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TPC is wonderful

Physics Today 31(10), 46 (1978)

CCD, W. Boyle & G. Smith @ Bell Labs, 19692

Signal extraction  
remains a challenge

https://www.visiononline.org/blog-article.cfm/CCD-vs-CMOS-Image-Sensors-Which-are-Better/82

https://www.visiononline.org/blog-article.cfm/CCD-vs-CMOS-Image-Sensors-Which-are-Better/82


TPC signal extraction
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Performance of the TPC with Micro Pixel Chamber
Readout: micro-TPC

Kentaro Miuchi, Hidetoshi Kubo, Tsutomu Nagayoshi, Atsuhiko Ochi, Reiko Orito, Atsushi Takada, Toru Tanimori,
Masaru Ueno

Abstract—Micro-TPC, a time projection chamber (TPC) with
micro pixel chamber (µ-PIC) readout was developed for the
detection of the three-dimensional fine (∼ sub-millimeter) tracks
of charged particles. We developed a two-dimensional position
sensitive gaseous detector, or the µ-PIC, with the detection area
of 10 × 10 cm2 and 65536 anode electrodes of 400 µm pitch.
We achieved the gas gain of more than 10

4 without any other
multipliers. With the pipe-line readout system specially developed
for the µ-PIC, we detected X-rays at the maximum rate of
7.7 MHz. We developed a micro-TPC with the µ-PIC and three-
dimensional tracks of electrons were detected with the micro-
TPC. We also developed a prototype of the MeV gamma-ray
imaging detector which is a hybrid of the micro-TPC and NaI
(Tl) scintillator so that we showed that this is a promising method
for the MeV gamma-ray imaging.

Index Terms—Gaseous detector; Time projection chamber;
Micro-pattern detector; Gamma-Ray Imaging

I. INTRODUCTION

REALIZATION of a micro-TPC, a time projection chamber
(TPC), which can detect three-dimensional fine tracks of

charged particles, has been wanted for years. We developed
the µ-PIC, a two-dimensional fine position detector, and a fast
readout electronics in order to realize such an “electric cloud
chamber”. In this paper, the performance of the micro-TPC,
together with one example of its applications, is described.

II. µ-PIC DETECTOR
The Micro Pixel Chamber, or the µ-PIC, is a pixel type

gaseous two-dimensional imaging detector which takes over
the outstanding properties of the MicroStrip Gas Chamber
(MSGC [1], [2]) such as the good position resolution and
operating capacities under high flux irradiation. The µ-PIC is
manufactured by the print circuit board (PCB) technology in
contrast to an older concept pixel type detector, the microdot
chamber [3], which is made in the MOS technology. With the
PCB technology, large area detectors can be made cheaply,
which is an important feature for developing various kinds of
applications. As a consequence of the geometrical properties,
discharge problems are less disturbing with µ-PIC [4], [5], [6],
so that stable operations at high gas gain can be realized.
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Fig. 1
SCHEMATIC STRUCTURE OF THE µ-PIC.

The schematic structure of the µ-PIC is shown in Fig. 1. The
µ-PIC is a double-sided PCB with a 100 µm-thick polyimide
substrate. 256 anode strips are formed on one side of the µ-PIC
while 256 cathode strips are orthogonally placed on the other
side. Both anode and cathode strips are placed with a pitch of
400 µm. Cathode strips have holes of 200 µm diameter and
anode electrodes of 50∼70 µm diameter are formed on the
anode strips at the center of each cathode hole. The signals
from anode strips and cathode strips are of the same size, in
contrast to the MSGCs, whose pulse heights from back strips
are 20∼30% of those from anode strips [2]. We developed the
µ-PIC of 10 × 10 cm2 detection area with 256 × 256 anode
electrodes. The µ-PIC is mounted on the mother board of 30
× 30 cm2 area by the bonding technique.

We irradiated a non-collimated 55Fe radioactive source and
measured the output charge from 32 × 256 pixels so that we
calculated the gas gain. The gas mixture of argon 80% and
ethane 20% at 1 atm was flowed for the measurement. The
gas gain of the µ-PIC is plotted as a function of the anode
voltage in Fig. 2. We achieved a maximum gas gain of 1.5
×104 and the gas gain for the stable operation of 5000 without
any other multipliers. In Fig. 3, the spectrum of the X-rays from
the 55Fe radioactive source is shown. The energy resolution is
30% (FWHM) for the 5.9 keV X-rays. This result is worse than

• µ-PIC (Micro Pixel Chamber)

• Printed Circuit Board technology

• 400µm pitch

• Some electron gain in gas

• Difficult for readout and scale-up

• D3, InGrid etc.

