Study for photon emission response
to charged particles of NIT

Hiromasa Ichiki
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“photosensitive mechanism” by light or charged particles

The sensitization mechanism is the same ?

dE/dx in AgBrl | *e-h pairs generated | *e-h pairs generated
in the 40 nm crystal | in the 200 nm crystal

a ray 300 [keV/um] ~2000 [/fs] ~10000 [/fs]
**|aser ~0.001 [/fs] ~0.01 [/fs] **1kW. ¢ 1mm
*1 e-h pair/ 5.8 eV (K. A. Yamakawa, Phys. Rev. 82,4 (1951) )

Charged particle penetrate the crystal
—> a huge number of e-h pair in a very short time

E e as . _
electron the sensitization mechanism presence of enormous e-h pairs
. conduction band
lT | silver ion :
- recombination may be intense
energy e-trap N o o
Ag. +AgHe SAg, —>Ag formation is inefficient.
n>4 —>developable
<0 Is the e-h pair used in other processes ?
hol valence band
ole




Focus on the light emission process
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Research on the light emission of silver halide has been reported.
— light excitation (mainly)
— various crystal shapes (ex. square, octahedron) and dopes

AgBrl crystal (used in our study)
—wavelength ~550 nm (luminescence center is iodine)

OThe light emission response to charged particle has not been studied.
a lot of information independent of silver particles (tracks) observation.
—>understand the phenomenology when charged particle pass trough the crystal




Motivation

* Understanding of physical properties of crystals
» wavelength, amount of luminescence, relaxation time
& depth of the electron trap (€ Ag particle formation)
- change the added chemical
- change the crystal size

=Luminescence become a new evaluation indicator.

* Application to elementary particle experiment
» Trigger event location by light emission.
—>no need to analyze the all emulsion.

» particle ID (difference in the number of e-h pairs generated in a crystal)
-wavelength/amount of luminescence/relaxation time
—identify aray. B ray. nuclear recoil



contents

* Observation of luminescence with human eyes
— light excitation
— charged particle excitation

* Quantitative evaluation with cryostat
— MPPC (Multi Pixel Photo Counter)
— irradiation of a ray
— irradiation of y ray



demonstration of luminescence by light excitation

* to reduce thermal deactivation, observed at liquid nitrogen (Lg. N,) temperature

20 nm crystal 40 nm 200 nm
AgBrl AgBrl| :
EA  electron conduction
AgBr AgBr . 5 band
core shell type  core shell type _‘ ;

20 nm crystal

hole trap

40 nm T (1),
i 200 nm O '
_— valence band

expose fluorescent lamp




demonstration of luminescence by light excitation

* to reduce thermal deactivation, observed at liquid nitrogen (Lg. N,) temperature

20 nm crystal 40 nm 200 nm
AgBrl
E electron conduction
AgBr AgBr : s band
core shell type  core shell type ‘ ;

20 nm crystal

hole trap

200nm:~1s 4 (I,
VAN )0 nm :~4s '
40nm:~7s

O _— valence band
hole

Confirmed the phosphorescence of emulsion by light excitation

evaluate NIT (40 nm crystal emulsion) that showed strongest luminescence



demonstration of luminescence by light excitation

* toreduce thermal deactivation, observed at liquid nitrogen (Lg. N,) temperature

20 nm crystal 40 nm 200 nm

@ AgBH AgBrl wavelength of phosphorescence
00—
AgBr AgBr | 40 nm crystal [

core shell type  core shell type =)

20 nm crystal

relative intensity|a. u. ]

200nm :~1s 5ol
IO >0 m -~ 4 s | 20 nm crystal | _.
: . Y, N\
40nm:~7s Enlﬁh"'zﬁcé”é.dumaﬁn 400 450 500 550 600 650 ?éu

wavelength[nm]

Confirmed the phosphorescence of emulsion by light excitation

evaluate NIT (40 nm crystal emulsion) that showed strongest luminescence



demonstration of luminescence
by charged particle excitation

Irradiated a-ray to NIT under stable lg. N, temp.
— Light emission could not be confirmed by human eyes
=>observed thermally stimulated (temp. rising) NIT

(04

241Am

~2 MBq

room temp. NIT Lg. N, >room temp. NIT
*1S06400, shutter speed =4 s (o)

Confirmed the luminescence of emulsion
by charged particle excitation !

