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H.V.   

DAQ

ΩMLe resistenze elettriche inserite sono tutte da  1

lastra di bakelitebox  
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Elettrodo  a) Elettrodo  b)

Gli elettrodi sono ottenuti utilizzando della vernice conduttiva (silver paint)
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scheda di connessione elettrica per gli elettrodi

sonda igrometrica

sonda  termometrica

Alta   Tensione

circuito  gas

fori  per  la chisura ermetica del box
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Sigma  0.1702E-01  0.2186E-02

0

5

10

15

20

25

30

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

	QBE_HcCKG? � o#"(Z �y�A� �������u�Y�A�`� �A� �	� �/� �N��� ���r�����%���Z�r�Y�A��������� �&�	�%� �r����� �A� �z�
�����G� �
���#��� �u�A�
�u� � �A�>�s���Z���t� � �r�r� �u�`� �r���A� �
�r������� ���r���r���z���s�A��� �



� ��� � 
4$&��� �'�)��
���� � � ��$���
��A� � � �

voltage (kV)

cu
rr

en
t 

(1
0-6

A
)

  26.23    /    13

P1 -0.3363E-01  0.7038E-02
P2   2.037  0.1800E-01

0

1

2

3

4

5

6

7

8

0 0.5 1 1.5 2 2.5

	QBI_AcCK`? � o)('Z � �&���W�s�)� �A�k���#�t� �&�����[�x�`�G�A��� ���&�A���7��� �r���r� � �/�g�����[�G�A�`� ���T���Y� �G�A�L�A�������
� �
�r� ���G� � ��� �`�r�Y�A�����u���t���a���z� ���	�s� �r� �	�u�Y� �s���(���#�u�Y� � � �u�A�
�u� � ���3� �����r���r� �l�r� ���
�&���#�%�z� �
���a�r��� ���u���t���a��� �A��� � � �)�&�r� � �	�#�(�T���t�A���Y� �r����� �t���a���(�6�)�#�[� ��� �+�A� �u�A�
�u�`� �A�
���#����� �r���6�������	��q�jRA: 
CB	� �^o � � o



���
� � �)��� � ��

���+
 ��� �������+
*���� � �"��� � ��� � 
�� � � 
*������$���
 ���B��! $&��� ��� �"!�
4���

���'	"

� �+�)

KLBv?A;EBpFHmCV7BI=<B�h/?lRH:<M�DGB5c^Ma?�=6?AK`?]DLD`:<KGBIObD`BE=l? 
+���X;IBEMC:l?AKL:Ahg:�M^FHM���FHm^V\BE=6B�h/BEM =<cCB~;v?

CBE@>:<M&
C:<MCdl?+@Cc PF$?AOGOLcCV\:<KG:3
^BERH:<KGOL:UijFHKGV7: ?+OL:6=<FHM&
a?�
C:<BQ@CKLFT=<:6OLOGB6
CB�=6FHM)
CcCd6BEF]n
MC:]o
��;yKLBI;I:rR]?AV\:<MND`F 
CBy��cC:<OLDG:�=6?AK`?]DLD`:<KGBIObD`BE=ZmC: OGcC;y;I?AV7BIMa?]DGF3@C;I?AOLDGBI=6F^h	V\BEK`?�?*
 cCMa?
OLFHOLD`?AMCd6BI?A;I:XRH:6KLBE a=6?5
CB	?A;E=6cCMCB�KGBEOGcC;YDZ?]DGBQ_HB�P?+?A=6��cCBEOGBYD`B�h>=6FHV7:z?*
�:<OG:6V7@CBEF ;v?+;IFAKGF

CBE@>:<M&
C:<MCdl?�
a?Ui�?]DLD`FHKLB[?AV �CBI:<M�D`?A;IB h�BIM �a?AOL:x?AB[V7F�
C:6;E;IBs?A=6=<:6MCMC?]D`B BEM @CKG:<=6:"
C:6MCd6?
:"
�?A;I;E:xM�c^V\:<KGFHOL:U:<R�B�
^:6MCd<: K`?]=6=6FA;ED`:JMC:<;�D`:<V\@sF7: @CKL:6OG:<MND`B-BEM�;E:<DGDG:6KG?]D`cCKG?^o ;5Ma?
=<FH;I;E:6d6BEFHMC:7
CB =l?]K`?]DLD`:6KLBIObD`BI=Zm^:%
7���Zh�V\BEOGcCKG?]D`:~MC:<;>@^KG:6OL:6MND`:W;v?lRHFHKLFChsP:5KG?A@C@CKL:6OL:6MNDZ?un
D`?^h^@s:6K 
^cC:#
CBERA:6KLOG:wcCV7B�
CBYD]P?xKG:<;v?]DGBERH:U�Db
( � : � ���7�g:x? @a?AKLBED]P?�
CB>DG:6V7@>:<K`?]DGcCK`?
��a �A� e f MC:<;I;I:8	QBI_H_^o � o�� � � o b�^To
��M :<OGOG:]h-=6FAV\:�
C:<;�KL:6OLDGF BEM DGc^DGDG:\;E:\V7BIOLcCKG:q:"!>:<DLD`ca?uD`:Ah�OGB5P:7?AOGOLcCMND`F3=ZmC:\;v?

