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Nuclear Emulsion Film

- Very high spatial resolution. - Possible to record MIP’s tracks

“OPERA film” is uniform, refreshable and mass producible.
~100,000m? are used in OPERA

Protection coat: 1um

} Emulsion:44pm

Cross section Film base:205um
(TAC)

} Emulsion:44um




.



Prof. Niu’s effort

» 2-3 events / Half year
* Emulsion analysis by Eye and Hand
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Automated Emulsion Read-out system

Principle was proposed by K. Niwa in mid. 70s.

The first system construction in 1983.
The first application to real experiment in 1994,
CHORUS (CERN WAJ95)

The latest version “SUTS” was developed and applied to
OPERA experiment.

— The current speed of SUTS is 72cm?/hrs/side



History of emulsion readout system
In Nagoya UTS (FPGA)
| NTS (CPLD) 1998~
1994~
e j CHORUS
= 0.082cm?/h
e

TS (TTL)

1983~

£653 Each new system has enabled
__0.003cm?/h new experiment 17
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指南/実験授業/一般向け/SUTS_II_50cm2.wmv
指南/実験授業/一般向け/SUTS_II_50cm2.wmv

Output of Automated Emulsion Readout
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Position distribution of tracks
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1 microscope view




OPERA V,— Vv, osclillation CNGS Neutrino Beam

In appearance mode
g i,
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OPERA ECC

Pb Plate (1mm) / Emulsion Film Sandwich

Emsulion Film

56 Lead Plates + 57 Films

~ structure same as DONUT ECC
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Target Tracker [Zd&% Brick ID

Event: 9155013292, 4 Jun 2009, 00:58 (UTC), XZ projection |

— E H " _
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~ ol L
Eﬂﬂ_—
E L RO
3 15:1:— \ ECC
_'z'm"":aén""a&u""s&a""s-:'n""r&u'
| Event: 9155013292, 4 Jun 2009, 00:58 (UTC), YZ projection | = Selected brick
= Brick in cell
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1°*v,—>v, event in OPERA 2010
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Significance

Expected background

Decay Expected Hadronic Large-angle
channel signal Observed Total Charm decays re-interactions muon scattering
T — 1h 041 £0.08 2 0.033 £0.006 0.015+0.003 0.018 £ 0.005 -

T — 3h 0.57+£0.11 1 0.155 £0.030 0.152+0.030 0.002 £ 0.001 —
T—pn 052+£0.10 1 0.018 £0.007 0.003 £ 0.001 — 0.014 £ 0.007
T—e¢ 062£0.12 0 0.027 £0.005 0.027 £ 0.005 — —

Total 2.11 £0.42 4 0.233 £0.041 0.198 £0.040 0.021 £0.006 0.014 £ 0.007

p-value = 1.24 X107

4.20 Significance for the existence of v, 5 v,
Am?,; 3.1[1.8,5.0] x 10 eV2 Assuming sin26,;=1

25



Launching Nuclear Emulsion into various field

High Energy Physics
Neutrino oscillation (OPERA)

Applied physics Q % %

Muon-radiography Neutron
I\:/S:ﬁzzg (Direction, Energy) Astrophysics
Ko Reac o ::\rl:;:l?sr Fusion Gamma ray telescope (GRAINE)
S sing %, Gamma ray

Struct re e :
A e - *Dosimeters
* Dark-matter

200

g
to
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115

(w) uoneas|g

(€D2/6) Ansuaq

30
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GRAINE Gamma-Ray Astro-Imager with Nuclear Emulsion

Nagoya, Kobe, JAXA/ISAS, Aichi Edu. , Okayama Science, Utsunomiya

Target : 10MeV—100GeV y-ray Balloon exp.

Emulsion ¥ ray telescope

Angular Resolution of Emulsion telescope

“ —_ = |l| T T | T Pl Irl’ T T | 1 Bl III I ] | T O FE) IL
Gamma-ray * _§’ - GRAINE(MC) Fermi—-LAT(data)
. A G:‘ i Fid P e -
kS = e —e—"1 Film o---- Back B
s S 10g=. e —o— 2Films  -—o— Total E
: % - 2285, —e— 3 Films ---o--- Front 3
@ el .
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calory meter 1o

T IIIIII’

-t
<

n
Hll]