—>then, quantitative evaluation [

241Am 10



contents

* Observation of luminescence with human eyes
— light excitation
— charged particle excitation

* Quantitative evaluation with cryostat
— MPPC (Multi Pixel Photo Counter)
— irradiation of a ray
— irradiation of y ray



Outline of measurement system

cryostat

He
gas

*ADC board
K
AMP
Cosmo-Z == (20 times)
T 5V power
supply power supply
C11204-01

circuit module for MPPC
C12332-01

* filled with He gas to prevent condensation
e temp. control : amount of Lg. N,
- temp. rise 1 K/3 min in natural evaporation
* photodetector : MPPC
e data acquiring: Cosmo-Z (ADC board)

12




Outline of measurement system

*ADC board
bk
AMP
Cosmo-7 | — (20 time
= 5V power
supply pOWer supp
C11204-0

 filled with He gas to prevent cond

e temp. control : amount of Lg. N,
- temp. rise 1 K/3 min in natural

* photodetector : MPPC

e data acquiring: Cosmo-Z (ADC boi

circuit module fq

connector

C12332-0
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MPPC



MPPC (Multi Pixel Photo Counter)

e afunction to multiply the generated carriers by avalanche multiplication
e output signal is proportional to the # of pixels which detect a photon at the same time

$13370-3050CN
(VUV-MPPC)
\' A N e Ty

N ——

effective area : 3 mm*3 mm
number of pixels : 3600
aperture ratio: 60 %

»

A

5 p.e. : photoelectron
o \
()]
/f{ 3p.e.
2 p.e. p
1p.e.
\ / time
Moo A | / (M=1.25 x 108)
AL I
2500 ( //
. light quantity
0% distributon
-
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Q
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(charge)

(from Hamamatu Photonics handbook)
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MPPC calibration

operate MPPC with applied voltage (V. ) V,4 : Voltage at which avalanche multiplication starts
Viigs = Vg +V (break down voltage)

V,.er : OVer voltage

over

V,4 has temp. dependence -> calibration is required.
(gain and the ratio of peculiar noise of MPPC change)

>
; — 7=
We obtained V, 4, temp. % :
dependence using LED. s
> 46—
S | complemented by
o - * * g2
2 s Vg =Votp;, " X+p27X
S
Ko L
Pt resistance 44—
- 1.977/6
|j MPPC - 41.84 +0.437
—— 43— ~0.004695 + 0.006884
\i/ - 0.0001383 + 2.514e-005
42_ | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1
LED (A=460-465 nm) 80 100 120 140 160 180 200

temperature [K]
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irradiation of a ray



irradiation of a ray

3.5mm

Pt resistance

\
MPPC

- sample
v

| I tage

radiation source

(ORadiation source
241Am (o) 5.48 MeV
33.0 [/s]

1 mm*1 mm

Pt resistance

MPPC (effective area

| 3 mm*3 mm)

A A

3.5 mm| some light

used samples
NIT 38 um*7 mm*3 mm (pellicle : w/o base)
gelatin 40 um™*7 mm*3 mm

sample

a%‘?%

compared the results between samples

radla lon source

Geometric detection efficiency ~5.8 %



data acquiring - processing

Signal waveform corresponding to one photon

2108

ADC

ex. @88 K

2106 irradiated a to NIT

2104 Threshold - ADC 2103

1 (detect 1 photon signal
99.3%)

2102

2100

2098

2096

2094

: 1 | 1 | | 1 | 1 | | 1 | 1 | | 1 1 1 | | 1 | 1 1 | | | 1 | I 1 1 1
0 100 200 300 400 500 600
time (ns)

- data acquiring : 88 K, 93 K- 203 K (every 10 K) for 60 s
- applied voltage (V,,.) was set to

2104 K, 183 K, 193 K, 203 K
the applied voltage was 0.1 V higher than the calibrated value.
—> Several % of peculiar noises of MPPC might increase. 19



data acquiring - processing

Signal waveform corresponding to one photon

2108

ADC

ex. @88 K

2106 irradiated a to NIT

2104
2102

2100
Pedestal correction

calculation

2098

A
\ 4

2096

2094

: 1 | 1 | | 1 | 1 | | 1 | 1 | | 1 1 1 | | 1 | 1 1 | | | 1 | I 1 1 1
0 100 200 300 400 500 600
time (ns)