DG:6MCOLBIFHMC:�?ABN=6?A@CB�
C:<;I;v?y;I?AOLDGK`?%
CBN�a?:9]:6;EBED`:/OLBv?y��cC:6;E;v?yOG:rDGDZ?uDZ?~OGcC;TfWo¢{ o i~o�9XoYo-��M^i�?uDGD`B h
;E: =l?]K`?]DLD`:6KLBIObD`BI=Zm^:3
CB�ijc^MCd6BEFHMa?AV7:6MND`F 
C:6;�V\F�
CcC;EF 
��W�Zh[;EBIV7BEDZ?]M&
CFq;v?t=6?*
Cc^D`?�
CB
DG:6MCOLBIFHMC:7?ABQ=l?A@CB,
^:6;I;E:UKG:<OGBEOLD`:<MCd6: 
CB	=6?AKGBE=6F ?A;6
CBQOGFADLD`F 
C:6B?b�^ 
 h 
C:<DG:6KLV\BEMa?AMCF
cCMt:"!>:<DGDGBERAF D`KG?AOLij:<KGBIV7:6MNDGF�
C:<;I;I?xDG:6MCOLBIFHMC:W?A@C@C;EBI=6?]DZ?^h�?]Bs=6?A@CB4
C:6;E;v?x;v?AObD`KG?XOLDG:6OLO`?^o

� > =?>DC 
 
 LNI O Y�WRL�Y�WRV 
 L 
�FDF�
 U 
 IDLNI����


})?+@CKL:6OG:<MCdl? 
CB�@CKGF�=6:<OGOGB,
^BQ=6FAM&
CcCd<BIFHMC:�
^B�D`BE@>FtBIFHMCBE=6FCh>?A;E;�¡¢BIMND`:<KGMCF 
CBQV\?]D`:<KGBI?un
;EBS@sFH;EBIV7:6KGBE=6B hg@^c�PF�:6OLOG:<KG:3:rRTB�
C:6M^d6Bv?uDZ? DGK`?AV7BEDG:$cCMa? =<FHKGKL:6;v?]d6BIFAMC: DGK`? =6FHObDZ?AMND`:

CBE:6;E:<DGDGKGBE=l?�:\=6FHM)
CcC=6BE�CBI;EBEDuP?^hQ?�=l?AcCOG? 
C:6;E;v? KGB�
^cCd6BEFHMC: 
^:6;I;E:7ijFAKGd6: fkFHcC;IFAVU�CBv?]MC:
DGK`?+_H;EB�BEFHMCB�hsBIM cCM�V\:<d6d6F =<FHM�:6;E:<R]?]D`?t=6FHObDZ?AMNDG:�
CBI:<;I:<DLD`KLBI=l?To���M���c^:6OLDGF$V\F�
CF3P:
@sFHOGOLBI�CBE;I:J_HBIc^OLD`BY a=l?]KG:Ah[?*
3:<OG:6V7@CBEFCh[=<FHV\: ;�¡�?AOGOLFHKG�CBEV\:<MND`F 
^BQV7FH;I:<=6FH;E:�
CBQ?A=6��ca?
� -�� � (&^N� h 
a?\@a?AKLDG:�
C:<;QV\?]D`:<KGBI?A;I:]h4
^:<D`:<KGV7BIMCB)cCM�?]cCV\:<MND`F�
C:<;I;I?\=6FAM&
CcC=<BI�CBE;IBEDuP?

C:<;I;EFzOLD`:<OGOLF%\ �H� _ o
}�:7V\BEOGcCKL:7:�![:rDGDGca?]D`:7V7FHOLDGK`?AMCF^h BEM^i�?]DLD`B�h�=<FHV7:7;I?$R]?AKLBv?Ad<BIFHM^:�
CB	cCM @C?AK`?AV7:<DGKGF
?AV �CBI:<M�D`?A;I:]h[=<FHV\:X;�¡¢cCV7B�
CBYD]P?qKG:6;I?]D`BYR]?^h>@sFHOLO`?�
C:rD`:6KLV\BEMa?AKL: ;v?7RA?]KGBv?]d6BIFAMC:�
^BQcCMa?
@CKLFH@CKLBI:<DuP?J:<;I:rDGD`KLBI=6?^h�BIM7OG:6_AcCBEDGFU?*
\cCMa?XV7F�
CBE a=6?wOLD`KLc^DGDGcCK`?];I:AhT?x;IBERA:6;E;IFxV\BE=6KLFHOG=<F]n
@CBE=6F�
C:<;�Vt?]DG:6KLBv?A;E:�OLDG:6OGOLFCo



� �������#��� ���+� 
(!���
(!��*�����S� �+��� � � �������� � �

voltage (kV)

cu
rr

en
t 

(1
0-6

A
)

H.R. = (43.4±0.5)%
T = (22.8±0.1) oC

0

1

2

3

4

5

6

7

8

0 0.5 1 1.5 2 2.5

	QBI_AcCK`? � o��'Z��/�A�L�A� ���r� �
�r� ���G�q����� �r�)�#�[� � ���u� �`���a��� ���r���Y�7�Z���N�r��������� � �N�s�
�u� �r� �r� �l�r� �
�&�Z�
�A���Y� �z�
�����G� ���#�a�����W���u�L���[�G� �������I� � �w�s���(���#�u�I� � �6�A���7���#�t� �r�I�r� ��� � �A� �



