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S EF (Ultracold Neutron (U.C.N.))
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V. V. Nesvizhevsky et al., Nature 415, 297 (2002).
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EHhFEHROFEOLED= 21—/ DETFIKEE

- Za— kY /IREEER > Max({m,, m,, m,;}) > ~0.05 eV/c?

1

3
) = 54.7 [m],

1

mg?h?\3
EO:( 2 ) — 0.226 [feV]

hZ

> m,=0.05eV/c2 DHE: > Yo = (2 —y

—a—FY/
B1EAL |y, (y)]?

Yo ~55m?

J Arafune and G. Takeda, http://tkyice.icepp.s.u-tokyo.ac.jp/papers/ps/icepp-report/ut-icepp-08- 02 pdf
CEBE. HOBE, mIcHL tv~1.2x10%ev
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- Za— kY /IREEER > Max({m,, m,, m,;}) > ~0.05 eV/c?

+ KATRIN (2019) > m, f < 1.1 eV/c? L

> m,=0.5 eV/c2 DHH : 2> Yo = <2 ng> = 11.8 [m],

1

nghZ 3
E0=< > ) = 0.488 [feV]

—a—FY/
B1EAL |y, (y)]?

Yo~ 12m?

J Arafune and G. Takeda, http://tkyice.icepp.s.u-tokyo.ac.jp/papers/ps/icepp-report/ut-icepp-08- 02 pdf
CEBE. HOBE, mIcHL tv~1.2x10%ev
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Nuclear emulsion
R&D & Production
@Lab-F, Nagoya Univ.
since 2010

= minimum
lonizing
particles.

< Fine-grained.
* High resolution
* M.l.P.s and low E
electrons are not
detected. (neither )
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Fine-grained nuclear emulsion (NIT)

lonizing particle
AgBr-l crystals EP Aligned silver grains

dispersed 6 , = a track
In gelatin 3 develop

Se® —>

Tracks of alpha particles

(e,pi-i{umination optical microscope) ™
_ o B ~. -
&P ) Wf el .
. -‘ { o~ 3 /

. 4
"> ~ ' A / *"
pF & o QOurq ;’ L " s >
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Developed high spatial resolution detector

Sputtered e Detection principle:
10, NiC | 1. neutron absorption by 1°B
(1°B~96%) 60nm 30 nm n+ 1B - o+ L
200 nm . _ .
2. thin converter including 1°B
Sio.5mm | 10pm e Spatial Resolution:
(substrate)] fine-grained < 100 nm (for tracks with 0 < 0.9 rad)
nuclear emulsion (11 nm for 6 = 0)
Yy, estimated from linear fitting of tracks
F-n.. ‘:? /absorption Cf: Naganawa et al., Eur. Phys. J. C(2018) 78:959
—_— O 5 (< 0.56 um demonstrated with a cold
n neutron transmission image of a Gd slit’s
(cross Q edge. cf. N. Muto et al., arXiv:2201.04346 (2022))
: I EN
sectional )(// 'Q”U
view) 3 e Detection efficiency for
&

~10 m/s neutrons: 41%
Sputtered by M. Hino at KURRI "



Image taking by epi-illumination microscope (PTS2)

Objective lens

@ 2048 (pixel)
~110 (um)
-

2048 (pixel)
~110 (pm)

Real image 23 (Hm)
side [ "

~

Surface of C layer T |

3 (€

~

48

Mirror imags

))
="

axis Z§~0.37 (um) (=

1~2 s/view(=(110um)?)

Tracks from absorptions

/

10 um

<

Exposure @BLO5, MLF, J-PARC
(Converter thickness = 50 nm)

i
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FRX MBS (ERICEHBEDOBADTEFOAES T ZEE)

Effective gap ~34um /.. ,um chamber @PF2-EDM, Institut Laue-Langevin (2021)
«Upstream surface of detector
polished to ~0.5 nm

neutrons
(~9.5 m/s \bsorbe atterer i
/" N
— Mirror | L\
AN / \

~2 X 10*n/cm?/s

0.10 n/s X 31 hours, 1.1 x10%n on detector
>~ 4600 int>~ 1800 events for analysis (0 <0.9)

9 mm ’Emulsion layer
O_”fg e Lid of the
N s mm holder 0.5 mm
(Neutron flight length
1.0 mm)
A
0.5 mm

e Due to covid-19’s situation, the detector
was sent to the ILL = exposed
— sent back to Nagoya = developed
- Analyzed. 17

Mirror, absorber, supports, and vacuum
chamber of the gBOUNCE collaboration



Counts (1/1.0 um)

Pl'e' .
1001— Entries 1674
— Std Dev 8.108
Bﬁ_ 4
- 1l
Eﬂ_
40—
20
B L1 111111 1 111 1111 L 1 1 1135 1131111
olriiy bia it th | | | | |

-40 -30 -20 -10 0 10 20 30 40 50 60
y (um)



SA\ 7
BimERTR & DL
Effective gap Detector
. . ~ 34 pm
Schrodinger equation Absorbe attere
h? 92 =
EY(y) = (‘ﬁ'a—),z‘i‘ng’)l/J()’) mirror [
— — [ — 18,C
l/Jn(Yn(}I), t=0)= Cn AlryAl(Yn(y)) + Dy AlryBl(Yn(y)) “ T
1 1 ~1.5 mm
v =2 I =< h? >§ _ <m92h2>§ > time development
Ty B T \2mig) 0 2 Using ¢, (Y,,(y),t) as
fitting function

Fitting function

N
FO) = AX ) (B X lihn Oy = 0,82 )12) + B
n=1

Fitting parameters:
Conditions of fitting A Magnification of the distribution,

The maximal number of state N = 3 B Background,
P,(n=1,2,..,N — 1) population of each state,
(Py =1—-Y0Z1B)
o the blur of the distribution (Fit 2.)
¥, the height of the mirror surface.