- data acquiring : 88 K, 93 K- 203 K (every 10 K) for 60 s
- applied voltage (V,,.) was set to

2104 K, 183 K, 193 K, 203 K
the applied voltage was 0.1 V higher than the calibrated value.
— Several % of peculiar noises of MPPC might increase.
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Derivation

of the number of the photons

10°

entry

10°

107

10

p.e. : photoelectron
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0

1500

integral value
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ex. @88 K
irradiated a to NIT
intg1
Entries 104914
Mean 1111
BMS 153.2
Underflow ]
Overflow 1
2000 2500




Derivation of the number of the photons

ex. @88 K
irradiated a to NIT g
16000 — Entries 104914
- exclude _1pe Mean 91.21
£ 1000~ integral value<45 S T
S - Overlow 2085
12000—
10000{— l
8000 —
6000 —
4000 —
QO 2104f—
< - L
2102~ - T N
- 2I 1y |- I ] I ] | ] ] ] L | |l_‘|_\_'|_|‘ -1
- . ) 0 50 100 150 200
2100}~ circuit noise = | .
- integral value
2098}
2096
2094
2092
2090—
N T R T R . T R T 22

time (ns)



Derivation of the number of the photons

intg1
16000 — Entries 102236
> - 1lp.e. ex. @88 K Mean 93.26
£ 14000 irradiated o to NIT | [MS 43.51
(<] — adiated a to Underflow 0
— Ovearflow 2085
12000 —
1mm:—
Bﬂﬂﬂ:—
6000 —
4000 —
[ T |
E'DD'D_— 1
- — I_I )
ﬂ_l I | ijj | 1 | 1 1 | I | | -I_|I_i |
0 50 100 150 200

integral value
* Obtained 1 p.e. peak with Gaussian fit.

- Regarded the mean value of fitting result as integral value corresponding to one
photon. (We call this value “gain”)

_the area of the light quantity distribution
"gain" (mean value of fitting result)

= the number of photons
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results



a ray irradiation result

@ BDDD_
= I
g - o o-NIT
= - _.
& 2500 <0~ gel
8 C 4+ noise
g L -
E -
O 2000—
B .
1500 —
- .
1000 —
L -
B e
500— ®
| b L - ™ ® L ]
D_ RS TE T B TR TR I = TR I = TR I =1 BRI~ TH I~ B I~ TR = TR A~ T At
80 100 120 140 160 180 200
temperature[K]

error for temp. : Measurement error of thermometer (JIS standard)
errors for detected photon :

- determination accuracy of 1 p.e. peak ~1%

* #of irradiated aray ~ 2.2%

- peculiar noises of MPPC (cross talk & after pulse ratio) *~10 %

* repeatability ~6.8 %
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*T. Igarashi, master's thesis, Waseda Univ.



Temperature dependence of luminescence
by a ray irradiation

8]
=
=
=

*

2500

Detected Photon[/s]

——

2000

1500

1000

500
[ ] ™ & [ ]

IIII|IIII|IIII|IIII|IIII|IIII|I
&

1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 | 1 | 1 I |
80 100 120 140 160 180 200
temperature[K]

0

Detected significant excess !
# of photon emission was saturated at high temperature (>140 K)
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the emission waveform for one a-ray

ADC

EIED_—
{
2140
|| g
EIE{}_—
WW‘UM»MW
"
{]_I I{}D{} E{]{]{} 4{}{}{} 5{]{}{} ED{}{] ?{}{){} B{){}D
time (ns)

Trigger threshold : ADC 2143 (triggered signal ~33 cnt/s )

[ MPPC |

A

3.5 mm NIT 38 pm

v :

stage

241Am



the emission waveform for one a-ray

ADC

J'WHJWMW ﬂﬁﬁl@m |
¥l

Tnig 1
Entries 104914
Mean 1114
RMS 153.2
Underflow 0
Overflow 1

1lp.e.

