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Luminescence of emulsions

UNIT (20nm) 1. Exposed white light

2. Light off

3. Luminescence

NIT (40nm)

OPERA (200nm)

Observable luminescence time
with the naked eye

* OPERA:~1s

e NIT:~7s

* In liquid N,
** Camera sensitivity is automatically adjusted 4



Motivation 1
Combined analysis with track detection

Trigger track position
from luminescence

\

Photon Detector | . | | .
(e.g. MPPC) —

NIT %’ Track

* Locate the recorded track position in emulsion with mm accuracy

* Dust and fog don’t luminescent

* |dentify particle property from luminescence information
(intensity, life time, spectrum, ...)




Motivation 2
Elucidation of detection mechanism for charged particles

_ dE/dx in AgBr crystal Number of e-h pairs created in 40nm AgBr*

5.48 MeV a.-ray 300 (keV/um) 2000 (/fs)
60 keV y-ray 15 (keV/um) 100 (/fs)
1kW pulse laser 0.001 (/fs)

*1 e-h pair/ 5.8 eV (K. A. Yamakawa, Phys. Rev. 82, 4(1951))

Ag core creation mechanism
E R *Knowledge on photoexcitation
electron

\ Friﬁel i‘% Silver ion ‘

defects

_ Charged particle create a huge number of e-h pairs
Conduction Band . . 4. . ..
- - locally at the same time (High illuminance condition)

7

Latent image Recombination is probably dominant
BRI — Ag core creation probability decrease

Ag, tAg +e>Ag,
developable at n>4 Can we get more information about Ag core
Valence Band creation mechanism from luminescence?




Cryostat DAQ C12332.01 module
Coaxial cable

125Msps, Amplifier <
12bit, 8ch x20 BNC
ADC feedthrough

Power Supply J
for MPPC —

Cryostat

Cosmo-Z

' |
\ 4

+5V
Power Supply €11204-01
TCP/IP
» USB - UART
Atlas-SoC

500k o
PC TCPAP [ oyonev ol 3
(Altera FPGA) ADC g:

. 4

» Fill He gas inside of chamber to keep no condensation

» Adjust amount of Liquid N, for temperature control

» Photon detector : MPPC » Thermal sensor : Pt resistor

» MPPC data taking : Cosmo-Z > Pt resistor data taking : Atlas-SoC

sen) ‘oH




C ryo Stat DAQ ( P h Otog ra p h ) MPPC bias voltage cable

o b4
=

+ 5V Power supply

_ X

‘ . n A MPPC signal cable <t f B Cascade_

Cosmo-Z

(125Msps, 12bit, 8ch

Hermetic seal
connector

Pt resistor cables



Setup of a-ray and y-ray exposure

3.0mm
MPPC Photon detector
—
A VUV-MPPC (S13370-3050CN)
Light guide
12.0mm (PMMA) A ‘..;V ¥ Fiducial Area : 9 mm?
AN B - Number of pixel : 3600
Sample (NIT or Gelatin) ‘ ':g;t@”;fo(y)" .y
nm):32%
| r o-ray shield
V&~ :
e » (Al 120pum or no shield)
oge tomm AT | < 59.5keV
é —— *Amy-ray D nght f
4
y-ray absorbed by NIT
3

* o-ray:5.48MeV 139 17.8

* vy-ray:10~60keV
e Rate to forward : 33 Hz 1

Black: 24 Am y-ray spectrum
Blue: NIT absorbed spectrum
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adc

MPPC waveform

o-ray exposure

2300

" trigger by 1p.e. level

2250 —

10000 events
- overlay plot

2200 @88K

2150

2100

| | | | | | | |
300 400 500 600

2300

adc

2250

2200

2150

Y-ray exposure

10000 events
overlay plot
@88K

100 200 300 400 500 600

0 700 200 & | 0 _
E time (nsec) time (nsec)
pre-trigger 288ns post-trigger 320ns
(for pedestal correction): Integral ADC (Charge) = Index of number of photon
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Long waveform data (time window 8us)
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Detected Photons

