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Á� �éTPC¥éu>f¤£��¦, (ÜGarfield^�, ïÄ
·�¤ï��TPC�.¤^�ó

�íN. ©Û
ØÓíNéu>f¤£�Æ·!¤£�Ý!î�Úp�*Ñ, ±9>lA5�ëê�

K�; (Ü©ÛØy, ��
±Ar, CH4 ÚCF4 �Ì�¤©�íN��ó�íN�TPC�5U�I. ¿

�ÿÁ
TíN¥�ÖÑGEM&ÿì�Uþ©EÇ!íNOÃ�5Uëê, ¼�
éÐ�(J.

'�c GEM TPC ó�íN >f¤£ >f*Ñ íN>l >fÆ·

1 Úó

TPC(Time Projection Chamber, �mÝK¿)

�(�Ú�n´dD.R.NygrenÄkJÑ5�, ��

�TPCd�'¿Ú¤£¿|¤, Ä�(�Xã1. T

TPC�¤£¿�»�1m, �2m, S¿10atm��í

Ú`��·ÜíN, ¿\k²1uz��>|Ú^|,

�Î¤£¿�üàd6�÷«�õj�'¿ÖÑ, z

��÷«k183��'&Òj^u»,�õgÿþ,

^©¤pad�Ò4aA^5(½ϕ��� �, 
»

� �Kd�4j� �5(½, |^>f¤£�à

X&ÿì��m�Ñz �� ��IÒ�±¢y>l

»,��m­ï, ��»,�n��I&E
[1]
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ã 1 TPC�(�Úó��nã
[1]

TPCU
°(/½ âf»,�n�&E, ^|

�\\, ¦�>âf�;,u)�­, ÏLÿþ­Ç

�», ÒU�Ñâf�Äþp, 2\þdE/dx&E, K

�¢yâf�O. éõ�.;��Ú��\�ìÑ¦

^TPC��ÙÌ��»,&ÿC�.

D Ú TPC � à Ü õ æ ^ õ j � ' ¿ (MWPC,

Multi-Wire Proportion Chamber)��ÖÑ&ÿì,

XBNL�STAR&ÿì!LHC�ALICE�. Cc5,

�XGEM(Gas Electron Multiplier, íN>f�Oì

�)��(�&ÿìïÄ�?Ð, GEM&ÿìÅÚA

^uTPC, ��ÙàXÖÑ&ÿì. GEM&ÿì�

TPC�àXÖÑkXe`:
[2—4]

:

(1) ÖÑpad�O(¹;

(2) ØI�.j, (��\­�;

(3) pOêÇ, �u105/s ·mm2 �¹eU
­½

/ó�;

(4) Â8&Ò��Ý¯, vklfÂ8L§¥�

��n;

(5) ÖÑ&ÿìÜ©�>|Ø¬K��¤£«>

|�þ!5.

8c, �u�ÆË�Ôn9&ÿ¢�¿�3ï�

ÄuGEM&ÿìÖÑ�TPC��.. Ì��O�I

�3L1¥. ã2´TTPC�(�«¿ã. Ù¤£«

��Ý�500mm, (¯¡È�100mm×100mm.
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L 1 GEM-TPCÜ©�O�I

(¯¡È(x-y) pÝ xy �I©EÇ z �I©EÇ

100mm×100mm 500mm ∼ 0.5mm ∼ 1mm

ã 2 GEM-TPC�.(�«¿ã

UÄ��±þ��O8I, ��é'��Ï�´

&ÿìó�íNUÄ÷vI�, XJó�3vk^|

��¹e, �\I�Ün/ÀJíN�|©, ±�y

U
¼�Ð�©EÇ�I.

2 ÀJó�íN��K

�
�ydpUâf>l�)�>f3>|��

^eU
±�Cð½��Ý¤£�àÜ�GEM&ÿ

ìþ, ÀJTPC�ó�íN�I��Ä±eÏ�:

(1) >f¤£�Æ·;

(2) >f�¤£�Ý;

(3) >fî�Úp�*Ñ;

(4) íN¥�>l;

(5) GEM&ÿìó�3TíN¥�5U.

3 >f�¤£Æ·

>f3¤£�L§¥Uþ�$, Ùê8~��Ì

��Ï´Ú,
íN©fu)
áN�^, ¿/¤­

½�Klf. éuý5íNÚ�Ü©kÅíN, �k

�-EUþ3A�eV(pu>f3¤£L§¥¼��

Uþ)±þ�âU/¤­½�Klf, ÏdØ��U

áN>f; 
>K5íNK�±3�$�-EUþe

/¤­½�Klf, u)áN�^¦�>f�Æ· 

á, X�íÚ®�íN
[5]

.

