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» Target creation
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Neutron coherent scattering of nanoparticle

Differential cross section

b.,n - Nuclear coherent scattering length
by(q) - Scattering length of unknown interaction

dGcoh (CI, R)
d)

2 N
o (beon + by (@) [ p(r) e3P
\"

Form factor

v Nuclear scattering is main back ground.

v Analysis of g dependence due to nanoparticle
shape and structure is required.
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Coherent nuclear scattering length

Data list of b, (by NIST)

H —3.7390 + 0.0011 fm

0) 5.803 + 0.004 fm

\% —0.555 £+ 0.003 fm “—The element with the

Fe 9.45 4+ 0.02 fm smallest value

Ni 10.3+ 0.1 fm T. Fujiie, Phys. Rev. Lett., vol. 132, p. 023402, Jan 2024.
62Nij —8.7 £ 0.2 fm

How to reduce BG by nuclear scattering 7

Target radius = Ar : element of (positive coh. scattering length) b,
@ : clement of (negative coh. scattering length)b_

k: Mixing ratio of isotope for b,

boon = (1 — k)b, + kb_ ~ 0

Neutron = Mix several elements to adjust
wavelength the coherent nuclear scattering length to zero. e
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Null matrix alloy nanoparticle

An alloy containing elements in a ratio such that b,,;, is zero (Null matrix alloy)
is used for neutron scattering holders, etc.

Differential cross section of
spherical nanoparticle (radius=20 [nm])

Change in Bragg peak of Vanadium alloys

—
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Null matrix nanoparticle creation test

There are no examples of null-matrix (b.,;, = 0) nanoparticles being created.
Therefore, we need to create some prototypes.

Ease of
prototyping

Main methods for creating nanoparticles

_ Merit Easy to prototype in the laboratory
Chemical
precipitation .. | Multiple trial and error processes are required
Demerit : .
to determine conditions
Merit The alloy with the adjusted mixture ratio is processed into powder.
Crushing
Demerit | Possibility of contamination from equipment
: The main contamination depends on the ratio
Merit : :
and purity of the raw materials.
Vapor phase - ot dit
Demerit eed to prepare prototype conditions

and high-purity raw powder

Masayuki Hiromoto (Osaka University)

2025/03/27 0



Prototype 1. Ni(OH), nanoparticles

Synthesis of nickel hydroxide isotopically substituted with 2Ni

Data list of b, (by NIST)

H —3.7390(11) fm When mixed in the following ratio:
O 5.803(4) fm 6INT s . _ :
Ni 10.3(1) fm Ni(OH), : Ni(OH), = 0.24 : 0.76
62N' .
' 8.7(2) fm =) b =—0012fm

Synthesis process of Ni(OH), nanoparticles

Journal of Physics: Conference Series 741 (2016) 012194
Other substances that can be chemically

g .
&
Ni(OH),
synthesized also fell into this category.
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Trial Ni(OH), colloidal solution

_I However,,

The substance was deemed hazardous
for use in experiments.




Prototype 2. Crushing of V-Ni alloy

Alloy foil with adjusted elemental mixture ratio is crushed
and processed into nhanoparticles

Ratio of detected elements in the V-Ni alloy

beon [fM] Wt%

The raw material V-Ni alloy foil Y, —0.555(3) Bal.
Ni 10.3(1) 4.85

Al 3.449(5) 0.002

Si 4.15071(22)  0.016

Fe 9.45(2) 0.002

Mo 6.715(20) 0.001

C 6.6484(13)  0.008

0 5.805(4) 0.015

N 9.36(2) 0.013

Calculated the average coherent scattering length

bCOh = —0.03 fm
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Prototype 2. Crushing of V-Ni alloy

schematic of jet mill

€= Jet flow Feature of jet mill:

(in the N gas) ® The raw materials are crushed
by colliding with each other.
Materia

® Contamination is minimized among
all crushing methods.

SEM image of the powder after crushing

In the case of In the case of Elements detected in V-Ni powder
pure vanadium material V-Ni alloy material (by EDS analysis) beon, = 7.16(3) fm

V Ni Zr
V-Ni powder [67.5 wt% 3.3 wt% 29.1 wt%

= When V-Ni alloy is used as raw material,
the processing time is long and contamination (ZrO,) occurs

. from the equipment.
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Prototype 3. RF thermal method

RF thermal plasma creation process

Powder feeder
Adding raw (Raw material)

powder

Power ll_ Carrier gas
generator C Plasma gas F e a't u re S :
Induction I 7 Quartz tube v No contamination from electrodes etc.
: col Kb occurs during the evaporation process
Evaporation
Ar || H,

O D
o) L. .
._ Water cooling o) = Contamination from equipment can be reduced
chamber ' Ar
Nucleation ™~ v Alloy nanoparticles can be created by mixing
aggregation T (Y different raw powders (0.5 wt%)
.:‘°._ Sample
R chamber . . .
o .. v Using Ar and H gas as the plasma gas prevents oxidation
[ ] . . s .
Nanoparticle ot L Vacyum of metal nanoparticles

!

