
CF2 Instrumentation
Jim Buckley 

for the CF2 working group

M. Cahill-Rowley, R. Cotta, A. Drlica-Wagner, S. Funk, J. Hewett, A. 
Ismail, T. Rizzo and M. Wood (SLAC and Irvine Particle Theory groups)



γ γ

1

γ γ γ γ

Snowmass 2013                                                CF2: Indirect Detection                                      James Buckley 

Direct and Indirect Detection

• Scientific complementarity

• Technical complementarity 

[hep-ph] arXiv:1011.4514 L. Bergstrom et al.

Proposed CTA SC 
camera module with 
25 2” MAPMTs

Xenon100 Detector
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CF2 Experiments
1.2 Overview of this Report 3

Table 1-1. Current and planned indirect detection experiments.

Status Experiment Target Location Major Support Comments
Current AMS e+/e−,

anti-nuclei
ISS NASA Magnet Spectrome-

ter, Running
Fermi Photons,

e+/e−
Satellite NASA, DOE Pair Telescope and

Calorimeter, Run-
ning

HESS Photons,
e−

Namibia German BMBF, Max Planck Society,
French Ministry for Research, CNRS-
IN2P3, UK PPARC, South Africa

Atmospheric
Cherenkov
Telescope (ACT),
Running

IceCube/
DeepCore

Neutrinos Antarctica NSF, DOE, International *Belgium,
Germany, Japan, Sweden)

Ice Cherenkov,
Running

MAGIC Photons,
e+/e−

La Palma German BMBF and MPG, INFN,
WSwiss SNF, Spanish MICINN, CPAN,
Bulgarian NSF, Academy of Finland,
DFG, Polish MNiSzW

ACT, Running

PAMELA e+/e− Satellite
VERITAS Photons,

e+/e−
Arizona,
USA

DOE, NSF, SAO ACT, Running

Planned CALET e+/e− ISS Japan JAXA, Italy ASI, NASA Calorimeter
CTA Photons ground-

based
(TBD)

International (MinCyT, CNEA, CONICET,

CNRS-INSU, CNRS-IN2P3, Irfu-CEA, ANR,

MPI, BMBF, DESY, Helmholtz Association,

MIUR, NOVA, NWO, Poland, MICINN,

CDTI, CPAN, Swedish Research Council,

Royal Swedish Academy of Sciences, SNSF,

Durham UK, NSF, DOE

ACT

GAMMA-
400

Photons Satellite Russian Space Agency, Russian
Academy of Sciences, INFN

Pair Telescope

GAPS Anti-
deuterons

Balloon
(LDB)

NASA, JAXA TOF, X-ray and
Pion detection

HAWC Photons,
e+/e−

Sierra Ne-
gra

NSF/DOE Water Cherenkov,
Air Shower Surface
Array

PINGU Neutrinos Antarctica NSF Ice Cherenkov

Community Planning Study: Snowmass 2013
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Indirect Detection 
Fermi VERITAS

Super K

AMSPAMELA

Super-K ICECUBE

γ

ν

e−, e+, p, p̄
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Gamma-Ray Detection

• Both space-based and ground-based instruments use electromagnetic calorimeters, 
but for ground-based instruments the earth’s atmosphere is basically a continuous 
27 rad. length total absorption calorimeter, viewed with an array of telescopes.  
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VERITAS Array

•  First Light in April 2007
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VERITAS Array

•  First Light in April 2007

• 10 mCrab sensitivity - 5σ detection at 1% 
Crab (2x10-13 erg cm-2 s-1 @ 1 TeV) in 28 hrs.