3f>| (1000V/cm±e)��¹e, �±@�

9>f�²þ�Ý�µe ≈
√

3kT/me. �3íN¥>

f�Ð¼AÇ�Pa, ü �m�-Egê�ns , @o

>f²þÆ· (�Ð¼¤I²þ�m) ta = 1/(Pans).

>f3ØÓíN¥�äNëêë�L2.

�
�y>f¤£�Æ·v
�, I�éH2OÚ

O2 ?1;��LÈ, ��´Ø�;�/¬3¤£«

SÑy�þ�ù
íN. ±O2 �~, ã3L«3O2 ¹

þ�10ppm, >|rÝE=200V/cm�^�e, ArÚ

CH4 ·ÜíN¥T�þO2 éuáNXê�K�, Ù¥

áNXê½Â�ü ålþ>f�áN�AÇ.

L 2 Ü©>K5íN�ëê
[1]

íN Pa ns/s−1 ta/ns

CO2 6.2×10−9 2.2×1011 7.1×105

O2 2.5×10−5 2.11×1011 190

H2O 2.5×10−5 2.8×1011 140

Cl−2 4.8×10−4 4.5×1011 5.0

ã 3 �þ O2 (10ppm) 3·ÜíN¥�áNXê

(N.T.P.G)1)

3ArÚCF4 ØÓ��'e, 10ppm�O2 �áN

���3���$�Y². lã3(a)¥wÑ3>|�

200V/cm�, áNXê��0.003/cm, K3��50cm

�¤£´»þduu)áN
���>fÓ>l�)

�>f�'~�

P = 1−e−ηL = 1−e−0.003·50 = 1−e−0.15 = 0.14 < 15%,

��éu¹CF4 �·ÜíN¥�í�áNUå�

�3�$�YO, TáNXêe�²þáNål�

λ = 1/η = 1/0.3m = 3.3m, �u©z [6]¥TPC�²

þáNål (2.4m), ù��íN'�·ÜTPC�¤£

«, 
¢Sö�¥U
òO2 ¹þü$�A�ppm±

e, ±�yÏáN
���>f310%±e, ã (b)`

²CF4 ÚC4H10 äk�q�5�.

,
, XJíN¥¹kCO2, K¬��/O\�

í�>f�áNUå. Ì��Ï´CO2 U
\¯áN

>f��O2 �ò-
[7]

. äN��nXe

e−+O2 →O−∗

2

1) N.T.PL«Normal Temperature and Pressure, .GL«Garfield^��[(J
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O−∗

2 → e−+O2

O−∗

2 +CO2 →O−

2 +CO2

T2K TPC��O�|O�
CO2 ÚAr�·ÜíN3

ØÓßÝ�'e, ©OE¤20%Ú40%�>f��¤

I��O2 ßÝ, XL3, ù
O�(JL², �XCO2

�¹þ�O\, �þO2 �áNUå��X:ìO\,

ù´Ø|uTPC¥>f�¤£�. Ïd, 3TPC¤£

«¥A¦þ�^CO2, Ó�A3?í�ÚÑí��Ð

é�í��µ.

L 3 CO2 ¥E¤20%Ú40%>f��¤I�í
[7]

CO2 E/(V/cm) O2(ppm)(20% loss) O2(ppm)(40% loss)

10 200 13 29

10 400 31 71

20 400 7 16

30 400 3 7

100 400 0.2 0.5

4 >f�¤£�Ý

TPCé>f¤£�Ý����¦ÏØÓ�TPC

�¦
É: ,
TPCA^��¸¯~Çp, KI�>

f¤£¯; 
éuÙ¦�
TPC, >f¤£�ÝK�

UÉ�ÖÑ&ÿì9�Y>fÆ���. éu8c�

u�Æ�3ïE�TPC
ó, F">f3íN�¤£

�Ý¦þ¯�:, ±k|uJpXÚ�¯~Ç. d	,

��­���¦´>f�¤£�Ýéu>|!§Ý

�Ï���6¦þ�, ù�ÒU
�y3¤£�L§

¥>f�ÝÄ�ð½, k|uJpz ��� �ÿþ

°Ý.

