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A study of the photosensor system performance and

background from radioactive gases of the PandaX-I dark

matter experiment

ABSTRACT

Results from a variety of research in astronomy show that most of the sub-

stances in the universe we live in exist in the form of “dark matter”. Dark matter

cannot be explained by the standard model of particle physics. The detection of

this new type of particle is one of the most frontier researches in basic science.

Among the methods of direct measurement of the collision between the dark

matter and the detector target material, one of the mainstream technologies is

the dual-phase xenon detector, which can achieve three-dimensional position re-

construction and good background elimination ability. The PandaX (Particle

AND Astrophysical Xenon experiment, PandaX) project is the first experiment

in China which uses a xenon detector to directly measure the dark matter. The

project is dominated by Shanghai JiaoTong University, and the detector is locat-

ed in the China Jinping Underground Laboratory in Sichuan. For the detection

of dark matter, the phase-I and phase-II of PandaX experiments use the technol-

ogy of the dual-phase liquid xenon time projection chamber. In the first phase

of the experiment, 120 kilograms of xenon was used as the target material. By

increasing the distance between the upper and lower electrodes of the time pro-

jection chamber while keeping the outer vessel, refrigeration, purification, and

electronics systems, we can quickly achieve the goal of the second-phase experi-

ment (about 580 kg of liquid xenon). Through phase-I experiment, we have been

at the forefront of international dark matter research.

This thesis focuses on the data quality monitoring system, the performance

of the photomultiplier tubes (PMT) and the analysis of background from kryp-

ton and radon in the phase-I experiment which are conducted by the author.

Photomultiplier tubes used in the experiment are the detectors used to detect
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light signals, their performance is the basis for data analysis work. Also, noise

and discharge from the PMTs in the detector due to various reasons brought

the accidental coincidence to the experiment. Study of the noise and its source

can provide guidance for the related background analysis and noise filtering. In

addition, since the PandaX-I experiment is the first dark matter experiment in

the world which uses multiple 3-inch photomultiplier tube (R11410 type) for

long-term operation in a liquid xenon environment, how the PMTs performed

in a long-term has important reference value for the other xenon experiments.

Based on the experience gathered from the operation and maintenance of the

detector in the phase-I experiment, we’ve improved the photo-detector system

for the phase-II experiment, which is also discussed in this thesis. Finally, we

analyzed the background from krypton and radon gases in the first phase of the

experiment. The electron recoil signals generated by them in the low energy re-

gion have a certain probability being tagged as dark matter signals by mistake.

Therefore, by measuring the level of these radioactive gases, we can estimate their

contribution to the background, and help us to determine whether dark matter

has been detected. It is worth pointing out that the background generated by

krypton and radon cannot be reduced by the self-shielding of liquid xenon, and

it becomes the most important source of the background in the next generation

of xenon experiments. Therefore, the study of krypton and radon backgrounds

in this thesis has important references value for future experiments.

KEY WORDS: Dark matter detection, Dual-phase xenon detector§PandaX§

Radioactive inert gas
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ã 1.1 dPlanck*	���»�Å�µ(CMB)���É5"CMB´��»�k38 �c�

�ÿ§<3U�þ��»¥��P�1�¯ì"§w«���§ÝÅÄ§éAuÑ�ØÓ

��Ý«�§�Ly3(NÚ(XQ²��f [23]

Fig 1.1 The anisotropies of the Cosmic microwave background (CMB) as observed by

Planck. The CMB is a snapshot of the oldest light in our Universe, imprinted on the sky

when the Universe was just 380,000 years old. It shows tiny temperature fluctuations that

correspond to regions of slightly different densities, representing the seeds of all future

structure: the stars and galaxies of today
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1.1.1 (X^=�
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r
(1.1)
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=Ä�¿vkeü´�±ð½�=�"ïÄL²§éu^µ(XìÚý

�(Xì§�»3100Z¦�å(kpc)SÚ1012 ���þS§(Xì�þ��»

¤�' [25]§Xã1.2¤«" �âþ¡�ÿþ(J§Ø
©Ù3(�þ���Ô

ã 1.2 ^µ(XNGC3198�=Ä�§�Ø��êâ:´ÿþêâ§Ù§¤«(X�!(

'�[Ü� [2]

Fig 1.2 Rotation curve of NGC3198, dots with error bars are measured data, the rest are

curves from simulation

�§�
�±ÿþ��^=�Ý§7Lb½k�Ý�r−2�VÔ�(V')�3"

é(X±��¥(9¥G(ì��Nåÿþ?�Ú|±
VÔ��3�b�§
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§�m�'Xª�±L��µ

rt
R
≈ (

m

M(R)
)1/3 (1.2)

Ù¥§rt´�þ�m�¥((X��N�»§M(R)´(XS�»�RÜ©��

þ"�âTúªí�ÕàX��þ��1012���þM⊙§�»�ò��100-

200 kpc"dí�����þ'ÕàXSu1Ô��þoÚ�
10 �"Ó�|

±
VÔ���3"

1.1.2 X��Ë�*ÿ

ý�(X!(X+Ú(Xìkér�X��Ë�§|^X��*ÿ�±�

�X���9íN�9Ë�§Ý�íN��Ý©Ù"ù��{Äk|^uï

ÄVirgoì�¥%(XM87.20V80c�ÿ½
M87��þ��3×1013M⊙§'
ð(�þoÚp
����þ?"�õ�X��*ÿ(JL²(XìÚ(X+

��Ü©Ô�´Øu1�VÔ�"

ã 1.3 MÇ��"�ºûe�Abell-2218ã¡"ã¥A�¤k��:Ñ´abell-2218 ¥�

(X"duÚåßº�A§��!Û
§�¡�(�/¤ã¥�1l [3]

Fig 1.3 Abell-2218 and its gravitational lenses by Hubble Space Telescope. Almost all of

the bright objects in this image are galaxies in Abell-2218. However, acting as a powerful

lens, it magnifies and distorts all galaxies lying behind the cluster core into long arcs.
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1.1.3 Úåßº�A

å�±¦1��§�»¥�þé��(X�±�²L§NC�1

�"|^ù�:§ïÄ<
�±
)�õ'u�»¥(X�&E"ã1.3´MÇ

"�ºûe�Abell-2218(X�ì¡"�µ(XduÚå�A�)�1l�~

²w"dT(Xì´Ã{�)ù��Úåßºy�§�)ù���µ(XÆC

�¦3(Xì¥%250 kpc�»S��k1014M⊙ Ô�"XJvkVÔ���
3§ù��Úåßºy��Ã{�)�"

1.2 VÔ�âf�.

âfÔnIO�.£ã
r�^å!f�^åÚ>^�p�^åùn«�

p�^±9|¤¤kÊÏÔ��Ä�âf"�8c��§A�¤k±þn«p

�¢�(JÑ�±^ù��.ýÿ§Ø
Úå�^"ïÄuyØu1�ÊÏÔ

�X��þ��V'UN�UÓVÔ���Ü©§ØU)º�Ü©�VÔ�"

Ød�	§IO�.¥�¥�fdu�þA��" [26]§3�»�þ¥��Ó

ké��'~"k
(N²L�½�ã�üz§§ÝC�é$§ØU3uÑ�

±�*ÿ��>^&Ò§=ØUÏL��*ÿ�uy§Ly�“ VÔ�”§ù

«a.�VÔ��±¡�fÔ��VÔ�§3�»o�þ¥�==Óé��

Ü©"�k,�«VÔ�§d�
¥5k·��þ�½âf�¤"ùaâf

|¤�Ô�Ø¬�Ñ!áÂ>^&Ò§ùaVÔ��±¡��fÔ��VÔ

�"

'u�U|¤�fVÔ��âf§kéõ«`{ [27]"3¯õÿÀö¥§

�9�´�«¡���þf�p�^âf(Weakly Interacting Massive Particle§

WIMP) [28]�#âf"ù«âf�ÊÏÔ�u)�A��¡é�§Ïd=¦§

��3u�¸¥§%l5vk�&ÿ�L"�k�«nØÔnÆ[JÑ^5)

ûr�p�^¥CP¯K�#âfµ¶f§�k�U´VÔ��¤©"d	�

ký5¥�f(sterile neutrino)�"XJWIMPâf�3�{§�ÊÏÔ��±

u)f�p�^§���Ü©Uþ§l�·�&ÿ�"

1.2.1 ¶f

¶f´�þé���Iþâf§ù«âf�JÑ��Ï�r�p�^(þ

fÚÄåÆ§QCD)Øä�CP»�k' [29, 30]"¶fØ�>§��~Ô�m�

�^�¡��~$§�§��þé�(�U350-1500 µeV [31])§Ã{íÄ�
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fØ�²w�$Ä§éJÏL�fØ�Ä?1&ÿ"¶fPC�ý¢Æ·�'

u1/m5
a(ma ´¶f�þ)§�§��þ$u10 eV/c2 �§Æ·�u�»c#"

XJ¶f��3´ý¢�§@o§�±�À���¿�¢,"

3Ü·�^|�^e(Jø��Ü·�\�1f)§��¶f�±=C�

��1f"kéõ¢�|^ù�:§Ï"&ÿ�¶f��3"¶fVÔ�¢

�(Axion Dark Matter Experiment, ADMX [32])|^���u^|¥��N�

Åæ8ì5&ÿ¶f"N!æ8ì�ªÇ��n���ªÇÚ¶f��þ�

�§Ù¥BL�¶fÒ�UPC��Å1fly¢¶f��3"CERN¶f

��X"�º(CERN Axion Solar Telescope, CAST)|^����^N(9 T)§

F"U&ÿ�l��^|¥�)�¶f§CAST¢�vk&ÿ�¶f&Ò§�

�Ñ
¶f��þþ�µma <0.02 eV/c2 [33]"�k�
¢�}Á3¢�¿�

)¶f¿é§?1&ÿ(BFRT [34], ALPS [35, 36], PVLAS [37] �)"�,�vk

¢���y¢
¶f��3§��±��¶f�þ���±9�1f�ÍÜ~

ê"

1.2.2 ý5¥�f

¥�f��y�L²§¥�f¿Ø�IO�.ýÿ�@��þ�""nØ

þJÑ
ý5¥�f��35)ºù�y�"ØÓu��¥�f§ý5¥�f

Øë\ØÚå±	�?Û�p�^§�´�±ÏL§��ÊÏ¥�f���5

ÿþ"

¥�f¢�¥k�X��~y�"'X§ uH4�Xá�¢�(IceCube)�

&ÿì�uX�e§�¹ÊZõ�1&ÿì"�pU¥�f�X¥�Y©f�

^§�)�>âf¿uÑ�Ô�Å1"/Ï&ÿìÓ¼��1&Ò�±ï¥

�f\�´»9Ùá5"duÔ����A§¥�fBL��Ô��§Df¥

�f���ý5¥�f��U5Or§��A½Uþ�Df¥�fêþ"�"

&ÿì&ÿl�4BL/¥��íDf¥�fÚ§��âf§�yUþ3320

GeV �20 TeV ��S¥�f¿�§¢�¿�uyDf¥�f½�Df¥�f

�É~��y� [38]"ù�(Jî���
ý5¥�f�3��U5§��Ù

¦��
¥�f¢�Jø��5�ïÄ��"

1.2.3 WIMPâf

3�»ÐÏ§¤kâfÑ±�~¯��Ý�p-E§�´duâfm�-

E§Øä��)Ú�«�«âf"�âf�§��âf�«§�)�Uþ3é
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á��mSPC¡�,	�éâfÚ�âf"�)�âfék�U�u)�«

�âféØÓ"Ïd§VÔ�âfÚVÔ��âf�¬Ó��Øä�«��é

���âf§�¬Øä�d�é���âf�«�)"�»@Ï�§Ý�p§

Jø�âf�ÄUv±�Öd�âfé�«�)VÔ�9Ù�âfL§¥�U

þ�"�X�»Øä)ä!Ce§âf�9Uü$§ìì/�âf�9UØv

±UY?1þ¡J��L§§�´VÔ�Ú§��âf�ÎU
�«�Ù¦�

�âfé"��»§Ýü$��½§Ý§VÔ�âf��«Çpu�)Ç§u

´§VÔ�âf��Ým©±�êª³eü [39]"�´Ï��»3Øä�)ä§

âf��Ý¬Ïdü$§¦�âfÚ�âfm�-EAÇü$§ù��5§V

Ô����âfm��«�A¬A�Ê�§¦�»¥VÔ��ê8�½3�

½�êþþ [40](È(��)"��âf�m�)�A��¡��§3�»)ä

�âf�p-EÊ�c§§��mu)�«�VÇ�p§�ª3e5�ê8�

�"Ïd§VÔ����âfm��p�^rÝ�U
ÎÜ�»Æ*ÿ��V

Ô��Ý"�ây3�»SVÔ�¹þ§XJVÔ�âf´ý¢�3�{§§

��A�¡�´f�p�^�� [39]"�»��¿¥�)�WIMPêþ��»

Æÿþ�VÔ��ÝTÐ¬Ü§ù��¡�“WIMP Û,”"Ïd§�,8c�

��vk¢�yây¢ù�ßÿ§WIMP âfE,�@�VÔ�âf�k�U

�ÿÀö"