Prototype V-Ni alloy nhanoparticles and pure V nanoparticles
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Prototype 3. RF thermal method

SEM image of

created nanoparticles Particle size distribution
— Y2/ ndf 28.22/ 21
160: Prob 0.1339
1 40; l coefficient 2697 £+ 117.2
: H 2997 +0.0122
120 o 0.3622 + 0.01144
- Lognormal distribution
100 s

u fitting
80— .

3 Average radius : 19.84 nm
502_ Analysis point : 1002
40—

20—
O "H0 20 30 4o 50 60

Radius[nm)]
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Prototype 3. RF thermal method

C : SEM-EDS
O : HORIBA EMGA-930 (Infrared absorption method)

Mass% of elements detected in nanoparticles et ciement : icp-aes

(@Ni = 5.8 wt% )

C @) B Mg Al Si Ca Ti \/ Cr Mn Fe Ni Zn Zr
V nanoparticle | 0.68 6.15 0.0175 0.0026 0.0088 0.043 0.0036 0.001 92.97 0.028 0.0017 0.084 - 0.0088 -
Vonraneparticle | 9.58  11.4  0.0043 0.0034 0.0079 0.040 0.0049 0.001 85.46 0.024 0.0014 0.074 2.378 0.0139 -
VNI “amparﬁde\ 13.4 - 0.0017 0.0273 0.042 0.0010 0.004 80.55 0.011 0.0153 0.047 5.477 0.004 0.0018
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Calculated nuclear scattering length

Contamination detected in
commercial products: Fe > 27wt%

Created Created Manufacture/
V nanoparticle V-Ni nanoparticle V nanoparticle
b.on 0.71940.023 fm 1.599+0.013 fm 2.8984+0.314 fm
Oabs 4.08b 3.52Db -
Oinc 493 b 3.70 b -

“Created V nanoparticles” have a nuclear scattering length

comparable to that of natural V (-0.555(3) fm)
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» SANS experiment in J-PARC/MLF/BL0O5
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Target cell

The V nanoparticles were sealed in a cell in Ar gas using a vacuum
glove box to prevent contamination by oxidation.

- Oxygen concentration: 0.0x0.1 wt%
- Dew point : <-30 *Cdqg

Airtight holder V nanopowder packed in a holder
— | - — /—‘ n :

* Filling volume : 15.6 mg
- Window material : V-Ni foil (250 mmt X 2)
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J-PARC/MLF/BL05/Low divergence beam brach

MLF(Material and Life Science Facility)

BLO8 SuperHRPD . |’ /~BLOG VIN ROSE
BLO9 SPICA . A /| BLOS NOPl
BL10 NOBORU - / | /- BLO4 ANNRI
BLIIPLANET \ / / & 8L03|BIX

BL12 HRC +BLO2 DNA
T BLO1 4SEASONS

U Line & = »b
D1 Instruments V- & \-\S\—“ BL23 POLANO
D2 Instmmgnts-— —= - \‘— BL22 RADEN
BL14 AMATERAS — *-BL21 NOVA™
BL1STAIKAN L20 iMATERIA
BL16 SOFIA “BL19 TAKUMI
BL17 SHARAKU - '~ BL18 SENJU

3 {
- -
Proton beam line o T "E\‘ |‘
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BLO5 beam line

BEEEREIERN

O 0 0D ooon "

Unpolarlzed P

” }L____[j'ﬁj e e SRS S
‘" Low divergence

Primary beam energy : 30 GeV
Proto bema power : 750 kW(2023/06/15)

Pulse repetition rate : 25 Hz
Neutron source - Mercury target

Average neutron energy : 4 meV
Beam divergence : 0.23 x 0.23 mrad
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SANS experiment set up

The position and time information of the
scattered neutrons are measured.

