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CORNELL Advantages of PADs

Large signal/x-ray
Single photon sensitivity
Energy resolution — w/ pulse height circuitry X-rays

Excellent PSF _ 2700 e- / 10keV x-ray
Charge cloud ~ 15 micron spread

Signal < 10 in next pixel ” 2

Prompt signal collection ==
~ several ns collection

Application specific pixel circuitry l

Electronic shuttering

Photon counting "‘
High speed imaging

Fast readout (~ msec framing possible)
Increased dynamic range

In-pixel frame storage

Adaptive gain

Phase-locked integration
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Pixel Array Detectors

Method 1: Photon Counting Method 2: Charge Integration
Pulse shaping with discriminator Capacitive integration amplifier
+Energy resolution possible +High count rates (> 1010 Hz)

+Room temperature operation +Proper integration at pixel boundaries

+Large well depth (=counter depth)

-Limited dynamic range
-Max rate ~ few x 10° Hz/pixel choose well depth or high sensitivity
-Care needed at pixel boundaries -Cooling needed for long integrations

25 micron beam - 25 micron steps
300000

200000

X-rays

100000

Scanning a small spot across
an integrating PAD gives a
ConStant SpOt IntenSIty ’ 5Boeam F1>?)(;ition1(?\(/)|icronzsf))0




Pixel Array Detectors

Method 1: Photon Counting Method 2: Charge Integration
Pulse shaping with discriminator Capacitive integration amplifier
+Energy resolution possible +High count rates (> 1010 Hz)

+Room temperature operation +Proper integration at pixel boundaries

+Large well depth (=counter depth)

-Limited dynamic range
-Max rate ~ few x 10° Hz/pixel choose well depth or high sensitivity
-Care needed at pixel boundaries -Cooling needed for long integrations

N\ /

Method 3: Mixed mode - re-settable pixel
Integrator with overflow counter




CORNELL Pixel Array Detectors: Calibration

There are no noiseless area detectors!
Corollary: Every detector is limited in its accuracy.

Lots of reasons: Charge recombination, pixel-to-pixel variations in gain or collection efficiency,
absorption outside active detector region, in-pixel variations in sensitivity, detector gaps, point spread,

stability, charge lost to adjacent pixel, etc. ' "'mr"”wmm/\(/ AR

A detector is only as good as it's calibrations.
«Careful calibrations do help.

Gain variations g owf / :\ \ \
Image distortions g // ooy
Geometrical absorption factors [/ \_\ \_\ \_\ Z
/ \ \ \

Fundamental limits to detector calibration. o umeol ekl %) 1%y

Rarely achieve better than 1% 001 Ltisad oo o i ot ot
H - - 10° 10! 102 103 104 10° 108

Depends on nature of signal - especially challenging are CRAYS

Features < 1-2 pixels in size (in-pixel variation in sensitivity)
High local count rates (non-linear behavior)

See Poster by KS Green, et al., at SRI 2012

Example: Well Calibrated CCD
Measure variation of spot
intensity at multiple locations




CORNELL Pixel Array Detectors: Calibration

There are no noiseless area detectors!
Corollary: Every detector is limited in its accuracy.

Lots of reasons: Charge recombination, pixel-to-pixel variations in gain or collection efficiency,
absorption outside active detector region, in-pixel variations in sensitivity, detector gaps, point spread,
stability, charge lost to adjacent pixel, etc.

A detector is only as good as it's calibrations.

Careful calibrations do help.
Gain variations
Image distortions
Geometrical absorption factors

Example 2 : Uniform illumination of PAD.

Arcs are from dopant variations in diode-

Lateral electric fields in diode changes pixel
See Poster by KS Green, et al., at SRI 2012 area - not pixel gain. Bright pixels are larger.