Detected number of photon

o-ray exposure

Y-ray exposure

16000 w 80¢
B " -
14000 —t—o-ray + NIT 5 n0f —— y-ray + NIT
- —4— a-ray + Gelatin g = —4— y-ray + Gelatin
12000 — +— Thermal noise 3 00 —— Thermal noise
I @ -
10000 a 50 + +
8000— } 40— #
6000 % 30—
4000 ¢ 20 t i
- . - &
2000 10/ *
L Wi L
— ® o - - e — : = - g
I Ll |§| L fol |u=|_.n| el |..|‘l:‘n| Luml  lownl 1 went |.{3.| =N = |D|%| | B, &, 8 |0 |ﬁ| |y !
%0 100 120 140 160 180 200 %o 100 120 140 160 180 200
T (K) T(K)

Considered errors

1p.e. peak decision accuracy ~ 1%

Exposed a-ray and y-ray number ~ 2.2%

MPPC noise (cross talk and after pulse rate) ~ 10%
Measurement repeatability ~ 6.8%




Detected number of photon
(Background subtracted)

@
w -
S —— 5.48 MeV o-ray
E 1045_ e "
e * " —4+— 10 - 60 keV y-ray
g T '
B 10l Y.
L 10" = & - _
e = v Number of emitted photons by a-
B ray and y-ray are measured
10°
- * & e N >
— e
- &
10 & i Quenching factor (=N ;,;i0n/Ne-t pairs)
- of AgBr crystal can be calculated
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12.0mm

Estimation of energy deposition in AgBr crystal

Geant4 simulaztion Geometry NIT internal structure

3.0mm
:"—’ MPPC
Light guide
(PMMA)

, e=———— (-ray shield

Stage

1.0mm

241 Am

12

i

* Face centered cubic lattice
* Whole density : 3.44 g/cm?3
* Fill rate of AgBr(l) : 41.5%
* Lattice constant : 75.5nm

e.g. y-ray simulation

Gelatin

e\\\ -
- \

* Integrate energy deposition in crystal by every charged particles
e 2ry generator condition is more than 5nm



Quenching Factor Calculation

Number of detected photons _, | Energy deposition in NIT’s AgBr crystal
DetectedPhotons Edep(z) 000
=1 X | ———- X|Trans(z) |dz 5
QX \PDEyppc Egap g 241Am a-ray exposure
AgBr energy gap o0~ Edep,,.,, = 90000 keV/s
~5.8eV 6000:—
NIT Transmittance of 577nm light 2000;—
o 1 ol | Loy 0 |
% = 0 30 40 50 Z(ums)o
. Zjé_ s o 241Am g-ray exposure
N 18
o.ei— ﬁmsi EdEptotal =70 kEV/S
-
P T=82.3*exp(-0.0165*x) =
0.3 0.8—
o,gé— 0.6;
0.1%— 0.4;—
= 0.2
% é 1|n 1|5 2|0 II2|5I 3|0 3|5 d,loI - I4|5 50 00: ‘1'0' - 2'0 2% Y
Z (um) 2tm Z (um) 2¢m 15




Quenching factor (%)

251
E + 5.48 MeV o-ray
20_—
B + 10 — 60 keV y-ray
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Quenching Factor

Temperature dependency
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+ 5.48 MeV a-ray
ﬁ+— 10 — 60 keV y-ray

MIP

Quenching factor is ¥30% for MIP???

dE/dx (keV/um)
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Comparison with typical scintillators

. . Scintillating Fiber NIT @ 88K
_ SESSAGS fiial (BCF-60) (*Gelatin contained)

Density (g/cm3) 6.63 3.67 1.2 3.44
Life time (ns) 88 230 7 ~100 + ~10000
Deliquescent no yes no no
~4000 (o 5.48MeV)

Number of photon

(photon/MeV) SO e 40000 (MIP) 7100 (MIP) 18000 (y 60keV)

~300007??? (MIP)

Energy resolution
(% @ 137Cs-662keV)

Wavelength (nm) 520 415 530 5707?

=«

Not yet optimized!
We can change amount of lodine
dope, size of AgBr crystal, ...17

6.3 5.6 ?77? ?7?7?