� �
� � �)��� � ��

���+
 ��� �������+
*���� � �"��� � ��� � 
�� � � 
*������$���
 ���B��! $&��� ��� �"!�
4���

���'	"

� �+�)


voltage (kV)

cu
rr

en
t 

(1
0-6

A
)

H.R. = (18.7±0.1)%
T = (22.8±0.1) oC

0

1

2

3

4

5

6

7

8

0 0.5 1 1.5 2 2.5

	QBE_HcCKG? � o b�^(Z��/�A�G�A�����r�r�
�r�����G�w����� �r�)�#�[� � ���u� �`���a��� ���r���Y�x�Z���N�r��������� � �l�s�
�u� �r� � � �l�r�r�
�&�Z�
�A���Y� �z�
�����L�$���#�a�����W���u�L���[�G�$���T���I� � �w�s���(���#�u�I� � �6�A���z���#�t�U�r�I�r��� � � �A� �



� �������#��� ���+� 
(!���
(!��*�����S� �+��� � � �������� � �

�kKLBIOGc^;EDZ?uD`B OL@>:<KGBIV7:6MND`?A;IB KLBI_HcC?AK 
a?]M�DGB ;v?�
CBE@>:<M&
C:<MCdl? 
C:6;E;v?UKG:<OGBEOLD`BYR�BED]P?�
a?];I;v?Uc^V\B n

CBEDuP?XKL:6;v?uD`BER]?^h�?A;E;v?wD`:<V\@s:6KG?]D`cCKG?�
CB[�A�3e fWhTOGFHMCF BI;I;EcCOLDGK`?]DGBaBIM5	�BI_H_Co � o b&b�� � o b ��oQ})?
_HKGFAOGO`?5
CBEOG@s:6KLOGBIFAMC:�
C:6B 
a?]D`BQ=6FHM ;v?+@sFHOGBEd6BEFHMC:3
C:<;I;I?t@CBv?]d6d6FA;v?^h/��a b�^ �7�5R�BEOGBI�^BI;I:
BIM 	QBE_Co � o b:bHhTKLBIOL@>:rDGD`Fq?];I;v?X@CKG:<=6BIOLBIFHM^:w=6FHM$=6c^B�OGFHMCFqFADLD`:<M�cTD`B�B OLBIMC_HFA;IBs@CcCMND`B hCMCFHM
@>:<KGV7:<DLD`:5
CBpKLBI=6?&R]?AKL: MC:6OLOGcCMC?�;I:<_H_H:+:<V\@^BIKGBE=l?^h	OL:$MCFHM cCMa?�V7:6K`?�
CBE@>:<M&
C:<MCdl?
;IBEMC:l?AKL: =ZmC: V\FHObD`KG? cCMC? KL:6OGBEOLDGBER�BEDuP? =ZmC: 
C:<=6KG:<OG=<:3=6FHM ;�¡�?AcCV7:6MND`F 
C:<;I; ¡�cCV7B�
^BED]P?
KG:<;v?]DGBER]?^oQ�T:5i�?A=<=6BI?AV\FxcCMC? V\:"
CBv?xOGc\D`c^DLD`:S;I:S@CBv?Ad<d6FH;E:~c^D`BE;IBId<dl?]DG:~=6FHV7:5:<;I:rDGD`KLF$
^B
�
	QBE_Co � o b&�H�rh>?A@C@a?]KG:zcCM�=<:6MCMCF 
CB 
CBI@s:6M&
^:6MCd6?$M^FHM�;IBIM^:l?AKL:Ah[=Zm^:7@sFADGKG:6�^�>:U:<OGOL:6KG:
D`:<M�D`?]D`BYR]?AV\:<MND`:qBIMND`:<KG@sFH;v?uDZ?+=6FAM cCMa?$=6c^KLR]?�=ZmC:\O`?]DGcCK`? ?*
 cCM�R]?A;EFHKG:z=<FHOLD`?AMND`:
@>:<K �Xo�eJo�� d&^ �+oU��;- CDx=<FHM�cCMa? ijcCMCd6BEFHMC:�
CBQ@CKGF&R]? �
	QBE_Co � o b&�H�SBIM�=<cCB	OGB-OLFHMCF
;v?AOL=6BI?]D`BC;EBI�s:6KLB^D`c^DLD`BaB @a?AKG?AV7:<D`KLB�hHOL:6VU�^K`?X=<FHM^ij:<KGV\?AKG:~;�¡¢BI@sFADG:6OGBCi�?uDGDZ?ToQ��Mt@C?AKLDGBI=6Fun
;v?AKL:�BI;>RA?];IFHKL:#
C:6;�@a?]K`?AV7:<DGKGF >�� ��a £H£ �7� haBIMND`:<OGF7=6FHV7:x��cC:6; R]?A;EFHKG:#
CB�c^V\B�
CBEDuP?
?\=<cCB�;I?7KL:6OLBIOLDGBER�BEDuP? 
^:6; MCFHOLDGKGF+=6?AV7@CBIFHM^:JOLB�P:�
CBIV7:6d<dl?]D`?7KLBIOL@>:rDGD`Ft?A;�R]?A;IFHKL:XBEMCBYn
d6BI?A;I:]hAi�?J@s:6M^O`?AKL:5=ZmC:SOGBI?J@sFHOLOGBI�^BI;I:pijFAKGVUcC;I?AKG:kcCMa?x=l?AKG?]DGDG:6KGBEd6d6?Ad6BEFHMC:~:6V7@CBIKLBI=6?8
CB
��cC:6ObDZ? 
CBE@>:<M&
C:<MCdl?+BEM�ijcCMCd<BIFHM^:�
CB cCM R]?A;EFHKG:(
CB KGBYij:6KGBEV\:<MND`FChaBEM�D`cTDGDZ?\?AMa?A;EFH_HBI?
=6FHM$;I?�
^BI@s:6M&
C:<MCdl?�
C:<;I;v?UKL:6OLBIOLDGBER�BEDuP?3
a?A;E;v? D`:<V\@s:6KG?]D`c^K`? � � ?t� ^ e fy�ro
��;�i�?]DLD`F3DGc^DGD`?&R�BI?3=ZmC:$;v?3KG:<OGBEOLD`BYR�BED]P?�
CBp��cC:6ObD`F Vt?uD`:6KLBv?A;E:\M^FHM @>FHOLO`?�
CBEV\BEM�c^BIKG:
BIM&
^:< aMCBYDZ?AV7:6MNDG:tBIV7@sFHMC: 
C:6;E;I:7OGFHObDZ?AMCd<Bv?A;EB�V7F�
CBE a=Zm^:+?A;E;v? ijcCMCd6BEFHMC:7 aMCFHKG?3c^D`B n
;IBEd6dl?uDZ?^o ��M @a?]KLD`BE=6FH;I?AKwV7F$
CF�FT=<=6FHKLKG:\BIMND`KLF$
Cc^KGKG:\cCM�F*! n�OL:<D =ZmC:+K`?]@C@CKG:<OG:<M�DGBkBE;
R]?A;IFHKL:#
CB KG:6OLBIObD`BER�BYD]P?�
C:6;)=6?AV\@^BIFHMC:'
CB)�a? 9A:6;EBEDG:Ah ��ca?AM&
CFt:6OGOLF3P:JO`?]DGcCKGF 
CB ?A=6��ca?
: 
�BEM :<��c^BI;IBE�CKGBEF�=<FHM�; ¡�?AV �CBI:<M�DG:\=<BIKL=6FHObDZ?AMND`:]o {5;I;v?$�a?AOL:�
CBg��cC:6ObD`: FHOLOG:6KbR]?Ad6BEF]n
MCB�hTBI@sFAD`BEd6d<Bv?AV7FX=Zm^:w;v?3
CBE@>:<M&
C:6M^dl?z=6:<KG=l?uDZ?zOGBI?U:6OG@^KGBIV7BI�^BI;I:yDGK`?AV7BEDG:W;v?UOL:6_Hc^:6MND`:
;I:<_H_H:Wij:<MCFHV7:6MCFH;EFH_HBE=l?'Z

