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Abstract. The report presents the first experience of using a time-of-flight Fourier
spectrometer of ultracold neutrons (UCN). The description of the spectrometer design and first
results of its testing are presented. The results of the first experiments show that the
spectrometer may be used for obtaining UCN energy spectra in the energy range of 60+200
neV with a resolution of about 5 neV. The application of TOF Fourier spectrometry technique
allowed us to obtain the energy spectra from the diffraction of monochromatic ultracold
neutrons on a moving grating. Lines of 0, £1 and +2 diffraction orders were simultaneously
recorded, which had previously been impossible to be done by other methods. These results
have made it possible to make a comparison with the recent theoretical calculations based on
the dynamical theory of neutron diffraction on a moving phase grating.

1. Introduction

The UCN spectrometry has been successfully developing for a number of decades. Over the past
fifteen years a number of experiments with the gravity UCN spectrometer with interference filters
have been performed [1-5]. In this method the range of energies to be measured is limited by mgH,
where m is the neutron mass, g is the free fall acceleration and H is the maximum possible distance
between both filters. In practice, the energy range did not exceed 20-30 neV. In particular, the effect of
neutron energy quantization in UCN diffraction by a moving grating was observed for the first time
using such a spectrometer [2]. Later this effect was used to test the weak equivalence principle for the
neutron [5].

The continuation of this research [6] and recent theoretical results [7] have brought us to the
understanding of the need for more detailed investigation of UCN spectra in diffraction by a moving
grating. The problem is that the energy range of the resulting spectrum is of the order of 100 neV,
which is comparable with the UCN initial energy. At the same time, it is desirable that the energy of
the spectral lines could be measured with an accuracy of 1+1.5 neV. The gravity UCN spectrometry
with interference filters appears to be unsuitable for these purposes.

As it follows from simple estimations, the classical TOF method is not suited for this task either,
because the ratio of the initial time pulse duration to the pulse repetition period cannot exceed the ratio
of the necessary resolution to the width of the time-of-flight spectrum. In our case this ratio is of the
order of 102, Such losses in luminosity are absolutely unacceptable.

It is likely that the solution of the problem is the use of any correlation time-of-flight methods. It
may be the correlation spectroscopy with pseudo-random flux modulation [8-16] or Fourier
spectroscopy with periodic or quasiperiodic flux modulation [17-25]. Having compared the two
approaches, we have chosen the Fourier TOF spectroscopy [26]. The point is that we had a UCN
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spectrometer with periodic flux modulation [6], which could be relatively easily transformed into a
TOF Fourier-spectrometer. On the other hand, the use of pseudo-random flux modulation was bound
to lead to a dramatic loss of intensity, as its realization would severely limit the beam cross-section,
which in our case had a shape of a ring. Such a UCN Fourier spectrometer was built and further on we
report the first experience of its using.

2. Principle of the Time-of-flight Fourier spectroscopy

Let the aim of the measurement be the distribution of times /(#) that neutrons spend for the flight along
the known path length. This time-of-flight spectrum is evidently related to the velocity distribution.
The spectrum might be directly measured, if neutrons would be generated in an ideally narrow d-like
time pulse. In the general case, the detector response is

Z(t)=[1(t)o(t—t")dt’, (1)
0
where 6(f) describes the time dependence of the initial flux. If the initial flux is modulated
harmonically, then

Z(t) =°f |(t)sin[ o(t—t') [dt". 2)

Each small part of the time spectrum contributes its harmonic to the detector count rate and the
phase shift of this harmonic relative to the modulation phase is defined by the time of flight and
modulation frequency. Since the time spectrum may be represented by a Fourier expansion

I(t)=ZR(a))sin[a)t—go(a))]da) . 3)

Z(?) in equation (2) can be interpreted as a Fourier-harmonic of the initial spectrum. For the
reconstruction of the initial spectrum in an ideal case, it is necessary to find functions R(®) and ¢ (®)
in an infinitely large range of frequencies w.