IIl] 1 1 L1 1 111 1 1 191 1 111
10° 10° 10*

10 mrad @ 100 MeV
1.5 mrad @ 1 GeV

The incident direction o
the Converted electron

airs by Emulsion
P y -




Precise measurement of
the e* e tracks

y i

emulsion A i

293um

| 0.002Xo0 | base

Microscopic view of a pair creation
Y

®

1micron

I\
I\
I \
TAC I \
I \
I !
I |
I \

emulsion
v ] i

I |
' |




Y Ray Astronomy

MZE2E, MY —

Photon
“SuperNova Rev. Compton
“Pulsar
(Neutron Star) B . o —
. Active Galactic BE ) B field Synchrotron radiation  Satelite
Nuclei (Black He
Hole) Brems:
“Transit events Ste] RO production
GRB, flare ... NASA HUBBLE “ Balloon JAXA
Fermi—LAT D£8: Contents of 3033
Other
PSR galactic
6% 5%

identified
10091@&

30330bjects




Fermi-LAT (data)

Observation of Super Nova Remnunt

‘clou Energy = Energy
IFGL J1023.0-5746 00 1-3 GeV . 2—10 GeV

I ] Observation i . Observation

: I : ~ 6 month ' R ~ 6 month

i 1FGL]1018.6-5856 . ' :

1 a0 1FGL J1023.0-5746 . 2 SNR W44

: 1FGLJ1028.4-5819 ’» 25

I 20 From Fermi Science e A. A. Abdo. et al.

| 1FGL J1018.6-5856 ‘: Support Center b, EC : (2010) Science

PR S T N S SR S 0 i
284 285 st
galactic longitudeldeg] Ferml 1 Catalog

O

IFGL J1028.4-5819

'
_u.
T

galactic latitude[deg]

Energy

Ener
1-3 GeV &Y

> 1 GeV

(=)
T LI

[counts/0.0025degA2

Observation

E 4 ~150 mz'hOur _02;: a2 ;. 5 10 2
1, for 50 detection - I 1000 m#“-hour

—os 85 286 {deg]
galactic longitudeldeg]

Need to reallze large aperture + Iong flight
Aiming 10m?/Flight + 1 Weeks/Flight

Observation

galactic latitude[deg]

1
N
T LI B




Microscopic view of a pair creation

Polarity Measurement | , Y

I ® I -'..A |
: ~ \Angle w
50um 1 / [ 8>X

emulsion
1\
1 \
293um I\ 1micron
TAC ;o\
[ 0.002X0 | || base ;o .
| Azimuthal Distribution | x2 / ndf 1.532/5
I 1 " ‘l,,,l,,,ll,,ll,,l,,l,p? 0.14 + 0.03962
£ oa0l 20.12+ 9.506
| \\ %2405 (DATA) Ez 170.5+ 5.089
5 220 — —]
emulsion ? ‘ g 2001~ | | T E
v Z 180} P~ —
I 1 150:—,__ —f
] \ 140 | —E
GRAINE can measure the Polarity 120F SPring=8 Line polarized gamma—ray E
(Proven by 3.50) 100E- E
Fermi : impossible S I I I I N D D B
40 60 80 100 120 140 160 180 200
Azimuth [deg]




Time Stamp System = Shifter

\ y

Aim to resolve 10msec

SOH -

e

£ 3000f-

= 2000

_181: ......... Step: Every 1000sec

06: 2.9 o D6: 3[} LLLUI ) 1 3] 00 D6: 32 LI

i i i i
06:29:00 06:30:00 06:31:00 06:32:00

guous
ment
;1005ec

06:29:00 06:30:00 06:31:00 06:32:00
ftime



A scanning speed of 1000m? /year or more is
required.

Two orders of magnitude faster.



21 Area of each layer

Evolution of the Scanning Speed saeorerins

Speed in cm?/ hour ~2000m?2/year - 9000™"
—
10000
1000 ~20m?/year 79
100 ¢ 1
10
- 0
1} X \0
0.082
0.1f
0.0Ll | 0.003
0.001 G v
TS(TTL) NTS(CPLD) UTS(FPGA)  S-UTS HTS
1983 1994 1998 (FPGA) (GPGPU)
2006- 2011-

Running  Developing .



Digitizing Nuclear Emulsion

Image
sensor

Charged particles
. \ 4
N

<L Objective lens

. A? - Emulsion layer

] - Plastic base
Automated Emulsion
stage plate - _
- Emulsion layer
@
[ )
Ty ayrrrrrrTee L, JPTTTrTIY A OO A —
s é < >  Condenser lens
° Kohler
illumination )
Light source

37
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Track recognition method

*Take 16 tomographic images by microscope
optics.