� �
�

b �  ����	� 	
 � � ��� � � � � o b �

BIM�=<cCBy?A�^�CBv?AV7F  aOLO`?]DGF�BI;�R]?A;EFHKG: 
CBpcCV7B�
^BED]P? 
CBpKLBEij:6KLBIV7:6MND`F�@a?AKLBy? £ ^ � : ;I?
=6FHObDZ?AMNDG:3
CB 
^:6=l?.
CBIV7:6MND`F 
C:6;E;�¡¢:6OG@sFHMC:<MCd6BI?A;I:X@a?AKLBQ?#b £ h[BEM3�a?AOL:z?A;I;E:XBEM&
CBE=l?Ad<BIFHMCB

C:6;� CD 
CBT@^KGF&R]?^o 95:<;I;I? � � o b&� BI;�@a?]K`?AV7:<DGKGF8�wma?5;I:1
CBIV7:6MCOLBIFHM^B�
CB^cCMC?WKG:<OGBIObD`BYRTBYD]P?^h



���
� � �)��� � ��

���+
 ��� �������+
*���� � �"��� � ��� � 
�� � � 
*������$���
 ���B��! $&��� ��� �"!�
4���

���'	"

� �+�)


 H.R. (%)

re
si

st
iv

it
y 

(1
010

 O
h

m
 c

m
)

T = (22.8±0.1) oC

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 10 20 30 40 50 60

	QBE_HcCKG? � o b&b&Z ���
�u� ���r� �N�A� � ���a�r�r���t���a���A��� ���T���Y���A���a���������	�&�����r���Y�$�`���r�
�r�����&� �� �N�A� �
��� �	�z�'�A��� ��7�Z�r�Y�A�����u� � �~�r� � ���a� �u�A�
�u�`� �A� �	�z�'�A��� �� �(�#�%�q� �����u�r���A���-� �N�A��� �u� �������T��� ���
�'�T����� �I�y�s���(���#�u�I���



� �������#��� ���+� 
(!���
(!��*�����S� �+��� � � �������� ���

 H.R. (%)

re
si

st
iv

it
y 

(1
010

 O
h

m
 c

m
)

