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Principle

= UCN interaction with magnetic material:

neV

Veff,i = Vgt |u,| - B =209 neV + 6OT B (for Fe)

» Magnetized Fe films (~2 T) (V,=329 neV, V_=89 neV) = UCN polarizers

Used together with spin flippers and detectors = UCN spin analyzers

Fidelity of spin-state identification directly influences the visibility of the Ramsey fringes
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pnsitinrfl simultaneous spin analyzer: S. Afach et al.,, EPJ A 51, 143 (2015)
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Review of previous works

State-of-the art performance: = 0.90

Sputtering vs vacuum deposition:
* Sputtering became more common.

* Advantages:
strong adherence of film, thin layers
possible (= low absorption)

Common substrates: Al or Si

Magnetic field used:
vary from ~10 mT to ~100 mT
* In principle, fully magnetized films are fine

» Can confirm the performance only after
UCN measurement

* Permanent magnet system required for
high field

Authors

Fe thickness

Magnetic field

(year) Mtehod Substrate (nm) (mT) Polarization
Egorov et al. Ti (1.5 um)/ "
(1974) VD cover glass (100 um) 200 ? p'=0.75
Herdin et al. p=095(2)/
(1978) VD NaCl 150 / 300 60 068 (31
Rogel (2009) |  VD/IBS Al foil (13-100 um) 200-1000 40 p=0.90
Lauer (2012) IBS Al foil 150 10 p=0.96 (3)
Hélaine (2014) |  VD/IBS Al foil (25 um) 400 120 'f"; 3'19?3{}3”
Baker et al. .
oy VD Si 1000 100 2
Zechlau (2016) MS Si 300 10 0'=0.96 (3)
Zechlau (2016) MS FeSi (supermirror) tsjgé?;;ifrir} 10 0'=0.99 (2)
Schreyer (2017) MS Al foil (100 um) 150 27 p=0.960 (8)

We propose polarized cold neutron
reflectometry as a test method of
Fe films complementary to UCN tests

T. Higuchi, nEDM?2023, 2023-11-07

VD: vacuum deposition
IBS: ion-beam sputtering
MS: magnetron sputtering

p, p’: see next page
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UCN transmission measurement

= Matrix formalism

Basis: |—) = ((l}) , |+) = ((l])

1 0
Polarizer/analyzer: A:(a“ 6112) ideally: ( )
dzy 4

€ ] - el) F, = ( 6 1 - 62). R. Herdin et al. NIM A 148, 353(1978)

Detector: D:(l 1), SFs: Fl—(l . .
— € 1

» Experimental observables: (SF1, SF2)=(0,0), (0,1), (1,0) ,(1,1) > 6 unknown parameters for 4 exp. configs

. - (1
NE'ZDAF JF ,A I,E Usl
; (F2) (F1) (1) (1,7 €{0, 1} J. Byrne, NIM A 167, 355 (1999) :

= Assumptions on A: The assumption of Herdin et al.needs to
. different polarization vector amplitudes
»  Herdin e‘zzla/. (all 0) e aiy B Noo — Nyg = Ni; — Ny between polarizer (p) and analyzer (1).
= —_— — ’ 1 —_—
a1 0 a1 + az J1+ Noo + Nig Nog — Noy The assumption of Egorov et al is more

natural

» Egorov et al.

ail 0 !/ aii
A= =P =—"T—=4Dp
(O agz) a1 + a2 VP

= UCN transmission experiment cannot fully distinguish different mechanisms of depolarization 5




UCN transmission measurement

= Matrix formalism
Basis: |-) = ((l}) , |+ = ((l]) UC
- @) (@) (l O)
Polarizer/analyzer: A = . deally:
1z yZ :|6121 I y 0 0 ‘
Detector: D=(1 1), SFs: F;= ( I - el), F, = ( 1 - ez)- R. Herdin et al. NIM A 148, 353(1978)
1 - €] €] I - € ()

= Experimental observables: (SF1, SF2)=(0,0), (0,1), (1.0}, (1,1) = 6 unknown parameters for 4 exp. configs