>f±�Ú�Ý3íN¥¤£�éu>|��6

��, ÏdF"íN3�$�>|rÝeÒU¦>f

¤£�Ý���Ú, ù���¡k|u>|��O;

,��¡|uXÚ�­½ó�, 
Ø�uÏ�>|�

p
u)�». éu8cï��TPC�., ò¤£«

>|rÝ�½3300V/cm±e.

ÏL�[ØÓ�íN|©¥>f�¤£L§, �

�
CH4, CF4, CO2 Úý5íNØÓ�'�¹e�¤

£�Ý­�, Xã4¤«.

lã4(a)¥�±w�, 3ArÚCF4 �·ÜíN

¥, �XCF4 �ßÝ�O\, >f¤£���Ú�Ý

��>|rÝ�ØäO\. ù´CF4 ·ÜíN�Ø

|Ï���, �´Ù�Ú�Ý�ê�'��, ��


9cm/µs, ùk|uJpTPC���¯~Ç.

lã4(b)¥�±w�, 3ArÚCH4 �·ÜíN

¥, �XCH4 �ßÝ�O\, >f¤£��Ú�Ý�

Øä/O\, �´�Ú�Ý¤éA�>|rÝ¿vk

²wO\, �3�$�>|e¹CH4 �·ÜíN¥>

fÒU���Ú�Ý. �´3CH4 ßÝ�$ (10%±

e)�, >f¤£��Ú�Ý��.

ã 4 ArÚCO2, CF4, CH4 �·ÜíNØÓ�'

e>f¤£�Ý­� (N.T.P.G)

ã4(c)¥´ArÚCO2 ·ÜíN��¹. �±w

Ñ¹CO2 �·ÜíN�¤£�Ý�ú, ¿��Ú�Ý

Ñy��>|Ñ'��. Ó�, �Ä�>fÆ·�¯

K, 3·ÜíN¥A¦þ;�¦^CO2.

ã4(d)ò3ö?1'�, ÀJ�gÚArí��'

þ�10:90, 3�Ó�^�e, �X>|�O\, ¹

CH4 �íN¥�>f�k���Ú�Ý, 
¹CF4 �

íN�¤£�Ý�¯.

ã5´ØÓ�n�íN�¤£�ÝA5 (�Ä�

*Ñ, \\
¹É¶��íN). �±w�, l�[(

J5w, ù
íN��Ú�Ý�ÑÑy3200V/cm�

m, �Ý����8cm/µs, ����6cm/µs�m. ù


·ÜíNÑU÷v8c��OI�: $>|e�Ú,

¤£�Ý�¯�.

ã 5 ØÓ�'n�íN¥¤£�Ý­�(N.T.P.G)
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5 >f�*Ñ

>f�*Ñ©�p�*ÑÚî�*Ñ, Ù¥p�

*Ñ¬K�àX&ÿìé>f�Â8, ¬éâf�m

&E�ÿþ�5�½K�. >f��p�*Ñ¬E¤

&Ò½��iÄ, ?
K�z ����m©EÇ
[8, 9]

.

� E=300V/cm, d ã 6 � �, ¤ £ X ê σl ≈

200µm/
√

cm, ¤£ålL=50cm, Kp�*ÑΣl =

σl
•

√
L≈ 200 •

√
50≈ 1414µm=z ��d*ÑÚå�½

 Ø������1.5mm, Ñpu�O��I (1mm),

�ù´����¹, äN�K�I�¢�5(½.

lã6¥�±wÑØÓíN¥�p�*ÑA�v

k«O, Ïdp�*ÑØ´íNïÄ�­:.

ã 6 ØÓ�'n�íN¥>fp�*Ñ(N.T.P.G)

íN¥>f�î�*Ñ´E¤x-y ²¡�m½

 Ø��Ì��Ï. ��¡XJ*Ñ��, �Ü©�

>Ö&Ò���ÖÑpadÂ8, @oÙ�p©EÇ

Ø�U�L��pad�AÛëê, 
du>fÆ��

�, ü�padØ�U���� (8c�O�pad���

1.6mm×10mm), ÏdØ|u�m©EÇ�Jp. ,

��¡, XJ*Ñ��, �,�±A^­%{Jp°

Ý, �du>f�ì*Ñ�m, E¤ü�pad&D'�

�, ��?�>fÆ�5
JÝ, ØU�y©EÇ�

Jp. nÜþãü��¡, F"*Ñ��>fìU


CXü�3�ÖÑpad, ,�|^­%{?1½ . 3

8cï��TPC�.¥vk\\�>|²1�^|,

ØU|^^|éuî�*Ñ��å�^, ¿�¤£«

��Ý�� (500mm), ¤±8cTPC�.��O7L

~�î�*Ñ.

