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Motivation for this work

® The worldwide trend in neutron research is
towards slower neutrons

® Thereis a problem: neutron sources in this energy
range are weak!

® |t gets worse as energy decreases

® \We need more intense sources and a reduction of
losses

e Slower neutrons imply longer observation time
for fundamental physics and expansion of
dynamic range in neutron scattering
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In a nutshell
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Using validated codes we succeeded in:
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In a nutshell

Using validated codes we succeeded in:

® modeling advanced reflectors for slow neutrons,
expanding the capabilities of NCrystal with a

plugin
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In a nutshell

Using validated codes we succeeded in:

® modeling advanced reflectors for slow neutrons,
expanding the capabilities of NCrystal with a
plugin

® investigating and optimizing novel designs for a
dedicated very cold neutron (VCN) source to be
built at the European Spallation Source (ESS)
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In a nutshell

Using validated codes we succeeded in:

® modeling advanced reflectors for slow neutrons,
expanding the capabilities of NCrystal with a

plugin
® investigating and optimizing novel designs for a

dedicated very cold neutron (VCN) source to be
built at the European Spallation Source (ESS)

e identifying the best in-pile designs for an
Ultra-cold Neutron (UCN) source at ESS
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In a nutshell

Using validated codes we succeeded in:

® modeling advanced reflectors for slow neutrons,
expanding the capabilities of NCrystal with a
plugin

® investigating and optimizing novel designs for a
dedicated very cold neutron (VCN) source to be
built at the European Spallation Source (ESS)

e identifying the best in-pile designs for an
Ultra-cold Neutron (UCN) source at ESS

® designing a mock-up experiment to characterize
the reflectivity properties of advanced materials
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High Intensity Neutron Source at the European Spallation Source
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Intensity
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® Brightness integrated over the moderator surface

® Prioritizes the total number of neutrons over beam divergence

moderator
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(@, E, 1) = /A dad(F,O,E,1) [n/s/sr/ev]
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Upper vs Lower moderator
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upper moderator
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As part of the HighNESS project, this thesis aimed to study and optimize the options for a VCN
source at ESS. In the original proposal:

@ Advanced reflectors to selectively enhance the VCN transport from the cold source

@ Dedicated in-pile VCN moderator
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VCN options for ESS nghNess §

As part of the HighNESS project, this thesis aimed to study and optimize the options for a VCN
source at ESS. In the original proposal:

@ Advanced reflectors to selectively enhance the VCN transport from the cold source
@ Dedicated in-pile VCN moderator
Recently, Valery Neshvizevsky proposed a third concept:

© Combined use of a cold source, solid ortho-deuterium (SD,) and advanced reflectors
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Advanced reflectors

Nanodiamonds MgH, Clathrates hydrates
* VCN reflector CNand VCN reflector Possible VCN converter or VCN Possible VCN reflector
reflector c i t
+  Thermal scattering library Thermal scattering library 10SS section measurements

developed within HighNESS available Cross section measurements and thermal scattering library
and thermal scattering library determination within
within HighNESS HighNESS
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Nanodiamonds
e VCN reflector

Thermal scattering library
developed within HighNESS
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What are nanodiamonds (NDs)? nghNess §

* A diamond core within an onion-like shell
measuring few nanometers

® ND powder samples showed efficient reflector
properties for very cold neutrons (VCN)

® quasi-specular reflectivity for cold neutrons

® small absorption cross section

Legnarmal distributior
o it

Paak positian: 4.6 nm
Average size: 5.1 nm
FWHM: 3.0 nm

Frequency (%)

0 2 4 6 8 10 12

Equivalent circle diameter (nm)

Ref.[9]
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Empirical and theoretical models

® Empirical models based on
experimental I(g) in absolute
units:

2 T 2k0

id 1(q)d
2 Jo ql(q)dq

osans(ko) =

1(q) [barn]

® Theoretical model based on hard
sphere model to calculate the
scattering amplitude per
nanoparticle in the first Born
approximation.
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How to use it

MODEL
SELECTION
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Probability of scattering HighNess
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® Guide-like channel ~ 175cm long