. - (1
N::DAF JF ,A I,E Usl
; (F2) (F1) (1) (1,7 €{0, 1} J. Byrne, NIM A 167, 355 (1999) :

= Assumptions on A: The assumption of Herdin et al.needs to
. different polarization vector amplitudes
»  Herdin e;la/. (all 0) e aiy B Noo — Nyg = Ni; — Ny between polarizer (p) and analyzer (1).
= —_— —_— ’ 1 —_—
a1 0 a1 + az J1+ Noo + Nig Nog — Noy The assumption of Egorov et al is more
natural
» Egorov et al. a
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A- [ 0 o= M
0 ax a1l + a2

= UCN transmission experiment cannot fully distinguish different mechanisms of depolarization 6




Polarized cold-neutron reflectometry

= Early studies on the magnetic materials with cold neutrons

= Reflection on a non-collinear magnetic induction induces depolarization

—> averaged over domains experienced by a neutron
P = D(H, ‘P}PO!

= Experiment with Fe;,Coy, film:

» Small applied magnetic field: low reflectivity, low polarization of reflected beam

NK. Pleshanov. Z. Phys, B 94, 233 (1994)

- increased as the film magnetized P %
1017 2 o comntsron 4 —cmmeee
L eA2nsin)an)’ 0,8-
- A\ 067 [Lf 4 I
| :’-‘! re ~ 4 0’4-4 (':" ‘I“-I [ 0
\q % * 02] $ 1% Fe36C0p4
Va4 \ \ N 0,01 Hard axis S
# — 027 | m, % <IB>kG] 1 Y
*’ / |I T 047 & () o 59 008 08 19.1
F AN " coherent spot 064 = 2 + 118 024 075 191
L -084 ¢© (3 o 177 080 036 19.1
104 @ 4 x 472 100 000 191
P=R.,-R,)R_,+R,),R*=R__+R .
7 ( 44 + ) ( + + )' + ++ 0,1 0.2 0,1 0,2

g, nm’’

VM. Pusenkov et al. J. Mag. Mag. Mat. 175, 237 (1997)

+ B TR W U B T R AP S .
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= Give complementary information to the UCN measurement (in principle ~(1- a,,) of matrix A)



Our strategies

= Production

* In-house ion-beam sputtering at KURNS
M. Hino et al. NIM A 797,. 265 (2015)

= Substrate materials:
Al (t 20—30 um) or Si(t 0.1-2.0 mm)

» Fe layer thickness: 100-300 nm

" Si dise{3Theh)
(8 inch)

Turbo Pump
e 1
[ ]
Substrate

Ion

= Testing
UCN transmission

Cold neutron reflectometry (for Si substrate)

- Pulsed UCN source at J-PARC = JRR-3 MINE2

S. Imajo et al. PTEP 2016, 013C22 (2016)

2\
=N

m =10 mirror

T. Higuchi, nEDM2023, 2023-11-07

(A=0.8 nm, ANMA=2.8% monochromatic)

H. Akatsuka et al. JPS Conf. Proc. 37, 020801 (2022)



transmission (%)

Al and Si as substrate for Fe films

= Si: mirror-surface wafers available:
- can be characterized by cold-neutron reflectometry

= Al: can be made thin (~20 um) - small absorption
» Absorption for A=58 nm (243 neV): Si 0.2 mm: 5.4%, Al 25 um: 1.2%

V. (neV) o (b) @ 2200 m/s
Al 53.92 0.231
Si 54.21 0.171

» B-H curve measurements by vibrating-sample magnetometry (VSM):
Fe on Si saturates more easily than Fe on Al: inverse magnetostriction effects (deformation induces magnetization)

Transmission comparison
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k.
-‘\".
o4 H'\.
Sy
“".
b,
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“".
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a0 4 Si 200 um S
—
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E_B 4
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Require ~50 Oe (5 mT) for saturation
T. Higuchi, nEDM2023, 2023-11-07
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Recent results from J-PARC pulsed UCN source

» Setup:

» Doppler shifter produces UCNs
every 120 ms

* Dipole electromagnets (up to 30 mT)
= Two AFP SFs |

= Samples:

= Fe (97 nm) on Al (25 um)
= Fe (97 nm) on Si (0.2 mm)

= Results

—
D
=
L
w
—
Q@
Q
Q
O
(@)

——
) | —— |

il i

! /
RFcoil1 |/
yokes
Fe films

dipole magnets :
lyethylene collimators =
polyethy i s ~

AFP spin flippers

|
\\
RF coil 2

*He UCN detector

~1m

T. Higuchi, nEDM2023, 2023-11-07

—_
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) ™| —— Ny, (SF1: OFF, SF2: OFF)
0.18 :_ ..................................... N, (SF1: ON, SF2: OFF)
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(V| NSO i X Y M,y (8F1: ON, 8F2: ON)
0.12f IR
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Liagal |
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Wavelength (nm)
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Recent results from J-PARC pulsed UCN source

» Setup: (a) (b)

. i dipole magnets ”— : E F ™| —— Ny, (SF1: OFF, SF2: OFF)
- Doppler shifter produces UCNs {;olyethylene ooll‘lmat.érs;(/ i T NS %Mo UGN detector %o.,ez_ ..................................... ————
every 120 ms ) AFP spin ﬂlppers‘ §o.,az_.w;._..“_,.m_ e, SRR A5 N, (9F1: OFF, 8F2: ON)
. :' S 0.14 .:_ ................................. N'o (“’:ON. SF!: om

» Dipole electromagnets (up to 30 mT) 2 onf
* Two AFP SFs ' B L L
o_os: ..........................................................................

| | ® L

Samples: o A

L_,r__'lk‘if‘ - - 1
/ \ / \
RFcoil1 ||  RFcoil2 :
yokes e 0

002 ...

= Fe (97 nm) on Al (25 um)

Doppler shifter

: drh
T PEETE FURTE FETTE FETRY ST FUET

* Rise of p between 60 and 120 Oe for Si LT 0 T O W A [

» Higher p at 120 Oe of Si than Al 045~"55" 40" 45 50 55 60 65 70 75 B0 03035 4045 5055 60 65 70 75 80
(more field needed for Al) T. Higuchi, nNEDM?2023, 2023-11-07  Wavelength (nm) Wayglength (nm)

= Fe (97 nm) on Si (02 mm) Fe films ; 36““3;“':1:)“”4; 50 55 60 65 70 75 80
~1m Wavelength (nm)
= Results
Sample H({mT) p p’ a comparison between different samples b comparison between different magnetic fields
— B0 Oe (SI)
Fe on Si 6 0.78 {3} 0.88 {1 :I 5 R0 | LA S —Wlar!zar.\-an si _5 1.45 T — 120 0e (s
Fe on Si 12 0.85(3) | 0.92 (1) 512 e $12 i Wit
Fe on Si 30 | 0.86(3) | 0.93(1) i \( e SE
0-8: . ‘ .. I 0.8 E: . HR 1. R
Fe on Al 12 0.80 (2) | 0.89 (1) . ML gel
*BG neutron counts not fully accounted 04 T oAk ANRC N
- would increase the polarization value finally 0.2t TrHT J[ . 0.2ff #
1L of iy




Recent results from JRR-3 MINE2

(a) setup 1 s M1 CSF H M2 sSD (c) geometry of refelectometry
» Test setup: | T
. O.88-nm neutrons pola.rized by a Fe/Sina . —“9“"0&&%; o | m [l
magnetic multilayer mirror to 0.97 polarization Ll
» ©-20 scan with a rotation stage and a X stage guide coil
» Up to 5.5 mT: used a Helmholtz coil (H) (B saiupia
= 30 mT: used a magnetic mirror holder (M2) 5 M Rr S8
_Neutrons | B | I | =
» Sample: | == l Eig i—
= Fe (97 nm)on Si (2 mm) ®H,=7 Oe
y z -z
s o - - . S o o o
= Results: Xi S 2 8 § 8§ B § &

Position (mm)

T. Higuchi, nEDM2023, 2023-11-07
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Recent results from JRR-3 MINE2

» Test setup:

» 0.88-nm neutrons polarized by a Fe/SiGe

magnetic multilayer mirror to 0.97 polarization

» ©-20 scan with a rotation stage and a X stage
» Up to 5.5 mT: used a Helmholtz coil (H)

» 30 mT: used a magnetic mirror holder (M2)

= Sample:

= Fe (97 nm)on Si (2 mm)

Results:

(a) setup 1 s M

» Data with spin on/off simultaneous fitted with a model

» The reflectivity in different applied magnetic fields

H (mT) R,
1.7 0.86 (6)
2.5 0.87 (7)
3.2 0.89 (7)
5.5 0.88 (6)
30 0.95 (9)

Rise of reflectivity between 5.5 and 30 mT

(c) geometry of refelectometry

CSF H M2 SD
i Izdel-zsamplel
neutrons ]
| —im— el e—!
®Hy= 7 Oe
guide coil
(b) setup 2
S M1 CSF H M2
_Neutrons I |
e | m [
®Hy= 7 Oe
Zz —Z
y T T T T T C‘) é <ID
E B 8 § 8 B 3 B
X o~ — — - —
Position (mm)
(a) 55 Oe (b)
= TTT T TTTT TTTT T
§ 1 1 ' ;! x SF OFF %"
5 | : 1)},1, : ‘H: 4 : =
8 [ } ,]‘% + SEON 3
Rt R & T s
A I j p=088i() e
: | H H : H : £
N A | i i i :
04k }: : N . g "
- | mo
: | : : : : :
B i il 1 i ] i
0.2 ,, .............. — ti-' ............. — |§1% ........... ......................... —— :
of = T Q
N i Lol S I P i il N I
0 005 01 015 02 025 03 035 04 045 05 005 01 015 02 025 03 035 04 045 05
q (nm?) q (nm

T. Higuchi, nEDM2023, 2023-11-07



.’
* Introduced polarized cold-neutron reflectometry as a testing method of Fe films TUCAN
complementary to UCN transmission measurement

Summary |

» Preliminary results imply that the magnetic field required to operate Si-substrate Fe film is
larger than 5 mT as indicated by VSM

= Spin-analyzers for TUCAN EDM experiment: films with analyzing efficiency of 90% (12 mT)
developed. Further evaluation & development planned

More details will be on: T. Higuchi et al. J. Phys. Soc. Jpn. (submitted)
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MINEZ2 polarized cold-neutron reflectometry

= Fit model

1 (g < q1.+)

R(thl,:t% Qst} = Fiop — Fi2 EEP{III?]_j:d} :

I — riarig exp(iq) .d)

d—q1+

s = gz — 41+
q+qis '

g2 + 41«

_ 2 Smn V::Ei‘.:l: _ 2 8*”& Vﬂi
QI.!E - - }iz 5 qz - - ﬁz .

R(glg1 +.q2.d) by

Wlth Fip =

1+ p | —

Ry = — 3 R(glg1.+, g2 d) + 2“’3 _.ga,d)
-p 1+ p

Ri = —5—R(qlq1.0. 42.d) + —5—R(qlq1.-. 42, ).

(g = q1.+)

q/qm (@ < Gum)
n(glgm) =
(g = qu).

Ri(qlq1.+ q1.-» G2, Gun. 4, P, p) =

1+ p
Pn(qlgm) I %R{qlql,h g, d) +

R (qlq1.+:q1-+ G2, g, d, p,p) =

.d) +
(a) 55 Oe
";“'HII””_II I-!I]““”I”!””{EIII * SF OFF
I R A
2 [ I[%li ﬁfﬁﬁ ig%ﬁ{q'. 5 SF:ON |
: | o |
06 i i
0.4: [ T*I : ]
oo m@;m;muhﬁﬂ T
cf %%ﬁ* *:;f}\ 'k""m; Wﬁ _ _:

0 D05 01 015 02 025 03 0,35 0,4 045 05

q (nm-Y

1= ps
- qza d) H
2
(18)
—. i, d)} .
(19)
(b) 300 Oe
% 08: %’H + I i i
= p =0.952 (9) ;
B | | ]
i : | | ' * . i
L 5 '. § ¥ i
o r&"ﬁm‘"” hi ﬁp«% o5,
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MINEZ2 polarized cold-neutron reflectometry

