O
(8]
[
0
= 0
Sw
= C
(O]
= o
c o
O
On

T
o

uﬁ.s

Ine

Outl

&
5

> Why do we need AGFs?

> Theory of operation

- N
o e ]
QI T

-

i
e
s, 35 ok

ST,

o .n.w_.

%

ﬁ 3 -
ﬁ P03, A ..
W%w.m&.ﬂm\w..“ ....uu.-ﬂ

=
n
)
<

deta
»> Push

*> The Jungfrau FE design cho
> Push

L4
(&

é-

HES
g

the DR at Synchrotrons

ing

' ©

the DR at FELs.

ing

Aldo.Mozzanica@psi.ch

FEE 2026 workshop 05.2026



History of CPS detector group

CMS inner tracker
PSI46 ASIC N o e EIGER |

b PILATUS I-II |
'MYTHEN [ || MYTHEN II | MYTHEN 1|

Ny
& g & K $
~ ~ ~ ~ <

CMS pixel detector group (R. Horisberger) >
DECTRIS >

X-ray detector development:
* Late 90s, X-ray detectors at the time were slow, perceived
bottleneck for SLS, then in construction
 Technology transferred from CMS group - our first photon counting
detector PILATUS
* Successfully developing photon counters (PCs) for X-ray science sing
1998. PCs were praised for:
* Speed
« DR
* being “noiseless”

Pilatus 1 2000
DMILL 0.8um

2




History of CPS detector group

CMS inner tracker
PS146 ASIC

T T AN N S T ke EIGER

X-ray detector

* Late 90s, X- Thencame the FEL
bottleneck 1

* Technology
detector PIL
* Successfully
1998. PCs
* Speed
« DR
* being “

Pilatus 1 2000
DMILL 0.8um

e




Detectors for Free electron laser

* First hard X-ray lasing at LCSL: 2008
* FELs provide orders of magnitude more brilliance than other light

sources: all photons come at once - no counting possible
35

10 * AFEL delivers in a single pulse (~100fs) the same number of photons as
S xeEL i 0.1-1s at Synchrotron sources
= = (ZW s - * New detectors had to be developed - Cornell-SLAC CSPAD lead the way
N‘Z 10> |- — * PSI was involved in the AGIPD collaboration since 2008
. 1o I /./'/ FrasH i * GOTTHARD 0.1 was gain switching test chip from 2004
= n _ * in 2012 the Jungfrau project started.
% 107 B
£ 10%° |- PETRA Il 20m ID Shiing 8 ]
:;é 105 mgg |
5 U-A &
§ 107" Liquid Jet
10" . - i Typical FEL user case:
10" 10 10 10°  10° 10 — : :
- serial fs cristallograpy
- y T - {.} .
Be lenses
CSPAD detector Undulator

(z =93 mm) (420 m upstream)
Page 4



Charge integrating amplifier, can it meet the
requirements ?

Requirements:

1 single photon resolution at 2keV (SwissFEL)

2 DR? hard to get a fix number from science: 1 FEL pulse~1s at synchrotrons, Bragg reflections
@sync have Mcps/pix, but FEL are used for smaller, harder, weaker diffracting crystals

3 A 10" saturation level was considered sufficient in 2008.

A standard CSA with a reset switch and a fixed feedback capacitor: could this work?

2keV single photon resolution —» 1keV threshold - 4 sigma from noise, - noise < 250eV r.m.s. or
70 ENC

10E4 12keV photons —» 120MeV - 33Me- charge

33M/70= 470k = 19bitDR* — ————— » No way, not with a single, linear, gain

5
* here defined as saturation level/noise level



Three classes of solution to the HDR problem  PSI

Passive in pixel multi-gain with
variations of “lateral

ctive pixel gain switching:

Gotthard(1D), AGIPD, Jungfrau, overflow”(LOFIC): CITIUS, Percival____| =To)
EPix(HUR)10k, STARLIGHT, 10,1107/S1600577523004897 st i
unnamed* (Tue. Pres. by A.C., W 10.1063/1.5084691 M

pres. By L.G.)