® ND layer with thickness of 5mm and A frame

2 mm .
density 0.6 g/cm? ool
® Aluminum frame 2 mm thick
. . ND layer
® Inner aluminum foil of 100 um 5 mm
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Angular distribution 1 > 4A
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Sensitivity of the gains

Key points of the gains sensitivity to changes in
the parameters:

® ND layer thickness is the least important
parameter

e commercial NDs (0.3 g/cm?) is a viable option

e thickness of the inner wall is critical. Metal foils
as thin as possible.
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CN gains over baseline
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In-pile solid deuterium source

Nuclear Instruments and Methods in Physics
; ) Research Section A: Accelerators, Spectrometers,

Detectors and Associated Equipment
Volume 1062, May 2024, 169215
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Full Length Article
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Solid ortho-deuterium

SD; at 5 K is an optimal candidate for
an in-pile VCN source:

® Small up-scattering cross section for
energies less than 20 meV (A > 2A)

® | arge mean free path (= 12cm) at low
energies, where the main contribution
is incoherent elastic

® Pure 0-D, (5=0,2;J=0,2,...) has a higher

thermal conductivity than n-D,
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MCNP model

® Same volume as the
cold moderator (=~ 50L)

® Surrounded by 5 mm of
NDs

e external Be filter at 20 K
for NNBAR (optional)
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Twister

C[n/proton] P [proton /s

B [n/s/cm?/st/R] = S[em?]Q[sr] AL [A]
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How do we plan to cool it? g -—
® Preliminary calculations by engineering team v
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Purity

® contamination from HD and para-D, does to

affect the VCN production

® para-D,, formed after recombination, increases

the thermal resistivity of the crystal Ref.[7]

T2
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Integrity

e cracks and frost also do not affect VCN production

e they increase the elastic scattering leading to the
calculation of sub-optimal dimensions for the
moderator

VEL —VE, —AVF|?

P VE: +VE. —AVy @
Pr o= 1-Pg 3)
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Original concept

® Small SD; VCN moderator at 5 K

® A ND reflector increases the total flux at the beam
port

e thin ND layer between the cold and very cold
source

® |tis nearly transparent for CNs but traps VCN in
the moderating volume

Ref.[5]
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Preliminary Study

Gains  4Ato10A 20Ato40A > 40A
Al casing 0.98 0.95 0.86
SD, only 0.54 0.71 0.93
NDs only 1.71 0.84 0.44
SD, + NDs 0.87 1.76 16.9

HighNess ==
>

ND

SD,—

Table: Preliminary results at all angles of the SD, combined

design on the NNBAR side. Gains over LD; baseline.
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® Converter vessel made of 2 mm Al
¢ internal reflector walls made of 1 mm Al

® void gaps for the cooling

Counts Ratio 4Ato10A 20Ato40A > 40A

Over 0.36 1.1 26
baseline

Over 0.97 0.34 0.05

ideal

Table: Preliminary results at all angles of the SD,
converter design on the NNBAR side. Counts gains
over LD, baseline.

-30 -20 -10 0 10 20 30
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Key takeaways HighNess

® SD, is a promising material for the first dedicated high-intensity VCN source

® Nanodiamonds, almost transparent in transmission for cold neutron, can be exploited as reflector
material for VCNs to increase the performance

® The best option is undoubtedly the full SD, moderator. This would replace the established LD,
moderator as both CN and VCN source

® Cooling appears to be challenging, but:

@ A VCN source could also operate at higher temperature than 5 K
@ We should not give up on the possibility to innovate

® Easier solutions are possible, but with trade-offs

® We need tailored instrument concepts to fully take advantage of the characteristic of this
first-of-its-kind VCN source

41 DTU Physics Solid deuterium and nanodiamonds: the new frontier for Very Cold Neutron production at ESS 04.2024

(=]
|
=

M



s IR Reg T N» dehiess L
e M,"\lh =) “;'\&;’:‘3?,

\me e 1 \BE \BB "3

" ThanKyou| |




L e DTU
Table of Contents nghNess §

e References

43 DTU Physics Solid deuterium and nanodiamonds: the new frontier for Very Cold Neutron production at ESS 04.2024



g DTU
HighN ==
References | ghiNess -—
[1] K.H.Andersen and al.
The instrument suite of the european spallation source.
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 957:163402, 2020.