Ä�âfdg^���ê�¤�fÚg^��ê�ÀÚf|¤"�é¡n

Ø�JÑ´�
)ûIO�.¤¢��?¯K"§b�¤�fÚÀÚf�m

�3,«é¡5§Ïdz�¤�fÑkéA�ÀÚf�f§z�®��ÀÚf

�kéA�¤�f�f"�é¡�.k±e�A:µ)û
IO�.��?¯

K¶�±¢y5�ÍÜ~ê�Ú�§Ïd��Ú��.´gU�¶duº§�

�þ��§�±ÏLË�?����(�>fé¡5»"¶�.¥�)g,�

VÔ�ÿÀö§X�¥�f(neutralino)§�±ÏL>ffê�))ºfØ

é¡¶�±ÏL>f°[u���å [41]"3�
;.��é¡�.¥§�¥

�f´����«�é¡âf(Lightest Supersymmetric Particle, LSP)§´f

>�^�o�5�âf(1f!ZÀÚfÚF�dâf)��é¡�f§§��

±´½�§Ø�>Ö§�ë�ÚåÚf�p�^§XJVÔ�âf�´Ä�

âf�{§�¥�f(neutralinos)é�U´VÔ��ÿÀâf"

XJVÔ�´WIMP§�»ÆþWIMP�5�ÎÜ�»¥VÔ��Ý��

¦¶nØþ§áu#�nØ�.¥�ýó�âf¶¢�þ§duWIMPÚÊÏ

Ô�k�f��p�^åÏd�±�&ÿ�"Ïd§3VÔ�ïÄþ§<�
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éWIMP M�
é��F"§ISþkéõ¢��é§�A:?1&ÿ§F"

U
/d�mVÔ����"

1.3 VÔ�âf�&ÿ�{9¢�?Ð

c¡J�
éõVÔ��*ÿ�{§XÚåßº!^µ(X�^=�

�"&ÿVÔ�âf��{Ì�©�n«µÏLpUâf\�ì�)VÔ�â

f¶ÿþVÔ�âf�§��âfu)�«�)�&Ò¶½ö&ÿBL/¥�

VÔ��ÊÏÔ�u)-E�)�&Ò"©OéAuVÔ�&ÿ�n«aOµ

éEÅ¢�!m�ÿþÚ��ÿþ¢�"e¡©Oé§���n9¢�?Ð�

?Ø"

1.3.1 \�ì¢�

(a) �.rféCÅ(LHC)\�+� (b) CMS&ÿì

ã 1.4 CERN��.rféCÅ\�+�Ú�þ�CMS&ÿì(ã¡þ5gCERN �Õ)

Fig 1.4 The two-ring of Beijing Electron Positron ColliderII and the Beijing Spectrometer

VÔ�âf�±ÏLpU�K>f-E½örf-E�)§Ïd�
�

.éEÅ�±“)�”VÔ�§duVÔ��~Ø´�Ô�u)p��^§§�

��UþÒ¬�l&ÿì§ÿþéEL§¥���UþÒ´ÿþVÔ��Ã

ã"Xa¬FS�î³ØfïÄ¥%(CERN)��.rféCÅ(Large Hadron

Collider, LHC) [42–44]§��71�üå�f3/e+�¥^=\���½Uþ

�?1éE§-EUþ�L± ?Û�\�ì§±dF"�EÑ±cl�&ÿ

��âf§uy#âf§�y�é¡nØ"?¿�«�é¡âf�uyÑò´

�é¡nØ�kåyâ§?`²WIMP�3��U5"
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1.3.2 m�&ÿ

m�&ÿÌ�´ÏL*ÿVÔ�âfp�-E!�«��)�&Ò§X�

f!>f9§���âf!¥�fÚ³ê��"é&ÿìÿþ����»�

UÌ·\�ùÜ©âf�Uþ?1�O�U4·�m����VÔ��&E§


)'uVÔ�âf�õ�5�"�
ÿþWIMP�«�A§¢�þ�O
�

é³ê��!¥�f¯a�&ÿì§3�»¥|¢ù
âf��u§m�y

¢WIMP��3"m�&ÿ�JÝ3u§�k�«©VÔ�âf�«&Ò��

»¥UN&ÒXóÀ(Ú�g-E�)�&Ò"

PAMELA¢�ÿþ
�>f©êe+/(e++e−)§�Ñ�>f©ê310�100

GeV��S�~�Ñ§ØÎÜ± nØýÏ [45]"2011c§Fermi¥(|^/^

|�A��20�200 GeV ��S�>fÚ>fÌ§1�g�Ñpu100 GeVU

þ�>f©êUÌ§Fermi�(J�þ¡PAMELA ÿþ�(JÄ��� [46]"

ATIC [47]!HESS [48, 49]ÚFeimi [46]°(ÿþ
�K>foUÌ§3Uþpu100

GeV �«mÑuy
�Ñy�§AMSII¢�r�«�>âf�UÌÚUþ��

ÿþ�c¤�k�§Ý§ò�Ñy����ò��350 GeV [50]"ù�y��±

^VÔ�nØ?1)º [51–53]"

�,ØU�1f��ÍÜ§VÔ��«½-E�)��>âfU
�)³

ê��"³ê��Ä��±��DÂ§ØÉ�»�m¥2��3�>^|Z

6§'å�>�»��3
�õ�©�A�&E"EGRET&ÿìuy
�U

�Ñ³ê��3GeVU«k�Ñy� [54]§ù�uy�±�VÔ��«nØ)

º [55]"Fermi��Ñ³ê��*ÿ(JÄ½
EGRET�(Ø [56]"�âFermi�

¢�é³ê��*ÿ�(J§·��Ä�µ�z9Ø(½5§Ä½
�Ñy�

��3§ù«�¹�Ñ'uVÔ�5��r��� [57–62]"

3VÔ�âf&ÿ¥(¢�þ§·Iu�
“×�”VÔ�âf&ÿ¥

((Dark Matter Particle Explorer, DAMPE) [63]§&ÿìlþ e�g��

�ðcN&ÿì
�!7&ÿì
�!BGOþUìÚ¥f&ÿì§�)


42000´>fÆÖÑ§168´pØ>§C8�´&ÿìÏ�§´î8��*

ÿUã�°!Uþ©EÇ�Ð��m&ÿì"§3500Z�pÝ�;�þ�7

/¥$1§�Â5g�»o¡l��pU>fÚ³ê��§ÏL&ÿ�»¥p

Uâf���!>ÖÚUþ5m�Ïé!ïÄVÔ�"2017c“×�”uL
�

#�(J§T¢�±c¤�k�pUþ©EÇÚ$�.Y²Äg��ÿþ�


>f�»��(Cosmic-ray electrons and positrons, CREs)325 GeV�4.6 TeV�

UÌ"¿�3�0.9 TeV ?��ÿþ�
UÌ�$ò [64]§y¢
�cÏLm�
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(a) DAMPE&ÿì(�«¿ã (b) &ÿìå6ÿÁ

ã 1.5 DAMPE&ÿì�(�«¿ãµd��ðcN!7�^&ÿì!BGO¬NÚ¥f&

ÿìo�Ü©|¤"&ÿì�¤�3CERN?1å6ÿÁ§ÿÁ�N5U(ã¡5g [4])

Fig 1.5 Structure of the DAMPE detector: plastic scintillator strips detector, silicon-

tungsten tracker-converter, BGO bars, neutron detector. And the beam test in CERN of

the DAMPE detector (Figures come from [4])

ÿþ���(Ø [48, 49]"

(a) IceCube¢� (b) êi1ÆDaì
�

ã 1.6 IceCube¥�f*ÿÕ§3�1450�2450?§��k86^p���¢þ��SC


5160 �êi1Æ&ÿì�¬ÿþ�Ô�Å1&Ò(ã¡5g%dx"�ÆIceCube¢�

�Õ)

Fig 1.6 The IceCube Neutribo Observatory, 86 strings of 5160 digital optical modules were

installed at depths between 1450 and 2450 meters, used to collect Cherenkov radiation

light signals (Figures come from IceCube website)

3/¡þ§*ÿ¥%�«�)�¥�f&Ò�¢�|^¥�f&ÿì§�

îu/e½ìÉ¥±¶-�»��5��.§&ÿ¥�f3ñ�½&ÿ0�¥

�)�µf5(@WIMP�3"Äu�é¡nØ§�/¥Ð¼�WIMPu)�
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A�)�µf6r�10−14-10−17/cm2·s [65]§d�í¥�f�)��þµ¯~

'§p����þ?§�&ÿ�5é�JÝ"AMANDA(Antarctic Muon and

Neutrino Detector Array) [66]Ú§�1��¢�IceCube [38]¦^H4/e��

�¬X���&ÿìqÔ�§¦^p(¯Ý�¥�f&ÿìÿþVÔ�âf�

«�)�¥�f&Ò"�
;��»��Z6§¦^��/¥��¶-N§�

'5d�4BL/¥!geþ���¥�f&Ò§Ó��§�í¥�f�5

��.¬é��¢��&ÿ�5é�(J"

1.3.3 ��&ÿ

ã 1.7 VÔ���&ÿ�{ÚISþVÔ���&ÿ¢�«¿ã [5]

Fig 1.7 Dark matter direct detection methods and experiments [5]

��&ÿÒ´¦^&ÿì��ÿþVÔ�âf��fØu)-E���

À&Ò"��5`§VÔ�âf��fØ-E�)na&Ò§>l!1fÚ(

f"�ÀØBL��N&ÿì��)>l&Ò§¦^ðcNá���qÔ��

±�)1&Ò"�À�5Uþ¥��Ü©¬±0�¥�:��µ(f&ÒL

y§�±�$§&ÿìP¹"&ÿü�&Ò�Ð?´{z
&ÿì��O!�

EÚ$1§��±ò&ÿì�5���!ü$&ÿK�§":´ØUk��«
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©�.ÚVÔ�&Ò"ù��¢�ISþkéõ§~XCoGeNT [67]!CDEX
[18] �&ÿ�À>l&Ò; DAMA [21]�¢�&ÿ1&Ò¶PICASSO [68]�ÿþ

9&Ò"�
k��«©�.§&ÿì�U
&ÿþ¡n«�À&Ò¥�ü

«§~XXENON100 [69]!LUX [70] ÚPandaX [10] ¢���±Ó�Â81&Ò

Ú>l&Ò¶CDMSII [20] �Ó�ÿþ>lÚ(f&Ò¶CRESST [71]Ó�ÿþ

1&ÒÚ(f&Ò"d	§ØÓ�¢�æ^
ØÓ0��&ÿì§�)ðc

N!ý5íN!��N�"Ø���o(�3ã1.7 [5]¥IÑ"

WIMPâf�ÊÏÔ�u)-E�¯~Ç�6uWIMP�ê�ÝÚu

)�A�-E�¡"duWIMP 3ÕàX¥AO´Õ�Ú'¥�Úåà

8§��X¥�WIMPUþ�Ý�O��»²þ��105�§ρWIMP ∼0.3

GeV·cm−3§��6þ�ϕWIMP ∼0.3ν/Mcm−2·s−1§Ù¥M´WIMP�þ(ü

 GeV)§ν´WIMP��Ý§��10−3c"

VÔ�2��3u·��o±§��X3ÕàX¥±220Z�z¦��Ý

$Ä§z¦�Vk108 �VÔ�âfBL·���N"éuù��“qÔ�”5

`§6Ä�VÔ�k�U��fØu)-E§ù«VÇ4$"b��A�¡

�10−44cm2§�AVÇ�u1/100ú6/U§zUVÔ�âf�U�Ø����

fØu)-E�A"3VÔ�âfu)-E�A��U54$��¹e§zU

�Vk108�5g	.(X�»�!U,��5�.�)��.âf�<NS�â

fu)-E"é'VÔ�&ÒÚ�.&Òu)�VÇ�±w�§&ÿVÔ�&

Ò�JÝ�~�§K����Ò´5g�¸��.-E&Ò"Ïd§�
ø;

�»�Úå��.§¤k�VÔ���&ÿ¢�Ñ�U34��/e?1§�

�þ¡CX�4þ�ñ�½è/¶-�»��."¿�§�
¶-á�¥��

5Ó �Ú�í¥�í�)�Ë�§&ÿì�±�Ï~��ïkéþ�¶-

N"

ü�ÿþ1&Ò�¢�§~X u¿�|Gran Sasso/e¢�¿�DAMA/

LIBRA [21] ¢�§Xã1.8§|^VÔ�âfBL9z?(��)¬N�¬�)

ðc1§¦^1>&ÿì&ÿ1&Ò"¢�¦^
250Z���5�.4$

�NaI(Tl)ðcN��&ÿ0�§�±ò�.Ø�$u1 ppt"9z?¬N¥9

é�þVÔ��g^Ã'�5Ñ�¯a!?é��þVÔ��g^�'�5

Ñ�¯a¶§�1��p§éØ$&ÿì�UþK�k|¶N´��¤�5�

�&ÿì�´�Ï½$1"T¢�Ì�8�´*ÿÕ'VÔ�âfÚu��

.Ã'VÔ�cN�&Ò"�â/¥3ÕàX�$Ä;,§�±íÿÑBL/
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ã 1.8 DAMA/LIBRA&ÿì(ã¡5g�ä)

