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Basic Hybrid Pixel Array Detector 
(PAD)

Diode Detection Layer
• Fully depleted, high resistivity
• Direct x-ray conversion in Si

Hybridized with 
Connecting Bumps
• Solder, 1 per pixel

CMOS Layer
• Signal processing
• Signal storage & output

X-rays

Gives enormous flexibility!
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PADs come in two varieties

Photon counting PADs 
• Front ends count each x-ray individually. (PILATUS, 

Medipix, Timepix, XPAD, etc.)
• Count-rate limited to ~106 -107 x-rays/pix/sec. 

SLS PILATUS

Integrating PADs
• Use an integrating front-end to avoid the count-rate 

bottleneck.
• Capable of handling enormous count-rate.
• Existing variants include CSPAD, MMPAD, Acrorad, AGIPD, 

LPD, etc.
Cornell-SLAC LCLS

Acrorad CdTe
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Basic Physics: Direct Detection in Silicon
• Si is a superb x-ray to electrical signal converter.

• @ 10 keV, in < 1 ns, radius of e-h cloud ~ 1 micron.

• Number e-h pairs, Neh:  Ex-ray / 3.65 eV

•

• 10 keV yields Neh = 2740 ± 20.  (∆E = ±3.65 x 20 eV = 146 eV width)

  ( ) / / ,  where   Fano Factor = 0.1.eh eh ehN N F N F

20 – 40 um, ~20 ns

Charge collection time sets limit on 
photon counting.
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Example 1: High Speed Imaging
Requirements: Rapid Framing Imager

In pix storage for 8 frames
Selectable integration time (s to seconds)
Dead time < few s 
Well-depth > 104 x-rays/pixel/frame (for 1% statistics)

Count rate >1010 x-rays/pixel/s Analog integration needed

Examples:
• Liquid jets
• Shock waves
• Crack propagation & materials failure
• Phase transitions in alloys, polymers & Liq. Crystals
• Cavitation
• Etc.
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CB
Vb

RE
Output Stage

Input Stage+60V

Diode

IR

2 pf SE
Storage Stage

C1 C2 C3 C4 C5 C6 C7 C8

C1 - C8: 130 fF

Rapid framing (SE, IR closed)
1. select storage cap C1
2. Open IR switch (Frame integration begins)
3. Deselect Storage cap (Integration ends)
4. Close IR

repeat with C2 … C8

Pixel Read (open SE, close RE) 
Connect storage caps in sequence with output
Pixels and caps both independently addressable

Cornell Prototype Integrating PAD
G. Rossi, M. Renzi, E.F. Eikenberry, M.W. Tate, 
D. Bilderback, E. Fontes, R. Wixted, S. Barna, 
S.M. Gruner , J. Synchr Rad, 6 (1999) 1096.
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Beam
Injector

Fuel Spray
(hollow cone)

13.5 mm

2.
5 

m
m

Gasoline fuel injector spray
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X-ray beam
• CHESS Beamline D-1
• 6 keV (1% bandpass)
• 2.5 mm x 13.5 mm
• (step sample to tile large area)
• 109 x-rays/pix/s
• 5.13 s integration (2x ring period)

Fuel injection system
• Cerium added for x-ray contrast
• 1000 PSI gas driven
• 1 ms pulse
• 1 ATM Nitrogen

Collaboration: Jin Wang (APS) & S.M. Gruner (Cornell)
See: Cai, Powell, Yue, Narayanan, Wang, Tate, Renzi, Ercan, 

Fontes & Gruner 
Appl. Phys. Lett. 83 (2003) 1671.

Beam
Injector

Fuel Spray
(hollow cone)

13.5 mm

2.
5 

m
m

Gasoline fuel injector spray

Jin Wang
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Gasoline fuel injector spray

• 1.8 ms time sequence (composite). 105

images
• 5.13 s exposure time. (15.4 s between 

frames)
• 88 frames  (11 groups of 8 frames), Avg. 20x 

for noise. 
• 1000 x-rays/pixel/s 
• Data taken with 4 projections.

Recent work: Liu et al., Appl. Phys. Lett. 94 (2009) 184101
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High speed radiography
Supersonic spray from diesel fuel injector

X-ray beam
• CHESS Beamline D-1
• 6 keV (1% bandpass)
• 2.5 mm x 13.5 mm (step sample to           

tile large area)
• 108 - 109 x-rays/pix/s
• 5.13 s integration (2x ring period)

Diesel Fuel Injection System
• Cerium added for x-ray contrast
• 1350 PSI gas driven
• 1.1 ms pulse
• 1 ATM SF6 in chamber

Collaboration: Jin Wang (APS) & S.M. 
Gruner (Cornell)

See: McPhee, Tate, Powell, Yue, Renzi, Ercan, 
Narayanan, Fontes, Walther, Schaller, 
Gruner & Wang
Science 295 (2002) 1261-1263.