. Optical fiber guide the luminescence to outside of

. PMT detects monochro-photon

Luminescence spectrum analysis (On going)

Optical fiber

Monochromator
(6/12~ available)

Optical fiber
feedthrough

Inside of chamber

\ L4
A\

= ;',-:. €

. Trigger luminescence by MPPC inside of chamber e Optical fiber

chamber

. Monochromator selects the wavelength (~10nm width)



Rate (cps)

Luminescence spectrum analysis (On going)

PMT signal
(No monochromator measurement)
Gain ( x 10°)
102468101214161820
_III|III|III|III|III|III|III|III|III|III|III
0.9 l 1 p.e. peak
0.8
0.7 NIT luminescence + Thermal noise
0.6 — 5.0 cps
0.5
0.4
0.3
0.2F .
= Thermal noise = 0.02 cps
0.1
D: L |I_III|IIII|IIII|IIII|IIII|IIII
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Integral value (mV e ns)

v’ It is succeed to guide NIT luminescence to
outside of chamber with high S/N

O 6/12~ monochromator will be available

O NIT luminescence spectrum by charged
particles will be able to be observed

19



summary

* This is the first observation of luminescence of emulsion by charged
particles

. M%asured the rate of contribution to luminescence of NIT excited by a-ray
and y-ray

* Luminescence efficiency is very high at low temperature (may be comparable to
plastic scintillator)

Plan

* Application for detector
e Measure for nuclear recoil event and M.I.P.
e Multi-channel readout

* Elucidation of detection mechanism for charged particles
e Spectrum analysis
* Change crystal property



Backup



Cryostat DAQ (for spectrum analysis)

Monochromator

PMT

-

PMT signal cable
Optical fiber

’ ‘, MPPC signal cable
& !u

R MPPC bias voltage cablé
PM]’a’mpIifier
_ PMT HV cable

S /

\ .
Pt resistor cables

High volt\age

Wplv:
for PMT: <

22



To increase detection efficiency

e Use GaAs PMT

* High quantum efficiency
* Use wide optical fiber (600um->1mm)

* Increase Rl rate

* Do anyone have high rate Rl (> 100Bq) which can be used at low temperature
(77K) ?

* Light collection
* |t seems difficult to collect light to optical fiber (600um, NA=0.22)



G d AS P I\/I T From Hamamatsu data sheet

Quantum efficiency Thermal noise rate
oA —
{{‘. o T N ggleg‘rr{\rxw—
R1463 (multi-alkali PMT) = e
| T\ 100cps @20°C
i
|
0.1 .‘\

% 7% @570nm

1o MEmmmE 105 TPMHENZRSEE
s _ 104 A
1% o S -1 . —
h ??SE.TE”JEY £ ,/ o yd
— @ 100 =
e 7 2 =
SENSITWITY/ (@] /
100 (6] b
e 102 ’/
< 7.
R943-02 (GaAs PMT) - o 30000cps @20°C
1o " 20cps @-20°C
15% @570nm i i i |[ i
10230 -20 -10 1] 10 20
102 24

200 400 600 800 1000 TEMPERATURE (°C)



GaAs PMT Z-20°C< B ULMZHOL=0N

E/HOA—4
EHEH
HT7A 15— | Ast
BAHHELNES
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gt |
Signal

¢

ESO-TAHDPT ?
- KK ZRIEEEL V=<7 LY
RAFNFSATAREZEB T4 REIMO—)LTELGLY
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A

BB —3 R4
Warm Side Thermistor

BEI1>
Heat Reject Fin

A=)

WEAED
Cold Side

BEEAES Warm Side

(BB DELTLSES)
(The part which heat reject
fin is attached)

TR

Fan

EEEHEAR
Drive PCB

FPSCEYa—IL

FPSC Module

Z
2
g
(&
2
8
8
#
)
£

&M SC-UDO0S

mEITERE

70 SERZE{ Condition
FEERE Ambient Temperature: 25°C

=120 =100 -80 -60 -40 =20 0

S AR BE Cold Side Temperature [°C]

(10cmPBPDEFBBO T ILS = L (2.7kg) DIFE
-20°CHMVS1°CTFITADIZ38s
-40°CHVi5 48s
-60°CHVS 665
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Vi WA

60mm

Connection Surface

(1) Cold Side Adapter

49mm

(Aluminum alloy)

(2) Plain Washer (Stainless steel)
(3) Hexagon Socket Head Cap Screw\

(Stainless steel)

(With a spring lock washer)

(4) Instruction Manual (This paper)

—Pp /
Screw Hole for Connection
2-M4X<0.7 Depth 12mm
/' (Recommended screwing depth
is 10mm or deeper to prevent
the screw hole breaking.)