10.1016/j.nima.2010.06.107

Switch2 Switchl  SwitchO

i}

I, m

"o us I 3099 D LoFi LOFICZ LOF,C OFIC:
10.1109/NSSMIC.2013.6829505 AB = = t: Integration t;: Readout $2
10.1109/TNS.2025.3637403 OW'WW ) i"\_l— %
10.1088/1748-0221/20/02/C02019 IRl

& anti-blooming 3T pixel

+ +
t3: Readout S3

t,: Readout S1 reset level

SR
e 1 1 1 Charge (ke-)
L2 o 0 10(]. 200 7.17].097__400
g Nonlinear gain/nonlinear
Kl >E — Cu e
= Il : )
L § <6 3 level 1] CapaC|t0rS.
1 2 . . -
> F = i In sensor: DSSC
| P . . -
G | v In FE: PIXFEL*
Leakage comp. —D&‘——j—l—l—l—l—l—r\ L -
Il
|l qu ) g 4
W i 10.1038/541598-023-38508-9 e
- 10.1088/1748-0221/10/02/C02024 S
L

V%

* prototypes

2000


https://doi.org/10.1088/1748-0221/10/02/C02024
https://doi.org/10.1016/j.nima.2010.06.107
https://doi.org/10.1107/S1600577523004897
https://doi.org/10.1063/1.5084691
https://doi.org/10.1109/NSSMIC.2013.6829505

Introducing the Adaptive Gain

Per pixel and per frame, the circuit

automatically adjusts the gain to the input
charge:

® starts in high gain

* small input charge: high gain

* medium input charge: medium gain

® high input charge: low gain

Per pixel and per frame, 16 bits output:

® 2 bits: what gain was used

JF ADC [ADU]

10000

15000 (——rrrm—rrrrm—rrrrr—rrr——

10 40

165

reset

comparator_block_j12

10° 10
Intensity [AU]

reset_comp_block

£ vin

* 14 bits: what was the amplified charge

This needs correcting to retrieve the number of
photons detected

160

vref AF}mpM}D—Ei
T
vb 5.5

B 0

b
<

vout_comp

PSI

7 High -> medium gain switching:
71 20x 12 keV photons

Medium ->low gain switching:
700 x 12 keV photons



Correcting raw data: 6 constants per pixel:

20000 Fr——— 7
S B 1] Gl =2 ]
pede G2 ' T 2
pede G1[ V7~ S ]
% . R
\L':."a \"..'-i J
10000 \ & L
* 1
¥ | o]
5000 \ 1 =
pede GO | N
G aaeell oy oy iaadd 2sanl " sgaal 4 & s waenl
1 10 10° 10° 10*

Integrated charge [12 keV photons]

Per pixel per frame:

JF calibrated energy [keV]

10°

10*

10°

107

10 =

PSI

TTTTIT

III||III| | IIII||'|'| T

LILRRILL B

107 10° 10° 10°
Integrated charge [keV]

Q1: which gain are we in? (which pedestal and gain apply?)
Q2. how far above pedestal are we? (pedestal correction)

Q3 what energy caused that? (gain correction)

Q4: how many photons does that mean? (divide by beam energy)

N.

__ |ADC — pede| [ADU] x gain [keV/ADU]

vy =

Eheam [keV]

Page 8

11



Example:

[16bits]

* bitmasking

gF * pedestals
" * Gain factors
5 — gain
0 o] 100 200 300 400 i ursno:
[pcADC] = 250 /Ii\l = 250 [pcADC]
I%200 E— & 200 7 &8 10000
« "“EPedestal corrected “F Pedestal corrected
“FADC G1 - ADC G2
1 o 0 100 200 ¢300 400 [v] 100 200 300 400 Cg|u§10no
* Fresnel zone plate at XIL, 92eV ____ [Dealod pohbo]
* etched sensor (no Al), module
mounted to flange in high vacuum
9
Page 9
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Gotthard-Il ASIC
UMC-110 nm

(06.2018)

JF1.2HDR.1 2025
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How fast should the preamplifier be?ﬂ';

Signal (holes) arrive at input in O(10ns).