[2] T.Brys.
Extraction of ultracold neutrons from a solid deuterium source.
PhD thesis, ETH Zurich, 2007.

[3] S. M. Chernyavsky, M. Dubois, E. Korobkina, E. V. Lychagin, A. Y. Muzychka, G. V. Nekhaev,
V. V. Nesvizhevsky, A. Y. Nezvanov, A. V. Strelkov, and K. N. Zhernenkov.
Enhanced directional extraction of very cold neutrons using a diamond nanoparticle
powder reflector.
Review of Scientific Instruments, 93(12):123302, 2022.
Publisher: American Institute of Physics.

44 DTU Physics Solid deuterium and nanodiamonds: the new frontier for Very Cold Neutron production at ESS 04.2024



High’Ness

References Il

[4] A.Frei, E. Gutsmiedl, C. Morkel, A. Miller, S. Paul, S. Rols, H. Schober, and T. Unruh.
Understanding of ultra-cold-neutron production in solid deuterium.
Europhysics Letters, 92(6):62001, 2011.

[5] V.Nesvizhevsky.
Why very cold neutrons could be useful for neutron-antineutron oscillation searches.
Journal of Neutron Research, 24(2):223-227, 2022.
Publisher: IOS Press.

[6] V.Nesvizhevsky, M. Dubois, P. Gutfreund, E. Lychagin, A. Y. Nezvanov, and K. Zhernenkov.
Effect of nanodiamond fluorination on the efficiency of quasispecular reflection of cold
neutrons.

Physical Review A, 97(2):023629, 2018.

45 DTU Physics Solid deuterium and nanodiamonds: the new frontier for Very Cold Neutron production at ESS 04.2024

(=]
—
=

M



(=]
—
=

High’Ness

M

References ll|

[7] C.L.ReynoldsandA. C. Anderson.
Thermal resistivity of solid hydrogen or deuterium at high ortho or para concentrations.
Phys. Rev. B, 22:5547-5548, Dec 1980.

[8] V.Santoro and al.
Highness conceptual design report, 2023.

[9] M. Teshigawara, Y. Tsuchikawa, G. Ichikawa, S. Takata, K. Mishima, M. Harada, M. Ooi,
Y. Kawamura, T. Kai, S. Ohira-Kawamura, K. Nakajima, Y. Ikeda, and Y. Kiyanagi.
Measurement of neutron scattering cross section of nano-diamond with particle diameter
of approximately 5 nm in energy range of 0.2 meV to 100 meV.
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 929:113-120, June 2019.

46 DTU Physics Solid deuterium and nanodiamonds: the new frontier for Very Cold Neutron production at ESS 04.2024



(=]
—
=

High’Ness

M

References IV

[10] L. Zanini, E. Dian, D. DiJulio, B. Folsom, E. Klinkby, Z. Kokai, J. Marquez Damian, B. Rataj,
N. Rizzi, V. Santoro, M. Strothmann, A. Takibayev, R. Wagner, and O. Zimmer.
Very cold and ultra cold neutron sources for ESS.
Journal of Neutron Research, 24(2):77-93, 2022.

47 DTU Physics Solid deuterium and nanodiamonds: the new frontier for Very Cold Neutron production at ESS 04.2024



. e DU
Total Cross Section HighNess =

—— Standard Diamond NCrystal
—— SANS Piecewise Power-law
10 4 === Guinier-Porod 0.05

— -~ Datapoint Teshigwara et al. [2019]
----- HSFBA R=2.50 nm

= 103 4 ——- HSFBA Teshi. R distrib.

] o Teshigawara at al. [2019]

% o VESUVIO exp. [2019]

=}

S 102{ 2419

3 Rz,

(%] 240 TN (T

12} ~S L te.,

g 239 TNl

1 S

o 10 238 . ==

s 9.95e-04 1e-03 1.005e-03

o

=

100 4
10—1 4

1075 107 1073 1072 107! 100
Energy (eV)

48 DTU Physics Solid deuterium and nanodiamonds: the new frontier for Very Cold Neutron production at ESS 04.2024



DTU

Low-angle reflectometry benchmark HighNess =
>

Position

sensitive

detector

® Comparison with experimental data on
quasi-specular reflection of cold neutrons from

NDs: Ref.[6] 0.3x15mm
L. . . rectangular source,
® Goal: test the plugin in complex configurations 0.0004 rad divergence
where angular distribution of reflected neutrons [}
is essential.
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Directional extraction benchmark |-|ig h‘ﬁess >
o
==

® Comparison with
experimental data on
directional extraction
of VCNs from reflector
filled with ND powder:
Ref.[3]

Detector pos #1

Cd slit

Detect #2
® Goal: test the pluginin etector pos

arelevant application
for the ESS VCN source.