» Shift images to aim at specific angle tracks.
e Sum up 16 images to examlne commdence .

 Find signal of tracks. =*=*"
 Repeat for all angles in space, >2000 times

Invented by K. Niwa in 1974




Mechanics is also the bottleneck

Imager
Driving+settling time is ~0.1s
(~200um) Objective

Film+Stage



The features of the previous system “SUTS”

* Ultra High Speed Camera
Up to 3k frames per second.
60 view/sec (20times)

» Image taking by follow shot e |~

No step and repeat operation can avoid a
mechanical bottleneck.

,,,,,,,

High speed motion of the objective lens mulsion
can be done by piezo actuators

* Optimizing Field of View
120mm X 90mm -> 200mm X 200mm (4 times area)
* FPGA for image processing

Maximum scanning speed is 72cm?/h

40



Concept of HTS (Hyper Track Selector)

*|t Is difficult to drive objective much
more quickly.

Field of view can be a few orders of
magnitude larger.

42



i Parallel Processors
' 72 GPU +36 CPU Q;

"":

72ch Camera
2M pler/Camera

High Precision
X-Y-Z Stage

New Read out system HTS

. U ( Hvyper Track Selector )



Wide field of view

Field of view (FOV) of HTS

5mm

5mm y <>< 600 ~O.2-mm

44



Big Objective Lens

Resolution : ~420nm
N.A.: 0.65

Light source : g-line (436nm)
Magnitude : X12.2
FO.V:51(H)X5.1(V)mm

#of image plane 6
(by Beam splitter)

Weight : 80kg

45



Resolution : “Numerical Aperture”

« Spatial resolution : S I T

R, =0.61-1/NA o | >sonm _
NA=0.65, A=436nm : 0.40um HTS S .| 0.39m :
NA=0.85, A=550nm : 0.39um SUTS ap oo -

No significant difference

0.5 0.6 0.7 0.8 0.9 1 1.1 12

* Depth of field : NA
DOF =1.0-n/NA+n-A/NA® | - - -

Circle of confusion ( Modified BEREK formula ) 3.

A=436nm —
550nm

NA=0.65, A=4360M : +1.9UM  ersorreerom
NA=0.85, A=550nm : % 1.5um |

27% worse, however emulsion ||
thickness can be adjusted even’
after developing. .

http://www.microscopyu.com/articles/formulas/formulasfielddepth.html 05 06 0.7 08 09 1 11 12

DOF/2 (um)




Distortion (Optical aberration)

TV distortion : 0.075% -> linearity < 4um/5mm
Distortion : 0.25% max. ->-~0.74% Magnification Error
Field curvature : <1.5um -> No loss frame

Working distance:  1.5mm -> Accept thick emulsion film

Imager

TV Dift.: 3.8um W
: i Working DisE: 1.5mm
/%%\Curvature < 1.5um
Dist. : 0.02-h2 (%) N 4

M., :0.06-h? (%) :

Image circle err

I'2/I’1 < 1.0074 Emulsion film




Speed and Coverage of Mosaic Imager

Divide FOV into 72 parts. Specially developed Mosaic Imager

~140M Pixels

|
®29 304241 WMASEK-K  4'p 0 D E'F 0 H o
) M i2cnvex PeB AssY [ TeTeleleTeTelo] Robt
L ==y - » EX =TI}




Mosaic Imager system

—

Q ‘é 5
e | _Beam
| 6 splitter
=== _ Objective
lens
N /
< >
A
<& llumination

Cameral

=
job)
N

Came

Camerab

5mm

5mm 49



How high throughput can be achieved

Throughput = area of FOV X Repetition rate.
FOV : 600 times larger

To achieve 100 times faster than S-UTS,
Repetition rate should be >10view/s (1/5 of SUTYS)
It takes 60ms to take images at least.

* HTS takes advantage of Stop & Go In image capturing.
* Stopping accuracy should be 0.3um.
* The key Is how to stop quickly and precisely.

50



High precision and speed stage

Counter Stage LI R e o g V121N Stage
— W A - i t, |
~ | L i \ c—— -

50cm/sec (Max. speed) ________ Moving mass : 34.7kg
Step dist. : 5.0mm

Acc. rate : 5G (50m/s?)

Acpt. vibration.: =0.3um

<— .
20ms  20ms 60ms 20ms Time

drive settle capture (18frame)

100ms (Y10vieW/s)
Reaction force Is canceled by counter stage .