/Cold Side Adapter

wwe i

Cold Side

Stainless Steel Case
Thickness:approx. 0.5mm

TWINBIRD

wwesge

FPSC

CORPORATION



Data connection

Data file

AN

B DRI E

Data file

Data file

) A —ER{iE : 2103
A L4 KT):600ns
(T yK%A L~800ns)

AN

v

adc

2400

2350

2300

2250

2200

2150

2100

2050

2000

Data file

AN

iR KD RT)
D FES (A

|

T TR TR ST TSR I [T VU W U NI Y I SRR VIR T 1

C)—I'Illlllll

20 40

80 80 100

140
time (us)

120
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Averaged waveform

h
— 160— Entries 3986010
fo - Mean 1801 102
‘O 140 RMS 2001
T
3 120 10
> B
% 100 lag scale
60—
n 10"
40—
20— 1072
D;L | | | | | | | N
0 1000 2000 3000 4000 5000 6000 _ 7000 8000
Time (ns)
7r: M)A —RRE2191, 8usDBITE (8us £ TIETYREALAEL)
5 EE ORI (BE2103. 600ns) TT—A2%DR(F=1D

h1

%AII! I IIIIIII| I IIIIIII| I IIIIIII| I

Entries 3986010
Mean 1801
RMS 2001

0

1000 2000\ 3000/ 4000 5000 6000 7000 8000
Time (ns)

Dead time
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Long data (time window 8us)

ﬁ 10° = ﬁ 1025_
% Average of a-ray long data @ 93K ; Average of y-ray long data @ 93K
10 10
1;_ o 1;_
: 10—‘;—
= = WM'\MJMHM T INM
— T N 0 i H I
1072 ‘» u '
0605006 Boob 40000066006 voobgooo 100 1080 2000 3000 4000 5000 6000 ?00 8000

time (ns) time (ns)



Time Constant (ns)

Graph

5
10 = —+— 5.48 MeV o-ray T
- —+— 5.48 MeV a-ray Toelay
B —4— 10 - 60 keV y-ray Te ot
ot 10 - 60 keV yray t_
E & W i - -
i e .
-
10° = N
L W .
o
102 = Yooe e,
— C et M K K - -
] | | ] | ] ] ] | ] ] ] | ] ] ]
80 100 120 140 160 180 00

2
T (K)
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Ratio (Delay/Fast)

o o o — — — —
+ o co —_ "] + o co

<
no

o=

Graph

- —+— 5.48 MeV o-ray
= ) %— 10 - 60 keV y-ray
: | | | | | | | | | | | | | | | | | '-.q|
0 100 120 140 160 180

2
T(K

00
)
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. | t .
_1'::'“ Single oo = Tatal
450 — Entries B235855 - Enfries 20000
o Mean 6623 C Mean ara7
400 H RS 4.585 &t — EMS ZBE
350 H C
S000 —
300 C
] 000 :—
200 3000~
150 H r
E b
1o0f C
- 1000
S0 C
: IIIIIII :IIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIII
Eb 10 15 20 30 %5001@1500200025003@35@0400@45@05@
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Single . Total
Enfries B235B55 1w E Entries 20000
Mean E.623 = Mean 2727
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1w g
10
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1
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Edep (keV/sec)

o-ray simulation

(1]
o
=
=

o
o
o
=3

8000

6000

4000

2000

o

x10° dEdx
- Entries 8235855
B Mean 207.8
300 RMS 127.2
250{—
200{—
1501+
100{}
50—
D _I 1 11 | L1 1 1 | L1 11 | L1 1 1 | L1 1 1 | L 111 | Ll 1 | | L1 11 | I |
0 100 200 300 400 500 600 700 800 900 1000

dE/dx (keV/um)