TPC�.ÖÑpad�AÛº��1.6mm×10mm,

�3x��kü�padþk&Ò, =: î�*ÑΣt =

2σt
•

√
L ≈ 3000µm, î�*ÑXêσt ≈ 3000/2

√
L ≈

210(µm/
√

cm).

± þ � � L ² � � í N � î � * Ñ X ê 3

210µm/
√

cm�mÒÄ�U
÷v�¦. A^Garfield

�[
ØÓ�íNÚ�'�¹e�î�*ÑXê, �

ã7.

ã 7 ØÓíN�'¥>f�î�*Ñ(N.T.P.G)

lã¥�±w�, Ø+´CF4, CH4, CO2 �´É

¶�, O\§�3íN¥�'°ÑU~�>f�î�

*ÑXê, Ù¥¹CH4 �íN�î�*Ñ�~���

²w. ò4ö?1î�'�, ÀJ�gÚArí��'

þ�10:90, �ã7(e). lã¥�±wÑ3TPC¤£«

�>|(∼200V/cm?)NC, CO2ÚCF4�î�*Ñ3

A«íN¥´���, ¿�3���[�>|«m¥

CF4 �î�*ÑÑ�±3�$�Y² (200µm/
√

cm),

U
÷v·��I� (< 210µm/
√

cm).

6 íN�>lA5

��>âfÏLíN�, >lÑ�gd>fÚl

féê�ûu�fSê!íN�ÝÚíN�>lU,

±9\�âf�UþÚ>Ö. ��>l�L§�±©
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¤Ð?>lÚg?>lü�L§. ü ålÐ?>l

�)�>flfé�Np, Ð?>l�)�>flfé

Uþ'�p, U
?�Úu)g?>l, ��>lL

§�)�>flfé�Nt. Nt ÚNp Ñ�ûu\�â

f�UþÚ>Ö, Ó��ÚíN|©�'. ©z [10]¥

�Ñ
ØÓíN3��>l^�e�Np ÚNt ��,

±9TíNz�)�é>flfé¤I��²þUþ

wi, ��>l�\�âfü ålUþ���dE/dx

�ëê.

éu·ÜíN, Nt ÚNp �O�, ��©OO��

g�íN,�UíN�'?1\�²þÒ�±. éu

Ó��íN�Ý, d�����|¤�íNÐ?>l

�)�>fé�õ.

dE/dx���3TPC¥���N3àXÖÑ&

ÿì�ÖÑ&Ò���. ��>l�¹eÉ¶��Ð

?>lXê��, �
O�ÖÑ&Ò, �±�Ä3·

ÜíN¥\\·þ�É¶�.

eØ�ÄàXGEM&ÿìéuxy ��©EÇ�

K�, KkTPC3xy ��²¡þ��Z©EÇ
[11]

�

δx =
σt

√
L

√

Nprimary

.

Ù ¥ σt � î � * Ñ X ê, L � > f ¤ £ � å l,

Nprimary �&ÿ»,þÐ?>l�)�>fê. é

u 8 c � TPC � . 
 ó, L=50cm, > | À J �

200V/cm, Nprimary = Np
• l, l ´ Ö Ñ pad (1.6mm×

10mm)��Ý, Cq�10mm. dd(Ü©z [10]K�

±�Ñ, ØÓ�íN¥�Nprimary ±9��>l^�

ex����`©EÇXL4¤«.

L 4 ØÓíN¥TPC�.��`©EÇ (N.T.P)

Nprimary σD
⊥

/
í N Np

Np • ly (µm/
√

cm)
δx/µm

Ar:CO2=9:1 24.3 24.25 215.437 309.34

Ar:CH4=9:1 24.8 24.8 600.025 851.98

Ar:CF4=9:1 25.8 25.8 234.208 326.04

Ar:iC4H10=9:1 29.1 29.1 340.484 446.31

±þ(J´éüÕ�,�üpad?1Öê. ,�

|^­%{½ ��`©EÇ, ¢Só�¥�±|^

N üpad?1»,éÜ½ , d��½ Ø�δx′ ´L

¥δx�1/
√

N . lL4¥�±wÑÀJ�íNnØþ

ÑU
÷vxy ²¡½ °Ý��O�I.