• Charge multiplication stage

• Non-specific ASIC readout

• FE-I3/-I4

• TimePix

Directional Dark Matter Detection with Gas TPCs

Time Projection Chamber as WIMP detector filled with gas

S.E. Vahsen et al.
http://arxiv.org/abs/1110.3401

WIMP would not detected directly

but through their scattering product with

the gas-nucleus by elastic scattering: �+Arest ! �0+Arecoil

nuclear recoil ionizes gas along track

electric field moves charges

amplification (by 2 or 3 Gas Electron Multipliers - GEMs)

readout (FE-I3 or FE-I4 ATLAS pixel chips)
I 2D charge distribution
I + timing information
I + known drift velocity => 3D hit information

=> we reconstruct the nuclear recoil

low target mass, normally need very large gas volume

but low track reconstruction threshold changes situation for
low-mass WIMPs with only 1-10 m3 volume

several groups attempting directional detection with gas
TPC. Advantages of our approach are:

I 3D tracking => better DM identification & alpha BG rejection
I single electron e�ciency => expect very low track-recons. threshold
I basically free of noise

Igal Jaegle (UH) D3 9th PATRAS 4 / 17
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• Liquid Xenon TPC

• Time Projection Chamber

• Wire and/or light readout

• mm~cm spatial resolution

XENON, LUX, LZ, etc.
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Avalanche gain?
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Performance of the TPC with Micro Pixel Chamber
Readout: micro-TPC
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Abstract—Micro-TPC, a time projection chamber (TPC) with
micro pixel chamber (µ-PIC) readout was developed for the
detection of the three-dimensional fine (∼ sub-millimeter) tracks
of charged particles. We developed a two-dimensional position
sensitive gaseous detector, or the µ-PIC, with the detection area
of 10 × 10 cm2 and 65536 anode electrodes of 400 µm pitch.
We achieved the gas gain of more than 10

4 without any other
multipliers. With the pipe-line readout system specially developed
for the µ-PIC, we detected X-rays at the maximum rate of
7.7 MHz. We developed a micro-TPC with the µ-PIC and three-
dimensional tracks of electrons were detected with the micro-
TPC. We also developed a prototype of the MeV gamma-ray
imaging detector which is a hybrid of the micro-TPC and NaI
(Tl) scintillator so that we showed that this is a promising method
for the MeV gamma-ray imaging.

Index Terms—Gaseous detector; Time projection chamber;
Micro-pattern detector; Gamma-Ray Imaging

I. INTRODUCTION

REALIZATION of a micro-TPC, a time projection chamber
(TPC), which can detect three-dimensional fine tracks of

charged particles, has been wanted for years. We developed
the µ-PIC, a two-dimensional fine position detector, and a fast
readout electronics in order to realize such an “electric cloud
chamber”. In this paper, the performance of the micro-TPC,
together with one example of its applications, is described.

II. µ-PIC DETECTOR
The Micro Pixel Chamber, or the µ-PIC, is a pixel type

gaseous two-dimensional imaging detector which takes over
the outstanding properties of the MicroStrip Gas Chamber
(MSGC [1], [2]) such as the good position resolution and
operating capacities under high flux irradiation. The µ-PIC is
manufactured by the print circuit board (PCB) technology in
contrast to an older concept pixel type detector, the microdot
chamber [3], which is made in the MOS technology. With the
PCB technology, large area detectors can be made cheaply,
which is an important feature for developing various kinds of
applications. As a consequence of the geometrical properties,
discharge problems are less disturbing with µ-PIC [4], [5], [6],
so that stable operations at high gas gain can be realized.
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Fig. 1
SCHEMATIC STRUCTURE OF THE µ-PIC.

The schematic structure of the µ-PIC is shown in Fig. 1. The
µ-PIC is a double-sided PCB with a 100 µm-thick polyimide
substrate. 256 anode strips are formed on one side of the µ-PIC
while 256 cathode strips are orthogonally placed on the other
side. Both anode and cathode strips are placed with a pitch of
400 µm. Cathode strips have holes of 200 µm diameter and
anode electrodes of 50∼70 µm diameter are formed on the
anode strips at the center of each cathode hole. The signals
from anode strips and cathode strips are of the same size, in
contrast to the MSGCs, whose pulse heights from back strips
are 20∼30% of those from anode strips [2]. We developed the
µ-PIC of 10 × 10 cm2 detection area with 256 × 256 anode
electrodes. The µ-PIC is mounted on the mother board of 30
× 30 cm2 area by the bonding technique.