2180 — @88 K

_ . 2p.e
2160 | \
2140 / WM“]‘M”PW i

| g —
2120 % oW
2100 |

e

| | | | | | |

1000

0 1000 2000 3000 4000 5000 6000 7000 8000

Trigger threshold : ADC 2143 (triggered signal ~33 cnt/s)

Performed data acquiring 88 K & 203 K for30 s
—>compared two waveforms

time (ns)

integral val%g
~ [_mPPC_]
3.5 mm NIT 38 pm
stage

241Am



comparison of emission waveform

'—,'1[!3:
=] = p—
L F lssk
= L -
2 A 203 K
@ )
=
_1[]2:_\\ —l
g E bk LI"__
@ - —
s [ e
- i L L -
EN T Ty
1 H7
131‘& |||£N|l||§lﬂllllll|llll
0 1000 2000 3000 4000 5000 6000 7000 8000

time [ns]
@ high temp (203 K) : the slow components (phosphorescence) decrease
fast components (fluorescence) become dominant

—> Fluorescence is caused by the formation of enormous e-h pairs
at the moment when a rays pass.

expect : the luminescent properties vary corresponding to dE/dx (or the particles)
29



Energy conversion efficiency to luminescence

(Energy conversion efficiency to luminescence) = 5.8*( # of detected photons)

/lenergy deposit in the AgBrl)/(transmittance)/ [Geometric detection efficiency)

/[photon detective efficiency of MPPC

Geant4 simulation
6.6 MeV (ave.)

T [%] = 82.3*exp(-0.0165*x)
T : transmittance. x :thickness

|:| Calculation from setup
~5.8%

I:l reference value 32%
(298 K. V. 4)

over —

Assumed wavelength 577 nm
( phosphorescence )

Dead time of Cosmo-Z (ADC board) ~13 % (corrected)
Loss due to transmittance of glass ~8 % (corrected)

errors considered:

Transmittance of NIT ~5 %

Determination accuracy of 1 p.e. peak ~1%

# of irradiated a ray ~ 2.2%

Peculiar noises of MPPC (cross talk & after pulse ratio)
*~10 %

Repeatability ~6.8 %

30
*T. Igarashi, master's thesis, Waseda Univ.



Energy conversion efficiency to luminescence

(Energy conversion efficiency to luminescence) = 5.8*( # of detected photons)

—

/lenergy deposit in the AgBrl)/(transmittance)/ (Geometric detection efficiency

/(photon detective efficiency of MPPQ)

Geant4 simulation % 0.025—
6.6 MeV (ave.) c B
R -
) L
2 0.02—
T [%] = 82.3*exp(-0.0165*x) UEJ -
T : transmittance. x : thickness B
0.015—
|:| Calculation from setup B
~5.8% —
D.D1_— +
I:l reference value 32% »
(298 K. V., =4) - *
0.005|— ¢
Assumed wavelength 577 nm - e e, .
| L] L ]
<ph05ph0rescence> N O E N B ER R B BN
80 100 120 140 160 180 200

temperature [K]
(Luminescence by bound excitons : *496 nm —1.4 times)

31
*H. Kanzaki, J. Soc. Photogr. Sci. , 49-5 (1986)



irradiation of y ray



irradiation of y ray

energy of y ray is low
- to reduce y entering MPPC directly
- not reduce light intensity

e

.

=
a

ot o
500;—241Am
mf_Energy spectrum of y ray
00
-
i
ﬂ" AN N i

L T
0.02 0.03 0.04 0.05 0.06 0.07

Energy (MeV)

=

Pt resistance

MPPC
12 mm

5 light guide

§__ (acrylic rod)

o

)

=3

. v
T ™ age |

T/

gelatin radiation source sample

106um

used samples
NIT 37 um*7mm*3 mm ( pellicle : w/o base )
gelatin 40 um™3 mm*7 mm




result

) 100
Pt
o —+
8 =
® 70
(] [ +
60—
- |—— v - NIT_wlLG
O o y-gel wLG
40~ | —— noise
393—
znf—
10
D:'I ) IR S RTINS s VSN T AN TN AN T T AN Y T e s, o s

88 a0 92 94 96 98 100 102 104
temperature[K]

co
)]

We observed something luminescence.
There is no difference between samples (NIT and gelatin).
It is necessary to verify what the detected signal is.