PAD

X-rays

Nozzle

Spray

Chamber

CHESS

SynchronizationRecent work: Im et al.., Phys. Rev Lett. 102 (2009) 074501
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High speed radiography
Supersonic spray from diesel fuel injector
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Diesel fuel injector spray

• 1.3 ms time sequence (composite of 34 sample positions)
• 5.13 s exposure time    (2.56 s between frames)
• 168 frames in time (21 groups of 8 frames) Average 20x for S/N
• Sequence comprised of 5 x 104 images

A. MacPhee, et al, Science (2002). 295, 1261-1263.
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Time-Resolved Phases of Reactive Metal Foils

Trenkle et al., J. Appl. Phys, 107 (2010) 113511

Collaboration with Hufnagel & 
Weihs at Johns Hopkins 
University.
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Time-Resolved Phases of Reactive Metal Foils

Trenkle et al., J. Appl. Phys, 107 (2010) 113511
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KECK PAD

Parameter Target Value
Noise < 0.5 x-ray/pixel/accumulation

Minimum exposure time <150 ns for 12-bit imaging

Capacitor well depth 2000 – 4000 x-rays

Nonlinearity (% full well) < 0.2%

Diode conversion layer 500 μm thick Si

Number of capacitor 
wells/pix

8 

Full chip frame time 1 msec/frame, e.g., 8 msec for 8 
capacitors

Radiation lifetime > 50 Mrad at detector face @ 8 keV

Pixel size 150 μm on a side, or 128 x 128 pixels per 
IC

Detector chip format 2 x 4 chips = 256 x 512 pixels

Dark current 2 x-rays/pix/sec

Keck PAD
Considerations:

• Front-end amplifier settling time. 
• Time to transfer data to off-ASIC digital memory. Parallelize!

Koerner & Gruner, J. Synchro. Rad. 18 (2011) 157. 

< 150 ns for 12 bit settling shown. 
Equivalent to ~4000 8 keV x-rays. 
Faster for fewer bits. A few bits in 
10’s of ns should be feasible.
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Example 2: LCLS Coherent Imaging Experiment
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 Tiled PAD.
 120 Hz frame.

Example 2: LCLS Coherent Imaging Experiment
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 Tiled PAD.
 120 Hz frame.

 Diffuse Scattering
 Variable envelope
 << 1 X-ray/pix/frm
 SAXS: Lots of x-rays

Example 2: LCLS Coherent Imaging Experiment
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Requirements

> 90% at 8 keVDQE

500x500 pixelsDetector Area

100-200μmPixel size

>3 for single 8 keV photonSignal/Noise

120HzReadout Frame rate

103Well-depth/pixel

4-8 keVEnergy Range

Minimum RequirementParameter

> 90% at 8 keVDQE

500x500 pixelsDetector Area

100-200μmPixel size

>3 for single 8 keV photonSignal/Noise

120HzReadout Frame rate

103Well-depth/pixel

4-8 keVEnergy Range

Minimum RequirementParameter
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Requirements

> 90% at 8 keVDQE

500x500 pixelsDetector Area

100-200μmPixel size

>3 for single 8 keV photonSignal/Noise

120HzReadout Frame rate

103Well-depth/pixel

4-8 keVEnergy Range

Minimum RequirementParameter

> 90% at 8 keVDQE

500x500 pixelsDetector Area

100-200μmPixel size

>3 for single 8 keV photonSignal/Noise

120HzReadout Frame rate

103Well-depth/pixel

4-8 keVEnergy Range

Minimum RequirementParameter

> 2500 8 keV x-rays/pixels/image 

110 x 110 microns
1516 x 1516 pixels

8
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Pixel-Level Schematic
Controlled by 1-bit 

programmable pixel memory

490 fF

75 fF
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Detector

194

185

pixels

pixels
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Example Radiograph of a Dollar Bill
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So, what does the final detector look like?
Cornell-SLAC PAD (CSPAD)
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1.9 Å Structure from microcrystal at LCLS

Key point: Microxtals overcome the crystallization bottleneck.



1-5 July 2012 iWoRID Hi-flux PADs  

Cornell University
Physics Department & CHESS

26

Example 3: Mixed Mode PAD*
PAD Tile Format 6 modules, each 128 x 128 pixels

Pixel Size 150 μm x 150 μm

Max Frame Rate 1,000 Hz

Data Rate 400 MB/s

Read Noise  (rms) 0.15 X-ray [8 keV] / pix

Sensor 300 um silicon, fully depleted

Well Capacity > 3 x 107 X-rays/pix/frame

*Chip development: collaboration with Area Detector Systems Corp. 
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Example 3: Mixed Mode PAD
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MMPAD. At @ CHESS F2. 1 sec expos. No Beamstop! 

Direct Detection PSF is Superb!
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1 s diffraction from Pt zone plate. 105

photons full scale
(APS: Vine, McNulty; XFEL: Mancuso Group; Cornell)

2 ms diffraction from Ni3Al multilayer foil 
undergoing reaction. 5 photons per pixel 
full scale
(CHESS: Dale; Johns Hopkins: Hufnagel group; Cornell)

Wide dynamic range provides extraordinary 
experimental flexibility
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Example 4: Scanning Transmission EM (STEM)

120 keV200 keV 200 keV 120 keV

16x16 PAD framing @ 1.1 kHz

Caswell, Ercius, Tate, Ercan, Gruner & Muller. Ultramicros. 109 (2009) 304.

• Polycrystalline Cu sample.

• Define* 

• Hue: Vector field direction of diffraction 

• Saturation: Vector field magnitude
* I = intensity; i,j= pix; p=pixel subset; q=vector from beam 
center to center of region p

, ,
, /i j i j

i j pp pI I
 

 I q
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Cornell PAD Group
• Actively working on PAD 

projects at Cornell:  
– Darol Chamberlain
– Kate Green
– Marianne Hromalik
– Hugh Philipp
– Prafull Purohit
– Mark Tate
– Joel Weiss
– Sol Gruner 

• PAD Design Collaborators: 
– Area Detector Systems Corp.
– SLAC 

• Past PAD Group Members:
– Dan Schuette
– Alper Ercan
– Tom Caswell
– Matt Renzi
– Guiseppe Rossi
– Sandor Barna
– Bob Wixted
– Eric Eikenberry
– Lucas Koerner

• Support:
– U.S. Dept. of Energy
– U.S. National Inst. Health
– U.S. National Science Found.
– Keck Foundation
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END