We irradiated a non-collimated 55Fe radioactive source and
measured the output charge from 32 × 256 pixels so that we
calculated the gas gain. The gas mixture of argon 80% and
ethane 20% at 1 atm was flowed for the measurement. The
gas gain of the µ-PIC is plotted as a function of the anode
voltage in Fig. 2. We achieved a maximum gas gain of 1.5
×104 and the gas gain for the stable operation of 5000 without
any other multipliers. In Fig. 3, the spectrum of the X-rays from
the 55Fe radioactive source is shown. The energy resolution is
30% (FWHM) for the 5.9 keV X-rays. This result is worse than

• µ-PIC (Micro Pixel Chamber)

• Printed Circuit Board technology
• GEM

• Array of micro-holes in 
thin foils with conductor 
cladding on both sides

5

• MicroMegas

• Micromesh placed (very) 
close to readout PCB



• Catch charge as early as possible, convert 
to digital information immediately

• Low noise

• Full 3D information

• Truly (massively) pixelated (2D)

• Adequate timing (waveform digitization)

• Affordable



Topmetal CMOS direct charge sensor

Topmetal
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• Direct voltage readout

• High analog bandwidth
• Charge sensitive amplifier, <15e- noise

• Clock-less, frame-less logic hits readout
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Topmetal-II- seeing alpha (ion) tracks in air

NIMA 810, 144, 2016
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Electron-track Compton Imaging
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•Medical Imaging

•Gamma (X-ray) Astronomy

Ne(90%)+DME(10%) @ 80kPa, 55Fe events (5.9keV X-ray), GEM on Topmetal-II-             

2.5 x 2.5 mm field of view

http://www-cr.scphys.kyoto-u.ac.jp/research/MeV-gamma/wiki/wiki.cgi?page=Top_en



CMOS charge sensor array for 0νββ
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•Eliminate charge multiplication
•Focusing electrode 100% coll. eff.
•Direct charge collection in X-Y
• In-sensor digitization
• Inter-sensor network for digital data 
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CMOS works in the cold
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State-of-the-art cold electronics
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77K – LArPix, Q-Pix etc.
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Jan.$30,$2017$ LArPix$Ini4al$Results$ 4$
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http://aip.scitation.org/doi/pdf/10.1063/1.4939094
http://aip.scitation.org/doi/pdf/10.1063/1.4979611
PhysRevApplied.3.024010

digital address. This technology is ideally located in close
proximity to the qubits to avoid latency and synchroniza-
tion challenges that arise when signals propagate over
length scales comparable to the electromagnetic wave-
length (typically centimeters for quantum-control wave-
forms). Physically integrating the switch matrix and qubit
system has the further advantage of significantly reducing
the wiring and interconnect density by making use of
lithography (or multichip module packaging) to provide
connection fan-out. In this way, we envisage a switch
matrix that receives multiplexed data on a small number of
transmission lines and decodes these address data to
operate large numbers of parallel switches (see Fig. 2).
Multiplexing of this kind will likely be essential for
operation in cryogenic environments where large numbers
of parallel transmission lines add a sizeable heat load when
carrying signals between stages that are at different temper-
atures. The use of superconducting materials is key, as
these materials can dramatically reduce the cross section
and thereby thermal load of transmission lines without
degrading electrical performance [30].
A switch matrix with elements that act as variable

impedances can also be configured to enable the amplitude
and phase of the prime waveforms to be individually
adjusted before arriving at each qubit. By incorporating
a calibration routine or feedback scheme, this approach can

be used to account for the variation in physical parameters
that will inevitably occur with systems comprising large
numbers of qubits.
Various technologies appear suitable for constructing

such a switch matrix, including semiconducting devices
[31–33], mechanical systems [34,35], and supercon-
ducting logic [36,37]. For qubit technologies built from
semiconductors [21,38], field-effect-based devices are
ideally suited owing to their subnanosecond switching
speed, gigahertz transmission bandwidth, low dissipation,
small footprint, cryogenic compatibility, and opportunity
for integration with qubits. Below we demonstrate the
operation of such devices using GaAs high-electron-
mobility transistor (HEMT) circuits configured as a
switch matrix with variable amplitude and phase response.
We note that complex circuits constructed from HEMTs
demonstrate that these devices are well suited to extensive
fan-out [39].