Concrete shields

Meutron absorber(BaC)

— MEH‘

Incident iy u
Neutron B E |
| Anti-vibration tﬂhlﬂ_ﬂ ‘
920 mm hi
— 0 — —
12 m 16 m 17512 m
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Neutron detector(FRP

Position resolution:0.3 mm
.8 Neutron scintillator:6LiF/ZnS
PMT:Hamamatsu H12700

Detectlon area : 50mmx50mm
AR <

;-".- ek

A detector that can be used in
a vacuum has been constructed
by Dr. Nakabe of JAWA.

X [mm]
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R. Nakabe, Master’s thesis, Nagoya University, (2020).
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» Analysis
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Particle size analysis of V nanoparticle

The SANS measurements are compared with SAXS (Small Angle X-ray Scattering)
measurements to analyze the g dependence on particle size and shape.

Differential cross section of SANS Form factor & Particle size
2

dosans(q) _ (boon +by(q)}sz(R) jp(r)exp(iqr)dv dR

df)

Differential cross section of SAXS

d
033}{(23(‘1) = {bE}ZjN(R) fp(r)exp(iqr)dV dR
bg - X-ray scattering length The a distribution is described by particle size

(X-ray scattering factor)

and shape, which is the same as in SANS @
2025/03/27
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g-distribution analysis of SAXS data

SAXS was performed at Aichi-SR (BL8S3) to measure the
q distribution of V nanoparticles.

Camera length : 6365.38 [mm] qg-distribution of V nanoparticle
X-ray energy : 8.2 [keV] —— M10 [SAXS_VnanoGC_0528.dat]
Beam size : 1.0 X 0.5 [mm?] 7 [ L
Photon energy : 3.3 < 101° [Photons/sec] 107 ;
grange : 0.02 ~ 1.0 [nm™1] .
V nanoparticles g I R
fixed on Kapton tape §
o E 901
107
-—
i — —

Q(A™Y)

Analysis by fitting the SAXS g distribution
to a particle size distribution function
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Particle size data from SAXS measurement

Particle size distribution that reproduces Ratio of theoretical curve from particle size
the SAXS q distribution to SAXS data

5:0.06_— T 5E
< f —SEM 3 450
£0.05[— 3 4E
= —SAXS N

_5004:— E 3.55_ ...........................................................................................................................................................................................................
o f 3
0.03}- —
0.02- 3
0.01 E

olaol Lo v v 1w 10 s 0" . § ot

0 10 20 30 40 50 60 70 0 0.1 0.2 0.3 0.4 0.5 0.6
Radius [nm] g [nm]

- SAXS data reveals small particles that cannot be seen by electron microscopy
- The q distribution calculated from the particle size distribution has a deviation of about 1%.
= This is evaluated as a systematic error.
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Powder packing density in a SANS cell

To determine the density of the powder in the SANS cell,
gamma ray transmittance measurements were performed.

Ratio from average density of SANS cells
211Am 395kBq (59.5keV)

v f
Torget Collimator (1cm-thick lead, 2mmé hole) 8 W
Target holder r
i
— XY stage 2 .
[ .
P
0=2mm, d=10mm, No sample 1}
a1 u T y T T T ! T 1
S 21Am 59.5keV
» 0.08| - (1. S PUTTY PP PR PRUTTY FPWTS PTTE STTWE PUET B
E 2 1.5 1 05 0 05 | 15
= Y [mm)
8 0.06f [ w/ 2'Am source ] 5 .. ) .
- = w/o **'Am source | 1 From the gamma ray transmission, it was estimated that the
- 21Am | central density in the SANA cell was 2.31 = 0.62 times
B R e higher than when the particles were uniformly distributed.

0 500 1000 1500 2000 2500

Pulse Height [ch]
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Effects of aggregation

When the powder is densely packed, the g distribution
changes due to the aggregation of adjacent particles.

Shift in q distribution due to aggregation
(Calculations assuming average density)

Theory : PY function at powder density

1 I 1 1 1 1 I 1 1 1 1 I 1 1

0.5 ————

= 15F

R D 1.4F

2 Wave functions of scattered neutron 1.3

F(g,R 125

Rl J (¢, R,) . b
& F(q,R,)

0.8

0.7F

0.6F

§'(q) = 1 4 2L @ )P [niS(g, i, ) 1} o
YilniF(q, R;)| Yin;
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T 0.3 0.4 05

0.6
q [nm]

The deviation of the q distribution estimated from particle
size distribution data has an effect of g < 0.3 [nm™1].
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Ratio from average density estimated from scattering intensity

Fitting the g-distribution of nuclear scattering simulated
by Monte Carlo with average density

10° T i
%‘ Data : V-nano with trans. correction - ATcorrextion_Vnanot
% - ) , Entries 7834
@ Sim : V-nano with trans. correction Mean 0.08969
£ 10° Fit : q distribution of Simulation ea '
£ -9 Std Dev 0.06043
Integral 1162
102 e 22 1 ndf 21.43/20
N W Prob 0.3725
i wh p0 2,063 + 0.276
10 -
1
1077
2 P | 11
10° 0 0.1 0.6
q [nm]

As a result, the ratio from the average density
is 2.963 = 0.276(9.3%).
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Comparison with MC simulation using effective density

The results are compared with the results of simulating only nuclear scattering.