Fig 1.8 The inner Cu box fullfilled by the DAMA/LIBRA detectors
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ã 1.9 CoGeNT¢�&ÿì9¶-(�(ã¡5g�ä)

Fig 1.9 The CoGeNT experiment and the shield schematic
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ã 1.10 PICASSO¢�&ÿì(ã¡5g¢��Õ)

Fig 1.10 Detector of the PICASSO experiment

ã 1.11 CDMS-II��N&ÿì(Ë�|CDMS�Õ)

Fig 1.11 Semiconductor detector of the CDMS-II experiment
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(Ø´�,vkkå�yây²ùü�¦q¯~5u´WIMP��ØUü

Øù«�U5 [72]"ù�(J��5(¯Ý�Ð�Ù¦¢�¤üØ§��5

�CDMS-II-Si(¦^7&ÿì)(¡uy
�þ�8.6 GeV/c2�¦qVÔ�¯~
[20]"�#�SuperCDMS¢�(JüØ
�cCDMS-IIÚCDMS-II Si¢�uy

VÔ��3��U«� [15, 73]"

ã 1.12  uNìS�CRESST ¤k&ÿ�¬(CRESST¢��Õ)

Fig 1.12 Detector carousel containing all detector modules
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Ã'�-E�A�WIMP�3«�e� [17]"

Ó�&ÿ1Ú>l&Ò�¢�Ì�¦^�z�ý5íN��&ÿ0�§Ð

?3u�z�ý5íNQU�)F1qU
�)>l>f"8cý5íN&

ÿ¢�¥�+kEâ´��.�&ÿì"¦^��.�&ÿì�¢�¥§��
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(a) XENON100 TPC

(b) LUX detector

ã 1.13 XENON100 �mÝK¿ÚLUX &ÿì(©O��A¢���Õ])

Fig 1.13 The TPC of XENON100 and detector of LUX experiment
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ã 1.14 ��.�&ÿìó��n«¿ã [6]

Fig 1.14 Dual-phase xenon detector

�§�)õ�>l&Ò(S2)§ù
A:#N·��â&Ò«©§´5gVÔ�

¯~�´�.¯~"

(a) Ø�À&Ò (b) >f�À&Ò

ã 1.15 ��.�&ÿì¥Ø�ÀÚ>f�À�)�1&Ò!>l&Ò��«¿ã

Fig 1.15 Nuclear recoil and electron recoil signals from dual-phase xenon detector

1.3.4 PandaX¢�

Xc¤ã§C
c§¿�|�DAMA!{I�CDMS-IIÚCoGeNT!�I
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(½

üØVÔ��3«m�c§·�ÑØUúÇ�Ø�ÄVÔ�3ù
«m�3

��U5"ÏL,?VÔ�&ÿ¢�§¦^�5�p(¯Ý!�NÈ�&ÿì

�±òVÔ��3�«m���5�r���"¥I�PandaX¢�§æ^


k?�V���mÝK¿&ÿì&ÿVÔ�§3L��Ac¥��
é��

?Ð"PandaX�Ï¢�´)öÆ¬)Ïml¯�¢�§´��Ø©�ã�

:"

1.4 Ø©SN

Ø©31�Ù�[�0�
PandaX-I&ÿì�(�§cÙ´1>&ÿì�

¡�
���[�`²"���[`²
PandaX-II¢�¥1>&ÿì9�'

Ü©�,?UE"1nÙ?Ø
êâ�þ¢�i�XÚ§TXÚ�é&ÿìÁ

$1L§¥����
¯K§|^¢����êâ¢�i�&ÿì�,
$1

ëê!:iÀ1>�O+�ó�G�§éæ8��êâ?1{ü7��¢�

©Û§(½êâ�Ð�"1oÙ|^�Ï&ÿì$1����êâ§XÚ©Û


1>�O+3��m$1��5ULy§���¯K§\ré1>�O+3

��¢�¥5ULy�Ýº"1ÊÙ|^&ÿì���VÔ�êâ§5©Û&

ÿìS�Ú��¹þ9�5��."���ÙécAÙ�9�ó�SN�
o

(§0�
§�éPandaX¢�½Ù¦aqVÔ�¢���^Ú¿Â¿é�5

�ÑÐ""

— 20 —



1�Ù PandaX¢�

PandaX´Particle AND Astrophysical Xenon experiment(âfÚUNÔn

�&ÿì¢�)�{¡§´|^��m¤£¿(TPC)&ÿì?1VÔ�ÚÃ¥

�fV�©PC��X�ïÄOy"æ^©Ú¢y��ª§mÐp(¯Ý��

�VÔ�&ÿ¢�Ú136XeÃ¥�fV�©PC¢�"Ïd§�Ð&ÿì�¶

-N!	-!�eXÚÚJXXÚ��O8IÑÖ�´�ª�ë?&ÿì§�

k�mÝK¿�SÜXÚ¬ÅÚ,?"2009-2014c�¤��Ï¢�(PandaX-I
[10])´·I1��Äu���VÔ�&ÿ¢�§�2014 cm©§�3?1¥�

�Ï¢�(PandaX-II [74, 75]) ©O´120 ú6Ú500 ú6�VÔ�&ÿ¢�§e

�ÚòÿÐ������VÔ�¢�§m©pØí��136Xe Ã¥�fV�©

PC¢�"

ã 2.1 PandaX¢��{¤9uÐOy

Fig 2.1 Sketch of the PandaX detectors in different phases

2.1 ¥I<¶/e¢�¿CJPL

d�u�ÆÚäªô6�Y>muúiéÜmu�¥I<¶/e¢�

¿(CJPL, China JinPing underground Laboratory) [77, 78]  u¥IoA�øì

ªxg£²<¶ì(ã2.2)S�<¶��¥"����17.5Z�§¢�¿´l�
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Tunnel A

Connect Tunnel

CDEX

PandaX
THU-LBF

2400m

8750m

Jinping
Mountain

Yalong
River

ã 2.2 <¶/e¢�¿ � [76]

Fig 2.2 Location of the CJPL [76]

ã 2.3 ��&ÿVÔ��/e¢�¿�»�6ré' [7]

Fig 2.3 Comparison of Muon flux vs. depth between the main underground laboratories
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�¥m�ìNSm=ï¤"Ïd§��¢�¿þ���2400Z�þ�ñ�CX§

��Y�6720�§´.þî���§�»��Ïþ((2.0±0.4)×10−10/(cm2·s)§
½ö61.7±11.7/(m2·year)) [7] �$�¢�¿(ã2.3)"ìNñ����5�Ù¦

/e¢�¿�C§é'.þÙ¦�Óa.¢�¿§<¶/e¢�¿�U

,¶-Uå´�k¿�å�"d	§<¶¢�¿�±��l��?\§Ø^

�ÄR�$Ñ"8c§3CJPLkü���VÔ�&ÿ¢��3?1§©O

´PandaX¢�ÚCDEX¢� [79]§æ^��ÚpX÷&ÿìùü�c÷&ÿÃ

ã�ÏéVÔ�"

2.2 PandaX-I¢�C�

ã 2.4 PandaX-I¢�¿(�«¿ã

Fig 2.4 Diagram of the PandaX-I laboratory

PandaX�¢�C� uCJPL�Ï�¢��eS§�)¶-N!�eX

Ú!Ì�JXXÚÚ&ÿìùA�Ü©"Xã2.4¤«"á�iÿÕ¦^
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÷&ÿì§Ømä�ÿþ|¤&ÿì�á��¬�."

þ¡J�§<¶/e¢�¿����»�Z6�$§§�3á�S�)�

¥f�.�±�Ñ"�VÔ���ÿþ¢�é�.k4�����¦§�¸¥

Xñ�!�E¢�¿ÚC�¥���5��(X238U§232ThÚ§����5P

C�Ô)�éuVÔ�&ÒE,¬�)ér��.§Ïd§¶-N��3´7
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ã 2.5 PandaX-I&ÿì¶-N(�

Fig 2.5 Structure of the PandaX-I shields

��"ã2.5¥§&ÿì	-(Outer vessel) �¶-N�N��3¥m§��¶

-NlS�	©O´5 f�Ô!20f�à¯L!20f�YÚ40f�à¯Lá�"
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^
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ã 2.6 PandaX-I&ÿì��eXÚ§c¡´Ì�JXXÚ�íNXzì(Getter) C� [8]

Fig 2.6 PandaX-I cooling bus, in front is the getter of the recirculation-purification system

�2gx\S-¥"

&ÿì�µC3ØCgS-¥§Xã2.7"�±w�§�mÝK¿S�uS
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4>4¦þ��{	1f§>4¦^0.2 mm �[j�¤§jmå�5 mm
[80]"

é�þ�10 GeV�WIMPâf§Ø�ÀU���10 keV"�m¤£¿Jø

�¤£>|�þ!¶��&ÿì�1���p§Ò�±òUþK�Ø��$§
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ã 2.7 PandaX-I S-Ú&ÿì«¿ã

Fig 2.7 PandaX-I inner vessel and the detector

ã 2.8 PandaX-I �mÝK¿(Time Projection Chamber)

Fig 2.8 PandaX-I time projection chamber
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(a) ºÜPMT
� (b) .ÜPMT
�

ã 2.9 þe1>+
�§��\�IÑ�teflon ���CX±O\1Â8�Ç

Fig 2.9 Top and bottom PMT arrays, the rest part of the top and bottom plates were

covered by teflon material to increase the light collection efficiency
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1>+�$1G�!5ULyéu¢�(Jké��K�"Äu·�3F~$

1L§¥����«�'PMT�¯K§·�épØ!1>+©Ø.�!ë�Ú

�ÍÜ�Ü©�
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ã2.10´>fÆXÚ�«¿ã"&ÿì�þe1>+
�Â8�m¤£�
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Ò²L10 ���(Phillips 779��ì [82])�?\CAEN V1724êi=�ì [82]"

&ÿìS��k143��=�R8520-4061>+Ú37 �n=�R11410-MOD1>

+§ÏdÅ/æ8XÚ�¹
ü�VMEÅ�§23�CAEN V1724êi=�ì"

Â8.Ün=�1>+&Ò�5 ¬V1724 �Jø�Majority signal(MAJ [9])²
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ã 2.10 PandaX-I >fÆÚêâ¼�XÚ�Ü6«¿ã§Ù¥ùÚJ��>uÜ6 [9]

Fig 2.10 Diagram of the PandaX-I electronics and DAQ system. The red dashed lines

enclose trigger logic components. [9]
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ã 2.11 ã��<¶¢�¿>fÆXÚ§mý�Åeþ�>fÆì�©Ù"�ý�Åeþ

��
4 �1>+�ÍÜC�£4×4U¤!pØÅ�ÚNIM Å�£Phillips��ì¤"mý�

ÅeþÌ�´VMEÅ�£Ü6!Å/æ�ì¤�>fÆì� [10]

Fig 2.11 Photograph of the electronics system in Jinping (left) and a schematic layout of

the rack components (right). The decoupler units (4×4U) as well as the HV supply crate

can be found in the left rack, together with NIM crate hosting the Phillips pre-amplifiers.