T = (22.8±0.1) oC

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 10 20 30 40 50 60

	QBI_AcCK`? � o b �(Z �a�A�
�u� �t� �A�)� ���r� �N�A� � ���a�r� ���t���a���A���	�Z�r�Y�A�����&�g�A���Y� �A���a���������	�&� ���r���Y�
�`���r�
�r� ���&� ����N�A��� �	�z�'�A���	�� �Z�r�Y�A�����u� � � � �u�A�
�u� �t� �A�)���7��� �r� � �u�`� �(�#�%���u����������� �����#���
�r�'���r�L�����	����� ���a���r��� ���a���r���u�A���
�
�A� �u�A� ���N�6����� �� ���r���Y� �`���r�
�r�����&��� ����������	�	�6�)�#�[� ���r���Y�
�s���(���#�u�Y� �



���
� � �)��� � ��

���+
 ��� �������+
*���� � �"��� � ��� � 
�� � � 
*������$���
 ���B��! $&��� ��� �"!�
4���

���'	"

� �+�)


 H.R. (%)

re
si

st
iv

it
y 

(1
010

 O
h

m
 c

m
)

  12.68    /     7

P1   4.076  0.3154
P2   54.84   2.354

P3   14.75   3.641

T = (22.8±0.1) oC

 ρ = ρmax/ (1 + exp((h - hc) / b )

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 10 20 30 40 50 60

	QBE_HcCKG? � o b&�'Z �/��� ���r� �N�A��� �A� �/� � ��� � � �q���#� �	�s� ���	�	�6�)�#�[� �A�T�s� �#�u� �)��������� �r� �(�#�%�
�Y�#�&�r���A���	�����r�r� �-� ����� �/�[�^�A�L���t�r� � � �



� �������#��� ���+� 
(!���
(!��*�����S� �+��� � � �������� ���

 H.R. (%)

re
si

st
iv

it
y 

(1
010

 O
h

m
 c

m
)

  12.97    /     8

P1  0.5557  0.2476
P2   3.635  0.3815

T = (22.8±0.1) oC

 ρ = a/ (1 + exp((h - 50) / 15 ) + ρmin

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 10 20 30 40 50 60

	�BI_HcCKG? � o b � Z �/��� ���r� �N�A��� �A� �/� � ��� � � �����#�3�Y�t�I� ������� � � ��� �

Vt?�MCFAM KG?A@C@CKL:6OG:<MNDZ?�BE;pR]?A;IFHKL: Vt?]OGOGBEV\F^o �wc^:6OLD6¡�c^;ED`BEV\F P: @sFHOGOLBI�CBE;I:+FADLD`:<MC:6KL;IF
D`KG?AV\BYD`:5;v? OLFHV\V\?3
CB �7: ����� � o/})?z=6cCKbRA?Uij:<MCFHV7:6MCFH;EFH_HBE=l?�
^B 	QBI_^o � o b � F]DGD`:<M�c^DZ?
=6FHM ;v?�� � o b �rh�@CcCKXMCFHM�:<OGOG:<M&
CF�BIOL@CBIKG?]DZ? ?*
 ?];I=6c^M V7F$
C:<;I;EF 
^B�=<FHM&
CcC=<BI�CBE;IBYD]P?^h/P:
=6FHV7@a?]DGBI�CBE;I:p=<FHM+; ¡�B�
C:l?x=ZmC:AhTOG:5BI; Vt?uD`:6KLBv?A;E:yOGBsO`?]DGcCK`?(
CB>?A=6��ca? � �Xo�eJo � d&^ �q�g:
OG:�;I:kOLcC:p@CKLFH@CKLBI:<DuP?2
CB�=6FAM&
CcC=<BI�CBE;IBEDuP?SOLFHMCF8
^BIKG:rDGD`?AV\:<MND`:kV7F�
CcC;v?uD`: 
a?A;�=6FHMNDG:6M�c^D`F
BIM$?A=<��ca?^hs?AMC=ZmC:x��cC:<OLD`:�
C:<RAFHMCF7V\FAOLD`KG?AKG:#
^B D`:6M)
C:6KL: ?*
$cCM$R]?A;IFAKG:w=6FAOLDZ?]M�DG:Ao



���
� � �)��� � ��

���+
 ��� �������+
*���� � �"��� � ��� � 
�� � � 
*������$���
 ���B��! $&��� ��� �"!�
4���

���'	"

� �+�)

� > =?> @ 
 
 LNI O Y�WRL�Y�WRV 
 L 
�FDF�
 �'Y 
MO7Y�Q 
 ��URQ 


})? 
CBE@>:<M&
C:<MCdl? 
^:6;I;I?\KL:6OGBEOLDGBER�BEDuP? 
C:<;I;I?\�a?:9]:6;EBED`:(
a?A;E;v?zD`:<V\@s:6KG?]D`cCKG?�P:XOLDZ?uDZ?tObD`cTn

CBI?]DZ?qBIM @a?AOLO`?]DGF�
a?\?A;I=<cCMCB)?Ac^DGFHKGBX\¢�(b1_ \¢�H� _�:�
C?AB)_HKGcC@^@CB)=ZmC:XDGK`?*
CBEd6BEFHMa?A;EV\:<M�DG:
ObRTBE;IcC@^@a?AMCF�BSKLBERA:6;v?uD`FHKLBye20gfWhgBIM ��ca?AMND`F D`?A;I:$=6?AK`?]DLD`:<KGBIObD`BE=l? � ��| BIM �acC:6M^dl?�BE;
=<FHV\@sFHKbDZ?AV7:6MND`F�
^B���c^:6OLDGB 
CBIOL@>FHOLBEDGBER�B�o
})?X;E:6_H_A:S:<V\@^BIKGBE=l?x=6FHMNRA:6MCd<BIFHMa?];IV7:6MND`:5?A=6=<:<DLDZ?]D`?XMC:<;I;v?x=6FAVUcCMCBYD]P?Je20gfWhT?XV7:6MCF

