential is a basis of UCN Optics
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The sum of scattered waves from all nuclei in a layer

ikor anb
z t scatter — —ij;cpd

e . -
7dz — —i de'koX
r kO

m — neutron mass

p — bulk density of nuclei
b — the length of neutron
scattering on the nuclei

Interference of scattered waves with incident one.
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Neutron dispersion law

kg —4npb  n“=1-—pb

(L.Foldy, 1945)



Neutron Dispersion Law in Matter
Moving with Acceleration



Neutron dispersion law in matter moving with acceleration

Non-Inertial System
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Inertial System
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Neutron dispersion law in matter moving with acceleration

Phase distortion

Non-Inertial System

Inertial System.

Additional phase shift due to non-inertia of the system
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The hypothesis is that the usual dispersion law holds if the

phase distortion due to acceleration at the interatomic
distance is much smaller than the phase shift kb caused by

scattering at the nuclei

1.Frank. JETP Letters., 100, 613 (2014)



Neutron dispersion law in matter moving with acceleration

Inertial System Non-Inertial System Phase distortion
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X — interatomic distance d

The hypothesis is that the usual dispersion law holds if the  For UCN

phase distortion due to acceleration at the interatomic E=100neV,b=510%m,a=810°>m/s?
distance is much smaller than the phase shift kb caused by

scattering at the nuclei

A.l.Frank. JETP Letters., 100, 613 (2014)



Neutron dispersion law in matter moving with acceleration

Acceleration effect

Acceleration effect is a general non-stationary phenomenon,
when a particle interacts with object,
moving with acceleration, and...

_a
@ O < J
E E=E, +AE

0

..and changes it's energy AE = hkart

after interaction. k —wave numeric,
a — object’s acceleration,

T —time of interaction



Neutron dispersion law in matter moving with acceleration

Acceleration effect

Acceleration effect is a general non-stationary phenomenon,
when a particle interacts with object,
moving with acceleration, and...

_a
@ O < J
E E=E, +AE

0

..and changes it's energy AE = hkat

after interaction. k —wave numeric,
a — object’s acceleration,

T — time of interaction

Talk by Alexander Frank



Investigation the acceleration effect

Interaction with refractive sample moving with acceleration

Light
wad
Ao = ——(n-1)
C
Tanaka formulae
Av art
_nd_d_ d( 1) Ao=o—=0—
C C C C C

Tanaka K., Phys. Rev. A, 25, 385 (1982)

General expression

Am = Kart

Neutrons

AE = mad l—1
n

Kowalski-Nosov-Frank formulae
d (1— nj Av=ar
n AE =muv-Av

Kowalski F. V., Phys. Lett. A, 182, 335 (1993)

T=
U

Nosov V. G., Frank A.l., Phys. of Atomic Nuclei, 61, 613 (1998)
Frank A.l. et al., Nuclear Physics, 71, 1686 (2008)
Frank A.l. et al., JETP Letters, 93, 403 (20011)

It doesn't matter the nature of the time t

Frank A.l. et al. Phys. Atom. Nuclei 71, 1656 (2008).
Frank A.l., Phys. Usp., 63, 500 (2020).



Numerical Theoretical Study of UCN Interaction with Accelerated Quantum Objects

The Acceleration effect should take place in quantum mechanics.
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M.A. Zakharov et al. Eur. Phys. J. D 75, 47 (2021).

Change in:

1,25 ~ X &3 N ) A — k
j\ Lrggiltr\tljilqomty (D — aT _fl‘equency
1,00 U Acceleration
towards velocity

Acceleration of the particle
0.75 1 ng veloci
" g vty AE = hkat eneray
0,50
0251 A V= aTtT velocity
000 36 3.8 40 42 a4 46 43 ﬁ(p

’ ' ' velocity,' au ’ ' ' h
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(Bohm, Wigner, 1952-55)

Acceleration
along velocity

k — wave numetric,

of the particle

\ / a — object acceleration,
¢ — phase of the
\/ interaction amplitude,
a8 so | se vemifly,au 56 55 60 o2 E — particle energy



Numerical Theoretical Study of UCN Interaction with

Final State Spectrum
‘“ Q\g) Inelastic scattering

Initial
Wave
Packet

Elastic scattering line

Initial state




Numerical Theoretical Study of UCN Interaction with

Final State Spectrum
‘“ Q\g) Inelastic scattering

Initial Elastic scattering line
\'}

Wave 0

Packet

________

_____

Initial state
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What about a nuclei?




Group delay time at neutrons scattering by atomic nucleus

Estimates of scattering time

IIIII _ ikgr

" e 4 f 6

..... S0 \ 1 .

HHERANY/) _ T=h— |
‘\‘::::::f,/' f =f"«if” aE Group delay time

(Bohm, Wigner, 1952-55)



Group delay time at neutrons scattering by atomic nucleus

..... ikor
R ikyX
s e
EERR- LN r
SRS . > @ H—

EERE VA Sl

N roen
1 el = e

_fr ko Jan k(o +o,)

¢=—7= =—F
f 471\/675 JAno,
4 _,
G, =0, +0C, = m f
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o, - Scattering cross-section
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Estimates of scattering time
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(Bohm, Wigner, 1952-55)