Since there was a device at our disposal with a fairly stable low-frequency beam modulator of
periodic operation, we decided that at the initial stage of the work the measurement with a discrete set
of frequencies w; would be acceptable. Then the results of the measurement are the amplitudes Ry and
phases @i of the count rate oscillation for all frequencies w;. Having a rather large amount of such
data, it is possible to reconstruct the initial time-of-flight spectrum in any time interval

Iexp(t):%ZRksin(wkt+(pk) . 4)

3. Experimental setup and measurement procedure

The experiment was performed at the PF2 source of the Institute Laue-Langevin (Grenoble, France).
The spectrometer is a slightly modified version of the device described in [6]. It is shown in Figure 1.
Ultracold neutrons are fed to the entrance chamber through the UCN neutron guide and, after a
number of reflections, fall down the annular channel with the lower section closed by a
monochromator, which is a five-layer Ni-Ti interference filter [27, 28]. To suppress the background of
neutrons with energies higher than the effective potential of nickel, the filter-monochromator is
combined with a multilayer “superwindow” filter [27]. In the experiments with a moving grating (see
[6] for details) the latter was placed directly below the monochromator. It could be rotated by a motor.
The neutron flux with the spectrum formed by the combination of two filters and transformed by the
moving diffraction grating (if the latter is used) enters the spectrometric part of the device. It
comprises a Fourier-chopper, vertical neutron guide, and detector. The Fourier chopper consists of a
rotating rotor and stator. The rotor is a 2-mm-thick titanium disc of about 40 ¢cm in diameter with
twelve radial slits (see Figure 2). The stator is a titanium diaphragm with only one slit. It is placed at
the inlet section of the vertical neutron guide.
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Figure 1. Time-of-flight Fourier spectrometer: general view (on the left) and its upper part (on the
right): 1 - feeding guide, 2 - entrance chamber, 3 - annular channel, 4 - filter-monochromator, 5 -
grating, 6 - rotor of the Fourier modulator, 7 - vertical glass guide, 8 - detector, 9 - vacuum vessel.

The rotor is driven by a stepper motor located outside the vacuum volume and connected to the
rotor via a toothed belt and magnetic coupling. The rotation frequency of the rotor may reach
1800 rpm, which corresponds to a modulation frequency of 360 Hz. For the use of the electronic
control system an infrared sensor and a small slot at the periphery of the rotor are used. Stability of the
rotor rotation frequency is of the order of 10*. UCNSs passing through the modulator come to the
vertical neutron guide formed by six 95x680 mm float glass plates and reach the scintillation detector.

Figure 2. Rotors for the Fourier chopper.

The measurement system registered the time of arrival of pulses from the sensor of the chopper and
from the detector and these data were recorded sequentially to a file. The modulation frequency f;
ranged from 6 to 360 Hz with a step of 6 Hz and upon reaching the maximum value decreased again.

Due to the vertical orientation of the spectrometer and the effect of the Earth’s gravity the neutron
time of flight does not linearly depend on the initial velocity. Sometimes for the correct interpretation
of the results it was necessary to recalculate TOF spectrum to the energy scale. In addition to the
relation between TOF and energy given by the equation
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where M is the neutron mass, g is the free fall gravity acceleration and H is the difference in height
between the Fourier modulator and detector. The latter was 72.5 cm. It was also necessary to take into
account the nonlinear relation between the widths of energy and time channels on the abscissa axis.
The relation between N; and Ny values, which were proportional to the number of counts in time and

energy channels, is given by
-1
H? g%

4. Test measurements with neutron interference filters

To test the spectrometer, three neutron interference filters (NIFs) [27, 28] were used. Filter 1 is a five-
layer filter with alternating layers of NiMo and TiZr. It has a narrow transmission line. Filter 2 is a
nine-layer filter with alternating layers of the same materials. It has a wide transmission line. Filter 3 is
a five-layer filter with alternating layers of Ni(N) and TiZr. It was characterized by the splitting of the
transmission line (see details in [27, 28]). The time-of-flight spectra measured by the spectrometer are
shown in Figure 3.
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Figure 3. Time-of-flight spectra measured by the Fourier spectrometer. Energy spectra formed by
filters 1-3 in combination with filter “superwindow”.

These spectra demonstrate that TOF UCN Fourier spectrometer have a resonable resolution and
may be used for physical measurements.