• Effective area 105 m2 above 500 GeV

• Angular resolution <0.1 deg

• Energy range 150 GeV - 30 TeV, 15% 
resolution (for spectral measurements)
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Technical Details

Stage et al. 2006

Telescope (x 4)
12-m diameter Davies-Cotton
 f 1.0, 110 m2 area
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Technical Details

Stage et al. 2006

Telescope (x 4)
12-m diameter Davies-Cotton
 f 1.0, 110 m2 area

Camera (x 4)
499 PMTs, 3.5o FOV
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Technical Details

Stage et al. 2006
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Mirror Facets (x 350)
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Stage et al. 2006

Telescope (x 4)
12-m diameter Davies-Cotton
 f 1.0, 110 m2 area

Mirror Facets (x 350)
Reflectivity ~ 88%
(Recoated every 2 years)

Electronics
500 Msp FADC, CFD trigger, 3-fold 
adjacent pixels and 2/4 telescope 
coincidence
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Gamma-Ray Instruments

(JB)

Fermi
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Neutrino Detection

(simulated neutrino event in ICECUBE)
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CTA-US

3/7/13 4 

SC-MST (Dual Mirror) DC-MST (Single Mirror) 

Gamma-ray Shower Image (E = 1 TeV) 

SLAC Cosmic Fronter Workshop 

3/7/13 5 

1 km 

CTA: Point-Source Sensitivity!

SLAC Cosmic Fronter Workshop 

Hybrid-1 (50 hr) 
Prod-1 Array I (50 hr) 

~2-3x improvement  
in core energy range 
from US contribution 

Prod-1 Array I 
3 LSTs 
18 MSTs 
56 SSTs 
Hybrid-1 
61 MSTs 

Prod-1: See K. Bernlohr et al. 2012, arXiv:1210.3503 
Hybrid-1: See  T. Jogler et al. 2012, arXiv: 1211.3181 

Fermi (3yr) 

3/7/13 6 

CTA: Angular Resolution!

SLAC Cosmic Fronter Workshop 

Hybrid-1  
SC-MST 

Hybrid-1  
DC-MST 

0.1° 

0.03° 
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CTA Camera

!

J. Buckley                                  SCT Camera Status                                     UCLA, Jan 2013                                                      

Camera Modules

Monday, January 14, 2013

Electronics based on TARGET were 
developed by SLAC and U. Hawaii

J. Buckley                                  SCT Camera Status                                     UCLA, Jan 2013                                                      

PhotosensorsConcerns 3: PDE

• Losses in the blue are compensated by gains in the 

red

• But gains in the red bring along NSB photons

• Implementation of an IR cutoff is tricky, and cuts both 

signal and background

Sunday, October 21, 12

David Williams

CTA Consortium Meeting – Rome 2012

SiPM Concerns I: Pulse Shape

11

! NSB rates 20–40 MHz; ~25–50 ns separation between pulses

! Excelitas: ~10 ns

! Hamamatsu: ~100-150 ns but fast rise allows differentiation to get a fast output 

pulse: ~8 ns (at large cost in gain)

~8ns~120ns

MPPC + differentiator

(note: using 150MHz scope bandwidth)
‘raw’ MPPC pulse

Sunday, October 21, 12

Concerns 2: Crosstalk

• We worry about afterpulsing in PMTs at 10-3; effect of 

optical crosstalk is 10x larger.

• May not be a show stopper with the right trigger strategy

• Could be fatal with the wrong trigger strategy

• Trenches to reduce crosstalk available/coming from most 

manufacturers

OVop
OVmaxPDE

Sunday, October 21, 12

Multianode PMT
Hamamatsu

H8500-10x MOD8 = H10966B-10x 

• Familiarity of a PMT

• Adequate performance in most respects

• Disappointing PDE, but not as bad as we first 

thought

• Straightforward operation — except for channel 

suppression for stars

• 2” segment less than ideal for camera optics

• A safe fallback option

Sunday, October 21, 12

MAPMTs SiPMs

~1ns

MAPMT Pulse
SiPM Pulses (after preamp)

S11828-3344 MPPC 
(H8500-10x MOD8)

Currently, crosstalk (~10%

and pixel pitch are key

concerns)