The right rack contains the VME electronics and the trigger logic. [10]

ã 2.12 PandaX-II&ÿì«¿ã [11]§�ã�&ÿì¿¡ã

Fig 2.12 Diagram of the PandaX-II detector.
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Ü©O¦^
55�)1>+|¤�/&ÿ
�(�ã2.12)"Ó�§3���CS

-9������¥SC
þe�24|1 =�1>�O+")ö3Æ¬Ïm�

ë�
PandaX-II¢��1>+XÚ�'ó�§±e�ã"

ÏLé�Ï¢�&ÿì�SC!¢S$1L§¥���¯KÚ|^êâé

1>&ÿXÚ5ULy�©Ûo(§·�}Áé1>&ÿXÚ�ÑU?§e¡

òéù
��U?�äN`²"

2.3.1 PMTøØ�ª

�Ï¢�¥§ü«.Ò�1>+Ñó�3�pØ�ªe(1Ò4�/!�

4��pØ)"éu�=�1>+
�5`§ø�>ØÏ~Ø¬�L900 V"�

éun=�1>+5`§�
�yPMT�OÃ§ø�pØI��½31500 V�

m$��p�
"�Ä�.Ü1>+
�¬Eu���¥§ó�>ØLp¬O

\PMT .�!ë�?3��¥�>�VÇlÚ\ÎÜD(¯~"d	§d

u1>&ÿXÚ��´�õ&ÿì�-þ�ý�ëÏìêþk�§·�I�

4õ´�CÏLÓ��ëÏì�	-(ëÏìë��ý�.�S���m�F

ØnØ�=�500 V)§Lp�>Ø¬O\���m�»�VÇ"

(Ü�Ï¢�$1L§¥Ï�pØ�5��«¯K§�Ï�1>XÚ�

O¥§�én=�PMT·�¦^
�K©Ø�Oü´�pØ�´§Xã2.13¤

«"#��Oò1Ê�<4(D5)�/§ÏLÒ4ø�KpØ§�4ø��p

Ø"1Ò4ÚD5�m�>{�52.5 Mohm§�4ÚD5 �m�>{�55 Mohm"

ù�§3n=�1>+�OÃ÷v¢�I¦��¹e§�KpØÑØ¬�

L800 V"Ø+´pØø�XÚ�´Ùë��´§«É�ýépØl�Ï�

�1500 V ü$�800 V±e§��ü$
dupØ�¢��5��«¯KÚº

x"

Äuù«�KpØXÚ§�
�B¢�L§¥éPMT��Ý§·�3¢�

¿éeZn=�PMT3ØÓ�KpØ�½e�Ly�
�[�ÿÁ§�ª·

�ÀJòKpØ�½3∼-650 V§ÏLN�ø���pØ5UCPMT �OÃ"

ù��5§nØþ·��I��´KpØÑÑë�¤kn=�PMT�Ò4§Ó

�z��n=�PMTÑI�Õá��pØø��´±�y§��OÃ(&Ò�

��ê)��"

2.3.2 PMT©Ø.�

'uPMTXÚ�,���U?´�PMTë��©Ø.�"�Ï¢�¥§
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ã 2.13 PandaX-IIn=�1>+©Ø.�>´ã [12]

Fig 2.13 Diagram of the PandaX-II 3-inch PMT base. [12]

R8520-406ÚR11410-MOD1>+©Ø.��{�©O�12.5 MOhmm Ú18.5

MOhmm§z�.��u9õÇ©O�0.05�(ó�>Ø800V�)Ú0.12 �(ó

�>Ø1500V) [6]"éu#�©Ø.�§���<4�m�Ï^©Ø>{�{

�l1 MohmO\�5 Mohm§¦�duPMT.�u9é�e�K�ü$


�5�"

(a) 1=�PMT©Ø.� (b) 3=�PMT©Ø.� (c) ©Ø.�pØë�Þ

ã 2.14 PandaX-II¢�¦^�PMT©Ø.�ÚpØ�Þ [12]

Fig 2.14 1-inch and 3-inch PMT bases and HV elbow pin used in PandaX-II.

ã2.14��Ï¢�¥�=�!n=�PMT.��¢Ôã9pØ�ë�Þ"

ù���Þ�¦pØ��©Ø.��m�ë�G�d�Ï�R�C�Y²§�

ypØ��ë���O�§Ø¬Ï��Cg��å½öë�?�tÄ��ø

á½�>Øû"pØÚ/��©O@þTeflon+±�y§��m�ý�5"�

��¡·�÷^
�Ï¢�ÀJ�cirlex PCB�á§3÷v¢�I¦($§pØ

�ó��¸)�Ó�¦þü$á������5Ú�íÇ"¦^pX÷&ÿì

ÿþ©Ø.����5(JXL2.1¤« [83]"
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L 2.1 PandaX-II�PandaX-II¢�¥1>&ÿì©Ø.��á���5§ü µmBq/pc

226Ra 228Ac 228Th 235U 137Cs 60Co 40K

3= �

. �(�

Ï º/.

ÜPMT)

3.03±0.40 <0.48 0.39±0.28 0.64±0.34 <0.14 <0.10 <3.48

3= � .

�(�Ï.

ÜPMT)

1.14±0.14 <0.29 0.16±0.15 0.37±0.19 0.33±0.08 <0.06 <1.25

1= � .

�(�Ïº

ÜPMT)

0.73±0.18 <0.29 <0.32 <0.18 0.35±0.09 <0.07 <2.44

2.3.3 pØ-&Ò)ÍC�9ÈÅ>´

�c·�J�3PandaX¢�¥§1>+ó�3�pØ��e§¦^��

Ó¶>CDÑpØÚ&Ò§Ïd·�I�pØ- &Ò)Íìò&Ò�pØ©

l"

(a) PandaX-I)Íì>´ã (b) PandaX-I)Íì¢Ôã

ã 2.15 PandaX-I¦^�)Íì>´ã9¢Ô [6]

Fig 2.15 Diagram and picture of the decoupler used in the PandaX-I experiment.

�Ï¢�¥¦^�)Íì�Oë�
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c¡�SC
48�BNC �Þ��&ÒÑÑà!�¡�SC�´48�SHV�Þ

ë�1>+§ý¡´4�DB25�Þë�pØXÚ(SY1527LC�4�A1932AP)"
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�&ÒÅ/¥uy5gupØ>��½ªÇ200KHz �D(§Ïd·�3)

Íì�pØà¦^
n?RC ÈÅ>´§ÏLÀJÜ·�RC�LÈKù«A½

ªÇ�>fÆD("

(a) PandaX-II)Íì>´ã

(b) PandaX-II)Íì¢Ôã

ã 2.16 PandaX-II¦^�)Íì>´ã9¢Ô

Fig 2.16 Diagram and picture of the decoupler used in the PandaX-II experiment.
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2.3.4 Ù�
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(a) PandaX-II8�ì (b) PandaX-II8�ì[!

ã 2.17 PandaX-II¦^�8�ìÚ[!

Fig 2.17 -HV fanout board and its detailed look.
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>fÆKpØXÚJø10�pØÑÑ§²L	!S-�ëÏì��ªë

�3Kapton>´�þ"ù�´KpØ©O²L�g�÷Ñ�´©�8|12´

ÑÑÚ2|7´ÑÑø���110�n=�PMT KpØ"z��÷Ñ�´©O

éA��Teflon �G>C§�O��Teflon�G>C©Oë��éAPMT.

�>´�þ�Ò4Ú/"du¤k110 ´KpØë��ª¬à83�å¿Ï

Lfeedthroughë��	-§�Ä�KpØéA�feedthrough uS-ºÜ§�


�yù
�´Ø¬Ï�å�Ïøá§·�¦^ØCgÚ\òüéAÏ

/C�Teflon��½3S-ºÜ§ù��Teflon�G>CÏLùü�“ F”i

.Teflon���½¿�feedthroughSKyocera 48 �.�ë�"

2.3.5 ÑÑ&ÒÿÁ

·�3¢�¿¦^3=�PMTÿÁ
U?�>´�ÑÑ&Ò"

ã 2.18 S1&ÒÿÁÅ/(J [12]

Fig 2.18 S1-like waveform. [12]

ã2.18�ÑÑ�S1&ÒÅ/"�±w�§3ÌóÀþ,÷�k�����
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ý¢&Ò(S1½S2)�ÌÝ§ù��D(´�±ÏL��Ü·�>fÆK�çØ

�"

ã 2.19 D(ÿÁ(J [12]

Fig 2.19 Waveform of the noise. [12]
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ã 3.1 êâ?n6§µl>fÆXÚæ8êâD4�l�^�¢�?nXÚ§�â?nL

�©�§êâ�þi�é��$1ëê?1i�

Fig 3.1 Data processing: DAQ system gathered data to the realtime off-line analysis system,

then the data quality system provides quality control based on the processed files

ã3.1´êâ6r�«¿ã"^���>fÆXÚ�$1§¿ò¤k�Å/

©���¤�©�?�©�"Å/¢�?n^����?�©�S¤kPMT

��Å/¿3��þ�<Ñ§ø��<
�w"Ó�§ù
�?�©�^gl

>fÆÑÖì=£�l�êâ?n;^ÑÖìþ�°§¿3dÑÖìþrù


�?�©�=���?1êâ©Û�root [84]©�"êâ�þi�XÚÓ�¦

^�©��?�©�Úý?n��root©�§é��&ÿì$1L§¥��

ëê?1¢�i� [85]§±�y&ÿì^|$1Úæ8k��Ônêâ"e¡

©O!Ø�e�þi�XÚéDAQ XÚ!1>+G�9&ÿì5Uùn�Ü

©¥²~Ñy�!'���¯K�iÀÚ��"
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3.1 DAQó�G�iÿ

PandaX-I����VÔ�&ÿ¢�§�¦>fÆ9êâæ8XÚU
3$

þOK�eæ8k��êâ§D(¬éêâ�þ�5é��K�"Ïd§3�

êL§¥§·�I�é5g1>&ÿì�D(§�¸ÚpØXÚ�)�D(?

1î�i�§��ukD(Y²�)���2Ä§�9�?1N�§�y&Ò

�D(Y²�±3��É���±S"d	§3&ÿì�ý�ê�ã§Ï�Ø

ÓV1724�¬�mó�¬Ñy�mØÓÚ¯K§¦�ØÓV1724�¬P¹�ê

âØU3�mþ��éA§�ª¦�ïÑ5�¯~�Ø"êâiÿXÚ��

OÑù«�¯~¿GØ"

3.1.1 V1724æ8¯~�mOà

(a) Aligned events (b) Misaligned events

ã 3.2 �~¯~�TotalHeight�ESumHeight¤�'§�m�Oà¯~�ùü�ëê�m

�'5Ø²w

Fig 3.2 TotalHeight vs. ESumHeight of aligned events is very good while correlations of

misaligned events isn’t clear
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Ø
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Ú(TotalHeight)�M�þ¯~&Ò�ÌÝ��(ESumHeight) �'�§uyk
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ã3.2¤«"nØþ§^��M�þ���êâÑL�
¯~���§AT��

�5'é§'é�L²¯~¥�3�Ø"·�l�?�©�m©é�Ø¯~?
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L 3.1 �~�Ø�~ó��V1724�m�mI\�é'§ó�G��~�V1724�m(�

¬5Ú22)��m�´½�§Ø�~�V1724��~��¬�m��m�¬u)UC"Ù

¥§duV1724¦^32 �?�ê�;�mI\§��mI\´32�1�§éA�´�.

�(int)�“-1”"

Event No. Modual5 Modual6 Modual9 Modual22

34655 1608016900 1608016899 1608016899 1608016898

34656 1612796872 1612796873 1612796873 1612796872

34657 1612813260 1615334839 1615334839 1612813260

34658 1615334838 -1 -1 1615334838

34659 1615371970 1615392761 -1 1615371970

34660 1615392760 1618043265 1618043265 1615392760

34661 1618043266 1618396883 1618396883 1618043266

�u)ù«�¹§ù
�¬¤P¹�¯~��mI\¬���Ø��é>fÆ

�¬#Ð©z"L3.1¥§�Ñ
V172415!6!9Ú22¬��3,g�ê¥

l134655�34661�¯~��mI\"34655Ú34656ùü�¯~¥§ùÊ��

���mI\Ä���§l134656�¯~��§15!22¬���m��mI

\EÎ�±��§�´Ù{�ü�����mI\®²m©·Ï§¿�lù�

¯~m©§ùn�����mI\��´�Ø�(L¥o�N)"

�
l��þ)ûØÓV1724�¬�mÏ�mØÓÚE¤æ8¯~�Ø�

¯K§^�þ¦^V1495 [86]�¬�)��>u&Ò§3�êm©�ã�O¤
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ã 3.3 êâ��Siÿ"��¯~éA�23�V1724�¬P¹��mI\§^�þé�

��¬m��mI\�'�¿P¹üö�m���"��,�¯~éA�23 ��mI

\¥k�é��u)��Cz§@�éAü�V1724 �¬���êâ��'é5§P

�misaligned events¿W\ã¥"�±w�§ã¥¤k¯~���¬m�êâÑ´�m'

é�

Fig 3.3 Event time alignment check

ã 3.4 Å/¥�3�200 kHz�ZD(

Fig 3.4 200 kHz coherent noises in the waveform
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(b) Bottom PMTs

ã 3.5 ºÜÚ.Ü1>+&Ò�D(Y²§�x��Ïk¯K(ë�½D(¯~ÇLp)

'4�PMT§�Ü©��D(Y²Ñ$u0.05 PE

Fig 3.5 Noise levels of top and bottom PMTs, those empty channels are connected to the

PMT which were turned off due to various reasons, noise levels of most channels are less

than 0.05 PE
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Fig 3.7 Baseline levels of top and bottom PMTs, default baseline level is 0
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Fig 3.8 Dark counts of top and bottom PMTs. Average random rates of top and bottom

PMTs are less than 0.3 kHz and 5 kHz. High random rate of the PMT might be caused

by extra light in the TPC or PMT sparking
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ã 3.9 PandaX-II.ÜÚºÜ1>+D(Y²� �©Ù§�x��'4
�PMT

Fig 3.9 Dark rate pattern of the bottom and top PMT array of the PandaX-II detector,

the empty ones are PMTs not in use
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Fig 3.10 Charge distribution of spe-like random pulse from one bottom PMT, fit it with

the Gaussian function
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Fig 3.11 Gain values of the bottom PMTs calculated with normal data in the unit of gain

values obtained from LED calibration. Some PMTs’ gain values are abnormal (too high or

negative values in the figure) due to their low gain which make the fit result unaccurate.
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Fig 3.12 Position distribution shows a hot spot indicating electrodes of TPC was sparking
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ã 3.13 ��¥>fÆ·§î¶�>f¤£�ål§p¶L�
>l&Ò���"¦^�

g�5úª[Üã¥�ç:§ã¥p1�>fÆ·��

Fig 3.13 Electron life time in the liquid xenon, the X-axis is the electron drift time, the

Y-axis indicates the area of ionization signal. Fit the black dots with 1-order polynomial

function, the parameter p1 is the value of electron lifetime
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Fig 3.14 Electron life time evolution in about two weeks, each change was caused by

disfunction of some part of the detector
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Fig 4.3 A typical single photon spectrum of one R11410-MOD PMT with a gain of∼ 2×106.