Our power budget is 10uA static for the preamplifier.
If only (100% of) the static current would be used to
discharge: 33Me- = 5pC - 600us of discharge time.

We need more current during transient: an inverter based

amplifier offers a simple and efficient way out. 33Me- in
40ns @ >155uA average.

© 2 vdd_pre_well

11

vss_pre_subll  ¥S

>220UA max

current [A]

<107

PSI

Measured and simulated
currents for 10Me- input charge
500um sensor

10.1016/j.nima.2010.10.010

time [ns]

Preamp output transient
for input pulses 1-10E4
12keV photons


https://doi.org/10.1016/j.nima.2010.10.010

><104:|. :

How fast should the

Signal (holes) arrive at input i

PSI

Measured and simulated

current [A]

currents for 10Me- input charge
500um sensor

Our power budget is 10uA static for the preamplifier.
If only (100% of) the static current would be used to
discharge: 33Me- = 5pC - 600us of discharge time.

10.1016/j.nima.2010.10.010

We need more current during transient; an inverter based
amplifier offers a simple and efficient way out. 33Me- in
@ >155uA average.

=25
-

E.o

.

Preamp output transient
for input pulses 1-10E4
12keV photons

]

vdd_pre_well

[} ’1+§+>‘+N4Jl+:+' {
: P H
in [—— —urn+ﬁ B —

[N
+

out

e

>1.2V max ]
12


https://doi.org/10.1016/j.nima.2010.10.010

Does not matter but:

For a three gain adaptive gain
circuit, for signals covered by the middle gain:

if the preamplifier (or the comparator) is too slow, the system
will always/at times re-trigger into low gain.

a delay (hold-off) as long as the convoluted time response of
preamplifier + comparator, worst corner, has to be inserted
in the digital logic.

The comparator should be:

g

PSI

T—a—{x]
———————&— in2
* fast
° . . vin_cemp [ ———B—VIN > . .
. I wief comp | ——— 8 VREF j;m:_m:\:z%i
low power comp o / s |
5 Oul_cormp E

A 2 gains circuit has even less constrains on the comparator

13

i
I—E— in
disable_ comp [

FESEt

o o




Does not matter but: § PSI

For a three gain
circuit, for signal

if the preamplifie
a(‘;";'l'aa"’("ﬁg’lzlitf; Moreover, the comparator should be disabled some
preaznp"ﬁer L time (>5x filtering RC) before the end to avoid

in the digital lo late switching.

The comparator

* fast

* low power

A 2 gains circuit has even less constrains on the comparator

14



How many gains?

10°

o _ o Jungfrau10
Difficult choice: not a definitive answer. :
More gains: lower noise after all switching point

Less gains: simpler circuit, simpler calibration 1

10

noise rms (12keV ph.)

1 TTI I”J. I |I|II||!_|_

| J

1 10 10“

We started with 4, we settled to 3. w

] IIIIIII| IBLILLILL
I
E B—

it

1“-2 3 1 4
inqeg. charge (12keV pﬂ.]

Two is also possible (eP1X10k) but hard with our
requirements - 2keV single ph. and 120MeV DR

Jungfrau
with 2 gains?
needs lower
noise+ more

’é‘ EEee i 10°
§ . ENOBs
8 B _Defing

2d by DR

noise rms (12keV ph.)

Q© |

otth

5 Fios

‘Noise~20keV:

signal (equivalent 12keV photons) 10 1\‘32 int‘:zg charge (12kw

10" =

10 102 10° 10*

15



ADCs

How to use more of the amplifier output range?

If the big capacitor is simply reset, i.e. the terminals are shorted,

only the range below the preamplifier WP can be used

A precharge circuit is introduced: while in reset, we charge the

output plate of the mid and low capacitors to (e.g. 950mV).

swgl [ 88

PSI

G10 without ; :
precharge : :
Ctot = 13pF 5 5
5000: f i v 3
= 3 3 '
o i
0 i i ._‘ .,
1 10 10° 10 10*
12kev photons
516000 —---3-
2 - :
%14000 i
=3 =
312000 i
% 10000 .
= 10000 o
8000 -
6000 f—
4000 =i
2000 |—
E

16

precharge
Ctot = 8pf

J10 with

10?

