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NON-STATIONARY TRANSFORMATION OF NEUTRON ENERGY 
AT DIFFRACTION ON A MOVING GRATING AND SAW

MOVING GRATING

G.V. Kulin, A.I. Frank, P. Geltenbort, A.N. Strepetov, P. Gutfreund, Yu.N. Khaidukov, V.A. Bushuev, 
M.A. Zakharov, N.V. Rebrova, D.V. Roshchupkin, S. Vadilonga, L. Ortega, A.P. Sergeev

INVESTIGATION

   Effect of neutron energy change in diffraction by a moving grating was predicted in Ref. [1]. 
It was shown that when the amplitude or phase grating moves across the neutron beam the 
grating can act as a quantum modulator of the neutron wave transforming the spectrum of 
transmitted neutrons. As a result the spectrum is characterized by a discrete  set of energies. 
   Firstly phenomenon was demonstrated in experiment [2] using phase diffraction grating. 
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For a more rigorous description of the phenomenon, taking into account the three-
dimensional structure of the moving grating, a variant of the multi-wave dynamic diffraction 
theory was developed [3]. To compare predictions of this theory, the spectra of ultracold 
neutrons appearing due to neutron diffraction by a moving grating were measured using TOF 
Fourier spectrometry [4,5].810
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additional variance σm for the peaks of the corre-
sponding diffraction orders, which were estimated in
[28]. Under our experimental conditions, the presence
of collimating plates (separators) limited the horizon-
tal velocity and, therefore, the additional peak broad-
ening.

In view of the radial orientation of grooves, their
width depended on radius (at approximately the same
tilt angle of walls). This fact was also taken into
account in the calculations. The second program
modeled the measurement of spectrum by the time-
of-flight Fourier spectrometer.

The measurement results are compared with the
calculation data in Fig. 4. The initial energy and, cor-
respondingly, the zero peak position are slightly differ-
ent for the measurements with two gratings, because
different five-layer interference filters were used as
monochromators in those measurements. The trans-
mission spectra of each filter were measured by the
conventional time-of-flight technique (see Fig. 3 in
[29]), and the results were taken into account in the
calculation.

It can clearly be seen in Fig. 4 that the spectra
obtained with two gratings are significantly different,
as one would expect. In accordance with the calcula-
tions, the relative zero-order intensity in the case of
the diffraction from grating 2 is much lower than for
the diffraction from grating 1. In addition, the spec-
trum obtained with grating 2 is characterized by much
higher second-order intensities, which is in good
agreement with the calculated intensity |Ψ±2(h)|2 (see
the values of the curve with m = –2 in Fig. 2 at h = 0.14
and 0.22 µm).

5. CONCLUSIONS
Discrete UCN spectra, which arise as a result of

neutron diffraction from moving gratings, were mea-
sured for two phase gratings with differing profile
depths. The beam incident on a grating had a narrow
velocity distribution along the normal to the grating
surface and a relatively wide distribution in the plane
parallel to the grating. The energy transfers under con-
ditions of this non-stationary diffraction were 30 and
60 neV for the first and second diffraction orders,
respectively.

The measurements were performed using a time-
of-flight Fourier spectrometer. It was shown that, in
correspondence with the theoretical predictions, the
ratio of diffraction-order intensities can be changed in
a wide range by choosing an appropriate depth profile.
The relative increase in the first- and second-order
intensities may be important for increasing the effi-
ciency of energy transfer to a neutron.

The results obtained are in excellent agreement
with the calculations [34] based on the dynamical the-
ory of diffraction from a moving grating. This agree-
ment, along with the previous result of [30], can be
considered as a convincing test of the dynamical the-
ory of neutron diffraction from diffraction gratings
[28]. Within the coupled-wave model, this theory
made it possible to describe more rigorously (as com-
pared with the previous kinematic approach) the
dependence of diffraction-order intensities on the
grating period, the grating velocity, the profile depth,
and the parameters of incident neutron beam.
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Fig. 4. (Color online) Comparison of the experimental (red solid lines) and calculated (blue dashed lines) time-of-flight spectra
for the UCN diffraction from moving gratings (a) 1 and (b) 2.
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APPLICATION

   Possibility to transform the neutron energy spectrum by diffraction on moving 
grating allowed to perform neutron focusing in time [6,7]. An aperiodic moving 
grating was used as a neutron time lens.
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The nonstationary phenomenon of neutron diffraction by a moving grating has 
found its application in the experiments testing the weak equivalence principle for 
the neutron [8] The idea was to compare energy mggnH with energy transferred to 
neutron ħΩ
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Result:

SURFACE ACOUSTIC WAVE (SAW)

Neutron diffraction on a running wave is an essentially non-stationary process resulting in transfer of energy E= nħΩ  to the neutron. Here Ω is the wave frequency and n is an integer. The 
first, and until recently, only, experiment on the observation of neutron diffraction by a traveling SAW was carried out in the 1980’s [9]. The significant progress achieved in neutron 
technology makes it possible to study this phenomenon with better accuracy.
SAW arise due to periodical oscillation of the near-surface layer of matter that moves with alternative velocity and acceleration. For the typical values of frequency and amplitude of the 
ultrasonic wave this acceleration reaches values of the order of 107g. The validity of the concept of the effective potential of matter in the case of such large accelerations, is not obvious a 
priori.

Size of Surface Wave Region: 0.5 × 6 cm2

Measurements were carried out for wavewlengths from 5 to 25Å. Samples were designed for
35, 70 and 117MHz

!

"

#!

#"

$!

$"

%!