3dÄ:þ, ?�ÚïÄ
·ÜíN¥�>fq

©ÙÚ-EUþ���©Ù. du8c¢��.�\

�âfÀJ��»��¥�µf, 3/¡�µf�U

þ©Ù�²þ��4GeV, Ïd�[�ÀJ\�âf

�Uþ�4GeV�µf.

ïÄ�(JXL5L², �íN¥Ì�¤©Ñ´

Ar�, íN¥�>l�¹�OØ²w, >l�äN[

!Ä�þØK�íN�ÀJ.

L 5 ØÓíN¥µf (4GeV)>lA5 (N.T.P)

clusterUþ dE/dxþ�/ ü ålþ

í N þ�/eV (eV/cm) clusterê8

þ�/(1/cm)

Ar:CO2=9:1 70.30 2448.87 34.83

Ar:CH4=9:1 71.04 2452.31 34.51

Ar:CF4=9:1 75.91 2873.19 37.85

Ar:iC4H10=9:1 60.98 2585.23 42.39

7 GEM& ÿ ì 3TPCó � í N e �

5U

nÜþ©��¡�©Û, ��TPC�.�ó�í

NÀ^
n�·Üí: CH4:CF4:Ar=7:3:90, TíN

3E=250V/cm(d�TíN¥>f¤£���Ú)e

�A5XL6.

L 6 TPC�ó�íN�A5L (N.T.P,�[ÚO�)

î�*ÑXê/ p�*ÑXê/ ¤£�Ý

(µm/
√

cm) (µm/
√

cm) (cm/µs)

317.708 222.075 8.79792

áNXê/(1/cm) dE/dxþ�/(eV/cm) wi/eV

0 2466.49 8.91

TPC¥¤£«íNÓ��ò´GEM&ÿì�ó

�íN, 3�yTPC¤£«�ó�^�e, �I��

yGEM�5Uëê.

·�éTíNe�n�GEM&ÿì
[12 ]

�5U�

I?1
ÿþ. ÿþ¥æ^�c��Ortec 142PC, Ì

��Ortec 572A, ¤/�mÀJ�10µs, ���ê�7

�, pØ>
�Ortec 556, �Ü©>Ø���

VDrift = VTransfer = VGEM = VInduction = 330V.

ã8´3þã^�eÿÑ� 55Fe�UÌ.

lã8¥�±wÑ, 3Tó�íNeGEM&ÿì

�Uþ©EÇU
��24%@ 5.9keV, Ä�þ�Óu

©z [11]¥¦^�íN, 3UÌ¥U
é�Ù/w�

Uþ�2.93keV�Arí�<º¸. ²I½, 3TpØ

^�e, n�GEM&ÿì��OXê��3850.

3òGEMpØ\�2700V�, ¿vku)�»

�Øûy�, TíNeTPC�àXGEMÖÑ&ÿì

ó��~.
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ã 8 TPCó�íN¥GEM&ÿì¤ÿ 55FeUÌ

8 (Ø

�éTPC¥éu>f¤£��¦, (ÜGarfield

^�, ïÄ
·�¤ï��TPC�.¤^�ó�í

N. ©Û
ØÓíNéu>f¤£�Æ·!¤£�

Ý!î�Úp�*Ñ, ±9>lA5�ëê�K�;

(Ü©Û, ��
±Ar, CH4 ÚCF4 �Ì�¤©�í

N��ó�íN�TPC�5U. ¿�ÿÁ
TíN¥

�ÖÑGEM&ÿì�Uþ©EÇ!íNOÃ�5U

ëê.
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1 (Department of Engineering Physics, Tsinghua University, Beijing 100084, China)

2 (Institute of Chemical Defense, Beijing 102205, China)

3 (Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China)

Abstract TPC is widely used as a tracking detector in many colliding beam experiments. A GEM-based TPC is under

construction and the working gases are to be considered. The paper summarizes the transport properties of ionization

electrons generated in gas mixtures that are suitable to work in TPC with GEM as its endcap detector. The lifetime of

electrons, the drift velocity and diffusion are simulated and investigated, with the help of Garfield. With a theoretical

analysis, a gas mixture of Argon, CH4 and CF4 is proposed. The performance of GEM with the proposed gas is excellent

with regard to the gas gain and energy resolution, which makes it a promising candidate for the future GEM-based

TPC.
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