‘; . L L
in[%eg. charge (12keV

10*

ph.)

vss_pre <
vss_pre_sub O
vdd_pre O
vdd_pre_well O

vref_pre



How to use more of the amplifier output range?  PSI

If the big capacitor is simply reset, i.e. the terminals are shorted, 2 [
only the r

A precharge
the outpult

G10 without Note:

ADCs

uuuuu ég{gggﬂggf___..A_.__E_A..ﬁi up to 5pC need to be sourced by the vref_prech line

after every pulse.
e 5uA/pix for precharge time of 1us

) U SOUSRURURNOR A0 SUUUUURPUUN OO SOV VOSOS: HUSS WO 8
2000 ;— J10 with i

o_lllli . . Ii2 . . — IIIS . ; IIIIII4

1 preCharge 10 i‘meg. charge (12keV p1r{1])

17 Ctot = 8pf




How to control the noise in
high gain?

A standard CSA with a reset switch and a fixed, 30fF small feedback

step due to a

capacitor. photon coming
first problem, reset noise is high. Stop LG [0 L
How much noise from the reset switch? Ch:j;‘jmﬁg :
For JF about a 20ADU rms, ~800uV height varies-

— for a 35fF Cap this corresponds to ~200 ENC

— by far biggest noise source PPN

g | . Wl

e A ¥
| L%
| (¥

We need a CDS stage. . |
Or pay x4 factor in noise. |

after vs before '
10us 1 ——

18 exposure, no

Sad o/m ‘1sIp 9




CDS stage

We add a CDS Stage We Choose an aCt|Ve |mp|ementat|0n Noise Transfer Function of Correlated Double Sampling (CDS)
Peak at f = 0.5/Ts
251
od _First lobe peak: 2 (6 d8)
_ 15
@4 AZ g
@1 Hold ———— N
L. W L
I — 0, =>s =123 ouT _w,-u'd 0.5
1) Ik Naotch at DC (0 Hz) econfl ndtch 3t
10.1109/NEWCAS.2018.8585674. *

1072 1071 10° 10!
Frequency (x 1/Ts)

Noise Transfer Function of CDS with RC Prefiltering

=—— CDS + RC prefilter (t = 0.1-Ts)

f = 0.5/Ts (peak CDS)

The C1/C2 ratio adds some gain. Since JF1.1, a resistor+capacitance to
ground adds pre-filtering; the finite bandwidth of the CDS amplifier also
contributes to the low pass filter.

CDS weighting func.
for CDS with filtering

Trapeizoidal filter would reduce the noise further, but:
— requires V-to-i converter

1.0

— only really works for pulsed sources Zos
— not gain invariant 20 Lt .
V. Radeka, IEEE-TNS v19/1, pp. 412-428, (1972). L “ 3u Frequency (x 1)

10.1088/1748-0221/14/12/C12014



ADCs

12kev photons

CDS stage bypassed after switching!

CDS stage is detrimental after Gain switching: if the charge injected by
the rst switch is dQ, CDS samples and subtracts dV=dQ/Cfn

and not the dV=dQ/Cf.q required after switching

CDS stage has to be bypassed or reconfigured as buffer after switching

Do we lose something neglecting dV=dQ/Cfs ? — no, reset switch
contribution in G1 is negligible

G10 CDS always on | _ ‘ G10 with bypass

14000 :_.._ ............................. _ 3 : :

10t
12kev photons
174 | C |

e, 448, F K b S BRHE HEHRERHRHS R SRR HRE B

10
12kev photons 1 10 1 10

1
12kev photons

* These noise plots are best obtained with constant, low noise i source
20

(visible light), increasing integration time — X-rays are to quantized

PSI

ADC 0 Norm Corr (R = 0.4291)

alternative: correlated
precharging (EPix)

BLINE

GAH!/]_I Co
b

iE b

dec | CSA CDS

W - |> out " |> out

BLINE }2
10.1088/1748-9221/14/12/C120°14

“for free” if the switches
are at the input side




What drives the noise in high gain?