A combined fit of the pedstal (blue), SPE(green), and double PE (cyan) with the fit range

indicated by the fit curve (red)
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Fig 4.4 Gain vs. supply voltage of R11410-MOD and R8520-406 PMT
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Fig 4.5 The gain history of two R11410-MOD PMTs. Black dots are from a typical stable

PMT. Red squares represent the gain of a PMT with the supplied voltage lowered twice

during the run to avoid excessive dark rate
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Fig 4.6 SPE resolutions of all R11410-MOD (a) and R8520-406 (b) PMTs operated under

normal gain
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Fig 4.7 Random PMT rate vs the anode dark current from Hamamatsu data sheets
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Fig 4.8 Random PMT rate evolution for two neighboring R11410-MOD PMTs; one (red

open square) had a sudden increase but no change was observed in the other (black solid

circle)
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Fig 4.9 Top and bottom PMT random pulse rate pattern of the first type of rate excursions,

the x and y axis are the position of the PMTs in the unit of cm. Squares are the R8520-406

PMT and circles are the R11410-MOD PMT, only random pulse rates of some individual

PMTs are higher than their neighboring PMTs
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Fig 4.10 Top and bottom PMT random pulse rate pattern of the second type of rate

excursions. Most of the bottom PMTs’ random rates are high
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Fig 4.11 Average random PMT rate and the random S1 rate (indicated by legends) in 2

to 30 PE versus time in dark matter data (a) and 60Co calibration data (b). The vertical

scale for the random S1 rates is labeled on the right
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Fig 4.12 Distributions of the afterpulses for a R11410-MOD PMT with high afterpulsing

rate: (a) charge vs. delayed time, each point representing an afterpulse identified after

the primary pulses < 20PE; (b) the delayed time distribution of the afterpulses in the

A3 region with individual ionic components indicated; and (c) charge distribution of the

afterpulses associated with different ionic components (see legend)
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Fig 4.14 Afterpulse probability vs. time for two R11410-MOD PMTs, one typical (a) and

one abnormal (b). The very first data point in each figure is obtained in the gas xenon

run under room temperature. Note that in (b) the scale for Xe+ is indicated on the left

side and the others on the right
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2§ He+§ CH+

4§ CO+/N+
2§

CO+
2 /Ar+§Xe2+ÚXe+ �)�afterpulse

PMT Total

(%)

A1 A2 A3 p1 p2 p3 p4 p5 p6 p7

AVE 1.70 0.38 1.13 0.19 0.05 0.03 0.01 0.02 0.03 0.02 0.02

ZK6307 4.34 0.67 2.43 1.24 0.11 0.06 0.01 0.04 0.24 0.14 0.65

ZK6313 8.97 0.03 4.56 4.38 0.01 0.05 0.04 0.28 0.37 0.64 2.99

KA0019 2.49 0.44 1.30 0.76 0.06 0.03 0.01 0.01 0.11 0.11 0.44

��¥$1�m�O�O\§L²PMTµC�UÑy
¯K§k�¦��

U"

e¡é¢�¥afterpulseÑyVÇ�p�Ê�3=�PMT �äNLy��`

²"3=�PMT3��¥ó�é��ã�m�§�OPMT(5/37)�afterpulsing

¯KC�î§cÙ´Xe+ lf���afterpulseÑy¿Cõ"�
�PMT 3

��¥$1ê����¹�'�§·���Ñ
�Ð&ÿìí��Ý�PMT

�Ly"

4.2.3.1 ZK6313

L 4.2 ?ÒZK6313�1>+afterpulsingÇ9dXe+���afterpulsing �X3��¥$1

�m�O\�)�Cz

ZK6313 Initial state
After running in

LXe for ∼40 days

After running in

LXe for ∼1 year

Total AP rate - 1.64% 4.34%

AP due to Xenon - 0.65% 2.91%

ã4.15Úã4.16©O´T1>+3í�Ú3��¥¦^ê���afterpulsing�

¹"dXe+ ���afterpulse ¸ �33 µs?§dXe+���afterpluse 3��

¥²L��m¦^²wO\
"

4.2.3.2 ZK6307

ã4.17Úã4.18©O´T1>+3í�Ú3��¥¦^ê���afterpulsing�

¹"dXe+ ���afterpulse ¸ �33 µs?§dXe+���afterpluse 3��
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(a) Delay time (b) Delay time vs. charge

ã 4.15 ZK63133í�ÿÁ�afterpulsing¯~ÇÚ&Ò���ò´�m�'X

Fig 4.15 Afterpulsing performance of ZK6313 from the gas xenon run

(a) Delay time (b) Delay time vs. charge

ã 4.16 ZK63133��¥¦^�10���afterpulsing¯~ÇÚ&Ò���ò´�m�'X

Fig 4.16 Afterpulsing performance of ZK6313 after operating in the liquid xenon for about

10 months

L 4.3 ?ÒZK6307�1>+afterpulsingÇ9dXe+���afterpulsing �X3��¥$1

�m�O\�)�Cz

ZK6307 Initial state
After running in

LXe for ∼40 days

After running in

LXe for ∼1 year

Total AP rate - 0.55% 1.24%

AP due to Xenon - 0.25% 0.65%
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(a) Delay time (b) Delay time vs. charge

ã 4.17 ZK63073í�ÿÁ�afterpulsing¯~ÇÚ&Ò���ò´�m�'X

Fig 4.17 Afterpulsing performance of ZK6307 from the gas xenon run

(a) Delay time (b) Delay time vs. charge

ã 4.18 ZK63073��¥¦^�6���afterpulsing¯~ÇÚ&Ò���ò´�m�'X

Fig 4.18 Afterpulsing performance of ZK6307 after operating in the liquid xenon for about

6 months

4.2.3.3 ZK6335
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L 4.4 ?ÒZK6335�1>+afterpulsingÇ9dXe+���afterpulsing �X3��¥$1

�m�O\�)�Cz

ZK6335 Initial state
After running in

LXe for ∼40 days

After running in

LXe for ∼1 year

Total AP rate - 0.19% 0.40%

AP due to Xenon - 0.05% 0.17%

(a) Delay time (b) Delay time vs. charge

ã 4.19 ZK63353í�ÿÁ�afterpulsing¯~ÇÚ&Ò���ò´�m�'X

Fig 4.19 Afterpulsing performance of ZK6335 from the gas xenon run

(a) Delay time (b) Delay time vs. charge

ã 4.20 ZK63353��¥¦^�10���afterpulsing¯~ÇÚ&Ò���ò´�m�'X

Fig 4.20 Afterpulsing performance of ZK6335 after operating in the liquid xenon for about

10 months
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L 4.5 ?ÒKA0019�1>+afterpulsingÇ9dXe+���afterpulsing �X3��¥$1

�m�O\�)�Cz

KA0019 Initial state
After running in

LXe for ∼40 days

After running in

LXe for ∼1 year

Total AP rate - - 0.80%

AP due to Xenon - - 0.46%

4.2.3.4 KA0019

ã4.21´T1>+3��¥¦^ê���afterpulsing �¹"dXe+��

�afterpulse ¸ �33 µs ?"

(a) Delay time (b) Delay time vs. charge

ã 4.21 KA00193��¥¦^�10���afterpulsing¯~ÇÚ&Ò���ò´�m�'X

Fig 4.21 Afterpulsing performance of KA0019 after operating in the liquid xenon for about

10 months

4.2.3.5 KA0018

L 4.6 ?ÒKA0018�1>+afterpulsingÇ9dXe+���afterpulsing �X3��¥$1

�m�O\�)�Cz

KA0018 Initial state
After running in

LXe for ∼40 days

After running in

LXe for ∼1 year

Total AP rate - 0.91% 0.40%

AP due to Xenon - 0.07% 0.11%
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ã4.22Úã4.23©O´T1>+3í�Ú3��¥¦^ê���afterpulsing

�¹"dXe+ ���afterpulse ¸ �33 µs ?§dXe+ ���afterpluse 3�

�¥²L��m¦^Ñy¿�VÇO\"

(a) Delay time (b) Delay time vs. charge

ã 4.22 KA00183í�ÿÁ�afterpulsing¯~ÇÚ&Ò���ò´�m�'X

Fig 4.22 Afterpulsing performance of KA0018 from the gas xenon run

(a) Delay time (b) Delay time vs. charge

ã 4.23 KA00183��¥¦^�6���afterpulsing¯~ÇÚ&Ò���ò´�m�'X

Fig 4.23 Afterpulsing performance of KA0018 after operating in the liquid xenon for about

6 months

4.2.4 &Ò�Ú

·�34.1!JL§�
~�>b>N�5���5�.§·���3
�

��?�<4Ú�4�m�>N"éupU¯~§cÙ´§��S2>&Ò§&
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ã 4.24 ¯~¥>&ÒS2�1&ÒS1 ��'X§ùµ´PMT ó�3�½OÃ(2×106)e�

(J§7:´PMT ó�3$OÃ(5×105) e�(J"�OÃ���§éuUþ�p�¯

~§S2 &Òm©Ñy�Úy�"PMT OÃ�$�§pU¯~�S2 &Ò�5CÐ§�´

é200 PE �mS1 &Ò§duK����^�¥Ï¸�Ç�$��Ï§�3d?k��

���LÀ

Fig 4.24 The mean S2 vs. S1 in PE when all PMTs were operated at the normal gain

of 2×106 (red) and reduced gain of 5×105 (blue). Saturation of S2 signals was observed

in the normal gain data for high energy events. The reduced gain data showed improved

linearity for larger S2, but had a slight “overshoot” for S1 around 200 PE due to a higher

trigger threshold for S2, as well as a lower signal finding efficiency for S1

Ò��5Ý¬C�"ÏLü$PMT �ó�pØ§ü$PMT �OÃ�±Uõù

�¯K§Xã4.24"�PMTOÃ��§3S1&Òpu600 PE �«m(�u�194

keVee)§S2�5ÝC�§PMTÑy
�Ú�¹"

4.2.5 1>+¦^¥��¹o(

3PandaX-I¢�$1¥§.ÜÚºÜ©Ok�´1>+duD(Y²Ø

½�'4§~¦D(´Ï�1>+©Ø.��>Úå"3�.Ü1>+Ú6�º

Ü1>+3$1L§�)�«¯K�Åì'4§Xë�¯K��©Ø.��>

{!>N�Ø�~§pØaä"d	§ºÜÚ.Ü©Ok��1>+3&ÿì

�ÐÒØU�~ó�(íÿduë�¯K��)"�
;�êâ©Û¥Ï&ÿì

1��Ø½�5�¯K§��PandaX-I ���êâ¥§ù13 �PMT �ÖÑ

êâÑ�¶-
"Ï�PMT Åì�'4�Å/©�Ä��{��#§��&

ÿì�N1��3�Ï17.4 Uêâ¥�7.3 PE/keVee ü$�6.0 PE/keVee"
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4.3 PandaX-II¢�¥PMT3¿§�¸e��Ý

lPandaX-I�$1¥·�¿£�§1>+Ø½�D(Y²´¢�$1L

§¥���é�¯K"D(5uPMTSÜ½©Ø.��>§½´TPC>4

�>�)�1f"PMT �ë��kU?�I¦"Ïd§PandaX-II �PMT X

Ú�Ñ
�
�é5�UC"PandaX-I ¥§3=�1>+¦^�pØø>§�


�yOÃ§§��ó�pØ31264 V �1550 V Ø�"PMT!ë�XÚÚp

ØXÚ��mó�3pØe§Ñy¯K��U�p"PandaX-II ¥¦^
V´

�KpØéPMTø>§�yØ��Ó�ü$
��XÚ�ó�pØY²"¦

^ë��\O��double-jacketed KAPTON�O�KAP3 �§�ÍÜC�¦

^
Õá�SHV �ÞJø�pØ"·�3¢�¿¥é#�PMTë�XÚ9^

uPandaX-II¢�¥�Ü©R11410-20 .3=�1>+?1
{ü�ÿÁ"¤k

ÿÁ�1>+�pØOÃ[Ü(J9D(Y²3N¹A¥�Ñ"

4.3.1 R11410-20 PMTpØOÃ�

Positive supply voltage (V)
500 600 700 800 900

G
ai

n

610

710

Fit function: exp(ax+b)

a=0.007, b=9.122

724V (positive)@2e6

ã 4.25 KA0033�pØ-OÃ'X§�XpØ�O\§OÃ¥�ê'Xþ,

Fig 4.25 Gain vs. HV of KA0033

ÏLN�°ÄC�§¦LEDJøPMT�f�1&Ò§Ó�°ÄC��êâ
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æ8XÚJøÓÚ>u&Òæ8Å/êâ"1>+�KpØ�½3-700 V§U

Cø�1>+��pØ5O�ØÓó�pØe1>+�OÃ§l��pØO

Ã�, Xã4.25§[Ü(JXã¥©iÜ©"

4.3.2 R11410-20 PMTVD(
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ã 4.26 KAÚKBX�?Ò�R11410-20.PMT�VD(©Ù

Fig 4.26 Dark rates of KA and KB series R11410-20 PMT
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½�G�"�êPMT²L��m�¦^§Ñy
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¯K§~Xó�pØØ

U½§afterpulsingCõ§D(C�"Ù¥§D(�5�¯K´���"kÜ

©PMTÏ�D(¯KØ�Øã+OÃ§ü$ó�pØ5�±ó�§k�
$�

Ø�Ø��'4±;�D(¯K"ÏL©Û§·�o(ÑD(´dPMT �g

�u)�>y�Ú©ØÄ�!TPC>4�»Úå�"ù
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1ÊÙ KryptonÚRadon�.©Û

éÄu��VÔ�&ÿ¢�§��5DkíN´���.5"Ù¥§
85Kr! 222Rn Ú220Rn ùA«��5Ô�ØU�~5�íNJXC��Ø§u

´§�¬þ!�©Ñ�&ÿì�q«�"duù«��55uq«�§	«

��¶-�éù«�.Ã{k��«�"qÔ��´ÏLé�í�©2��

�§du�í¥¹k�10−17 �85Kr§ùÜ©4Ù�þ���585Kr 3&ÿì

¥ÏLβ PC�)��5�."|¤&ÿì�á�¥¹k238UÚ232Th§ÏL�

�5PC�)�"�íÏLá�L¡�í?\��"éd��585Kr! 222Rn

Ú220Rn �)�$U�.©Û�©�"

PandaX-I¢�¥¦^V��&ÿì§3�mÝK¿&ÿìS§âf?