B. HEMT switching elements

A prototype HEMT-style microwave switch based on a
GaAs=Al0.3Ga0.7As heterostructure is shown in Figs. 3(a)
and 3(b). Fabrication of these switching elements follows a
similar procedure to quantum-dot qubit devices (allowing
easy integration). The mesa is wet etched using sulphuric
acid before Au=Ge=Ni Ohmic contacts are thermally
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FIG. 2. Schematic of a control microarchitecture that distrib-
utes subsystems across the various temperature stages of a
dilution refrigerator, depending on the available cooling power
(image is of a Leiden Cryogenics CF450). A millikelvin switch
matrix on the same chip as the qubit device or close to it steers
a small number of control pulses to qubits using addressing
information from cryogenic logic at 4 K. The matrix will
incorporate a level of digital decoding to enable switch
addresses to be transmitted on a relatively small number of
serial lines.The cryogenic logic also interfaces with multiplexed
readout and digital-to-analog converters (DAC). The 4-K stage
typically has a cooling power of approximately 1 W, with the
20-mK stage having less than 10 μW.

FIG. 3. Characterization of a HEMT switch as a building block
for the PL-AL architecture. (a) Microscope photograph of
the device fabricated on GaAs=Al0.3Ga0.7As heterostructure.
(b) Schematic cross section showing the coplanar line diverted
through the 2DEG. A negative voltage (−300 mV) on the top
gate increases the impedance of the switch, reflecting the input
signal. (c) Transmission as a function of frequency for the on
(blue) and off (red) state. (d) Example of time-domain response.
When the gate voltage (green) is zero, the 120-MHz sine wave
provided at the switch input is propagated to the output (blue),
and not otherwise. (e) Modulating a carrier signal through the
2DEG with a sinusoidal gate voltage creates sidebands. The
amplitude of the sidebands as a function of frequency indicates a
(1–2)-ns switching time.

CRYOGENIC CONTROL ARCHITECTURE FOR LARGE- … PHYS. REV. APPLIED 3, 024010 (2015)

024010-3

014701-2 Conway Lamb et al. Rev. Sci. Instrum. 87, 014701 (2016)

FIG. 1. Isometric view of modular printed circuit boards (PCBs). (a) Power-distribution board. (b) (i) Front and (ii) rear view of motherboard with fast
(large) and slow (small) expansion connectors visible. (c) (i) High-speed dual-channel DAC daughterboard and (ii) low-speed 36-channel DAC daughterboard.
(d) Edge-view of extrusions on the 36-channel DAC heatsink. (e) Modular enclosure, partially filled, and mounted beneath the 4-K stage of a Leiden Cryogenics
CS450 dilution refrigerator. A high-speed DAC daughterboard and a low-speed DAC daughterboard fill one high-speed and one low-speed expansion slot,
respectively. Details of the components used are given in Table I.

programming lines, and are suitable for modules which do not
need high-bandwidth communication with the motherboard.
Various communication protocols are possible using the low-
speed connectors; for example, we have made use of a clock-
line, a sync-line, and 16 data-lines to transmit 16-bit words
using a two-word address/command packet followed by a
variable-length data packet. In this paper, we do not describe
further the separate daughterboard modules, which can be
customised for specific applications.

B. FPGA

Several semiconductor devices, such as bipolar junction
transistors and diodes, su↵er from carrier freeze-out at deep
cryogenic temperatures, owing to the small fraction of donors
that remain ionized. In contrast, the presence of large electric
fields in complementary metal-oxide semiconductor (CMOS)
devices leads to field-induced donor ionization.2 Carrier
freeze-out e↵ects can be suppressed by these fields to the
extent that digital circuits can continue to operate at deep
cryogenic temperatures. In selecting fabrication processes that
are compatible with cryogenic operation, the presence of high
dielectric constant (high-K) dielectrics to suppress transistor
gate-leakage provides an indication that large electric fields
are present. The FPGA device examined here, for instance, is

manufactured on the TSMC Ltd. 28 nm process node, which
makes use of hafnium-oxide between gate and channel.27

The sole active component on the motherboard is a Xilinx
Artix-7 FPGA in a 484-pin ball grid array package and is
pin-compatible with 15k–100k (wire-bond package) and 200k
(flip-chip package) logic element versions of the integrated
circuit (IC).28 The Artix-7 is the lowest power of Xilinx’s 7-
series FPGAs and has 0.9–13.1 Mb of on-chip block random
access memory (RAM), and 45–740 DSP slices, each with
a 25 ⇥ 18-bit multiplier. DSP configuration options include
pre- and post-adders and a 48-bit accumulator.29 High speed
grade and low power variants are available.30 The specific
device tested is an XC7A50T-2FGG484C, which has 50k
logic elements, has 2.7 Mb of block RAM and 120 DSP
slices, and comes from the common “�2” speed-grade bin
in the commercial temperature range (0-85 �C). We have
also examined Spartan-3 and Spartan-6 devices, finding them
both to be operational at deep cryogenic temperatures. These
simpler FPGAs are ideal for adding functionality to the
daughterboards, for example, in parsing data to a DAC.

