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稀有事件实验中的材料表面放射性问题

• 稀有事件实验：探测器本底⽔平直接决定物理灵敏度

• 放射性洁净度要求=块材洁净+表⾯洁净
• 零件机械加⼯、组装调试、氡⽓及其⼦核à表⾯⼆次污染

• 表⾯污染直接、间接引⼊本底
• 表⾯污染释放的α、β粒⼦à本底事件（CUORE、CDMS等）

• 表⾯污染源à转移到灵敏体积à本底事件（PandaX、JUNO等）

PandaX-4T实验

氡⽓贡献电⼦反冲（ER）

本底，氡⽓主要来源于探

测器和相关管路材料表⾯

的氡释⽓。

韩柯，上海交通大学
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JUNO实验

• 2万吨液体闪烁体，巨型亚克⼒球形容器
• 亚克⼒表⾯Rn放射性是关键问题
• 亚克⼒拼接前的放置、拼接后的清洗效果等，都需要定

性测量表⾯放射性



仪器与⽅法 典型对象 典型精度 设备举例 备注

⾼纯锗（HPGe）γ
谱线分析

⾼纯⽆氧铜内

的238U和232Th
1-10µBq/kg  
(10-8-10-9 g/g)

清华GeTHU；意⼤
利GeMPI

⽆损检测，对样

品没有任何影响

中 ⼦ 活 化 分 析

（NAA）

特氟⻰内的238U
和232Th

10-10-10-11g/g
美国MIT, UC Davis
中⼦活化设施

需要利⽤中⼦辐

照；测量窗⼝短

电 感 耦 合 等 离 ⼦

体 质 谱 仪 （ ICP-
MS）

⾼纯⽆氧铜内

的重元素
10-12 g/g

美国PNNL实验室 ;
国内多家单位

克量级取样；复

杂化学预处理

带 电 粒 ⼦ 谱 仪

（CPS）

⼤⾯积材料表

⾯放射性
10-4-10-2Bq/m2

法国BiPo-3; XIA公
司Ultralo 1800

对材料表⾯的 α
粒⼦，电⼦放射

性灵敏

韩柯，上海交通大学
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国际研究现状

BetaCage：CDMS实验组提出的
低本底MWPC设计，未能实现

Arxiv:1702.07176

BiPo-3：SuperNEMO实验组设计建造PMT
阵列，测量Bi-Po偶合

韩柯，上海交通大学
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https://arxiv.org/abs/1702.07176


商业解决方案

XIA Ultralo-1800：主要针对半导体硅⽚测量；
9%FWHM@4.6MeV；5×10-4 c/cm2/hr ，满⾜硅
⽚5α每天的要求

Canberra LB4200：最⼤5
⼨硅⽚；约10-2c/cm2/hr

韩柯，上海交通大学
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利用其放出的α/β粒子，测量材料表面放射性

• ⾼能α粒⼦的特征谱线可⽤于分辨不同表⾯污染

• β测量针对⽆γ释放（如209Pb）或者γ强度很⼩

（如210Pb）的同位素

• 同时测量α，β的Bi-Po偶合技术

CRESST 实验测量的α粒⼦谱线

U/Th衰变链给出
丰富的γ以及α，β

β from 
214Bi

α from 

214Po

韩柯，上海交通大学
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探测器概念设计

• 常压氩⽓、氙⽓（0.5-1.5 bar）
时间投影室探测器（TPC）

• 40×60cm2电荷读出平⾯；10cm
漂移距离

• 基于Micromegas + AGET的多通
道读出

• 平板型样品直接放置于阴极板上
⽅，保证α能量完全沉积到TPC
中
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用于极低放射性材料筛选的时间投影室技术：能量+径迹

• 粒⼦鉴别
• ⾼位置分辨率

• 本底去除
• ⾼效率（>90%)

• ⼤幅⾯（~2000cm2）
• 可调⼯作⽓体、⽓压

韩柯，上海交通大学
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气体TPC核心优势：径迹+能量测量 à 鉴别与定位