\�mÝK¿¥§�Ù¥���u)�p�^§�)ðc1&Ò£S2¤§,

�Ü©>l>f3TPC S¤£>|��^e��¡¤£"ù
>f3�r

�extraction>|��^e�.Ñ�¡§3í�¥ÏL>�u1�)>&Ò

£S2¤"

X1�ÙJ9§S1ÚS2�þe1>+
�Â8¿ïÑ�� �&E§�

âüö�m��m�ïÑ1n�&E"3Ø�À&Ò§T&Ò�S1�S2 �

m�'�'>f�À&Ò�'~$§�âù�A:·��±k�«©α�β!γ

&Ò"

�Ù©OÏL3êâ¥ÏéA½�ÎÜ¯~5I½&ÿì�&«�S

�KrÚRn�.Y²"��§¦^üα ¯~éKrÚRn �.Y²��guÿ"

5.1 Kr�.

85KrÏLβPC�85mRb§�Ñ�>f��Uþ�173.09keV§dPC�

�©|'�0.434%" 85mRb UYÏLγPC�½�Ä�§γ Uþ�514keV"
85mRb ��PÏ�1.015µs£éA�PC~êτ �1.47µs¤"·�ÏLÏéù«A

½�β-αò´ÎÜ¯~5I½85Kr3&ÿì¥�Y²"

�
;�ÏéÎÜ¯~¥rS1ÚS2&Ò�Ø�é§·��½ÃØβ�´γ

&ÒÑ3��¥?1ügÑ�§�Ò´��)��S2 &Ò���é"Ïd§

3β-γ ¯~¥§©Okü|S1ÚS2&Ò§éAuβÚγ¯~§�ö��mm�
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=85mRb�PC�m¶,��AÏ�¹´µdu85mRb ��PÏéá§éu,

�gPC§XJ�mm�á��uS2&Ò�°Ý£���2µs¤§@oγ�S2 &

Òké��U¬�β �S2 &Ò·3�å§¦�β-γ ÎÜ¯~¥kü�S1!�

�S2"

Äu±þü«�¹§·���¦βÚγ�S1�m��mm�30.3µs Ú3.0µs

�m¶β �Uþ320keV �200keV�m¶γ �Uþ3300keV Ú700keV �m"

Ù¥§·�|^60Co �Ý&ÿì§¦^§�1.17!1.33MeVγ UþO���&

ÿìéuγ âf�1����2.34PE/keV"Ïd§éuβÚα âf�1���

�2.11PE/keVÚ1.80PE/keV"d	§éuVS2 ÎÜ¯~§·��¦β Úγ &

Ò3PandaX-I &ÿì�>fÑ�&Ò5σ«mS§T«md&ÿì�γ�Ýêâ

��§>fÑ�&Òlog10(qS2/qS1)�¥��L�ª�µ

log10(qS2/qS1) = 0.73× e-qS1/4.27 + 0.33× e-qS1/26.96 + 1.99 (5.1)

Ù¥§σ�0.1345§�3S1���«m§d�Ä�ØC"

5.1.1 85Kr�β-γÎÜ¯~©Û

Äuþ¡�çÀ^�§3PandaX�Ï¤k�80.1U�VÔ�êâ¥é

�16�ÎÜ¯~§eã5.1©O´üS2ÎÜ¯~ÚVS2ÎÜ¯~�Å/"

L5.1�Ñ
¤k16�ÎÜ¯~3PandaX-IVÔ�êâ¥�äN&E"

éù16�çÀÑ�ÎÜ¯~§βÚγ&Ò�m�ò´�m∆t Úål²

�∆L2(∆L2=∆x2+∆y2+∆z2) �©ÙXã5.2 ¤«"duÚOþ�$§·�v

ké∆t ©Ù�[Ü§��´�±wÑ©Ù�PC�mO\©Ùü$"ã5.2(c)

�85Kr PCβ 3&ÿì��m©Ù"�±w�§Ü©¯~8¥3&ÿì�

��!í��.¡"�Ä�Kr �£:£�120K¤'Xe �£:£�165K¤$§
85Kr ÎÜ¯~8¥3í���.¡´Ün�",	§ù�y���U´dÚO

þ�$�¯K���"

5.1.2 |^β-γÎÜ¯~©ÛO�KrY²

3O�Kr3&ÿì¥�¹þ�§duÚOþ$��Ï§·�b�þ¡é

��16�ÎÜ¯~3&ÿì¥´þ!©Ù�§±;�Ï��&«m�çÀ¦

�Kr¹þ $"

�Ä�k�½��U5§ü�©OÏLβÚγ&ÒçÀIO��Å&Ò|¤

��ÎÜ&Ò§·\Kr ¯~¥E¤Ø�"�
�Où�Ø�§·�¦^VÔ
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Fig 5.1 Waveforms of 85Kr β-γ coincidence with (a)single S2 and (b)double S2

s)µDelay time (
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

C
ou

nt
s

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

(a) PC�m

)2 (cm2L∆
0 20 40 60 80 100 120 140 160 180 200

C
ou

nt
s

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

(b) ål²�

)2 (cm2r
0 100 200 300 400 500 600 700 800 900

z 
(c

m
)

-14

-12

-10

-8

-6

-4

-2

0

(c)  �

ã 5.2 85Krβ-γÎÜ¯~(a)β�γmPC�m©Ù§(b)β �γ mål²��©ÙÚ(c) &Ò

3&ÿìS� �©Ù"éuã(b) Ú(c) ¥�kü�S2�¯~§·�¦^S1 � �5(

½éA�β½γ u)� �

Fig 5.2 Distributions in (a)Delay time, (b)∆L2 and (c)spatial of 85Krβ-γ coincidences.

Reconstructed position based on the S1 signal is used in (b) and (c) if there is only one S2

signal tagged in the delayed coincidence
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L 5.1 16�85KrÎÜ¯~�äN&E"

No. run file event Eβ (keV) Eγ (keV) ∆t (µs) nS2

1 6329 0008 12518 124.5 717.9 1.98

2 6397 0012 14935 285.7 657.4 0.31

3 6500 0026 43617 38.4 907.6 0.35

4 6967 0083 146293 43.1 415.5 1.05 1

5 7033 0067 113197 189.7 336.4 1.05 1

6 7195 0038 57812 23.4 307.2 0.50 1

7 7473 0158 186062 171.5 692.6 0.32 1

8 7553 0018 35816 121.2 642.5 1.17 1

9 7559 0021 55051 167.3 639.3 0.37 1

10 6882 0037 54052 167.6 523.2 0.55 2

11 7178 0046 77211 38.6 615.7 1.97 2

12 7420 0019 41250 151.4 313.2 0.78 2

13 7468 0340 448252 102.8 499.0 0.51 2

14 7506 0330 648139 124.6 395.0 0.51 2

15 6903 0055 92139 153.0 344.7 2.99 3

16 7307 0030 44231 61.0 436.8 0.75 3

�êâÚÓ��çÀ^�§O�
aqβ Úaqγ &Ò�¯~Ç§©O�0.24

Hz Ú0.4 Hz"Ïd§3Ó��ÎÜ�mI�£0.3-3.0 µs¤S§§�/¤��Å

ÎÜ¯~Ç�2.3×10−2 �/U§380.1 U��ê�m¥o�¬�)1.8��ÅÎ

Ü¯~"

3�Kr�β-γÎÜ¯~©Û¥§·���¦^
n�çÀµβ Úγ �U

þÀJ§ò´�m�ÀJ"·�|^PandaX-I ��Akâ£MC¤�[5�

Oùn�çÀ^��5��Ç¯K"Ù¥§β ÚγUþI��çÀ�Ç©O

´88.8%Ú72.9%"éuò´�mI��çÀ�Ç5`§·��¦β Úγ 3&ÿ

ìS�ÈUþ�cJe§üö��mò´ÎÜ^�"duk��&ÿìNÈ§

�Ü©γ ¬<ºÑ�§¦���o�ò´�mçÀ�Ç�56.2%"Ïd§o�

çÀ�Ç�36.4%"

&ÿìS�Kr¹þde¡�úª5.2��µ

N85 =
Ndata

εcut ·BR · (T/τ)
, NKr = N85/f (5.2)
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Ù¥§N85´
85Kr�ê§NKr´Kr�ê§f´85Kr�´Ý£2×10−11¤"Ndata´3ê

â¥é��β-γÎÜ¯~oê£16 �¤§εcut´o�çÀ�Ç£36.4%¤§BR´β-

γ PC��©|'£0.434%¤§T´o�VÔ��ê�m£80.1 U¤§τ´85Kr

�²þÆ·£1.47µs¤"�âúª5.2§85Kr�êþ��£6.4±1.8¤×105§½Xe

¥Kr �f¹þ�58±16 part per trillion (ppt)"

3ù�Kr¹þ�Ä:þ§·�¦^MC5O�Kr3VÔ�$U«m£0.5-5

keV¤�z��.Y²§(J�2.2±0.6mDRU£mDRU=10−3evt/day/kg/keV¤"

·�é��ù
ÎÜ¯~��m©ÙXã5.3 ¤«§�±w�§�mþvkÑ

y²w�Õ�«O§�±�äKr�¹þ��m¿Ã'é"Ïd·��½§Kr

¿�3&ÿì$1L§¥d	Ü¦\§´d&ÿìSÜ�)"
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Fig 5.3 Time distribution of delayed coincidence events from Kr decay

5.2 222Rn�.

222Rn´d238UPCó�)§��5u�í¥½öd&ÿìSÜ���

5,�L¡�í" 222Rn �PC�ªXã5.4¤«"PC�)�α¬3éá�´

»SrUþ�Èe5§Ïd�)�>féN´#(Ü§¦����S2/S1 '

~ü$éõ§ù�A:4·�éN´rêâ¥�αGØ"Ó��§duβ �U

Ì´ëY�§´222Rn E¤�$U�.�5"�Ä�¢�$1�m���

u210Pb c����PÏ§·�@�3210Pbc�PC��
²ïG�§Ïd·

��±ÏLO�210Pb cPC���¹þ5��222Rn3&ÿìS�¹þ"

�âã5.4¥���5����PÏ§·��±¦^214Bi-214Po ù�P

CL§5��222RnY²"é214Bi-214Po ù�ò´ÎÜ¯~5`§β ���
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Rn-222 decay chain
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Fig 5.4 222Rn decay chain
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Fig 5.8 Distributions of (a)S1 and (b)S2 of β from BiPo2E candidates in clusters A and

B, log10(S2/S1)VS.S1 of βs in (c)cluster A and (d)cluster B, and position distribution of

candidates in clusters (e)A and (f)B
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L 5.2 BiPo1E¿�¯~í�"3ØÓ¤£�me§2!3 �©O�é��BiPo1E ¯~ê!