= Fit results

H (Oe) || g1+ (mm™) | gi— (nm™") | g> (nm™) | g (nm™") | d (nm) p P x~/ndf
17 0.1275 (4) 0.2472 (1) 0.117 (3) 0.059(1) | 96.5(2) | 0.855(5) | 0.935(4) | 855/123
25 0.2470(1) | 0.1225(7) | 0.109(7) | 0.052(1) | 96.1(2) | 0.870(6) | 0.891 (5) | 808/123
32 0.2475(1) | 0.1255(6) | 0.110(7) | 0.058 (1) | 97.8(2) | 0.890(6) | 0.910 (4) | 838/123
55 0.2479 (1) 0.124 (2) 0.110(2) 0.053(2) | 97.2(2) | 0.881 (5) | 0.958 (4) | 918/123

300 0.2445 (2) 0.1200 (5) 0.110 (4) 0.108 (2) | 95.5(3) | 0.952(9) | 0.962 (4) | 394/139
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VM. Pusenkov et al. J. Mag. Mag. Mat. 175, 237 (1997)

vt A

E | 9
P = D(n (@) S
( ? q}) PD, substrate
V— .
—] D d o y
fp — (P-i— - (p—?
_ s +11/2 + zy
@, =2arccos{[E /V ]/} (E, <V7), ) 12 5,152 .
. ; P, ns
¢@_ = 2arccos{[E,/V "} + 2k,d {WH’K»\F’:&P
£ J Sample
Polariser Analyser
{"f - < E 1 < Vg) Fig. 1. (a) The potentials of a magnetic film. (b) The experimental

icheme. The dircctions of the quantisation axis (Z), the guide
jeld (H), and the magnetic induction in the film (B) are shown;
‘he coordinate system (x, ), z) is connected with the sample.

P,=D,.= {1 —n2(1 — cos(e))).
m. = {n;) = {f(y) cos(y)> = {B.)/B, Magnet
P = (2> = (1 — {f(z) cos(2)>)/2. ’

Polariser .

R* =R_, +R.,=(cos(1/2)) =4 (1 +my), (%) ]

Ft it Analyser
P.=1— (sin®(y) <cos~ %1/ -

=1—7y/A1 + m,). (9b) Chper ZI"i

Fig. 4. A scheme of the neutron reflectometer ZINA,



J. Byrne, NIM A 167, 355 (1999)

» Introduced 3-dimensional polarization vector (<-> Stokes vector of light polarization)

» Re-formulate the transfer matrix in three-dimensional form, T: polarizer/analyzer, R: spin flipper

P — TP
pp:?u’ Tycs! T':cu‘ pa=Tﬂx, TD}r’ Tu:'
1] ’r(]"[} ?00 T_:D(J' T{]U TUE'
| 0
“\o M
P’ = TRTP

Pi0,0)=C, and Bl(r.$)=C, 1

Cl _CE 'r:FJ TEI:

— = p].pﬂ'
IC:l +(2 ?;fﬂ l

The result [eq. (1)] of Egorev et al.’) follows
immediately from the assumption p,=p, whereas
the results of Herdin et al.?) hold only in the limit
that p, and p, are parallel and that |p,/=1. This
implies that the active element, although an imper-
fect polarizer is yet a perfect analyser. Such a
notion, although tenable in theory. seems some-
what unlikely in practice. Indeed one might com-
ment that, since Herdin et al.') limit their discus-
sion to a formulation in terms of 2x2 transfer
matrices, effectively suppressing the x and y compo-
nents of the polarization, the possible non-paralle-
lism of p, and p, lies outside the range of their
treatment.

20



Kim & Oliveria, J. Appl. Phys. 74, 1233-1241 (1993)

» Dependence of magnetic properties of sputtered Fe film
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FIG. 11. Coercivity, H,, as a function of film thickness.
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FIG. 4. Saturation magnetization, M, as a function of film thickness.

e Fe;0,
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Critical thickness §:

5~ /AR

A: exchange stiffness,

K: magnetic anisotropy constant
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