Counts {1/1.0 um)

SHHIR & DB

Gap =34 (um), N=3 P-value=0.60

_ Fit_result
- Data Entries 1674
100 | —Fit Intagral 1674
%2/ ndf 45.88 / 49
= |- p=1 Prob 0.6002
L A 1541£41.2
80— [|--n=2 P, 0.4869 + 0.0212
L -3 P, 0.4057 = 0.0257
L = y_ (um) 1287 £0.17
- B 1.628 = 0.290
60—
40—
20—
0_4-—'.4-#.-":-# ¥ -j:#m-'hs--
-30 -20 -10 0 10 20 30

BREMDIERHKE - 7=,

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Gap=34 (um),N=3

EMHRICE > TE< 71y bhi,



RAFEIEEE NIRRT ICHELFlux (B TroughlZ RIEH 1))

. - Pray
Gap = 34 (um),N=3 P-value=0.60 F%
—Data ST 1 _Gap=34(um),N=3

E L
=5
e 10— | —gjt Integral 1674 E
= - %2 ¢ ndi 45.88 /49 0.0F—
= = |- n=1 Prob 0.6002 =
£ L A 1541+ 41.2 =
3 80— |n=2 P, 0.4868  0.0212 0.8
) - N3 P, 0.4057 £ 0.0257 =
- = y, m) 1287 £0.17 0.7
L B 1.628 + 0.290 =
80— 06—
L c =
- O o5= |
40— 0.4 |
= 0.3
20— 02
L 01— I
D—Hq'##'rlr i el T Wkl B S TR Rk e Tk 'j:vfﬁj:rﬂ‘l'h-‘v— 0:
-30 -20 -10 0 10 20 30
y (um) 2 3 n

2EMDOE—T7 DI NERH L7T-WiGE,
L_ODIJ_VEG’\%umO)jJ T At E BT &
100 DD ERETE =27 DI NZIEHT 2 ICIFIRIED ~4EDHEAHBE

7L, ILL, PF2-EDM D Flux: ~2 X 10%/cm?/s % 1.5 H & 8B &f,

ZDiAE > R CFluxx 6 BREID BT A IR,

Mirror-Absorberfifg = 28 5 55, £ OISO B AMAVE,

REHAEZ 1 AREICINZA 721> 275 < & BILL, PR2-EDMAZE DFlux A8k L L,

21



15t trial of neutron imaging (Exp. @J-PARC MLF BLO5)

(a quartz oscillator chip)
Hirota et al., J. Imaging 2021, 7(1)

108, C-NiC-C
Si 400 2 60 20
1400 pm Lm nm nm
quartz \ / detector
oscillator ) " the:ffo 5.3 X 105/cm?/s
chip \ 6% 10%s exposure
N —— Area=(1.5 cm)?
1000 m/s | —> 3 X 108 tracks/cm?
= . 2
Beam divergence 1.4 mrad \Er:;rlsmn - 3 tracks /um
+ TIA 10 5
-> 10.28 um diffusion at 1°B,C layer 4.2 um
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Further study for neutron imaging (exp @ BL05)

(RIKEN' KEK, KURRI, Nagoya U., Wah U.) Muneem et al.(2021 preprint, Research Square)
DOI: https://doi.org/10.21203/rs.3.rs-966133/v1

Analysis of transmission image of the Gd grating (9um pitch, 3um aperture)
High density exposure = Analysis of hit pixels around edge parts, without track

analysis.
. f,'t ‘:! '_’K. o
T * Beam divergence 0.3 mrad.
’.‘«',\ :‘\'\ \
S M Converter 1.5mm from
\ the grating.
i 2 X 105/cm?/s
A 4 10° s exposure
B AT b
o R —>2 tracks /um?,

- Imaging resolution ~ 0.9 um.
(Highest among studies with same evaluation method)
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c ENGFOBSFIEFOEFIRBOMNESHMORAIIEN, KRAMEERED, RERT
FICHAT 2R/BEEZ S,

- D EEVWOREETAET 3-8 AT EFREFZER (HHREE 11~100 nm)
ZHRFE L, BEOLDOLY H12iTE WA EEETH B,

+ Z DEAR IR FILFRER M & BEPEFRITHFERIELEELDTH S,

* ILL,PF2 2021 BBk V), ERRICHOHI SV REETIS CEB3 L 2T L=,
BEHBETELL 71y FTE, EFIREONESTE LTIXLBERTET,

S, BORREFTL, RNEERNERETS,

« ZDRRIC, DK ELRELRTBEDFuUx (ILLPF2: ~2X10°n/cm?/s) DBHETH B,
(ZZicHERXEAHDLET, )

- FEFA AP T OERARBIRE > TV S,