§��P~�m∆t��ÚT��320-100 µsS¤Óz©'§4!5 ��¿�¯~¤3�∆t

��ÚT��320-100 µs S¤Óz©'!í�Ñ¿��¯~ê

zβ (µs)
detected

event
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Sum

(0,10] 152 [20-100], —– —–, —– 0 152.0

(10,20] 80 [25-100], 0.244 20-25, 0.019 6.3 86.3

(20,30] 91 [20-25] & [35-100], 0.226 [25-35], 0.037 15.0 106.0

(30,40] 107 [20-35] & [45-100], 0.228 [35-45], 0.036 16.8 123.8

(40,50] 144 [20-45] & [55-100], 0.229 [45-55], 0.034 21.5 165.5

(50,60] 214 [20-55] & [65-100], 0.231 [55-65], 0.033 30.4 244.4

(60,70] 314 [20-65] & [75-100], 0.232 [65-75], 0.031 42.5 356.5

(70,80] 675 [20-75] & [85-100], 0.233 [75-85], 0.030 87.2 762.2

(80, -] 1910 [20-85] & [90-100], 0.249 [85-90], 0.015 112.0 2022.0

Total 3687 - - 331.7 4018.7

5.2.3 |^BiPoÎÜ¯~O�222Rn�.

(ÜÏLBiPo2E�{é��3732(FV¥1118)�¯~ÚBiPo1E�{é�

�4018.7(FV¥935.7)�¯~§·��±��§�3��&ÿì9FVS�P

~�m©Ù(ã5.14)§¿^�ê¼êé©Ù?1[Ü"ã¥�cü�bin �'[

Ü(J p§�éo�êâþ5`Ú\�Ø�Ø�§�kA�z©:§�±

�ÑK�"[Ü(J©O�229.9 µs Ú250.3 µs§214Po�ý¢PC~ê�240.1

µs§[Ü(J�ý¢�ÎÜ��Ð"��§·�ÏLé[Ü����ê©Ù

30-∞ �m��SÈ©�O222Rn�¹þ"

�âBiPo2EÚBiPo1E¯~§ÏLÈ©[Ü(J��222Rn¯~Ç3L5.4�

Ñ"ó,ÎÜ¯~Ç�O��{aqu5.1.2§�éu222Rn ¹þ5`�±�Ñ

ØO"çÀ^���ÇÓ�ÏLMC�Ñ"éBiPo2E ÚBiPo1E ��mçÀ�
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L 5.3 FV¥BiPo1E¿�¯~í�"3ØÓ¤£�me§2!3 �©O�é��BiPo1E ¯

~ê!§��P~�m∆t ��ÚT��320-100 µs S¤Óz©'§4!5 ��¿�¯~

¤3�∆t ��ÚT��320-100 µs S¤Óz©'!í�Ñ¿��¯~ê

zβ (µs)
detected

event
∆t range (µs) and prob.

∆t range (µs)

and prob.

missed

event
Sum

(10,20] 37 25-100, 0.244 20-25, 0.019 2.9 39.9

(20,30] 31 [20-25] & [35-100], 0.226 [25-35], 0.037 5.1 36.1

(30,40] 38 [20-35] & [45-100], 0.228 [35-45], 0.036 5.9 43.9

(40,50] 83 [20-45] & [55-100], 0.229 [45-55], 0.034 12.4 95.4

(50,60] 110 [20-55] & [65-100], 0.231 [55-65], 0.033 15.7 125.7

(60,70] 150 [20-65] & [75-100], 0.232 [65-75], 0.031 20.3 170.3

(70,80] 376 [20-75] & [85-100], 0.233 [75-85], 0.030 48.4 424.4

Total 828 - - 111.2 935.7
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ã 5.14 BiPo2E ÚBiPo1E¤k¯~3(a)��&ÿìÚ(b)FVS�P~�m©Ù9�ê[

Ü(J

Fig 5.14 ∆t distributions of BiPo2E and BiPo1E coincidences in the (a)whole detector and

(b)FV, fitted exponential functions are also given
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L 5.4 FVS222RnY²

Method BiPo2E BiPo1E Combined fit

∆t cut acceptance 26.4% 26.3% 100.0%

Eβ cut acceptance 98.2% 98.2% 98.2%

Eα cut acceptance 100.0% 100.0% 100.0%

Branching ratio 99.98% 99.98% 99.98%

Event No. 1118 935.7 3618

222Rn level
0.79 mBq 0.66 mBq 0.68±0.14 mBq

14.7 µBq/kg 12.3 µBq/kg 12.5±2.4 µBq/kg

PC��m:ÎÜ&ÿì�VÔ��ê�m�ãò¬�P��.¯~"�â

L5.4 ¥�Ñ�222Rn 3FV S�¹þ(0.68±0.14 mBq)§L5.5 �ÑÙPCL§

¥éPandaX-I ¢��$U«�.�ÑÌ��z���"

L 5.5 FVS222Rné�.��z

Isotope Background (mDRU)
214Pb 0.17
214Bi 0.002
210Pb 0.07
210Bi 0.02
218Po 0.002

Total 0.26±0.05

5.3 220Rn�.

220Rn´232ThPCó��Ô§§��PÏ�55¦§PCóXã5.15¤«"

Ù¥§kü����PC�±^5�ò´ÎÜ©ÛlO�220Rn�êþµ
212Bi-212Po(β-α)Ú220Rn-216Po(α-α)"212Bik64.06%��U5?1βPC§�Ñ

�β ��Uþ�2.25 MeV"�)�212PoØ½§ÏLαPC¤�½�208Pb§

αUþ�8.78 MeV§�PÏ´0.3 µs"éu,�«ò´ÎÜPC220Rn-216Po§
216Po��PÏ�0.14 s§ 220RnÚ216Po �Ñ�αUþ©O�6.29 MeVÚ6.78

MeV§Ï�216Po�PÏ��§220Rn Ú216Po ¯~Ø¬�>fÆP¹3Ó�

�Å/¥"
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Rn-220 decay chain
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Fig 5.15 220Rn decay chain

aq222Rn¥�BiPo1E©Û§éu212Bi-212Po β-αò´ÎÜ§212BiÚ212Po�
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3ØÓ�¯~¥§·��¦z�¯~���3��S2&Ò"

þ¡�9��UþçÀÑ´�â60Co�Ý���&ÿì�1��§ÏLS1

&����β ½öα &Ò�Uþ"

5.3.1 212Bi-212PoÎÜ¯~

²LÐÚçÀ§��
736�β-αÎÜ¯~(117�3FV¥)§ù
¯~�β

Úα&Ò3log10(S2/S1)e�©ÙXã5.16¤«"�±w�§212Po�©Ù�214Po�

aq§kü�©m�+§©OéAu©Ù3&ÿìÒ4ÚÌN¥�¯~"|^

úª5.3,·��±¦^S1ÚS2ï212Po�Uþ§ëÓβÚα�m�ò´�m∆t§

x�ã5.17"du212Po��PÏ�k0.3 µs§S2&Ò°Ý��k2µs, ¦�é

��212Bi-212PoÎÜ¯~¥αÚβ�S2&ÒéN´ÜU\���S2§Ïdï

�212Po �Uþ puý¢�8.78 MeV"d	§Ï�ÚOþ�$§ÏL[Ü�
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��212Po�P~�m~ê�0.64 µs§puý¢�0.43 µs"
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� �©Ù

Fig 5.16 log10(S2/S1) vs. S1 distributions of 212Bi and 212Po, and position distributions of

clusters A and B of 212Po

5.3.2 220Rn-216PoÎÜ¯~
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Fig 5.17 Distributions of reconstructed energy and decay time of 212Po
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Fig 5.18 log10(S2/S1) vs. S1 distributions of 220Rn and 216Po
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Fig 5.19 Reconstructed energy distributions of 220Rn and 216Po candidates
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Fig 5.20 Distributions of ∆t and ∆L2 between 220Rn and 216Po
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Fig 5.21 Reconstructed energy distributions of 220Rn and 216Po
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Fig 5.22 Position distributions of 220Rn and 216Po
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L 5.6 FVS220RnY²

Method 212Bi-212Po 220Rn-216Po Average

∆t cut acceptance 40.1% 77.9%

Eβ(α) cut eff. 95.7% 100.0%

Eα cut eff. 100.0% 100.0%

Branching ratio 64.06% 100%

Event No. 117 915

220Rn level
0.09 mBq 0.21 mBq 0.15±0.06 mBq

1.6 µBq/kg 3.9 µBq/kg 2.7±1.1 µBq/kg

L 5.7 FVS220Rné�.��z

Isotope Background (mDRU)
212Pb 0.11
212Bi 0.02
208Tl 0.001

Total 0.13±0.06

í��z��&E�dS1 ÚS2&Ò�m�í�Ñ�z ÎÜ§ù�U
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(c) Corrected S1 vs z
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(d) Corrected S1 vs r2

ã 5.23 üα¯~S1ézÚr2�?�§ã¥¯~3r2þ�©Ù´duPMT 
�� ����

Fig 5.23 Correction of single α event S1 to the z and r2 in the FV, structure along the r2

is an reconstruction artifact due to PMT placement

L 5.8 �âüα¯~���Radon¹þ§z����Ø�déA�[Üëê�Ñ(¡10%)"

éu214Po§du§��PÏ��§ÀJ^���
ü�α¯~¬é214Po�Ïé�)�½

�Ã�Ç§O�§éA�¹þ�k?�ù�Ã�Çëê

Decay chain Isotope Eα,expected (MeV) Eα,data (MeV) Radon rate (mBq)

222Rn

222Rn 5.49 5.59 3.9
218Po 6.00 6.02 2.8
214Po 7.69 7.69 0.28

220Rn

220Rn 6.29
6.47 0.9

216Po 6.78
212Po 8.78 8.58 0.06
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ã 5.24 üα¯~UÌ§¦^õpd¼ê?1[Ü§ã¥çJ�L²
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ùÚî�I�ï�αUþ

Fig 5.24 Single α spectrum fitted with multi-Gaussian function. The vertical dotted lines

indicate the peak positions, the upper x-axis in red is the reconstructed α energy

5.5 �(

�Ù·�|^PCó¥�|^�ò´ÎÜ¯~5O�PandaX-I&ÿìS

�Ú��¹þ"|^MC�[§�ª85Kr! 222RnÚ220Rn�z��.©O´2.0

±0.6§0.32±0.06Ú0.13±0.06 mDRU"��cuL�(J [1]�'k����É§

Ì�´Ï�ùp¦^
U?��MC �[§§S¥�
�[ý¢�^�©Û§

V\
200 ns�&Ò©E�m�¦§±9�¦�[§S3�Ó�$1�mSþ

!�V\��5âf"Ïé���.¯~3�mþ©Ùþ!§L²§�Ø´5

gu�¸¥¦\&ÿìSÜ�¯~",	§·��ÏL[Ü�.¯~�ü1f

UÌ5(½éAUþ���5âf¹þ"�´du�Ï&ÿì�Uþ©EÇ

Øp(3222Rn�Uþ¸?§©EÇ�2.82%)§3238U Ú232Th PCó¥�)

�αâfk
Uþé�C(X218Po(6.00 MeV)Ú212Bi(6.06 MeV))§Ïd|^ò

´ÎÜÏé��.¯~��O(�
§ù�´·�vk¦^üαUÌ�{�O

�ª�.Y²��Ï"
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18Ù PandaX-IÔn(JÚÐ"

6.1 PandaX-I(J

PandaX�Ï¢��Ì�8I´u�dISþÙ¦¢��w��þ310

GeV/c2 NC��VÔ�&Ò§ïE�^u��ã�¶-N!�eXÚ!JX

XÚÚ	-§���ã�,?!�¤�!È\²�"ÏLPandaX�Ï¢�§

·�ïÄ
&ÿì�Ôn5U§ÏL�«���Ý&ÿì5Uµ¦^³ê�

�ÿþ&ÿì�1��!Uþ©EÇÚ&ÿì��þ!5§¦^¥f�

Ý&ÿì�Ø�À&Ò"¦^³êÚ¥f©O�[�.ÚVÔ�&Ò§ï

Ä&ÿìé§���A�¹"PandaXI¢�$1Ïm§TPCJø
667 V/cm�

¤£>|"¦^¥f�Ýêâ§|^40 keVéA�¸�§��&ÿìéu1

&Ò�1���4.2 PE/keV§��u":|eé122 keV Uþ�³ê1��

´6.0 PE/keV§0uXENON100(3.9 PE/keV)ÚLUX(8.8 PE/keV) [13, 14]"�

��
80.1 Uk��mÚ54 ú6�þ����ªVÔ�êâ"

Äu���VÔ�êâ§�ªÏL¤k^�çÀ^��¯~k542�"3

VÔ�&Ò«mS§üØK>f�À¯~§k7�¯~3Ø�Àêâ¥��±

e§Xã6.1¤«"�âá�iÿÕé&ÿìS�«á����5Y²ÿþ9

�Ø©¥�Ñ�85Kr§222RnÚ220Rn¹þ§PandaX-I¢���.Y²XL6.1¤

«"�[Ú�.êâ©Û�ÑÓ�«mS��.¯~k6.9 �§Ïd·�¿v

k3PandaX-I¢�¥&ÿ�VÔ�¯~"ù�(ØØ|±�
Ù¦(²é�¦

qVÔ�&Ò�¢�(J"