summary

* evaluated emulsion from a new viewpoint of luminescence independent of silver
particles (tracks) observation

[ lUnderstanding of physical properties of crystals
[1Application to elementary particle experiment

(1) Observation of luminescence with human eyes
— Confirmed the phosphorescence, wavelength peak was about 577 nm

— Confirmed the luminescence of emulsion by charged particle

(2) Quantitative evaluation for luminescence by charged particle
oray -
— Observed luminescence from 88 K to 203 K.
— Confirmed the components of fluorescence.
— Ene. conversion efficiency to luminescence @ 88 K was 2.2 %.
— equivalent to plastic scintillator (Assumed emission wavelength of 577 nm)

vy (B) ray :
— Quantitative evaluation of luminescence has not been achieved.
(luminescence by B ray was confirmed by another test)

—>update the measurement system to perform quantitative evaluation



prospects

Understanding of physical properties of crystals

* Measurement of luminescent spectrum
— ldentification of emission wavelength
—>Phenomenology at the moment when charged particles pass through the crystal

* Observe the change in the luminescent properties when changing the crystal size
and doping

Application to elementary particle experiment

* Observe the luminescence caused by y (B) ray and nuclear recoil
— Comparing difference in luminescence of each particles
[_IRelationship between dE / dx and emission intensity
[IDifference of luminescent properties (time constant, wavelength)

- the key is nuclear stopping power

* Narrow down the event location by using luminescence

(Combined analysis of tracks observation and light emission)
36






back up



measurement
system

PC (H MCA [t integration

PreAMP

HV

R

cich{t

for MICA:

mult mator

thermo
-couple
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Rl source: Sr90(Bsource)

28.79y 64.00h B spectrum
90 .| 90y .| 907, Erifos 2000000
B:100% B:100% 3 RVS 0516
0.546MeV 2.28MeV 13cm§—
Activity:~594kBq g
(D.C.1990->D.C.2016) toooof-
rate of B(@NIT) : 1160[/s] oo

used samples

NIT 150 um*10.9cm? (Ef&)
Gel.: gelatin 80um*10.8 cm? (60% of film )

AlEFE

o LN2ZEERFE TEL
« BEEENIT. PMTICEEZ DTS /
o 29T &IZ20MEMCATT — X EVIS

(MCSE— F : BREZ-Y DESH LT )

Rl source

 set only the sample (Film/Gel.)

Kinetic E[MeV]

baselin

sample

« set only the radiation source (RI)
* set the sample and radiation

measurement was performed in these b situation

Lg. N, evapolation:1mm/50s
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result

| Lg. N, layer over the sample surface [mm]
E -
) -
§ 8000— « ° ° o
= o
7000 — b
~ L
— & [
6000 *
- Rl source
5000 |—
= Gel. only /¢
4000/— NIT only 4 baselin
- . il ﬂnly
3000[— -#- Gel.+Rl
- —+ NIT +RlI
2000—
1000 — . NIT
= | |E " " B E B B B ® B @ Lg. N, evapolation :1mm/50s
| | | 1 i 1 1 1 . 1 1 1 1 i 1 | 1 ! | | 1 1 [ 1 ol -
% 200 400 600 800 1000 1200 1400 1600
time(s]
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Correspondence between NIT
temperature and rate

q - )
iF} = —_ o
™ 8000 e®%e é o 100';
- . NIT+RI | =
| ' =
7000{— . o N 7 ©
= . NIT temperature o 1420
- ] L ° . - (=%
6000 [— o - - -
— L C _ A
= . 0 —-140
5000 °. e, |
— ° o i
4000 — & "
- = @ —-160
- * °%- .
SDDD:— 5 Q e -
[ F e (':’ . ] —
2000 > & . --180
— L] o -
— L
1000— .
- ®e0eee —-200
D_I |- - | I - | L1 1 | | L1 0 I L1 i | I | Ll i 1 | L1 0 1 I |- I_
0 500 1000 1500 2000 2500 3000 3500 4000 4500

. . time[s]
maintain the Lg. N, temp.

