
デュアルミラー光学系用の
カメラモジュールの開発と性能評価 

奥村 曉 A,C、田島 宏康 B、K. Bechtol C、S. Funk C、L. L. Ruckman D

A. Simons C、J. Vandenbroucke C、Gary Varner D、他 CTA-US Group

宇宙研 A、名大 STE 研 B、SLAC C、ハワイ大 D

日本物理学会 2011/9/19



The Cherenkov Telescope Array (CTA) Observatory

The next-generation imaging atmospheric Cherenkov telescope (IACT)

Consists of Large/Medium/Small Size Telescopes (LSTs/MSTs/SSTs)

Expansion with Schwarzschild-Couder MSTs by CTA-US

LST × 3-5
D ~23 m
FOV ~ 4-5°
Pix ~ 0.1°
E ~ 0.02-5 TeV

SST × 25-100
D ~ 4-7 m
FOV ~ 7-10°
Pix ~ 0.2-0.25°
E ~ 1-300 TeV

MST × 15-25
D ~ 12 m
FOV ~ 7-8°
Pix ~ 0.18°
E ~ 0.1-30 TeV

SC-MST × 36
D = 9 m
FOV = 8°
Pix = 0.07°
E ~ 0.1-10 TeV



The Schwarzschild-Couder Optical System

Originally planned for 
AGIS (→ CTA-US)
Fairly large mirror size 
with diameter of 9.7 m
Wide FOV of 8°
Small angular 
resolution of < 4’
MAPMT array 
consisting of more 
than 11,000 channels
The !rst challenge of a 
dual-mirror system in 
CR experiments

Primary
Mirror

Secondary
Mirror

Focal Plane
Camera (hidden)

9.7 m

5.4 m

Vassiliev+ (2007)



The Schwarzschild-Coude Optical System

Originally planned for 
AGIS (→ CTA-US)
Fairly large mirror size 
with diameter of 9.7 m
Wide FOV of 8°
Small angular 
resolution of < 4’
MAPMT array 
consisting of more 
than 11,000 channels
The !rst challenge of a 
dual-mirror system in 
CR experiments

MAPMT Pixel Size

4’

Spot Diagrams



The Schwarzschild-Coude Optical System

Originally planned for 
AGIS (→ CTA-US)
Fairly large mirror size 
with diameter of 9.7 m
Wide FOV of 8°
Small angular 
resolution of < 4’
MAPMT array 
consisting of more 
than 11,000 channels
The !rst challenge of a 
dual-mirror system in 
CR experiments

Focal Plane Camera
w/ 177 MAPMTs



Need a Very Compact Front-end Electronics with Low $/ch

1.3 m = 5°

HESS Camera w/ Regular PMTs

0.78 m = 8°

SC Optics Camera w/ MAPMTs

2 inch
× 1000

6 mm
× 10000

Pixel Size



The TARGET Camera Module

USBFiber

HV

8 × 8 MAPMT
(H8500)

TARGET

FPGA

MPPC Plan

TeV Array with Gsa/s sampling and Experimental Trigger



TARGET Concept
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Vped

TARGET ASIC

50 Ω

1 nF

100 Ω 1 kΩ 10 kΩ

× 16 ch buf

16-ch integrated system × 4096 capacitors (= 4-µs buffer at 1 GHz)
Self trigger, 1 GHz or faster sampling speed
9 or 10-bits dynamic range
Low cost (~$20/ch), low power (~5W/64ch)

50



TARGET 1 Evaluation Board

Signal Inputs

TARGET FPGA

USB
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Fig. 11. Saturation of the TARGET 1 transfer function for
sinusoidal signals at high frequency. This saturation effect
has been corrected in the design of TARGET 2.

