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Low energy neutrons: what & why?

Ultracold Neutrons Cold Neutrons

(~4 m/s) (~500 m/s)
100 %, nm 1 0.1
Very cold neutrons (VCN): ~ \m
« the typical wavelengths are 2.5-60 nm; >°8 3 .\, Nz
- the velocities are 20-160 m/s; S osf i MV
. the energies are 0.25-130 peV; gl |
« the temperatures are 3x10-3-1.55 K, * N B
0.2} ~ !
L "o
10 18?mjs 1000

The reflection probability for isotropic
neutrons with different velocities.
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Very cold neutron applications
Neutron techniques:

The VCN advantages are: \ * SANS; ho:
* long time of observation; . -?%E se|:)cec?t’roscopy in
e large angles of reflections from mirrors; particular, high-re’solution
e larger phase shift and as result inelastic scattering;
more sensitive to contrast variation; * reflectometry, diffraction,
microscopy, holography,
e large coherent length; tomography, etc.

e |arge capture cross-section Fundamental Physics:

and big contrast at transmission; . a search of extra-short-range
e structure analysis of interactions at neutron

large molecular complexes; etc. / scattering; _
« experiments with neutrons in
o _ _ . a whispering gallery;
The main disadvantage is a low flux intensity! . peam experiment to measure

of the neutron decay, etc. 3/13




Reflectors of very cold neutrons

Criteria for the VCN reflector are minimum losses and maximum reflection.
Detonation nanodiamonds (DND) are the ideal candidate!

Positive Factors:
size distribution;

Ropt(Ayen) = 0.7 — 4.3 nm;

bgsc_ = 6.65 fm,;
acsc = 5.55Db;
ol = 3.5mb;
ob . = 0(T - 0);
leamond ~ 3.5 g/cm ]
Prpr ~ 95%

2 0.07
=
5008
5
£ 0.05

0 2 4 6 8 10
Nanodiamond radius R, nm

Negative Factors:
~10 at. % of hydrogen,

= 0.33 b;

Tabs = neutron
Ulnsc =108+ 2b; capture
other impurities

<0.15at. %
neutron
activation
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Fluorination: hydrogen substitution in nanodiamonds

the fluorination of DND

C/H =74+ 0.2 (before)
C/H = 430 £+ 30 (after)

the additional purification of DND

2:after
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But still significant activation!

/X

before ~ 0.58
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PGNAA set up at the IBR-2

600

350

1200

1 - sample; 2 - HPGe detector; 3 - vacuum channel;

4 - protection from LiF; 5 - lead protection;

6 - collimator of gamma quanta;

7 - boron rubber diaphragms;
8 - borated polyethylene collimation assembly;

9 - cadmium-coated polyethylene biological shielding;

10 - neutron beam stop (nheutron absorber).

Mass of the samples is about 1 g.

"o},

10
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Deagglomeration: nanoparticle cluster breaking

distributions of the fluorinated F-DND (dotted)
and the deagglomerated FD-DND (solid).
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Size separation of nanopartlcles
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Enhanced directional extraction of VCNs

" Schematic layout of the experimental setup.

o= B P 1 - a cylindrical tube made of reflector;

-~ 2 - a reflector in the disk shape;

-~ 2’ - the disk position when measuring the incident beam flux;

3 - a rotating velocity selector with screw slits;
4 - a position-sensitive detector (PSD) for measuring the flux
of escaping neutrons;
4' - the PSD position when measuring the incident beam flux;
4" - the PSD position when measuring the angular distribution
of escaping neutrons;
5 - a Cd-diaphragm;

1 6 - an evacuated volume of the reflector. —

/i m—
—_— e S SERE el 4| The gain factor for the
) | | VCN directional extraction
@\ i | is ~10 times,

0N ‘--——=» and ~30 for the total flux.




Quasi-specular reflection of cold neutrons

F-DND, d=4.3 nm, incident angle 1 deg F-SCD, d=15.0 nm, incident angle 1 deg

27

7
ﬁ 3.981x10"

1.585x10"

 6.:310x10°
2.512x10°

1.585x10°
6.310x10°*
2.512x10*

Neutron Wavelength (A)

Scattering angle (deg) Scattering angle (deg)

Probability of neutron scattering from the surface of ND samples
as a function of the neutron wavelength (vertical axis) and the
scattering angle in the direction perpendicular to the plane of
the sample (horizontal axis).