y-ray simulation

3
10 Single Total
18 Erfries 517527 B0 Erfies 12412
Mean 0.2052 - Mean 8.566
190 RMS 03309 To0f- RMS  7.706
B00 -
100 u
spoH
B0 o
200 H
80 -
aon
[ ; 50 —
a0 200 e E
B 45 —
= 1o e =
- LIJ —
o — 40— N
I T PN T P S P e SIS DUPTEE B I N L il I P PP PP BT & E -
% T 15 2 =5 8 385 4 45 & % w15 =8 25 30 35 40 45 &0 R = )
Edeplkev)/Crystal Tatal Edepikev) 35— n | —J10
E [ -
30— [ .
Single Taotal = L |
. Enfries 517527 e Eniries 124 25— I
1a Mean 02052 E Mean a5 = n T 7
RMS  nasos E RMS 7.7 =
N 20—
C - — 10
: 15— -
10 C
- 10—
L - u
B 5— I
. r h Tl
E - 1
E [}_ 11 11 (- ' | | | | | | | | 11 | | 11 I 11 11
- 0 10 20 30 40 50 60 70
i 1ry Energy(keV)
e
:l 111 I 11 11 I 1111 I 1 111 I 1111 I 1111 I 111 1 1 ||-| 1 I 11 11 I 1111
o o0& 1 15 2 £ 3 a& 4 45 & o & 1o 18 23 25 a0 35 a0 45 50
Edeplkev]/Crystal Total Edepikev]
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Edep (keV/sec)

y-ray simulation

3]
III|III

1.8
1.6
1.4

1.2

e
N b o

o
(o]
III|III|III|III|III|III|III|II

o

o

45000

40000

35000

30000

25000

20000

15000

10000

5000

dEdx

|||||||||||||II|_I_

Entries
Mean
BRMS

519902

10.83
11.69
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20

30

40

50
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70

80 90 100
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Thermoluminescence of NIT by charged particles

Room temperature Lg.N, -> Room Temperature

: .

241Am

Room temperature Lg.N, -> Room Temperature

O O

*1S06400, shutter speed =4 s (a), shutter speed =8s (B3)
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Triboluminescence

120 +se#++ Dhptoluminescence
80 - '*1‘ === Triboluminescence
HE
100 Ty
60 ] P
i ¢ %
£~ €
B 40 "
gl % ! 3
] 20 [ ; *-.‘
| 40 r .
P WP S, ;' LX[ tee
) Lrt:l-t:ﬁ:ﬁ:r(_ri:#j hELDUG-D
0
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RARE nm
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Presented at
JPS meeting
rArl_Jtumn 2015

Temperature rise due to phonon effect

Sensitivity recovery from Ag and Br tracks are promising.

5 - Total
>0k phonon
< K energy in
= E
= [ 40 nm [eV]
ST Ag (150 keV) 18600 58 234
210
S B/ Br (150 KeV) 13800 43 173
g4 e C (50 kev) 734 2.3 9.2
Q. —— Carbon (ESP) He
O
in 10 wmun Carbon (NSP) (1000 keV) 15.9 0.050 0.20
— Krypton (ESP) H (1000 keV) 0.54 0.0017 0.067
mmmn Krypton (NSP)
= E|ectron
L1 1 | L1 1 | L1 1 L1 1 | L1 1 | L1 1 | L1 1 | | 6 — 6 E
1O 20 40 60 80 100 120 140 160 T _—
Kinetic energy (keV) CV
Stopping powers in NIT (SRIM simulation) Cv ~ 3.5 x 10%° eV/mol/K @ 93 K (51.8 J/mol/K)

*ESP: Electron stopping power

NSP: Nuclear stopping power * K. Kamran et al., J. Phys. D : Appl. Phys. 40(2007)869-873



Temperature rise due to phonon effect

Sensitivity recovery from Ag and Br tracks are promising.

1.00E+03

1.00E+02

1.00E+01 {\/V
1.00E+00 ‘,

1.00E-02

Lo0E.01 ih L
A

Phonon energy [eV/0.1 nm]

1.00E-03

1.00E-04

0 5 10 15 20 25 30 35

Depth [nm]

Average phonon energy in 40 nm AgBr layer

by various particles (simulated by SRIM)

40

——Br: 150 keV
—=—Br: 75 keV
—=—C: 50 keV
——He: 1000 keV
+—H: 1000 keV

LIN| —=—Ag: 150 kev

Total phonon | 6T for 40 nm
energy in AgBr [K]
40 nm [eV]
Ag (150 keV) 18600 58
Br (150 KeV) 13800 43
C (50 keV) 734 2.3
He
(1000 keV) 15.9 0.050
H (1000 keV) 0.54 0.0017

3
-

Cv~3.5x10%° eV/mol/K @ 93 K (51.8 J/mol/K)

oT

* K. Kamran et al., J. Phys. D : Appl. Phys. 40(2007)869-873
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Calibration of MPPC break down voltage