Microsecond Imaging Detector:
8 frame storage

Detector #1

Rapid framing (SE, IR closed)
; 1. select storage cap Cl1
100x92 Pixel Detector 2. Open IR switch (Frame integration begins)

4
2x10 X'raY_S full well 3. Deselect Storage cap (Integration ends)
2 X-rays noise 4. Close IR

150 ns min frame repeat with C2 ... C8

600 ns between frames

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

& - Storage Stage RE\Output Stage

e
] mmu Br

___________________________________________

C1-C8: 130 fF

G. Rossi, et al, J Synchrotron Rad. (1999). 6, 1095-1105.

Vb —

____________________




CORNELL High speed radiography:

Detector #1

Diesel Fuel injection system
Cerium added for x-ray contrast
135 MPa gas driven
1.1 ms pulse
1 ATM SF;in chamber

X-ray beam:
CHESS Beamline D-1
6 keV (1% bandpass)
108 - 107 x-rays/pix/s

Collaboration with:
Jin Wang APS

Supersonic spray from diesel fuel injector

X/Y Translation

* Chamber
Spray | i
~ —\ vl .
X-rays R
L ; PAD
_ vV , I
- > \ ‘] 'Ir I,
( CHESS )—> R

. ! Nozzle
L_Synchronization
|

. MacPhee, et al, Science (2002). 295, 1261-1263.




High speed radiography:

Detector #1

8 frames of jet emerging 2.5 mm
from nozzle e
5.13 us integration

2.56 us between frames

shock wave ~ 2 % contrast

13 mm

\ Nozzle Opening
| % h ¢ =0.2 mm
B

N

Nozzle 1 2 3 4 5 6




CORNELL Diesel fuel injector spray

Detector #1

1.3 ms time sequence (composite of 34 sample positions)
5.13 us exposure time  (2.56 us between frames)
168 frames In time (21 groups of 8 frames) Average 20x to improve S/N
Sequence comprised of 5 x 10% images

t = 0.000000

A. MacPhee, et a/, Science (2002). 295, 1261-1263.




CORNELL Keck PAD

Detector #2

Improvements to microsecond imager

16x16 pixel prototype tested

Goals - .
128 x 128 pixel modules under

construction

* Image successive synchrotron bunches
- successive frames <150 ns

« Multiple accumulation periods per image

- (analogous to lock-in) o FIOVEM SamplingStage | _ ______________

| @, i PIXour |

Yrwbwm o i

« Improved data output I S A |
- <1ms to read frame o g |1 i

e~ dufe Sk [\ :

L | @ clz_i E , o |

HV i oq)FI CFII_E i Cg Cso=— Cg J_ Css J_ a\VBP i
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Koerner & Gruner, J. Synchro. Rad. 18 (2011) 157. Wi 7 1L :




Keck 16x16 - Bunch Isolation

Detector #2

o 2.1*10% x-rays/mm?/s

« Total spot 11*10* x-rays,
~2,500 x-rays per pixel

« C. = 1966 fF

« 190 ns exposure time

Rising-edge:
« 100 ns (six bunch train)

X-rays in spot

. .
I i

X-rays

_2 ; : ; :
1900 2100 2300 2500 2700 _
PAD Delay (ns) ExposureTi

Caution: Know Your Source!
Measured beam fluctuations at Decrease PAEI> delay: ;ﬂcrease PAD del!ay;

: X-rays arrive later in -rays arrive earlier in
100,200 (rectalal | LI R
kHz (betatron oscillations)

— me —




Integrating PAD for LCLS - CSPAD

(CORNELL _ _
Pixel Schematic N
Reset
Reverse Bias akc =hla TBUS
N I C, ADC Clock—
e g 2 '
to Diod cps E Photon Histograms
\ S/H Comparator E Counting photons in a pixel
vroto—s" =1"]| =
Ramp =7 g Tima =200y
Single photon sensitivity
Full Well > 103 ;

150+

Photon rate / pixel > 10% Hz
120 Hz Frame rate
In-pixel ADC

1001

0 200 400 600 800 1000 1200




o Integrating PAD for LCLS - CSPAD
Single Photon Imaging

Detector #3

Can one make sense of huge data sets with low counts per frame?
How low an intensity is usable?
Now add in random orientations per frame.

Test: Frame an ObjECt Wlth random Start with random guess for model.
rotation |mage at 2.5 phOtOﬂS [frame Compute expectation for each frame at N rotations.