Monday, January 14, 2013

Write Pointer Read Pointer

Outputs from

other Channels

L2 Triggers from

other

Telescopes

stop

ADCs

Camera Subfield

Pattern

Trigger (L2)

Timing and Read/Write Control

Switched Capacitor Array

Discriminator
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Preamp

Photodetector
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Array 
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(L3)
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Contained Events
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Contained Events

Darren R. Grant - University of AlbertaMarch 6-8, 2013

DeepCore Atmospheric Muon Veto

250 m

35
0 

m Deep 
Core

extra
veto cap

AMANDA

IceCube

• The cosmic ray muon background 
(around 106 times the atmospheric 
neutrino rate)

• Overburden of 2.1 km water-equivalent 
is substantial, but not as large as at 
deep underground labs

• However, top and outer layers of 
IceCube provide an active veto shield 
for DeepCore

• ~40 horizontal layers of modules 
above; 3 rings of strings on all sides

• Effective !-free depth much greater

• Can use to distinguish atmospheric ! 
from atmospheric or cosmological " 
(access to the Southern Hemisphere 
sky!)

• Vetoing algorithms surpass the required 
106 level of background rejection
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Positron/Antiproton Detection

•

• Typical instruments include:

•  MS for measurement of momentum 
(rigidity)

•  EC for measurement of energy and 
for discrimination of hadronic 
showers

• Redundant measurement of Lorentz 
factor (e.g., RICH or TRD) for 
particle discrimination against large 
background of protons.

Schematic of HEAT

e− e+
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Positron/Antiproton Detection

•

• Typical instruments include:

•  MS for measurement of momentum 
(rigidity)

•  EC for measurement of energy and 
for discrimination of hadronic 
showers

• Redundant measurement of Lorentz 
factor (e.g., RICH or TRD) for 
particle discrimination against large 
background of protons.

Schematic of HEAT

e− e+

Electron Proton 

(BETS-Tori, et. al.)
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Antideuteron Measurements

• GAPs looks for anti-deuterons (hard to produce as CR secondaries), uses 
TOF, X-rays from short-lived exotic atom, pion star from annihilation
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Technical Developments

• Analog pipeline ASICs (K. Nishimura)
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Development of 
Large Aperture

Hybrid Photodetector

Masashi Yokoyama
Department of Physics, University of Tokyo

Cosmic Frontier workshop Mar. 6-7 2013 SLAC

Large-Area HPMT (Masahi Yokoyama) LAPPD psec timing, 8” square 
photodetector, (K. Byrum)
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CTA Photosensors

J. Buckley                                  SCT Camera Status                                     UCLA, Jan 2013                                                      

PhotosensorsConcerns 3: PDE

• Losses in the blue are compensated by gains in the 
red

• But gains in the red bring along NSB photons

• Implementation of an IR cutoff is tricky, and cuts both 
signal and background

Sunday, October 21, 12
David WilliamsCTA Consortium Meeting – Rome 2012

SiPM Concerns I: Pulse Shape

11

! NSB rates 20–40 MHz; ~25–50 ns separation between pulses
! Excelitas: ~10 ns
! Hamamatsu: ~100-150 ns but fast rise allows differentiation to get a fast output 

pulse: ~8 ns (at large cost in gain)

~8ns
~120ns

MPPC + differentiator
(note: using 150MHz scope bandwidth)‘raw’ MPPC pulse

Sunday, October 21, 12

Concerns 2: Crosstalk

• We worry about afterpulsing in PMTs at 10-3; effect of 
optical crosstalk is 10x larger.

