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Our mission: Neutron multilayer optics

Aimed to contribute to the science conducted at MLF with multilayer
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Our mission: Neutron multilayer optics

Aimed to contrilf\ite to the science conducted at MLF with multilayer
based devices

NAC comment:

Neutron instr _ _ _
at MLH “Jd-PARC should pursue, in collaboration with partners,

developing the devices that cannot be procured elsewhere.”
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Focusing supermirror

An elliptic focusing supermirror for GISANS

' ‘ o
Dai Yamazaki

Detector
a .

1

GISANS

An efficient probe for the in-plane structure with a length scale less than 1 pm.

Neutron intensity is hot enough in many cases.

A neutron focusing supermirror is needed.

Neutron

NiC/Ti supermirror was deposited on the substrate with 1D elliptic shape Neutron focusing test at BL17



A focusing supermirror for GISANS measurements at BL17

BL17: -
Polarized Neutron Reflectometer -
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vertical
sample geometry
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——> : The focused beamline
——> : The collimated beamline
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for vertical beam focusing
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the ellipsoid (@=5525 mm, b=79.63 mm,
0= 72.59~76.89 deq)

15t focus to mirror L, = 6980 mm

mirror to 2nd focus L, =4070 mm

iIncident angle ~ 0.856 deg

supermirror NIC/Ti, m=4 (IBS coating)
roughness: 0.183 nm RMS
figure error: 188.7 nm PV

400 x 50 mm?, fused quartz

substrate surface

substrate



A focusing supermirror for GISANS measurements at BL17

Focused Collimated cps M .
easurement
— 60 °
—~ 4 . .
: H 50 Focused spot vs Optimally collimated spot
e 2 L 40
g 0 30 Spot intensities vs Wavelength
3 - 20 25 50
T | | I I I I
2 10 Blurred spot due to ... * Focused « r—e—
4 : . : 5 Collimated « |
o <+ Mirror misalignment 20 - Ratio » ~—e— | 40
4 -2 0 2 4 -4 -2 0 2 A4 » Detector resolution ~ 1.8 mm = o
Horizontal position (mm) Horizontal position (mm) § 15 30 g
@)
O =
- - S 10 20 &
Vertical cuts at the horizontal center E =
' ' ' ' l T I I I 1 I <
wro ~ Focused —e—i | 10° Focused —e— |3 5 10
100 L L _tollimated (x20) =1 | Collimated (x20) = |
| | | 102 @ -
E ) N ’4} ? 0 & | g : L ! 0
o Lol 3 1o j[ k 02 03 04 05 06 07 08 0.9
o 80 . % T Wavelength (nm)
S 60 - S a
£ 5 i ]
G | 310 - 2 TP : :
= 40 2 i !T,! ey > Intensity Gain ~ 20 for A > 0.23 nm
20 _ 10~2 ! [iE: ! Ll -Liivz-_! _ - . .
il | Wil > /B ratio ~ 500
0. o3 EALCHBRRTTL [, T
0 20 60

258 60 62 64 66 68 70

Vertical position (mm)

72

40

80 100 120

Vertical position (mm) Yamazaki et al., Quantum Beam Sci. 9, 20 (2025).



Our mission: Neutron multilayer optics

Aimed to contribute to the science conducted at MLF with multilayer
based devices

BL17 P et

Focusing

Transportation Polarization

Neutron instruments

at MLF
RER
"
Devices < (Ni)
=
(Ti)
BEAZALNSHE
e Strongly correlated sytem ¢ Magnetism * High pressure science
Science e Battery materials e Spintronics e Soft matters

* Residual Stress * Imaging * Layered structures



Recent trends

Spallation neutron sources across the world ___ ...
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NI European Spallation Source (under construction)
- Target Station 1 and 2
ISIS-Il project (planned)
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Japan Proton Accelerator Research Complex
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 Target Station 1
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China Spallation Neutron Source
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[J—_ — SINQ The Swiss Spallation Neutron Source

Increasing demand for polarized neutrons

* Magnetic structures

- Dynamics of large-scale materials (hm—pm)
» Magnetic field analysis in a real device . :
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Neutron polarizing supermirror

Scattering length density

How to polarize?
e A stack of alternating layers of ferromagnetic and non-magnetic materials
* A neutron beam is polarized by making use of the dependence of the

scattering length density (SLD) on the neutron-spin k
SLD = N(b, £ b,)
Adyantage§ | | | | N © Atomic number density
e High polarization without loss of intensity By | Nuclear (Magnetic) scattering length
e Uniform polarization over a wide bandwidth
 Maintenance free | Band width

For higher performance...