A*C(Vpias—Vbd)
e

gain
co
i8]

|\/|:
-189°C HERDIRE -

e ARBIETHHEDBEELR
c INFE—IVDRERE

o y=a(x-b)
. %2/ ndf 0.0216/2 IEER IR E

a 29.62 £ 0.6673 I = YA
66 b 42.46 +0.05518 © EXETTOR/NEM

B
-~

L L | L L Il Il | L 1 L L I Il 1 1 1 | 1 1 1 L I 1 L 1 1 | L L L L I Il Il L
44.6 44.7 44.8 44.9 45 45.1 45.2
bias voltage(V]

Y=V +p *x+p2*x2

T+

breakdown voltage [V]
B
ar

45

44
2 ndi 1.977/6
Va 41.84 + 0.437
-0 43 p1 ~0.004695 + 0.006884
*ﬁiﬂ] 1)) E';&% : P2 0.0001383 + 2.514e-005

3 N
° IJJEJIJ-FE_fl-l_a)/lﬁ‘l]}:EEDEI{'E T B B B
140 160 180 200

temperature[K]
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| REFERENCE DATA |

$13370-3050CN PDE (Vover = 4V)
35% 11 =1

1 &
30%
N

25% £
w 20% = \‘—f
& 15% +f

_'
10% -+

5%
0%

100 200 300 400 500 600 700 800
wavelength (nm)
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Transmittance in NIT

o
=

90—~ gel. 40 [um]
80+ NIT 38 [um]

Transmittance[%%]
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10

I I T R
600
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700 800
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Tra n S m |tta n Ce | n N |T 577nm light transmittance in NIT

100

w
=

80

Transmittance (%)

70
NIT )

50

T=71.3*exp(-0.0166*x)

40

30

20

10

DIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

10 20 30 40 50 60 70 80 90 100
Thickness (um)

=

2 times reflection 2 71.3%
2 times reflection in (1-R)?=0.713 = R=0.155
transmittance measurement

NIT transmittance is

Thickness T=84.5*exp(-0.0166*x)



Solid angle evaluation

3.0mm

———1 MPPC

Light guide

15.0mm (PMMA)

15.0mm

Number of photon

Stage 241Am Stage > 241pm

MPPC fiducial area : 3mm*3mm
Q
Q  4sin~1(sin20) e = (0.00315 X 39.9 = 0.126
= = 0.00315
41 41
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Solid angle evaluation

3.0mm

———1 MPPC

Light guide

15.0mm (PMMA)

Number of photon

241Am Stage > 241 A m

MPPC fiducial area : 3mm*3mm
Q
Q  4sin~1(sin20) e = 0.0393 x 4.10 = 0.161
= = 0.0393
4 41
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Combined analysis with track detection

1. Direct detection by Photon detector
Trigger track position
from luminescence

Photon Detector
(e.g. MPPC)

NIT %’ Track

2. Use WLSF (Wavelength Shifting Fiber) to reduce readout channels

000000 | | COOrLC
NIT {,7 track
N Y axis
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Cosmo-Z (ADC and ZYNQ board

« ADC : 125MHz, 12bit, 8ch
* FPGA : ZYNQ (Xilinx FPGA)
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8ch analog input

125MHz
12bit
ADC

125MHz
12bit
ADC

memory

DDR3 1GB

/

ZYNQ

LVDS x32

FPGA

Linux Web server

Ethernet (1Gbps)

________________________

CPU

________________________

Extension board |

O— v >~ 195MHz O—w P~ 935MHz O—wt P~ 175MHz
g: - P 1obit 8: - P 1obit g: - > 1opit
i ', ADC B ', ADC i— ', ADC
o o ° YRsRaRI R
L5k A~
O—w P~ 135MHz i LIV T Ot P>~ 175MHz
OB obit ——aa ——aa
@* LPF 4’* @* LPF 4’* @* LPF 4’*
ol P ADC ol p— ADC o lEl-p— ADC

not used
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Thermal conductivity

density (g/cm3) Specific heat (J/kg*"K) Thermal conductivity
(W/m=K)

Air @ 0°C 0.001251 1005 0.0241
Air @ -100°C 0.001984 1009 0.0157
He gas @ 0°C 0.000179 5192 0.1442
Stainless @ 0°C ~8 ~0.5 ~0.2

Aluminum @ 0°C 2.70 0.88 1.95
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