Group delay time at neutrons scattering by atomic nucleus

Estimates of scattering time

IIIII ikgr
EEEN T ik X
L kg N e + 1 r 6([)
e TS N
e T=h— |
EEEE f =f"+if" 6E Group dela.y time
e T (Bohm, Wigner, 1952-55)
v - do 1 |o,
_f _th 47'C_k(GS+Ga) ’C:h—:_ —_—
LA = dE v \V4n
T\/O, 4no,
4nt
o, =0,+0, =—f" b
K T=—
b — the length of neutron
N2 1 () : .
= . ~— . scattering on the nucle
SF 47[( f ) » Og k O - total cross-section "o e
G, - scattering cross-section For thermal neutrons T = 10_188

G, - capture cross-section 15
For UCN t~107"s



Group delay time at neutrons scattering by atomic nucleus

3 The acceleration effect during the interaction between UCN and an atomic nucleus.
——
RERE TN AE _ hka T Quasi-classical consideration
e T e L —
k — wave numeric, ‘b‘
EERE NI a — object’s acceleration, _ -15
) T=—~=10"S

T —time of interaction

()



Group delay time at neutrons scattering by atomic nucleus

3 The acceleration effect during the interaction between UCN and an atomic nucleus.
——
RERE TN AE _ hka T Quasi-classical consideration
RERELCRA VAP —
k — wave numeric, ‘b‘
EERE NI a — object’s acceleration, _ -15
) T=—~=10"S

T —time of interaction

()

Uncertainty relation

OE -ot>h
SE > h / E)t ~ 066 eV >> AE Quantum effects are large!

A rigorous quantum description is necessary




Interaction of the Neutron Wave
With Nuclei
Moving with Acceleration



Neutron wave scattering on an accelerating atomic nucleus

oikz—iot I 3 The problem of interaction of a neutron wave

with a potential in the form of a delta function
H}J_}H_}_]_]{% I l moving with acceleration
21th°
2 U(r,t)=">b S(7T—T, —at*/2
\)Eh 7, UID = m (F-%-at/2)
.

2
0 i Q q
Time-dependent Schrédinger equation /i — P ( I ( t) =———AY(r ( ) + U ( r t) Y ( r, t)
ot 2m
. ~ ~ .Y,z —Lab. Coord. Syst
Accelerated Coordinate System X=X;y=Vy,Z=2+ at2 /2 X, ¥,z —Lab. Loord. cystem

X,¥,Z— Accel. Coord. System

Schréodinger equation

Modified Time-dependent : 0 - O = hz = 5 ad
fied Timedep [ Zvat 2 (Fit) = -2 aw () U (F) v ()



Neutron wave scattering on an accelerating atomic nucleus

Nuclear potential Initial Wave Green's function
Scattered W N AN N ) ) .
caniered e t 400400 —|—oo N\ " (nBorhnapprox) ) ! A Lippmann-Schwinger Integral Equation

(%) [ [ [ [u)wo(r.t)-G(rtr t)drdt

—00 —00 —00 —00

Nuclear potential — Fermi pseudo potential

21th?

U(x,y'z")=b
(x,y.2)=b 2"

3(x'=Xg)8(y"—Yp)d(z'-2p)



Neutron wave scattering on an accelerating atomic nucleus

Nuclear potential Initial Wave Green's function
Scattered W A A A : . .
ceETEa T t 400 400 —|—oo N (nBorhnapprox) 1\ [ h Lippmann-Schwinger Integral Equation

P(F)= [ [ [ [U)wo(rt)-6(Ftre)dr

—00 —00 —00 —00

Initial Wave in non-inertial reference frame : i maZf? o

Transition operator to... | ~ | Mma . .oat .~
ron op maff — — |kz+|k7—|mt

Yo (F,t)=e et ‘I’O(f’,f):@a‘l'o(r,t) e I h 6 e

...a non-inertial system



Neutron wave scattering on an accelerating atomic nucleus

Nuclear potential Initial Wave Green's function
Scattered W A A AN . . .
caneret v t 400 400 —|—oo N\ (nBorhnapprox) \ [ A Lippmann-Schwinger Integral Equation

(%) [ [ [ [u)wo(r.t)-G(rtr t)drdt

—00 —00 —00 —00

2
Green’s function m (X_Xl)2 +(y_yl)2 ”{Z_Z '_%(tz_t : ))
o 1 m32 8(t-t) P -y
G(FErt)=-——m—5 32 °
\/I_(ZTC) T (t-t)

The function of point-like momentary source in accelerating frame




Neutron wave scattering on an accelerating atomic nucleus

Nuclear potential  Initial Wave Green's function
Scattered W A A . . .
cemeree TR t 400400 +oo N\ (nBorhnapprox) \ h Lippmann-Schwinger Integral Equation

#(7)- | T 1 [ uerwoeye(pursora

—00 —00 —00 —00

Applying some reasonable restrictions rzo << Z
1. let's consider the wave function that is far from the scatterer point,
2. ...but not so far that the fictitious forces of the non-inertial system would maz << hw
significantly change the energy of the incident wave, %
a — small

3. one will assume that the acceleration is small,

4. one will also consider such times that the neutron speed is always much
greater than the speed of the potential in the laboratory system. \Vneutron =~ Vnuclear




Neutron wave scattering on an accelerating atomic nucleus

Convert to inertial laboratory coordinate system

2 .~ .1 maR
ik[lﬁ%}iwt 1 e'kR+'Zh2k2/2m
W (F,t)=-be : = =
14> 2m2a
4 Bk | 2m

Interference of incident and scattered waves

without quantum effects




Perspectives
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Thank you for your attention!

Many thanks to Alexander Frank
for fruitful discussions