ÏL¦^��q,¼ê[Üêâ§��ØÓ�þWIMPâf�)�^�g

^Ø�'Ñ��¡'X"�VÔ�âf�þ327.5 GeV/c2 �§VÔ���f

Ø-E�A�¡þ��4.1×10−45cm2"PandaX-I �êâ©Û(JL²§éu

�þ�u7 GeV/c2 �WIMP âf§'superCDMS ¢�Â;
§�U�3�«

�¶éu�þ�u5.5 GeV/c2 �WIMPâf§�Ñ
���Ð�(J§y²


��.��&ÿì��&ÿVÔ�âf�5U§Xã6.2"ÏL�Ï¢�§·�

lÃ�k§È\
éõ²�§�e��ã�VÔ�¢�Jø
ã���æ"
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ã 6.1 542�¯~3log10(S2/S1) vs S1e�©Ù"7ÚJ�m´>f�À&Ò�2σ«m§

¥�^7Ú¢�L«"ùÚ¢��Ø�À&Ò�¥�§ùJ��éS2 &Ò�½��u300

PE�^�"�ÚJ��éAØ�ÀUþe(�Ú�)���U�"É(´ uØ�À¥��

±e�VÔ�ÿÀ¯~ [1]

Fig 6.1 The band of log10(S2/S1) versus S1 for the dark matter search data. The ER band

is indicated by the blue solid line (median) and the sashed line (±2σ). The median of the

NR band is indicated as the solid red line. The dashed magenta line is the 300 PE cut on

S2. The green stars represent events below the NR median. The gray dashed lines are the

equal energy lines with NR energy indicated in the figures. [1]

6.2 Ð"

ÏLPandaX-I¢�§·���
éÐ�¢�(J§�y
V��&ÿì3

&ÿWIMPâf�r�Uå"3M�!^��¡·��
�þ&¢�È\
´

L�²�"�Ï¢�|^
�õ�þ���!¦^
�½�>fÆ�OÚ�

$��5�á�§��u�Ï¢�5`§Ø=&ÿ(¯Ý�p!�.�$!5

U�¬�\½"
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L 6.1 Fiducial volumeSVÔ�,�U«(0.5-5 keV)SýO��.Y²§ü ´10−3

evt/day/kg/keVee
[1]"

Source background level

Top PMT array 4.7±2.3

Bottom PMT array 2.3±1.5

Inner vessel components 3.8±2.2

TPC components 1.9±0.9
85Kr 2.6±1.2

222Rn and 220Rn 0.5±0.2

Outer vessel 0.9±0.6

Total expected 16.7±3.9

Total observed 23.6±3.5

ã 6.2 390%�&«me§PandaX-I¢��Ñ�VÔ�g^Ã'-E�¡þ�§ã¥�

�Ñ
Ù¦¢��(J: XENON100 225U [13]!LUXÄ�(J [14]!SuperCDMS [15]!

DarkSide [16]! CRESST-II 2014 [17]! CDEX 2014 [18]¶CoGeNT 2014 [19]! CDMS-II-

Si [20]!DAMA/LIBRA [21]ÚCRESST-II 2012 [22]�é' [1]

Fig 6.2 The 90% c.l. upper limit for spin-independent isoscalar WIMP-nucleon cross section

from the PandaX-I, results from other experiments are also given to make comparison
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Äu1>+��5§ØÓuêâ�þi�^�|^F~êâ�é1>+

�ó�G��iÿ§z±·�Ñ¬|^LED1éz��1>�O+�°(�

�Ý§�Ï·�
)1>�O+�OÃ!éA��Ä�ÚD(Y²§¿r�Ý
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L 7.1 PandaX-IÑy¯K�1>�O+Ï�?Ò9éA�¯K{ã§©Ø.��o{�Ú

>N�©O^RÚCL«

Channel

No.

method problem

1-inch

PMT

10602 turn off base was broken at the beginning

22206 turn off base was broken at the beginning

10500 turn off C of the base is incorrect

11004 turn off dark rate is high

11306 turn off R and C of the base are incorrect

11401 turn off R and C of the base are incorrect

11405 turn off cannot hold HV

21801 turn off R and C of the base are incorrect

21804 turn off “dead” after applied too high voltage

10305 lower supply HV bad performance at normal supply HV

10700 lower supply HV bad performance at normal supply HV

21705 lower supply HV bad performance at normal supply HV

3-inch

PMT

22102 lower supply HV bad performance at normal supply HV

22103 lower supply HV bad performance at normal supply HV

22306 lower supply HV bad performance at normal supply HV

22307 lower supply HV bad performance at normal supply HV

22402 lower supply HV bad performance at normal supply HV

22404 lower supply HV bad performance at normal supply HV

22003 turn off dark rate is high

22007 turn off C of the base is incorrect

22200 turn off R and C of the base are incorrect

22202 turn off “dead” after replaced the HV module

�Ø�À&ÒéJ�VÔ�âf�)�Ø�À&Ò«©§d	§duβPC�

)�Uþ´��ëYÌ§Ù¥$Uã��.�¬éPandaX-I�VÔ�,�Uã

�5�.K�"�
Ýº&ÿìSdùn«��5íN�5��.§·�¦

^
PCó¥�ò´ÎÜ¯~5�½&ÿìSéA��5íN�¹þ"d	§

�
é©Û�(J��y§·��¦^
αUÌ5íÿéA���5Ô��¹

þ"
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���J�´§duβÚαPC¬�)�>lf§3TPCS>|��^e

¬�éA�>4¤£"Ïd·�*	��ò´ÎÜ¯~3&ÿìS� �©Ù

´Øþ!�§=kéõ¯~´à83>4NC"

du�Ï&ÿì�Uþ©EÇ��§ØUlαUÌpO(�«©Uþ�C

�©Ù§Ïd§·�ÀJ�âò´ÎÜ©Û5í���5íN¹þ(�Ñ�>

lfáN3>4þ�����)"duMC�[¥ëê�Ñ�UC§Ø©¥�

Ñ
85Kr§222RnÚ220Rn 3fiducial volume ¥E¤��.�z©O�2.0±0.6!

0.32±0.06Ú0.13±0.06 mDRU§�éu�Ï�ªuL�(J [1]kÑ��eü"
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N¹ A R11410-20 PMT¢�¿�Ý(J

eL�R11410-20.PMT3¿§�¸eOÃ9D(�ÿÁ(J"

L A.1 R11410-20 PMT�OÃ9D(Y²"L¥§Q.E.�dHamamatsuLü�Ñ§par1

Úpar2 �¦^¼êepar1×x+par2[ÜPMTpØOÃ��(J

S.N.
Gain@+700V

(×106 e−)

Q.E.

(%)

HV@5×106

(V)

Dark Rate

(kHz)
par1 par2

KA0030 3.80 32.40 747 1.5 0.0070 10.19

KA0033 3.59 30.00 757 1.1 0.0069 10.16

KA0040 5.53 30.90 694 3.2 0.0072 10.40

KA0043 2.46 32.60 812 2.0 0.0068 9.90

KA0052 5.95 31.90 676 0.9 0.0077 10.25

KA0053 5.74 32.10 682 4.8 0.0080 9.96

KA0056 5.37 32.00 690 4.1 0.0075 10.25

KA0061 4.27 36.00 764 0.8 0.0035 12.72

KA0062 4.43 36.20 760 1.4 0.0035 12.77

KA0113 2.61 34.00 902 2.8 0.0036 12.20

KA0114 3.65 35.50 732 2.4 0.0087 9.04

KA0116 3.05 35.50 768 2.3 0.0078 9.41

KA0117 3.20 35.90 766 6.5 0.0069 10.15

KA0127 2.37 32.60 798 3.3 0.0075 9.45

KA0128 2.50 32.70 810 1.9 0.0065 10.17

KA0129 2.40 33.10 817 2.9 0.0059 10.62

KA0130 2.63 32.20 771 1.3 0.0083 9.01

KA0132 3.20 32.10 772 1.8 0.0068 10.20

KA0133 2.83 32.50 793 1.5 0.0066 10.18

KA0137 2.49 33.00 810 2.0 0.0064 10.26

KA0138 2.42 34.80 816 1.6 0.0063 10.27

KA0142 3.24 35.50 757 1.0 0.0073 9.92

KA0144 2.01 35.40 828 2.1 0.0071 9.55
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S.N.
Gain@+700V

(×106 e−)

Q.E.

(%)

HV@5×106

(V)

Dark Rate

(kHz)
par1 par2

KA0145 2.00 35.60 827 2.7 0.0072 9.49

KA0146 2.41 34.80 797 1.6 0.0075 9.44

KA0147 2.22 34.90 809 2.7 0.0074 9.42

KA0148 2.24 33.80 818 2.2 0.0083 8.67

KA0149 1.94 32.30 831 1.9 0.0072 9.42

KA0152 1.70 32.90 874 4.0 0.0063 9.89

KA0154 1.90 32.60 835 2.2 0.0075 9.12

KA0156 2.92 30.70 783 1.1 0.0072 9.77

KA0158 4.05 30.30 733 8.7 0.0066 10.56

KA0159 2.89 32.60 784 1.6 0.0070 9.91

KA0162 2.84 32.50 773 1.6 0.0077 9.50

KA0163 4.15 34.10 731 3.4 0.0067 10.50

KA0164 2.93 30.90 772 1.5 0.0073 9.75

KA0165 3.15 31.50 777 1.7 0.0068 10.15

KA0166 2.70 32.10 788 1.2 0.0070 9.93

KA0169 2.94 35.70 777 4.3 0.0072 9.84

KA0172 2.58 34.10 792 1.4 0.0071 9.77

KB0363 1.56 38.78 878 2.1 0.0065 9.69

KB0364 1.78 37.76 861 1.9 0.0065 9.83

KB0365 1.56 41.26 899 5.8 0.0058 10.16

KB0370 2.66 30.40 804 1.3 0.0061 10.49

KB0371 2.38 35.14 823 0.0060 10.46

KB0372 2.04 36.03 838 2.0 0.0066 9.86

KB0373 3.84 35.05 745 2.1 0.0069 10.29

KB0374 3.47 34.36 759 2.0 0.0065 10.49

KB0375 2.97 34.96 786 3.3 0.0067 10.15

KB0376 5.32 35.49 701 1.7 0.0078 9.96

KB0377 3.65 36.31 741 1.9 0.0076 9.82

KB0378 3.59 37.85 752 2.9 0.0061 10.84

KB0379 4.65 37.77 721 6.8 0.0070 10.35

KB0380 4.12 37.18 723 1.4 0.0080 9.60

KB0381 4.20 35.93 728 1.4 0.0064 10.76
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S.N.
Gain@+700V

(×106 e−)

Q.E.

(%)

HV@5×106

(V)

Dark Rate

(kHz)
par1 par2

KB0382 4.36 35.82 722 1.3 0.0062 10.94

KB0383 2.37 35.30 821 5.1 0.0059 10.55

KB0384 2.02 36.00 840 1.9 0.0065 9.93

KB0385 4.52 33.50 716 6.8 0.0063 10.92

KB0386 2.61 36.28 797 6.1 0.0070 9.84

KB0387 4.56 35.76 712 2.5 0.0074 10.15

KB0389 3.99 31.54 729 7.6 0.0076 9.85

KB0391 3.83 30.64 745 5.0 0.0071 10.13

KB0393 3.53 30.78 749 4.9 0.0070 10.15

KB0397 5.20 34.25 688 1.3 0.0060 11.26

KB0399 3.46 37.58 768 1.6 0.0066 10.34

KB0401 1.60 32.97 884 3.6 0.0061 10.02

KB0402 1.40 30.14 889 4.1 0.0069 9.27

KB0404 1.55 32.08 898 6.2 0.0059 10.16

KB0406 1.48 32.90 904 3.0 0.0061 9.91

KB0408 3.46 34.16 744 1.7 0.0055 11.30

KB0409 1.73 34.36 872 4.9 0.0069 9.40

KB0410 2.75 32.51 795 6.7 0.0066 10.15

KB0411 2.05 34.90 843 1.2 0.0066 9.88

KB0412 1.57 35.93 890 2.9 0.0061 10.01

KB0441 1.46 30.49 900 9.6 0.0062 9.82

KB0442 1.77 30.83 853 5.9 0.0070 9.48

KB0453 1.37 36.74 916 2.1 0.0059 10.03

KB0454 1.61 35.62 884 1.8 0.0062 9.98

KB0462 1.57 31.46 884 1.3 0.0062 9.95

KB0473 1.48 34.95 877 2.2 0.0070 9.30

KB0475 1.49 35.05 893 4.4 0.0062 9.85

KB0476 1.47 35.47 901 4.9 0.0060 10.03

KB0478 1.63 35.57 891 2.1 0.0058 10.25

KB0480 1.57 33.87 872 1.0 0.0070 9.35

KB0481 1.44 34.55 889 7.3 0.0066 9.53

KB0482 1.70 32.95 867 3.5 0.0066 9.69
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S.N.
Gain@+700V

(×106 e−)

Q.E.

(%)

HV@5×106

(V)

Dark Rate

(kHz)
par1 par2

KB0483 1.80 32.15 888 2.9 0.0054 10.61

KB0488 1.14 30.03 937 5.6 0.0062 9.59

KB0495 1.54 30.02 905 3.9 0.0051 10.77

ZK6306 1.76 858 4.8 0.0070 9.39
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