• 粒⼦鉴别：利⽤径迹
的弯曲程度和dE/dx可
以明确区分α/β

• 利⽤dE/dx与布拉格峰
确定α/β径迹起点，明
确放射性来源

• 去除探测器材料对于α
测量的影响

• ⼤⼤抑制β测量中环境
和探测器本底的影响

150 keV 电⼦
1bar 氙⽓

6 MeV α粒⼦
1bar 氩⽓

MC

MC

韩柯，上海交通大学
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蒙特卡洛模拟与灵敏度研究
Sensitive Gaseous Volume: 60x40x10 cm, 1 bar Ar• 利⽤GEANT4 + REST 模拟分析框架重建了

探测器⼏何。

• 对于alpha 区间，开展探测灵敏度研究，预
期灵敏度可达 100 μBq/m2以下
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径迹相关cuts (Topological cuts)
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 • 利⽤径迹起始位置，⽅向，⻓度逐步对

事件进⾏筛选，压低本底的情况下尽可
能的保留信号

• 最终在1-10MeV的区间，本底事件率⼩
于1个每天

起始位置

径迹⽅向 径迹⻓度

模拟径迹

韩柯，上海交通大学
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TPC建设：热压接Micromegas

• 3mm 条读出

• 读出⾯积: 20×20 cm2

• 128通道

• 柔性Kapton PCB读出+⾼

纯⽆氧铜背板

• 依托PandaX-III实验发展的

低本底Micromegas技术

韩柯，上海交通大学
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FENG J, ZHANG Z, LIU J, et al. A thermal bonding method for manufacturing Micromegas detectors[J]. NIMA 2021, 989: 
164958. 



TPC建设：子系统
韩柯，上海交通大学
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DAQ系统：商业ASAD+COBO与科⼤FEC+DCM两套解决⽅案

⽹⻚端慢控制系统：监测电压、电流、压强、环境温度等

蒙特卡洛仿真与数据分析系统：

PandaX-III实验研发的REST分析框架



多轮原型探测器迭代（单块 Micromegas ）

亚克⼒+铜条场笼
@圆桶腔体

场笼 +适配铝合⾦腔体

韩柯，上海交通大学
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柔性PCB场笼 +适配亚
克⼒腔体



H. Du et al.

Fig. 13 The ambient temperature during the background data-taking
period

data-taking time, and count rates before and after tracking
cuts. Figure 12 lists the energy spectra of all runs with and
without the cuts.

During the assembly, the detector components are exposed
to air, and radon contamination is inevitable. Once assem-
bled, the detector is flushed with Ar–CO2 mixture at a high
rate of 3.5L/min for 20min before taking data. Even when
the data taking starts, we keep a relatively high flush rate of
0.55L/min, especially considering the inner volume of the
detector is only approximately 6L.

Possible radon trapped inside the TPC is rapidly displaced
from the TPC, as indicated by the rate decrease during the
data taking. The decrease is evident when comparing the
event rate in Run 1 and later runs and comparing the rate
evolution during the Run 1 data-taking period. Figure 14a
shows the event rate over time during the data taking of Run
1 and a rapid decrease is observed within the first four hours
of data-taking start time. A zoomed-in plot shows the total
and high-energy (E>6 MeV) alpha event rates in Fig. 14b.
High-energy alpha events are mostly from radon progenies
214Po and 212Po. The fitted exponential decay time constants
are 32.3 ± 2.0 and 35.3 ± 5.2 min, respectively. The
consistent alpha event rate evolution illustrates the process
of radon disappearance inside the TPC.

Alpha event rates fromRun 2 andRun 4 also show a down-
ward trend but the characteristic time constant ismuch longer
at 3.0 ± 0.5 days. The fraction of high-energy (E>6 MeV)
alpha events also decreases fromRun 2 toRun 4 (see Fig. 12).
Both observations are consistent with the decay of 222Rn,
which are attached to the surface of the detector components.

Alpha event rates in Run 5 reached a relatively stable state.
As Fig. 14c shows, the count rates with and without track-
related cuts fluctuate around the average. Furthermore, the
high-energy alpha particle is noticeably absent in Run 5. The
resulting 0.10 ± 0.02 counts/h can be explained by alphas
from the decay chains of U/Th contaminations in the bulk
of the cathode, where alpha particles lose part of the energy
before escaping into the gas medium.