5. Energy spectra of UCN diffracted by a moving grating

As in our previous works [2, 4], the diffraction grating was prepared on the surface of a silicon disc of
150 mm in diameter and 0.6 mm in thickness. Radial grooves (see Figure 4) were made in the
peripheral region of the disc, which is a ring with an average diameter of 12 cm and a width of about
2 cm. The widths of the grooves are proportional to the radius and this proportionality ensures a
constant angular distance between the grooves equal to a half period. The angular period of the
structure is exactly known to be o = 27/N with N = 94500. The design depth of the grooves of
0.144 mkm was chosen to ensure a phase difference A@ = 7 between the neutron waves passing
through the neighboring elements of the grating. The grating was manufactured by Qudos Technology
Ltd.

The grating was examined using an atomic force microscope. Two fragments of the grating
positioned at different distances from the center were scanned and the image of one of these is shown
in Figure 5. Subsequent analysis has shown that the real grating parameters are quite satisfactory
agreement with the designed values.
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Figure 4. Diffraction grating: dimensions and Figure5. 3D image of the grating fragment
orientation of grooves. obtained with an atomic force microscope.

Energy spectra of UCN passing through the grating were measured both for the grating at rest and
for the grating rotating at frequencies of 1500, 3600 and 4800 rpm. With the fixed/specified number of
grooves N the expected value of the energy splitting is AE = 2nANf , where f is the rotation

frequency. Time-of-flight spectra reconstructed in accordance with (4) were then recalculated into the
energy scale using egs. (5), (6).

These spectra were compared with the results of calculation based on the dynamical theory of
diffraction [7]. In these calculations the normal component of the neutron velocity at the surface of the
grating was taken to be V/.=4.67 m/s (energy of 114 neV), which corresponds to the position of the
maximum of the monochromator transmission spectrum measured earlier by the time-of-flight
method. The distribution of the velocity V. was assumed to be a Gaussian with the degree of
monochromatization AV, /V, =0.0175, where AV- is FWHM of the distribution. The dependence of the

resolution on the time of flight was neglected. The poorly known spectrum of horizontal velocities was
also assumed to have a Gaussian distribution with a zero average value and FWHM equal to 3 m/s.

Figure 6 shows the TOF spectrum of UCN passing through the stationary grating and its
corresponding energy spectrum. In addition to the main peak one can also clearly see a small peak at
an energy of 255 neV. Apparently, this is a peak at the energy slightly higher than the value of the
potential significantly suppressed by the transmission of the “superwindow”.
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Figure 6. TOF spectrum (on the left) and energy spectra of UCNs passing through the stationary
grating (on the right).
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Figure 7 illustrates the main results of the experiment. The obtained time and energy spectra
measured at three rotation velocities of the grating are displayed together with the results of the
calculation. The absolute normalization of spectra was done for better visualization purposes.
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Figure 7. Time-of-flight (on the left) and energy (on the right) spectra of neutrons diffracted by a
moving grating measured at different rotation frequencies. Lines of 0, £1 and +2 diffraction orders are
clearly seen. Experimental (red solid line) and theoretical (blue dotted line) spectra are shown.
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The obtained results demonstrate that using this method it is possible to detect spectra with the
energy range comparable with the UCN initial energy. That permit us to compare the intensities of
lines of five diffraction orders with predictions of the dynamic theory of neutron diffraction [7]. The
experimental data were found in a good agreement with this theory.

6. Conclusion

We reported on the development of the time-of-flight UCN Fourier spectrometer designed mainly for
studying the non-stationary phenomenon of neutron diffraction by a moving grating. This device is a
modification of the gravity spectrometer [6] and therefore the first tests of the new device were carried
out in the regime of the discrete spectrum of beam modulation and off-line data processing. This
regime is not optimal, but it made it possible to obtain the first results in a relatively short time. The
results of the test have shown that this device allows UCN energy spectra to be measured in the energy
range of 60 + 200 neV with the resolution of the order of 5 neV.

UCN spectra appearing in the experiments on neutron diffraction by a moving grating were
measured using the time-of-flight Fourier spectrometer. In spite of the fact that the first measurements
were made with not very high statistics, the results allow for a reliable comparison with the theoretical
prediction. The obtained data testify that the experiment is in rather satisfactory agreement with the
theoretical predictions based on the multiwave dynamical theory of neutron diffraction in the
approximation of slowly changing amplitudes [7].

The activities on further improvement of the device will be aimed at increasing its luminosity. In
addition, the spectrometer will be modified for using a continuous spectrum of modulation
frequencies, which will improve the parameters of the device.
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