CB�@^BI=6=<FH;I:#
^B�!>:6KG:<MCd6:xMC:<B�@a?AKG?AV\:rD`KLB�h^OLB�@Cc�PF7OG=<KGBERA:6KL: \ �&^�_�Z

� �
��� � � � � ��� �
�
	


�� � � o��H�


CF&RA:z=6FHM ��� � OLBQBEM&
CBI=6?\;I?\KG:<OGBEOLD`BYR�BED]P?7MCFHKLVt?A;EBId<dl?]D`?7?+�:^ e f!:U=<FHM3|�;v?qD`:6V7@s:rn
KG?]D`cCKG?zBIM e f 
C:<;I;I?U;v?AObD`K`?3
^B��a?:9A:<;IBYD`:x?A; V7FHV7:6MND`F�
C:<;I;I?UV\BEOGcCKG?^o
� 
a?]DGBWOG@s:6KLBIV7:6MNDZ?];IBS��c^BWK`?]=6=6FA;ED`B5OGcC;W=l?AV7@CBIFAMC:3?AMC?A;IFHd<dl?]DGF�OGFAMCF BI;E;IcCObD`K`?uD`B~BIM
	QBE_Co � o b £ o ��cCB ha@>:<K5FA_HMCB�OGBEMC_HFH;EFzRA?];IFHKL:#
CB�D`:6V7@s:6K`?uD`cCKG?^h OGFHMCF7K`?]@C@CKG:<OG:<M�D`?]D`: ;I:
b�d V7BIOLcCKG:U=<FHKGKLBIOL@>FHM)
C:6MND`B/?];I;I: b�d+@CBv?]d6d6FA;I:3
CB	=6?AV7@CBIFHMC?AV\:<MND`FCo � _AMCBQR]?A;IFAKG:+P:

C:rD`:<KGV7BIMa?]DGFq?]DGDGK`?lRH:<KGOLF7; ¡�?]Ma?A;IBEOGBs_HBbP?XBI;I;EcCOLDGK`?]D`?X@s:6Ky;I?�
CBI@s:6M)
C:6MCd6?�
a?A;I; ¡�c^V\B�
CBEDuP?
KL:6;v?uD`BER]?^o {WMC=ZmC:$MC:<;p=l?]OGF�
C:<;I;v?-	QBI_Co � o b £ OLBk@Cc PF FAOGOG:<KLR]?AKL: ;�¡¢BIM&
C:rD`:<KGV7BIMa?Ad<BIFHM^:
;E:6_N?]D`?X?];I;v?w@sFHOGBEd6BEFHMC:7
C:6;s=l?]V\@CBEFHMC:]hT?JcC;EDG:6KLBIFHKL:S=<FHM^ij:<KGV\?�
C:<;I;v?w;EFT=6?A;IBYD]P?8
CBs��cC:rn
ObDZ?q@CKGFH@^KGBI:rD]P?^o
{ DZ?A;E:tBIM)
C:<DG:6KGV7BIMC?Ad6BEFHMC:qBIMND`KLBIMCOL:6=6?�P:+?AM^=ZmC: ?AOLOGF�=6Bv?uDZ? cCMC? BIM&
^:<D`:<KGV7BIMa?]d6BIFAMC:
OLBIOLDG:6V\?]D`BE=l?t;E:6_N?uDZ?+?A; i�?]DGDGF+=ZmC:zMC:<;-@a?AOLO`?A_A_HBIF�
C?A;I;I?7D`:<V\@s:6KG?]D`c^K`?+V7BIMCBEVt?q?A;E;v?
V\?AOGOLBIV\?^h^; ¡�c^V\B�
CBEDuP?XKG:<;v?]DGBER]?Uma?zOGc^�CBEDGF\cCMC?zR]?AKLBv?Ad<BIFHM^:8
a?\�(b ��?7�A� � o
0�:<K	��cCFADZ?]KG:pcCMC?W;I:<_H_H:k:<V\@^BIKGBE=l? � � � �;1W� @s:6K-B$
a?]D`BT? 
CBEOG@sFHOGBEd6BEFHMC:Ah]OGB[P:p@a?AOLO`?un
DGB>?];I;v?�KG?A@C@CKL:6OL:6MNDZ?Ad<BIFHM^: 
C:<B R]?A;EFHKGB)
CB � V\:"
CBv?uD`BCOLctD`c^DLD`:S;I:~@CBI?Ad6d<FH;I:J��	QBI_Co � o b�dN� o
}	¡¢:6KGKLFHKG:7��cCFAD`?]D`F�P:q;�¡¢:6KGKLFHKG:zObDZ?AM)
a?AK 
[o �TcCB	@^cCMND`B/OG@s:6KLBIV7:6MNDZ?A;EB6
CB 	QBE_Co � o b)d+OGF]n
MCFqObDZ?]DG:�OGF&R�K`?A@^@>FHObD`:'
CcC:w=<cCKLRA:Ao�})?U@CKGBEVt?tP: 
C:<DG:6KGV7BIMC?]DZ?U=<:6KG=6?AM&
CFqBE;[�s:6OLD��� CD