Nanodiamond sizes in the samples: (c) 4.3 nm; (d) 15 nm.

Tangle of incidence of the neutron beam onto the sample was 1-.

The effect of the size (d) of nanoparticles
on the probability of quasi-mirror
reflection (Pq.g) of neutrons from the
surface of diamond nanopowders, and the
width of the angular distribution (Aa) of
reflected neutrons:

« Cold neutrons (A>4A):
with increasing d, Pq.g increases
and Aa decreases

«  Thermal neutrons (A<4A):

with increasing d, Pqo.s decreases
due to an increase in Bragg scattering.
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Models of nanopowder structure and neutron transport

4
Scattered Wave 10
Incident Wave Scattered vector Q ]
. Bo Sample
——=_ "OUndary Gyjge, & 2
Neutron/x 2\ / = 10°+
flux - )
S Vonochomatic g, 2 Incident beam Samples = ]
vV T . Intensity -
Monochromator . ;i ] Pattern 0
Collimation Pinhole 107 4

Sample Holder

Position Sensitive Detector
The typical scheme of the SANS experiment.
108
— Model

B Measurements

102 — Model+background
As a result, we have the ;
. , 10
capability to simulate a multl-@
scattering process via a single :101
scattering cross-section.
103
10°4 . ‘
0.01 0.1 1

Probability density function (a.u.)

Measured intensity
I of scattered
neutrons as a
function of the
transferred
momentum Q for
the powder of
detonation

“.... Nanodiamonds.

1091+ e e e

0.01
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1 10 100
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Potential practical applications

— Increasing UCN/VCN source intensity at the IBR-2/NEPTUN reactors.

— Looking for neutron-antineutron oscillations: NNBAR@ESS,

the ideas of a VCN fountain, etc.

— VCN storage in material traps to achieve the highest densities

of low-energy neutrons.

— Combining both methods for neutron lifetime measurements:
to use a VCN beam and measure not the decay products but the

change in intensity at the flyby base.
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Future plans

— Optimization of powder density for neutron reflection.
— Study of radiation resistance of fluorinated nanodiamonds.

— Extending the applicability of the transport model to the thermal neutrons

by taking into account the crystal structure of nanodiamonds.

— Study of the time dependence of very cold neutron diffusion in a

nanodiamond reflector.

— Measurements of directional extraction of very cold neutrons from a

reflector made of purified deagglomerated fluorinated nanodiamond powder.
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Conclusions

— Low-energy neutrons are a very promising spectrum for both applied and

fundamental physics applications.
— Nanodiamonds are the most efficient material for VCN reflectors.

— The technologies of nanodiamond purification, fluorination, deagglomeration,

and separation is validated and can be used for industrial scaling.

— The VCN reflector shows a gain factor of around 10 times for the VCN
directional extraction. It might be even higher for the full-scale reflector in

case of a real VCN source.

13/13



u..-w-.

220

innet O

e te ¢ o°b

$0. . G B P
s . 0\ NP WK

i » g » "
DAL e ¥ o te tngt 04
8% . SR A AT P
P i3 droeoadm L,

=
&
2
x

‘ BT R U
! Py O TR
g RS M L SAC R
T O3 waey 2NLG
s LR DA LAL AT AT &
. o R TR B 3
.

B

R

AT AT

»
o PRSI RN » s Y T . ML TR Letgth
AR AL E ST DR T - A SC ALl I T Ak
%Y L Y S IS S M D R S A 4 S I L I3 2 T T Y
3 et sl Ol e, » 2t PR TR st et SN

-
I
PR
e Pt K
it ¢ ‘oo
AT b P I

o s I
] m.w..« AR B ERORIE X A
. ve® P3Ae LT T I OK, 1
S ittt 2 S
- - - aant gt T - .
. :«..Cu.n#v.su..en st STy r-t..n.n.r.....a 13 ﬂu\ ¥
I WA L e s N LT P e e
Se 3k wrte Wi el b na an i . Y
Bl % ‘t.un-.w- P SR ST il e
. L o, QM - K3 R - "
B X U ot i sal ety
T e 85 ‘.-..fun.:r'...qs. 2% e ns 't
A S RO A A AL S e
AL Y
il 2 ra et
. Sais e
L E

Hayka
° cONMXKaeT Hapodb!
Ings

for your kind attention!

br
nations together
Thank you all

Science