Temperature control did not achieve.
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thickness of NIT VS transmittance

transmittance( %]

70

60

50

40

30

20

10

D -

T=71.3*exp(-0.0165*x)

=

10 20 30 40 50

WBE & B (RigR) DR : T=A*exp(-ax)

FETORSICLDEL, T: FZBE, a: WG x:

%Bﬁ’%@iﬂﬂﬁ’ﬂiy‘c INTHECRE L. ZECORED

DEEKIIFHFERZRE T B & (1-R)2=0.713 % fZ [T

T=82.3*exp(-0.0165*x)

£ &<

60 70 80

thickness[um]

H (IR R)
T E (L Eo —E ORI T
R=0.155"'1 78 b 115,

43



—
=
La

—
=

relative intensity [a.u.]
=)
M2

10"

102

10°

@ 88 K

T

0 100 200 300

400

500 600 700 800 900 1000
time [ns]

Phosphorescence lasts tens of ps.
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PDE of MPPC

| REFERENCE DATA
$13370-3050CN PDE (Vover = 4V)

30% -EEEEEE AN
259% EEEEEEE AN
w 20% N— N
& 15%

0% | +
5% |
0%

100 200 300 400 500 600 700 800
wavelength (nm)
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Geaant4 simulation

e Construct the same geometry as measurement

* The AgBrl crystals are arranged in face-centered cubic lattice in NIT.

* Set composition and density with reference to Asada san’s paper*

* Irradiate 10000 alpha rays (5.48 MeV), calculate energy deposition in the crystal
every 1 um layer.

e exclude the event which energy deposition in tb':'ystal is lower than 5.8 eV

>
Q
=,
g I
= T
8 C L
o UF |
Q C
21O4§—
o
| -
L 10°e
c E
L -
Ilum 102
1 um -
10
depth=0 - Lum -
epth= . 4. C
rad|at|0npart 19— .|5....1|0....1|5....2|0....2|5....30

deapth [um]
*T. Asada et al. Prog. Theor. Exp. Phys. 2017, 063H01 (2017) 46



NlT@fﬁ%/mf*‘@vsxé = (R S ss N
=
% Kr sensitivity=(B THIE & N 72 IRRIEL)
z.[ . ) [T & B BRIREN)
% C ERlcHBWT:
Ploek ETIE D DB
+ CRKr DA F LD D5
. BHRLEBENSP) DB S
10'4;— 90% C.L. :t :::ﬁm%differem setup) % = E'E' d) /EF—J:EF
- —4— 30 keV C" - .,
L e SRR O

-5 L1
10°%""""50 100 150 200 250 300 350

Temperature / K
*Expected range = 92 nm P

Research A (2016)

M. Kimura, et al., Nuclear Instruments & Methods in Physics
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MPPCOD R E H DV

F_ SHoTENHSD

[EREREV, 13
MPPCOD 4 A > &
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e
BEERES S, v, ATALAE

entry

C(VbiaS_Vbd) ( CVover)

m—

Ny 2

LED (A=460-465 nm)

MPPC

1FE—0nT A

]

Entries 417359
Mean 82.82
RMS 3219
Underflow 0
Cverflow 0

=]

150

200

integral value

pa B LE

1 s+EILoHHERQ

Q=C* (Vbias - Vbd)

C:1lpix. DFFERE. e: Bl

21T EMEV,, DEFZRD LV A KK D,

ADC

2102

SA
\l]]]l_H_

3 136 ns -189°C
2100

2098

2096

2094

2092

2090

Vpias=44.6 V

B0 EH A D (time<1888 ns)
TRTAXI%HFHIE
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.
2500
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i

Far
I

gain

82

80

78

76

74

72

70

-189°C

y:

a(x-b)

a
b

x2 /[ ndf

0.0216/2
29.62 +0.6673
42.46 + 0.05518

45

45.1 x;s.z
bias voltage[V]
HER D ERZE
« RESTOHITERE

breakdown voltage [V]
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A*C(Vpias—Vpa)
e

M=

it DRE
/\\\//J —‘j_%)FEﬁ@ }_._J:
* 1%%t 7@/%E*EE

ﬁ%@M
HETE %) E—/J\ET_L

y=V+p, *x+p2*x?
THE

1.977/6

41.84 + 0.437

L\ p1 ~0.004695 + 0.006884

- p2 0.0001383 + 2.514e-005

I B B B N B B
80 100 120 140 160 180 200

temperature[K]