• May not be a show stopper with the right trigger strategy

• Could be fatal with the wrong trigger strategy

• Trenches to reduce crosstalk available/coming from most 
manufacturers

OVop OVmaxPDE

Sunday, October 21, 12

Multianode PMT
Hamamatsu

H8500-10x MOD8 = H10966B-10x 

• Familiarity of a PMT

• Adequate performance in most respects

• Disappointing PDE, but not as bad as we first 
thought

• Straightforward operation — except for channel 
suppression for stars

• 2” segment less than ideal for camera optics

• A safe fallback option

Sunday, October 21, 12

MAPMTs
SiPMs

~1ns

MAPMT Pulse SiPM Pulses (after preamp)

S11828-3344 MPPC 
(H8500-10x MOD8)

Currently, crosstalk (~10%
and pixel pitch are key
concerns)

Monday, January 14, 2013
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TARGET ASIC

• Target-5 ASIC Designed by U. Hawaii (Garry Varner) for SLAC

•

University of Hawai’i Manoa
Instrumentation Development Laboratory

Version 0.98   Sept. 2012

TA
R

G
ET

TARGET5
16-channel, GSPS Transient Waveform Recorder with
Self-Triggering and Fast, Selective Window Readout

T5   A
 16-channel, G

SPS

General Description Features
The third-generation TeV Array with GSa/s
sampling and Experimental Trigger (TARGET5)
ASIC is a 16-channel transient waveform recorder
initially designed to monolithically and inexpensively
instrument large deployments of semiconductor
photon detectors for large neutrino and muon

High density (16 channels)
Good timing performance
9-10 bits of resolution
Fast conversion (<5us/512 samples)
Random access to individual samples
Flexible operating modes

S, Transient W

Key Specifications

photon detectors for large neutrino and muon
detectors. The very general nature of the signal
recording, the narrow digitization selection window,
and fast single conversion make it useful in a
number of applications. In order to support large
arrays, self-triggering capabilities have been
incorporated to permit event-of-interest
identification as well as data sparsification.

Flexible operating modes
All biases set with internal DACs

Low power (<10mW/channel)
Giga-sample per second recording
Selective (windowed) readout
16 384 storage samples/channel W

aveform
 R

Applications
Intended for detectors needing sampling rates of
0.4 - 1 Giga-samples per second (GSPS), triggered
readout rates of up to 100kHz are possible,
depending upon occupancy, the resolution and
performance of Wilkinson time encoding inside a
companion Field Programmable Gate Array. Each
channel has 32 rows of 512 storage cells, or 16,384
storage samples available

16,384 storage samples/channel

Large scintillator-based muon/neutrino detectors
Low-cost, highly integrated systems
Collider Detector instrumentation
Portable/pocket oscilloscope R

ecorder w
ith

storage samples available.

Block 
Diagram

h Triggering

www.phys.hawaii.edu/~idlab© 2012 Instrumentation Development Laboratory     061203
A
R
G
ET
5 Connection Diagram

TA

Bonding Diagram

Die Overview
The currently available TARGET5 devices are available
in a standard TQFP-128 package.

Available Packaging
The TARGET5 die is 6.99mm x 8.16mm.

V26J-AA

www.phys.hawaii.edu/~idlab 4
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Quiz

• Question: (a) Which is the camera module for the gamma-ray instrument 
and which is the module for the optical telescope? (b) Which is the 
optical system for the gamma-ray telescope and for the optical telescope?

J. Buckley                                  SCT Camera Status                                     UCLA, Jan 2013                                                      

Camera Modules

Monday, January 14, 2013

7/17/13 6:53 AMTowards Precision LSST Weak-Lensing Measurement - I: Impacts of Atmospheric Turbulence and Optical Aberration - INSPIRE-HEP

Page 1 of 10http://inspirehep.net/record/876622/plots

Welcome to INSPIRE, the High Energy Physics information
system. Please direct questions, comments or concerns to
feedback@inspirehep.net.

HEP  :: HEPNAMES  :: INSTITUTIONS  :: CONFERENCES  :: JOBS  :: EXPERIMENTS  ::
JOURNALS  :: HELP

 LSST optical design. The
telescope design is a
modified Paul-Baker three
mirror system, which
produces a uniform image
quality across a large field
of view. The relative
positions of the primary and
the tertiary mirrors were
adjusted during the design
process so that their
surfaces meet with no axial
discontinuity at a cusp,
allowing the Primary and
the Tertiary to be fabricated
from a single substrate. The
3.4-m convex secondary
mirror has a 1.8 m inner
opening, through which the
LSST camera is inserted at
the focal plane.