Model weights are updated using aggregate of all

(400000 frames total) w/ CSPAD frames. Iterate until convergence.

No need to find rotation matrix for each frame.

Expectation

(a) (b) (c) . . .
Maximization

50
(d)
o~ 40
X 30
E 20

10

photons/frame

Summed result HT Philipp, et al., Optics Express 20 13129-13137
Also talk by H Philipp at SRI - 2012




CORNELL

Integrating PAD for LCLS - CSPAD

Single Photon Imaging

Detector #3

How low an intensity Is usable?

Now add in random orientations per frame.

(a) (b)

(c)

Test: Frame an object with random
rotation. Image at 2.5 photons/frame
(400000 frames total) w/ CSPAD

50
« 40
X 30
E 20

10

(d)

photons/frame

Summed result

Start with random guess for model

Compute expectation for each frame at N rotations

Model weights are updated using aggregate of all
frames. Iterate until convergence.

No need to find rotation matrix for each frame

Expectation
Maximization

—
Object
Recovered!

HT Philipp, et al., Optics Express 20 13129-13137

Also talk by H Philipp at SRI - 2012




Mixed Mode PAD

Extended Dynamic Range Detector .......

CORNELL

Goals:

Increase dynamic range (107 x-rays/pixel)
Keep high count rates (>108 Hz)

Fast framing (~ 1ms deadtime)

Single photon S/N

Methods:

« Integrating pixel w/ digital overflow counter / charge reset
« Analog remainder read at end of frame
« Fabricated in 0.25 um TSMC 3.3 V, metal on metal capacitors

Collaboration with Area Detector Systems Corporation:

S.G. Angello, et al, IEEE 2004 Nuc. Sci. Symposium, Rome, (Oct. 16-22, 2004).




Mixed Mode Pixel

Integrating pixel w/ overflow counter / charge reset

Detector #4

Number of overflows
Vref
18-Bit Counter — Digital Out
Charge —=Cuub
removal
i <7< Monostable /Exceed threshold:
 remove charge
Vv V .._QKC = « increment counter
low Frame Reset
Vth 1+
/ H C Comparator
int
/ =
/Vref 1+ ‘ >
— Analog V,,,
100 — 1000 X-ray capacity Integrator +
High gain for sensitivity Sample and Hold \
“Remainder” read
at end of frame




MMPAD X-ray Testing
Count Rate / Dynamic Range

Detector #4

Aluminum diffraction
(No beam stop!)

»1 sec integration
(4 views of same image)

«2x107 x-rays/pix
in center

700 x-rays/pix
in weakest spots




Mixed Mode PAD
2x3 Array for kHz Imaging

Ptychography at APS 2-1D-B

(w/ Vine, McNulty at APS, Mancuso Group at
European XFEL)

2.5 keV - 108 photons/s

150 nm focus

2x3 tiled array of MMPAD chip
1100 Hz max framing

Large dynamic range

High photon rates

ra
log number of photons

-1
1 s image from Pt zone plate (10° photons full scale)




Mixed Mode PAD
2x3 Array for kHz Imaging

CORNELL

Time resolved reactive foil mixing at CHESS A2 - 15 keV
(w/ Darren Dale : CHESS, Todd Hufnagle Group : Johns Hopkins)

Propagation Direction

N\ R T

= | 0,1,2,...15keV photons
. YA , , , _
/ "/homesmark/dat asA13N1i_photon_spectra, graf"
10000 F
e iy
! 1000 F
sl A s R 100 b
: b
A SRR Ve
! 10 F
e, + Ni fluorescence
2 ms images from AI3Ni bilayer foil Lo R

undergoing reactive mixing Photon energy spectrum from single image at left.
5 x-rays full scale




Coming Soon

Use our 2x3 MMPAD for more science!
128x128 pixel Keck imager

Photon Counting!

FPGA-PAD

Small groups of pixels per output pin

Pixel outputs serialized through output pins

On-the-fly processing in FPGA

(e.g. Time auto-correlation computed in real
time for each pixel to 0.1 us)