5.5. Saturation at high frequency393

Section 5.4 presented the transfer function mea-394

sured for DC voltages. An ideal digitizer would fea-395

ture the same transfer function for arbitrarily high396

signal frequencies. In reality, the input buffer am-397

plifiers cannot slew fast enough to keep up with the398

input signal if the signal frequency and amplitude399

are large.400

This AC saturation effect is quantified by mea-401

suring the transfer function at several different402

input frequencies, as shown in Figure 11. The403

measurement was made by generating a sinusoid404

with a voltage-controlled oscillator and splitting it405

with a balanced splitter. One output was routed to406

an oscilloscope for monitoring and the other was407

connected to the TARGET chip. The capacitor-408

dependent DC transfer functions were used to409

convert the recorded ADC counts to voltages, and410

a sinusoid was fit to each recorded waveform to411

determine the sinusoid amplitude as measured by412

the TARGET chip. The recorded amplitude can413

then be compared to the input amplitude (cali-414

brated with the oscilloscope) as a function of both415

input amplitude and signal frequency, as shown in416

Figure 11.417

At low frequency the DC transfer function is418

recovered, but saturation is apparent for high-419

frequency, high-amplitude signals. In addition to420

this saturation behavior, at high frequency the421
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Fig. 12. Analog bandwidth and cross talk. A sinusoidal
signal was input to Channel 8 of the evaluation board,
and all 16 channels were digitized. A balanced splitter was
used to calibrate the signal amplitude on an oscilloscope
simultaneously with the TARGET recordings. The ratio
between the digitized and oscilloscope amplitudes is plotted
for each channel as a function of frequency. To measure
the attenuation on channel 8 (the signal channel), a small
(100 mVpp) input amplitude was used in order to avoid
saturation effects. For the other channels (the cross talk
channels), a large (750 mVpp) input amplitude was used
in order to detect the cross talk above noise. For all runs
the internal termination of the TARGET chip was set to
10 kOhm (VERIFY). The cross talk is at the 1-4% level,
and the 3 dB analog bandwidth is 150 MHz. As expected,
cross talk decreases for channels that are located physically
farther from the signal channel: Channel 8 is plotted in
red, channels at intermediate distances are plotted in black,
and channels at the greatest distances are plotted in blue.

TARGET gain is lower than at low frequency,422

even for small-amplitude signals. This is visible in423

Figure 11 as a decrease in the slope of the curves,424

at low amplitude, as the frequency increases. This425

is due to the finite analog bandwidth of the input426

buffer amplifiers, and is quantified in Section 5.6.427

The AC saturation effect has been addressed in428

the design of Version 2 of the TARGET chip and429

it is expected to be removed.430

5.6. Analog bandwidth and crosstalk431

For many applications, the coupling of signals432

into the TARGET ASIC will be quite important.433

Figure 12 shows the measured response, as well434

as observed cross talk between input channels for435

10

Bandwidth and Cross Talk

Bandwidth and cross 
talk were measured 
with sinusoid input 
Bandwidth ~150 MHz 
at 3 dB →
>380 MHz in TARGET 2
Cross talk ~4% at 300 
MHz →
< 1% in TARGET 2

Bechtol+ 2011 (arXiv:1105.1832)



The TARGET Camera Module

USBFiber

HV

8 × 8 MAPMT
(H8500)

TARGET

FPGA

MPPC Plan

TeV Array with Gsa/s sampling and Experimental Trigger



ADC Count

Vo
lta

ge
 (V

)

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
ASIC 0, Ch 00, Seg 0, Samp 00

 (ADC)
0.5 11.5 2

 (m
V

)

0
1
2
3
4

ADC Counts
0 100 200 300 400 500

R
es

. (
m

V
)

-2-1
0
1
2

ASIC 0, Ch 00, Seg 0, Samp 00

Calibration of the Transfer Function

Measure the ADC 
count in ~8 mV step
Dominant noise is 
common between
Ch N and Ch N + 8 
~4 (mV) (~2 ADC)
Intrinsic noise
~1 (mV) (~0.5 ADC)
Fit V v.s. ADC with 
simple a function
Fitting residual is
~0.5 (mV) (~0.25 ADC)

Good Range (0.6 to 1.6 V)

Common Noise

Intrinsic Noise

V = p0 + p1ADC + p2ADC1/2 + p3ADC1/3 + p4ADC1/4 + p5ADC5

512 ADC Counts (9 bits)



Calibration of the Sampling Speed

Sampling speed is 
adjustable via control 
DC voltage
Input 20 (ns) or 30 (ns) 
cycle sinusoid wave to 
the module
Convert ADC counts to 
voltage using the 
transfer functions
Fit the waveform and 
obtain the sampling 
speed

Time (ns)
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ge
 (V

)
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Calibration of the Sampling Speed

Sampling speed is 
adjustable via control 
DC voltage
Input 20 (ns) or 30 (ns) 
cycle sinusoid wave to 
the module
Convert ADC counts to 
voltage using the 
transfer functions
Fit the waveform and 
obtain the sampling 
speed

1 GSa/s
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1 Photoelectron Distribution (32 Channels )
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Results of two different 
ND !lters are shown
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1 p.e.



Test Bench of Fiber Link

Prototype of a 
backplane board
Receive data from 
multiple camera 
modules
Broadcast commands 
from the board to 
modules

PC ⇄ Board ⇄ Modules

> 6.6 kHz DAQ

Camera Module × 2 Function Generator

Backend Board



Summary

TARGET 1 has been developed for the Schwarzschild-Couder 
optical system
Con!rmed the basic functionalities of the TARGET camera 
module
TARGET 2 has been already fabricated and delivered
Some improvements are expected in TARGET 2