&#'! &!'" !'! !'" #'! #'"

2Θ(−2Θ)*+,-

λ
+
.
-

!
"#
$%
&'
()
*#
'+

!!"#$%

&!D(!)

&(!D(!)

&!D!)

&(!D!)

*HIH-./IM1
2-33MI4H-./5S15T89

!

"

#!

#"

$!

$"

%#&! %!&" !&! !&" #&!

!"#$#%

!#$"#%

!#$#%

!"#$"#%

!&$#%

!&$"#%

2Θ'−2Θ()*+,

λ*
-
,

!
"#
$%
&'
()*
#'
+'()*H

!"&$"#%

!"&$#%

!

"

#!

#"

$!

%#&! %!&" !&! !&" #&!

!"#$%&
!$"#$%!

!%#$%&

2Θ'−2Θ()*+,

λ
*
-
,

"
#
$
%&
'(
)*
+
$
(
,

!$%#$%&

'()*H

Angular distributions of diffracted beams, depending on the wavelength of the incident beam

! " # $ Å& Å! Å" Å# Å$ !& !! !"

'&(&)

&(&&

&(&)

&(Å&

&(Å)

&(!&

&(!)

&(*& !"#$%"#&
%!#$%"#&

λ+,-

. /
Å0
. &

!"#$%

! " # $ Å& Å! Å" Å# Å$ !& !! !"

&'&

&'Å

&'!

&'(

&'" !"#$%!$&
!!"$%!$&

) *
Å+
) &

λ,-.

!"#$%

Relative intensity ± 1 order of diffraction 

In the experiment [10] performed at the angle dispersive (l=4.3Å) NREX reflectometer (MLZ, 
Munich) we used a YZ-cut of a LiNbO3 crystal. On its surface two interdigital transducers (IDT) 
were disposed to excite travelling or standing waves with a frequency of 69 MHz. 

In the experiment at D17 Reflectometer (ILL, Grenoble) measurements were carried 
out at a fixed incident angle in the time-of-flight mode, which made it possible to 
study the diffraction pattern in a wide range of neutron wavelengths

IDT

Λ
SAW

S = -1

S = 1

To excite travelling wave a high-frequency electrical signal was applied to one or to another IDT. To excite a 
standing SAW a voltage was applied synchronously to both IDTs
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The experimental results are mostly consistent with theoretical predictions. The results 
obtained for diffraction by a standing wave are in complete agreement with the concept of it as 
a superposition of two traveling waves.
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A clear demonstration of the nonstationary quantum effect. Energy transferred to 
neutron was varied from ±145 to ±485 neV.   The acceleration of the periodically 
oscillating near- surface layer of matter reaches value of 5×108 m/s2 !!!
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FIG. 5. Diffraction grating: dimensions and orientation of grooves.

channels, is given by309

NE = Nt

[
M

(
H 2

t3
− g2t

4

)]−1

, (19)

where M is the neutron mass, g is the free fall gravity310

acceleration, and H is the difference in height between the311

Fourier modulator and the detector. The latter was 72.5 cm the312

sentence. Equation (19) is valid when the time resolution of313

Fourier spectrometer much better then the widths of the initial314

spectrum lines.315

IV. DIFFRACTION GRATING316

As in Refs. [28,29,35–37] the diffraction grating was317

prepared on the surface of a silicon disk 150 mm in diameter318

and 0.6-mm thick. Radial grooves (see Figs. 2 and 5) were319

made in the peripheral region of the disk, which is a ring with320

an average diameter of 12 cm and a width of about 2 cm. The321

widths of the grooves are proportional to the radius, and this322

proportionality ensures a constant angular distance between323

the grooves equal to a half period. The angular period of the324

structure is exactly known to be α = 2π/N with N = 94 500.325

The design depth of the grooves of 0.144 nm was chosen to326

ensure a phase difference #ϕ = π between the neutron waves327

passing through the neighboring elements of the grating. The328

grating was manufactured by Qudos Technology Ltd.1329

The grating was examined using an atomic force micro-330

scope. Two fragments of the grating positioned at different331

distances from the center were scanned. The image of one of332

these fragments is shown in Fig. 6. Each of the two fragments333

was investigated in four cross sections. The profile in each334

cross section was plotted for subsequent analysis as that shown335

in Figs. 7 and 8. The following parameters were measured:336

width of the tooth at the top and bottom, width of the groove at337

1Qudos Technology Ltd., Rutherford Appleton Laboratory, OX11
0QX Chilton, U.K.

FIG. 6. Three-dimensional image of the grating fragment ob-
tained with an atomic force microscope.

the top and bottom, and period of the grating in the planes of 338

the tops and bottoms of the tooth and depth of the groove. The 339

obtained data were averaged. The typical number of averaged 340

measurements was 15–20. 341

As a result, the following data were obtained. The periods 342

of the grating in the investigated regions were 4.25(1) and 343

3.40(1) µm. These data are quite reasonable but do not carry 344

important information because the absolute coordinates of the 345

fragments were not determined. The visible profile of the 346

groove is not exactly rectangular and the groove tapers with 347

depth. This taper is about 50 nm, which corresponds to the ex- 348

pected systematic error of the method. It can be concluded with 349

sufficient confidence that the difference from the rectangular 350

profile, if it really exists, is small. The measured depth of the 351

grooves was 141(2) and 151(2) nm for both fragments, which 352

is in quite satisfactory agreement with the design value of 353

144 ± 5 nm. For the ratio of the tooth-to-groove widths 354

measured on the plane of the tooth tops the value of ζ = 355

0.817(2) was obtained for both fragments. 356

FIG. 7. Two-dimensional image of the grating fragment and the
line showing how the cross section was done for the subsequent
analysis.
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