CB�cCM :6OG@sFHMC:<MCd6BI?A;I:/=<FHM3
CcC:g@a?AKG?AV7:<D`KLBN;IBE�>:<KGBs� ��� � :��a�rhABE;N=6cCBNR]?A;EFHKG: 
CB��s:6OLD��� CDpP::Z

��� � � �Jb
(%� ^�� b�� ^N� � b�^ ��� �! � � � � �%� £ � ^%� £ � e fWo



� ����������� ���+� 
(!���
(!��*�����S� �+� �)
���� 

� �'����� � ���

Temperature (oC)

re
si

st
iv

it
y 

(1
010

 O
h

m
 c

m
)

H.R. = 21 % ÷ 24 %

0

5

10

15

20

25

30

35

15 20 25 30 35 40 45 50

	QBI_AcCK`? � o b £ Z��k�
�u�%���r���N�A��� ���a�r�r���t���a���A���C�`�r�Y�A�����&� �A���Y� �A���a���������	�&� ���r���Y�W�`���r�
�r�����&��� ��
�������	�	�6�)�#�[� ���r���Y�t�����W�a�r�L�A�'�T�L� � �~�r�$� ���a� �u�A�
�u�`� �A�	�����W�a�r�G�A�'���G� �(�#�%�z�r�����u� ���A� �
� �N�A���g����� �T�
�r����� �����'��� ���X�I�p�s���(���#�u�I���



���
� � �)��� � ��

���+
 ��� �������+
*���� � �"��� � ��� � 
�� � � 
*������$���
 ���B��! $&��� ��� �"!�
4���

���'	"

� �+�)

})?�OL:6=<FHM&
a? OGB/FADGDGBI:<MC: 
C?A;I;I?+KG:6;I?Ad6BEFHMC: � � o �A�x=<FHM�BE;	OGFH;EF�@C?AK`?AV7:<DGKGF$;IBE�>:<KGF ��� � o
})?�
CBIOL=6KL:6@a?AM^dl?UD`KG?q;E:8
CcC:w;E:6_H_AB[:6V7@CBEKGBI=Zm^:zP:w@CKGFA�a?A�CBE;IV7:6MND`:�:<MND`KGFq; ¡�BEM&
C:<DG:6KLV\B n
Ma?]d6BIFAMC:xBIMND`KLF$
CF]DGDZ?3
C?A; K`?]MC_H:wR]?AKGBI?A�CBI;E: 
CB[cCV\B�
CBEDuP?UKG:<;v?]DGBER]?^o

�3#�� ����8W*Q*-4 0�4 5�.H. 0U,/462S2 0X2W46.7(38

fkFHM^=6;Ic)
CBv?AV7F BI;	@CKL:6OG:<MND`:+=6?A@CBEDGFH;IF�?A=<=6:6M^Ma?AM&
CF3?A_H;IB	:�![:rDGDGB 
C:<;I;I?$@sFH;I?AKGBEd6dl?]d6BIFun
MC: 
C:6;E;v?$�a?:9A:<;IBYD`:7OGcC;gijcCMCd6BEFHMa?AV7:6MNDGF-
C:<_H;IBge+0�fWo���M�cCMa?�OG:6KLBI: 
CB�V7BIOLcCKG:#\ b ��_
=<FHM&
CFADLD`:SMC:6;s})?A�sFHK`?uD`FHKLBIF#
CB4	QBEOGBI=6?8
C:6;E;I:~{W;YD`: i	MC:6KL_HBI:7
C:<;I; ¡ ;SMCBERA:6KGOLBEDuP?'
^B>}�:<=6=6:
OLFHMCFwOLD`?]D`:�V\BEOGcCKG?]D`:g;I:�=l?AKG?]DGDG:6KLBIOLDGBI=ZmC:��a?AOL: 
CB�cCMqe20gfWhu@a?AKbD`:6M)
CF#
a?A;E;v?~BIFHMCBEd6d6?un
d<BIFHMC:g@CKLBIV\?AKGBI?^hl@CKLF$
CF]DGDZ?S?A;E;�¡¢BIMND`:<KGMCF7
C:<;I;v?y_N?]@�
a?ScCM ;I?AOG:<K ?*
U?Ad<FAD`F~ijF�=l?A;EBId6d6?]D`F^o
�	KLBIOGc^;EDZ?uD`BaV7FHOLDGK`?AMCFJ;v?x@CKL:6OG:<MCdl?UOLBIObD`:6V\?]DGBI=l?'
CBscCM+KLBEDZ?]K 
CF(
C:6; D`:<V\@sF(
CB[?]KGKGBYRHF