Comparison of g distribution

ELawan. 1 —
g - —— Data: V-nano (Real TOF data)
g B s, — Sim: Compressed powder (c+)
S iy . ]
S 10_1 — Sim : Compressed powder (c-)
0 = W Sim : Compressed powder with PY correction
- — i i ”
4@ 7 f .f l‘;
c iy
3 102 i
O = TR
B ki Il J
j i lll.'l‘
V I""
10° 5 il
1 0—4 1 1 1 1 | 1 1 1 1 ] 1 1 1 1 | 1 ‘
0 0.1 0.2 0.3 0.4 0.5
-1
q[nm’]

Transmittance

1.02

-t

—I-’II|III|III|III||||||||||

0.98

0.96

0.94

0.92

0.9

Effective density:2.963%x0.263(9.3%)

Comparison of neutron transmittance

Data : V-nano
—— Sim : Compressed density

WWWW il ..'u_q;w“ra'" I w 1}

0

0.2

* The systematic error of the simulation is an effective density error of 9.3%.
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Method for evaluating Yukawa interactions

Cpatq @nd Csim, - Solid angle of the detector
‘Scattering intensity of data

g dependence of Yukawa interaction

IData(Qa R, Q) :CData(Q)T()‘)ppowderd*

S'(q) /Rn(R) [V(R)Patom(bcoh(lj\)[a:;rizg()EM)(Q) + by (q))] F(q, R)*dR

+ Oinec + oaig | * €(A\)Lin(A) + BG(X)

-Simulation(Only nuclear scattering)

ISim(Qa R7 Q) :CSim(Q)T(/\)Ppowderd*
2

[S’( ) / il a:““? };‘)’“N L (g, B4R+ otme + o

x £(A\) ;n(\)
In the case of, o, > ogy and by > by(q)

IData (Q' R' q) ZbY(CI)
R = ~ |1 X P
(q) ISl‘m(Q R CI) N bcoh const

] AN
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Evaluation of g-dependence of Yukawa interaction

The upper limit is determined by fitting the magnitude of
the g-dependence of the Yukawa interaction to R(q).

2by(q)

P, - Fit parameter

R(q) = [1 + Fy

bcoh
Ratio of SANS data and Simulation(Nuclear) g dependence of Yukawa interaction (“t—o(hq))
I
. osf . & )= 500m, af16+20)
________________________________________________________________ 08 o o e h 10 aftes2)
: § HH”‘ | {10 L EL T o = 5.0 N, (1e+22)
- (L3 L IR e, = O Ag=1.0nm, o(1e+23)
_ g MMMM“‘W ” M' “ Il“ ‘ L 111 AL AN Y gj %:i N OO - 0 Ag=0.5nm, o(1e+23)
g l _____ (ML o
: g_ ............................................................... ................ ] I ’ LI 0.2 i— t* QO{}-
0_25_ ............................ ................................... ......................... ( ........ - &
0oo|1o|20|3
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Fitting results for R(q)

This is the result of fitting by changing the Yukawa interaction length.
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Upper limit for Yukawa interaction

10%

exclude region

23 Haddock et al. Mohid tal.
10 4 s Summary
10%
102 ‘/Ka'““’“'a" -Vanadium nanoparticles with a nuclear scattering

Heacock et al. (2021)

NOP(BL05)@2025 (SANS)

Future plan

A etal.

10"
1013 IIIII | IIIIIIII | ]IIIIII| L1 1111

10710 107° 107
A[m]

SANS experiments.

Masayuki Hiromoto (Osaka University)

length of 0.719+0.023 fm, close to that of natural
vanhadium, were created.

*The results of the SANS experiment suggest that the upper
limit for the Yukawa interaction is about 2 to 3 orders of
magnitude better than previous noble gas experiments.

-Systematic errors due to density and aggregation effects will be
eliminated by future SAXS measurements using the cell used in the
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