C. Printed circuit board (PCB) design

The motherboard is an 80 mm ⇥ 80 mm, 8-layer FR4
PCB, with all layers using 35 µm (1 oz) of copper, as shown

http://aip.scitation.org/doi/pdf/10.1063/1.4939094
http://aip.scitation.org/doi/pdf/10.1063/1.4979611


CMOS @ <4K
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Conventional CMOS designed to work
at <4K temperature.
Low-noise Transimpedance Amplifier (TIA)
replaces SQUID

55nm CMOS devices proven to function
down to ~10mK

−2×10−7

−1×10−7

 0

 1×10−7

 2×10−7

−8 −6 −4 −2  0  2  4  6  8

I D
B
 [

A
]

VDB [V]

Drain−Body IV scan, Floating G,S

NMOS1 10~20mK
NMOS1 60.8K
NMOS1 298K

PMOS2 10~20mK
PMOS2 59.1K
PMOS2 298K

−2×10−7

−1×10−7

 0

 1×10−7

 2×10−7

−8 −6 −4 −2  0  2  4  6  8

Rsh RTES

Rf

Cf

Vo

Tp Ts

A

TIA

−6×10−5

−4×10−5

−2×10−5

 0

 2×10−5

 4×10−5

 6×10−5

 8×10−5

 0.0001

 0.00012

−0.2  0  0.2  0.4  0.6  0.8  1  1.2  1.4

I d
s 

[A
]

Vds [V]

NMOS IV scan

0.1K
77K

300K

−6×10−5

−4×10−5

−2×10−5

 0

 2×10−5

 4×10−5

 6×10−5

 8×10−5

 0.0001

 0.00012

−0.2  0  0.2  0.4  0.6  0.8  1  1.2  1.4



Interfacing quantum sensors
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Bolometers & NTDs
• Low heat capacity — very 

temperature sensitive 

• Neutron transmutation doped 
(NTD) Ge sensor 

• Resistance very sensitive to 
temperature 

• Method has good energy 
resolution 

• NTD meet technical needs for 
CUPID bolometers
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Absorber Crystal 
(TeO2) 

Thermistor
(NTD-Ge)

Thermal coupling 
(PTFE)

Heat bath ~10 mK 
(Copper)

Energy 
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Si Heater (ref. 

NTD Ge Thermistor

CUORE Pulse
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NTD in CUORE
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TES Requirements
• Change in TES current response is relatively large… 

• …but absolutely small 

• Use SQUIDs to amplify signal 

• Default operation is 1 SQUID per TES 

• Requires magnetic shielding 

• Minimize noise by moving SQUIDs closer to TES 

• Power dissipation 

• Magnicon SQUID: 1 nW 

• Shunt Resistor: 20 pW 

• Scaling up to CUORE sized electronics would require 
O(μW) cooling power!
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.param SN=0 SP=0

.lib BSIM3_180.lib

.param VDD=1.8
* absolute voltage error tolerance
.options vntol=1E-9
* absolute current error tolerance
.options abstol=1E-15
* absolute charge tolerance
.options chgtol=1E-15
* relative error tolerance
.options reltol=1e-6
* Conductance added to every PN junction to aid convergence
.options Gmin=1E-15
* .options maxstep=1E-9
* use double-float (>6)
.options numdgt=7

Ctrl+Right-Click on n(p)mos4 symbol, change `Prefix' to `X',
change `SpiceModel' to `NM' or `PM' to use subckt defined in .lib.
`Value' can be used to specify L, W, and M
 
Right-click on plot->File->Export data as text to export curves..param VrstL=1.25

.param VrstH=0
* .step param VinDC 1.4 1.6 10u
* .dc V4 {1.2} {VDD} 10u
* .tf V(Vout) V4
.op
* .ac dec 100 1 100Meg
* .noise V(Vout) I3 dec 100 1 100Meg
.tran 2m

.MEAS DC Ids FIND Ix(U4:D) AT 1.5

* Step through a list of Vds values, using index.
* .step param idxVds list 0 1 2 3 4 5
* .param Vds table(idxVds, 0,0, 1,0.1, 2,0.5, 3,1.0, 4,1.5, 5,2.0)
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Stay Tuned!

Contact
Yuan Mei <ymei@lbl.gov>
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