\




Evaluation of stage settling time

By optimizing the acceleration, Sview/sec was achieved.
The displacement has been measured by using main optics.

— 0.50 -
5 1T0.25um
5 025 \
E | —\//\\//\\/\ /\—\ N\
é-o 25 / \—/
& -0.50
2 075 |IEEUE [ -

Il 1/ms capture

60ms

140 160 180 200 220 240

mSecC
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0.4G Acceleration and Stop : 115ms

x*0.454:num*3.3 {abs(x)<1}

0_12_ ........ .................... iOli ..... f:[?/

'0.2_] ....... :[I ...... ...... e ] ....... o ] ....... o ] ...... s ] ...... e —

100 150 200 250 300
num*3.3

54



0.4G Acceleration and Stop without
Counter Stage

x*0.454:num*3.3 {abs(x)<2}

+0.9371ay

1:I!IIII!IIII:IIII:II |




1.0G Acceleration and Stop (X-axis) :
85ms

x*0.454:num*3.3 {abs(x)<2}

100 150 200 250 300



Imaging and Tracking

« Sensor 72 X 36Mbyte/view X 10view/s = 26GB/s
« Computer 36, Frame grabber board 72, GPU board72

/ Sensor Computer \

JE———— 360M B/S F rame
Grabber
C
360MB/s Frame
Grabber
26GB/s/all

2.6 TB/plate (OPERA film)
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Image processing and Dataflow

Amount of data

Processing time Per sensor per view
Synchronous S
O
Total is less than 100ms FEY ITER)S 36MB
i pixel count
GPU 15~50ms Image filter
O Binarized Image 5MB
GPU 20~50ms - -
depend on the angle range. TraCk recognlthn
O All track 5MB
Asynchronous _
CPU 100~200ms Clustering
O Micro Track ~0.3MB

Storage Server
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Stage control

Feedback Pixel count for surface detection

\ 4

Master
Computer

~
Tl

!

Stage controller
*Motor (8 axis)
*Piezo (3 actuator)

>

Broadcast stage position,
actuator status and
Trigger timing for image
capture

2Sensor & 1Computer 6MB/s

Image Capture
&Tracking

Image Capture
&Tracking

<
[E] Storage Server
E — 10G Ether
%) RAID DISKs
)
@
c
S
@
e
e
L — s Storage Server
—_—
O
)
—
X 36

ave. 200MB/s/all
~10GB/plate
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New Emulsion Film o /.
£ / Existor
efficiency H TS PLll I/ nOt ‘
e New type |
° preliminary o
07 — i 4
05 Efficiency 98.0% ; sl
05E 18,264track / 18,632track : ¢
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New Emulsion FIlm 5,13 50 /

» Angle deviation // prediction

/

PL11  /

3

|__linklet to base ax 20 <ax <100 | Entries 7031 | linklet to base ay 20 <ay < 100 | Entries 6512
Mean 1.369 Mean -1.828
Fr T I 1T T 1T L L | T T 7T | T T RMS 4-49 _I T T | T 1T | TT T | T 1T | T 1T | T 1T | T T RMS 5-314
o %2/ ndf 86.93/7 2500 - %2 / ndf 211.9/8
3000 Prob 5.278e-016 C Prob 2.009e-041
C Constant 3092 +48.3 = Constant 2419 + 40.6
2500 Mean 1.525 + 0.054 2000 Mean -1.94 +0.07
C Sigma 4.479 + 0.045 C Sigma 5.195 + 0.058
2000 — - - ]
o . 1500 [~ —
1500 - 3 - u
E 1 3 1000 [~ S .
ool Sigma : Igma
500 J \J 4.5mrad s i 5.2mrad
5 | | | | . L | | | | | | | ]

I PRI U Ll I R B P PRI B . 1 s
q 0 -80 -60 -40 -20 0 20 40 60 80 100 -%0 -80 -60 -40 -20 0 20 40 B0 80 100
angle difference [mrad] angle difference [mrad]

prel I m I nary Y-projection

cf. S-UTS cf. S-UTS
4.8mrad 4.3mrad

(=]

X-projection
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Commissioning
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Summary and Prospect

* More Scanning Power Is required.
*We are developing HTS which is 100 times faster.

* The efficiency and angle resolution are reasonably good
(at the same level as the previous system).

« Commissioning of HTS will be started with GRAINE
project.
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