NDs
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In-pile UCN source
® The rationale behind this concept is to maximize
the cold flux delivered to the UCN converter
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Scenarios UCN user-program

After the NNBAR
exper[ment

Together with the

UCN user-program starts
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Minimal changes to the .
cold moderator Scenano 1
Second generation cold :

NNBAR experiment [ Major shift in design {

Scenario 4
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Scenario 1 nghNess §

® The UCN program starts after the NNBAR
experiment, and minimal to no changes in the
cold moderator are foreseen

» Independent from the cold source

» Straightforward design

(o], 1

» Lack of space to accommodate the cooling
infrastructure within the pre-designed monolith

-40 -20 0 20 40
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® The UCN program starts after the NNBAR
experiment, and a second-generation cold
moderator is foreseen

» Higher UCN density

» Design not too far from the first generation

» Optimization process will now include the FOM
for UCN

v

(o] 13

» Lack of spaceis still an issue

» Competing with neutron scattering opening

10 -20 [)
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Scenario 3 B H|ghNess z

® The UCN program runs together with the NNBAR
experiment, which means that a major shift in the
design is needed

» NNBAR, UCN and neutron scattering
simultaneously

» Preliminary simulations have shown that the
losses for NNBAR and NSl are far from being

crippling

| \

Cons

» Many parameters and three figure of merits:
complex optimization process
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Void gap
Cold Al

® Large SD;, source that could serve the NNBAR ND layer

experiment, but most likely after SD,

» UCN produced in the last centimeters _— I
UCN production [
layer
» New design and engineering challenges . h%
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Let F be an expensive black-box function to be minimized (maximized). Let’s sample F at the
different locations X = {x;,x,...,x,} yielding the responses Y = {y1,y2,...,yn}

A Gaussian Process (GP) model (also called Kriging) with a mean function p(x) and a variance
function 62(x) is built on the sample and it approximates F.

The Expected Improvement Function (EIF) is used to select the location at which a new training
point should be added.
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Expected Improvement

The EIF is defined as the expectation that any point in the search space will provide a better
solution than the current best solution based on the expected values and variances predicted
by the model. To compute it, let us denote:

fmin:min{ylay%'--a))n} (4)

The EIF can be defined as:
E[I(x)] = E [max(ymin — ¥,0)] (5)

where Y is the GP prediction following the distribution .4 (1, o). The expected improvement
can be expressed in closed form:

B = (o~ ) (P2 B ) 1 oy (fre B ) ®

o(x o

where ® and ¢ are respectively the cumulative and probability density functions of .47(0,1).
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The next sampling point is determined as:
X1 = argmax (E[1(x)]) (7)
Then the response v, of the black-box function F is tested at x;,1 1, the model rebuilt taking

into account the new information gained, and the point of maximum expected improvement
searched again.

The point of maximum EIF can also be used as stopping criterion.
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Test |

ey DTU
HighNess =

— f(x)=xsin(x)
Given data points
——=~ Kriging prediction
Kriging 99% confidence interval
+ Next point to evaluate
—— Expected improvment function

EGO optimization of f(x) = xsin x

iteration 1 iteration 2
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Test Il
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e Mock-up experiment at BNC
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Cold Moderator Test Facility

@ Channel shutter

@ Primary carbon steel collimator
© Lead reflector-moderator block
@ Extraction system

@ Cryo-cooler tank

@ Beam stop

@ Pin-hole assembly

O Rail support system

© Bunker’s shielding walls
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The prototype

Reflector jacket

H, in- and outlet
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Measurements foreseen

Empty

MgH, g~ Jacket exchange

NDs —
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Measurements results
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Measurements results

35 le=7
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