Encircled energy of LSST
PSF. Here we estimate the
diffraction-limited encircled
energy for  filter. The left
panel shows the encircled
energy as a function of

 
Towards Precision LSST Weak-Lensing Measurement - I: Impacts
of Atmospheric Turbulence and Optical Aberration - Tyson,
M.James Jee And J.Anthony arXiv:1011.1913 [astro-ph.IM]
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GaN MBE Lab

• At Washington U. we are fabricating AlGaN/InGaN photocathodes with both epitaxial and 
amorphous heterostructures using a Molecular Beam Epitaxy/ Transfer system.   Beginning 
work on solid state detectors with intrinsic gain, hybrid Silicon/GaN devices.

• Potential for High QE detection at 175nm in a very low radiation background PMT housing
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Photocathode Devices

• Semiconductor photocathodes hold promise for improvement in QE.   
Features include a reflection barrier, p-type doping profiles to bend the 
band, and a thin dipolar Cs-O layer to achieve negative electron affinity, 
and a barrier to tunneling.

FIGURE 2. Inside of the Cs-activation chamber showing the
photocathode wafer (right) held in front of the Cesium source
(left).

FIGURE 3. Close-up view inside of the QE measurement
chamber showing the wafer holder with cathode (right) in front
of the hybrid photodetector gain stage (left).

for a typical device structure. (For purposes of clarity the
thickness of the various layers are not drawn to scale.)
The cathode is grown directly on a crystalline sapphire
substrate. An AlN or AlGaN layer inserted between the
sapphire and the GaN/GaInN photocathode region serves
as a wide-band-gap barrier to prevent electronic back dif-
fusion toward the substrate interface, where defect den-
sities are expected to be higher and nonradiative recom-
bination of photoexcited electrons larger. Inserting this
wide band gap AlN or AlGaN buffer layer in the struc-
ture ensures that photoexcited electrons do not diffuse
back toward the sapphire substrate interface, but rather
are directed toward the photocathode emission surface.
In our AlGaN/InGaN heterostructures the alloy compo-
sition in the photocathode region is graded to tailor the
conduction and valence band profiles in a manner that
will enhance photoelectron transport to the surface. Oth-

FIGURE 4. Schematic band diagram of the AlGaN cathode
showing the main design features including the sapphire sub-
strate, AlN buffer layer, and graded p-type InGaN active region
followed by the activated surface.

ers have found that a modest electric field induced by
applying a voltage across a photocathode layer drives
electrons toward the semiconductor surface/vacuum in-
terface increasing the quantum efficiency by as much as
a factor of two [3]. This internal field can also be gen-
erated by grading the alloy composition, effectively tilt-
ing the conduction and valence band edge. The field can
also be increased by supplying an external voltage bias
to the structure. An example of such alloy grading is is
also shown in the figure, where conduction and valence
band-edge energy spatial profiles, Ec and Ev , are dis-
played for InGaN. The energy gap of GaN in the wurtzite
crystal structure is 3.39 eV at room temperature [4]. The
band gap can be continuously adjusted to lower ener-
gies by alloying with In. As the In content in the alloy
layer increases the energy difference between valence
band and conduction band decreases, resulting in a slop-
ing of the band edges. Although the fractional change in
the conduction and valence bands are different, the over-
all effect is to tilt the conduction band since the p-type
dopant incorporated throughout the layer allows mobile
hole charge carriers to diffuse in a manner that minimizes
the energy, leaving the valence band profile at. The tilted
conduction band is designed to drive photoelectrons to-
ward the surface, increasing their escape probability and
thus the quantum efficiency. Finally, as shown in Fig. 4,
an activation layer of Cs on the surface bends the bands
to achieve a NEA condition, which is vital for having a
high photoelectron escape probability.