In Run 6, the gas flush rate is lowered to 0.1L/min and the
alpha event rate picks up again. More noticeably, the high-
energy alpha events re-appear, which cannot be explained by

Fig. 14 The counting rate evolution with the time of Run 1 (a) and Run
5 (c). In Run 1, the counting rate drops rapidly in the first 4 h as shown
in (b). The solid lines in Fig. (b) represent exponential fits to data

the existing U/Th contaminations in the detector material.
The flush rate is so low that air may creep back into the active
volume of the TPC and re-introduces radon to the detector.
The assumption is later confirmed by detector performance
characterization that is done after background data taking
(see below).

The detector gain is measured again with the 241Am cal-
ibration source immediately after the background runs are
concluded. With a gas flush rate of 0.2L/min or more, the
detector gain does not change and is within the range of gains
measured before the background runs as shown in Fig. 7a.
Once we lower the gas flush rate to 0.1L/min, a drop of
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• ⻓时间稳定运⾏

• 本底计数率达到 (0.13 ± 0.03)×10−6 Bq/cm2 

(4.7 ± 0.9) ×10−4 counts/cm2/h

• Ultralo-1800: 5×10−4 counts/cm2/h

H. Du et al.

Gas inlet

Readout plane

plane

CathodeField cage
(open)

Resistance Gas outlet

Signal line

Doors

Fig. 1 Schematic drawing of the gaseous detector with key compo-
nents highlighted. Micromegas is attached to the top with the signal tail
extended outside the aluminum vessel

(a) The Micromegas

2

1

3

4

5

…
…

65 66 67 68 69 70 ……

(b) The distribution of the strip

Fig. 2 a Picture of a thermal bonding Micromegas module. b The
illustration of strip-readout scheme of thermal bonding Micromegas.
The yellow vertical lines and red horizontal lines are drawn to denote
X and Y strips

together alternately. The acrylic bars are 1.2cm thick and
copper bars 0.2cm thick. The front wall of the field cage can
be opened as two doors for placing samples. The vertically
neighboring copper bars are connected by 1G! resistors
working as a voltage divider to form uniform drifting electric
fields in the field cage. A 2-mm-thick polished copper plate
is attached to the bottom of the field cage as the cathode,
which is supplied a high voltage while the TPC is operat-
ing. The overall assembly resembles the field cage design in
[16]. On the top of the field cage, a faced-down 20× 20 cm2

Micromegas module (as shown in Fig. 2a) serves as the read-
out plane. The Micromegas is fabricated with the thermal

Valve    
Filter Regulator

Gas 
Cylinder

gas 
flowmeter

Liquid

Prototype
TPCIntake 

valve

Outlet
pipe

Outlet
valve

Gas
filling

Gas 
bubbler   

Fig. 3 Schematic diagram of the prototype TPC gas system

bonding technique [17]. A total of 128 strips are read out
with 64 channels in the X and Y direction each. A strip is
made of interconnected diamond shapeswith a pitch distance
of 3mm, as illustrated in Fig. 2b. The Micromegas is fixed
to an aluminum backplane and then screwed to the top of
the aluminum vessel. The aluminum vessel can be opened
from the top and the front to facilitate the installation of the
Micromegas and loading of the samples. The strip signal and
mesh high voltage line of the Micromegas are on a long tail
made of 200-µm-thick Kapton-based printed circuit. The tail
is sandwiched between the top panel and the side of the alu-
minum vessel. The signals can be conveniently read out and
mesh voltage applied from the outside of the vessel. The air-
tightness of the vessel is not affected significantly because of
the thinness of the tail and with the help of rubber O-rings for
sealing. Before assembly, all the detector components except
the Micromegas are cleaned following the procedures out-
lined in [18,19] to remove the surface contaminations such
as 210Po, 232Th, and 238U.

The TPC is operated in the flow-gas mode with Ar–CO2
(or Ar–isobutane) mixture gas continuously flushed in and
out of the vessel at fixed flow rates. Ar–CO2 mixture is
selected as the working medium since it is widely available
commercially and non-flammable. The gas system is shown
in Fig. 3. The gas mixture first passes through a particulate
filter to prevent possible dust from entering the detector. A
mass flow controller after the regulator provides a stable and
controllable flow rate for flushing the TPC. To prevent air
from flowing back into the TPC, the gas outlet pipe is con-
nected to a bubbler.