C:<;~OG:6_AMa?A;I:$:"
 cCMC? 
C:<_HK`?*
C?Ad6BEFHMC:5
C:<;I;v?�OLca?�?]V\@CBE:6d<dl?^hgBIM KG:<_HBIV7:�
CByR]?A;v?]MC_N?
@CKLFH@sFHKGd<BIFHMa?];I:Ahg=6FAV\: =6FHM^OG:6_AcC:6MCd6? 
CB~cCMa? 
C:6_HKG?*
a?Ad<BIFHM^:�
C:<;~=l?AV7@>F :6;E:<DLD`KGBE=6F
?A;E;�¡¢BIMND`:<KGMCF 
C:<;I;v?7_N?A@ oW}	¡�?AV7@CBE:6d6d6?t@CKL:6OG:<MNDZ? cCMa? 
^BI@s:6M&
C:<MCdl?�
^B DGBI@sFt:6OL@>FAMC:6MTn
d<Bv?A;E:�
a?A;-D`:<V\@sF 
CB	BIKLK`?A_A_HBv?AV7:6MNDGFCoU��M @a?AKLDGBI=<FH;v?AKL:+P:�
CBIObD`BEMC_HcCBE�CBI;E: cCMa? 
CFH@^@CBv?

CBE@>:<M&
C:<MCdl?'Zyc^Ma?t=6FAV\@sFHMC:<M�DG:XRA:6;IF�=6:]h>=<FHM3=<FHOLD`?AMND`:3
CB 
C:<=l?*
^BIV7:6MND`F�
^:6;I; ¡�FAK 
CB n
MC:�
C:<B6
C:<=6BIV7B6
CBQOG:6=<FHM&
CF ����ca?];I=ZmC:qFHK 
CBIMC:�
CB	_HK`?]M&
C:6d<dl? @CB`Pc�_AK`?AM&
^:�
CB-��cC:6;E;v?
ObD`BIV\?]D`?t?t@a?]KLD`BEKG:�
a?A;I;I?\KL:6OGBEOLDGBER�BEDuP? 
C:<;I;v?7�a?:9]:6;IBYD`:l�rh[:"
�cCMa?t=<FHV7@>FHM^:6MND`:UV7FH;YD`F
@CB`Pc ;I:6MND`?^o `w?A;I;E:WV7BIOGc^KG:7P:x?AMC=ZmC:J:6V7:6KLOGF7=ZmC:Ah =<FHV\:w=<FHMCOL:6_HcC:<MCdl? 
C:6;E;�¡¢BIMND`:<MCOGBYD]P?

C:<;I; ¡�BEKGK`?]_H_HBv?]V\:<M�DGFChAc^M e20gf KLBED`FAKGMa?xMC:6;E;I:~=6FAM&
CBId<BIFHM^BaBIMCBEd6Bv?];IBCOLFH;IF(
CFH@sF�
CBYRH:<KGOG:
FHKL:AhaFH@^@CcCKG:wDGK`?AV7BEDG:�cCMa?qBIMNRH:<KGOLBIFHMC:'
C:<;�=l?AV7@sFz:6;I:rDGDGKGBI=<F \ b ��_�o
})?Wij:6M^FHV\:<MCFH;EFH_HBv?S?A@C@s:6MC?'
^:6OG=<KGBYDGDZ?ThHma?�OLDGBIV7FH;v?uD`FW;E:kV7BIOLcCKG:p:�![:rDGDGca?]D`:yM^:6;^=<FHMTn
DG:6OLDGF5
CBQ��cC:<OLDGF ;I?lRHFHKLF�
CB�DG:6OLBQ=6FAOGBI=<=Zm P:Ah�FA;ED`KL: ?+=6?AK`?uDGD`:<KGBEd6dl?]KG: ;I?tKG:<OGBEOLD`BYR�BED]P?7BIM
ijcCM^d6BIFAMC:�
CB�|�: 
 �XhkOGBzP: RAFH;Ic^DGF KGBI;E:<R]?AKL: ;v?�@CKG:<OG:6M^dl? 
^B�@>FAOGOGBE�CBI;EB5:�![:rDGDGB8
CB
@sFH;v?]KGBId<dl?Ad<BIFHM^:5MC:<; ;v?]V\BEMa?]D`FJ@C;I?AOLDGBI=6F^hT��ca?AM)
CFq��c^:6OLDGF�P:WOGFADLD`FH@sFHOLDGF�
a?UcCMa?�
CBYivn
ij:<KG:6M^dl?3
CB>@>FADG:6MCd<Bv?A;E:Ah�=ZmC:w@sFAD`KL:6�C�s:6KLFUBIM �acCBIKL:5OLcC;>DG:6V7@>F V\FHKbD`F(
CB[KLBI=6?AKGBE=l?'
C:6;
KLBERH:<;v?]DGFHKG:7���r�To��N�ro
})?�V7BIOLcCK`?Th�=ZmC:tma?�c^DGBI;EBId6d6?]D`F$;EF OLDG:6OLOGF3OL:<D ��cC@ OG@s:6KLBIV7:6MNDZ?A;E:q@CKGBEVt? 
C:6OL=6KLBEDGDGFCh



� � ������
*�)� �X��� � �"�+����� �*�*�'��� �"!�
 � �

 Temperature (oC)

re
si

st
iv

it
y 

(1
010

 O
h

m
 c

m
)

ρ = ρ20 / 4.4(T-20) / 12

ρ20 = (19.6 ± 0.8) × 1010 Ω cm

ρ = ρ20exp(- (T-20) / τ)

ρ20 = (18.0 ± 1.0) × 1010 Ω cm

τ = (9.5 ± 0.5) oC

H.R. = 21 % ÷ 24 %
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