* High polarization = SLD contrast matching

* High performance under low field = Magnetically soft layers
* Wide bandwidth — Thinner and more layers

Reflectivity
Polarization ©




Neutron polarizing supermirror

How to polarize?

e A stack of alternating layers of ferromagnetic and non-magnetic materials

* A neutron beam is polarized by making use of the dependence of the
scattering length density (SLD) on the neutron-spin

Advantages

* High polarization without loss of intensity

e Uniform polarization over a wide bandwidth
e Maintenance free

For higher performance...
* High polarization = SLD contrast matching
* High performance under low field = Magnetically soft layers

e Wide bandwidth — Thinner and more layers

Spontaneous magnetization of Fe layer disappears

at a thickness less than 3 nm...

Intensity

Cover the full spectrum!!
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0.2-0.9 nm
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Reflectivity

Waveiéﬁgth (hm)

-Band width

Polarization ©




Magnetization measurement

Fe/Ge multilayers (50 bilayers) |
Instead, when we keep the Fe thickness and reduce

When the Fe thickness is reduced to less than 3nm... the Ge thickness...
Sample (l) Sample (ll) Sample (IV) Sample (V)
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'he magnetization is kept at a value close to (l).
'he sample becomes soft with decreasing Ge thickness.

The Curie point : lower than room temperature



o 800 kA/m

PNR measurement
BL17 at MLF 107 |

1070 F
Samples: Fe/Ge multilayers (50 periods) 08 | | 4 KA/m
() Fe:3.5nm, Ge: 2.2 nm (D)
10719k
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* No significant difference was observed between the PNR E 100 § '
profiles... . g
» The out-of-plane structure averaged over the illuminated 0
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Polarized neutron off-specular scattering measurement

Measured (8.0x10” kA/m) Measured (1.4 kA/m) Simulated

BL17 at MLF BN

Samples: Fe/Ge multilayers (50 periods)

(I) Fe:3.5nm, Ge: 2.2 nm T
(IV) Fe:3.5nm, Ge: 1.7 nm (V) o |
=~ 08
(V) Fe:3.5nm, Ge: 1.2 nm :
Off-specular '
1.6 10> _
Incident neutrons Specular - | 1012
SRR
Sample Surface o -0.01 0 0.01 —0.0;x (n(r)n_l)0.0l —-0.01 0 0.01

* Ferromagnetic (FM) interlayer exchange coupling is seen

2E,,k=2400 nm

when the Ge layer thickness is less than 2 nm.

* FM interlayer exchange coupling contributes to the stable
spontaneous magnetization and soft magnetic properties.
 This result offers a possibility to extend the bandwidth of the

polarizing supermirror.




Design of layer thickness sequence

Aimed to a larger m-value

Original Modified
dGe(N)

dGe(N)

For dp.(n)>3.5 nm
To stabilize the spontaneous
magnetization and to obtain

/ soft magnetic properties...

d’Ge(n_i_ 1)

No modification

J \

For dg.(n)<3.5 nm
d'z.(n) =3.5 nm

d'Ge(n) = dge(n) + dre(n) — d'r(n)

d'Ge(n)

Substrate Substrate

Hayter & Mook algorithm Minimum Fe thickness: 3.5 nm
Both thicknesses (Fe and Ge) are reduced. Instead, the thickness of Ge layer is reduced.



Performance test of polarizing supermirror
Measured at BL17

* Total number of layers: 10436
* Total thickness: 32um
e Critical momentum transfer >1.302 nm-t

Reflection from the layers with FM

e Spin-up reflectivity > 0.70 interlayer exchange coupling

e Polarization : >0.93 for g<1.194 nm-1 m —value
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R. Maruyama et al., J. Appl. Phys. 130, 083904 (2021)



Large-scale ion-beam sputtering system

T+ 0

Deposition area: 2000 cm?

T A\

2ml X 2.5mw x 3.5m#h

It was used in the production of the neutron guides for MLF
instruments. (BLO1, BL02, BL14, etc.)
« And for the fabrication of the focusing supermirrors

Polarizing supermirrors for MLF instruments

m:

Polarizing supermirror

H. Endd, T. Oda (285 x 50 mm)
(BLOG résponsible)

T. Miyauchi
(IBS system operation and maintenance)



Summary

» Focusing supermirror for GISANS measurement showed good focusing
performance.

» The bandwidth of the polarizing supermirror was increased by using the
ferromagnetic coupling occurring between neighboring Fe layers.

 Further studies are needed to cover the full spectrum of the neutron beam
avallable at spallation source facilities across the world.