A NIM-based high voltage module (Iseg NHR 42 20r)
provides negative bias voltages for cathode andMicromegas.
The electronics [20] used for the readout of Micromegas are
based on the AGET chip, which can sample at frequencies
ranging from 1 to 100 MHz [21]. Each channel of the AGET
chip integrates a charge–sensitive amplifier(CSA), which has
four dynamic ranges (120 fC, 240 fC, 1 pC, and 10 pC),
an analog filter, a discriminator, and 512-sample memory.
For the signals readout, we use the multiplicity mode, in
which the AGET chip compares the input of each channel to
a pre-defined threshold. Once signals frommultiple channels
exceed the threshold, the event is registered, and then all the
pulses over the threshold are recorded on disk.
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大幅面探测器建设

• 6块Micromegas作为读出平⾯，总⾯积2400 cm2

• ⾼纯⽆氧铜阴极板
• 所有场笼材料根据PandaX低本底要求清洗

韩柯，上海交通大学
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宇宙射线事例
韩柯，上海交通大学
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Alpha标定事例
韩柯，上海交通大学
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探测器本底

• 多轮探测器迭代，达到本底要求（μBq/cm2 ）

韩柯，上海交通大学
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铜板酸洗
1.29 ± 0.06 0.82 ± 0.06 0.47 ± 0.03 0.14 ± 0.02

氩⽓保压 替换亚克⼒场笼



测量 JUNO 亚克力样品

• 3块样品: 1730 cm2, ⻓期暴露在JUNO地

下实验室⾼氡环境 （Rn~180 Bq/m3）

• α 计数率 (Acrylic+ Gas): 0.91 ±0.03 

μBq/cm2

• 对⽐本底 0.14 ±0.02 μBq/cm2

• 亚克⼒样品α 本底: 0.77 ~ 0.91 μBq/cm2

韩柯，上海交通大学
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亚克力表面处理对表面放射性的影响
韩柯，上海交通大学
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No sample
Acrylic 1

(Exposed in the 
underground lab)

Acrylic 2
(Wiped with 

dust-free paper)

Acrylic 3
(Cleaned with 

alcohol)

Acrylic 4 
(pure water

rinse + N2 gas)

Measure area [cm2] 1889 1730 1730 1270 1270

Measure time [hr] 187 160 170 185 252

Contamination (Acrylic + 
Gas) [μBq/cm2] - 0.91 ± 0.03 0.45 ± 0.03 0.18 ± 0.03 0.25 ± 0.03 

Background (Copper 
cathode + Gas) [μBq/cm2] 0.14 ± 0.02 - - - -

Estimated contamination of 
Acrylic [μBq/cm2] - 0.77 ~ 0.91 0.31 ~ 0.45 0.04 ~ 0.18 0.11 ~ 0.25 



结论与展望

• 利⽤⽓体探测器的能量+径迹特性测量样
品表⾯污染
• 粒⼦鉴别去除本底

• ⼤幅⾯、⾼灵敏度、⾼效率

• 探测器进展
• 成功建设400cm2原型探测器和2400cm2探测器
探测器

• 本底计数率均达到商业化产品⽔平

• 低本底材料测量
• 测量JUNO亚克⼒样品

• 对于亚克⼒表⾯处理⽅法给出了指导性意⻅

韩柯，上海交通大学
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Construction of the Charge Particle Detector

Charged Particle detector

Ø Time Projection Chamber (0.5-1.5 bar 
Argon/Xenon)

Ø Readout plane：2400 cm2 （2×3 
Micromegas）

Ø Drift distance：10 cm (Volume: 24 L)
Ø Flexible PCB field cage 
Ø Samples are placed directly on the cathode to 

ensure complete deposition of alpha energy.

Readout plane - Micromegas

External detector photo

Internal detector photo

E-field distribution in the 
X-Y plane



26
Testing of the Charge Particle Detector

Alpha calibration (Am-241 source)

Ø Calibrate the detector with the 5.485 
MeV energy peak of the Am-241 to 
optimize the working conditions of 
the detector.

Spectrum of Am-241
9.5% FWHM at 5.485 MeV

Gain evolves with drift fieldsGain evolves with amplification fields

Gain evolves with flow rates

Ø Cleanroom

Gas--- 1bar Ar-7%CO2（0.1 L/min）