Besides the amplifiers, obviously the parasitic input capacitance:
Layout and PEX should be used to reduce it.

Note: also the output plate of the big mimcap counts!

Jungfrau 0.1 prototype 50fF parasitic:
120 ENC @ 40fF C_feed

uonnqgLIsIp
lamod Janoaq

Jungfrau 0.2 prototype, 50fF parasitic: .
160 ENC @46fF C_feed

-

21

precharge %

vss_pre >
vss_pre_sub O
vdd_pre O
vdd_pre_well <>




What drives the noise in high gain?

Besides the amplifiers, obviously the parasitic input capacitance:
Layout and PEX should be used to reduce it.

Note: also the output plate of the big mimcap counts!

Jungfrau 0.1 prototype 450fF parasitic:
120 ENC @ 40fF C_feed

uonnqgLIsIp
lamod Janoaq

Jungfrau 0.2 prototype, 670fF parasitic:
160 ENC @46fF C_feed

-

22

precharge %

vss_pre >
vss_pre_sub O
vdd_pre O
vdd_pre_well <>




23

What drives the noise in high gain? PSI

Besides the amplifiers, obviously the parasitic input capacitance: ... o
Layout and PEX should be used to reduce it.

Note: also the output plate of the big mimcap counts!:

Jungfrau 0.1 prototype 450fF parasitic:
120 ENC @ 40fF C_feed*

uonngiisIp
Jlamod Janaq

«

Jungfrau 0.2 prototype, 670fF parasitic: .
160 ENC @46fF C_feed*

Jungfraul.o, parasitic

80 @34fF C_feed* )
@10fF C_feed* 05

Jungfraul.2, parasic 8=  EISSEESSITIEEE - |
@ 36fF C_feed* 8 O

@ 6fF C_feed* )

the@can be safely closed after the first gain switch
I

Possible source of leakage! “*nominal. Plus some 5fF parasitic



PSI

Single particle CDI at 1keV at Maloja (SwissFEL)

t
/
17368614413 (Run:0103 Acq:0023)

P

Measurements profit from-
detector: _—
High DR - Large Aré\a\

17368748278 (Run:0105 Acq:0008

:’
17373445776 (Run:0158 Acq:0020)

24 e e e o courtesy A.Colombo
Page 12



Where are we with the noise: Jungfrau 1.2 (HGO)

fciNES Noise
- 12000 —
25000 |- F x2 / ndf 9196/ 62
10000—
20000: . Constant 1.129e+04 +6.407e+01 () @ 5us
- 3000:— Mean 30.82 +0.01 ° 3 1e_ E N C
15000~ L Sigma 1.974 +0.007
: i  JF1.0 was ~51e
10000 — ok isatidratetu | oy 4000__
- * JF1.1 was ~34e
5000 2000; L] [ »
: - * gain dispersion
ETETE R Ll picalisiglienslag e lonssy
—200 200 400 600 800 1000 1200 1406 = 00 10 20 30 40 50 60 70 80 90 100 2 [ 1 %

Noise, e

 depends on
exposure time

25



Curiosity, how much ENC we pay for the gain

switching?

With a mask change, for RIXS
applications, a JF1.2 has been
stripped out from all the gain
switching circuits:
* lower parasitic C_in 24 —» 10fF LownoiseJF 1.2
* lower total C feed parasitic,
gain increased 3 250

s

* no TGs at the input nodgp

15% less noise. sl

10

26
)] s .

L
800

1000
Column

18000}

16000

14000

12000

10000

8000

6000

4000

2000

T —JF1.2

; === L ow noise JF 1.2

n Mean 148.03
| Std  2.44

Mean 132.25
Std )2.13

Mean 25.76

Std  1.10

/ Y| Std 256
i

m— JF 1.2

m— | ow noise JF 1.2

Mean 29.80

gt



Jungfrau 1.2 noise vs exposure time

short exposure
times

1/f noise of the N-input transistor
dominates at longer exposure |,
time (d)

CDs filtering becomes ineffectiygl , o o **

. :'lil

Epix10k does much better = 7 100} samepotior |
g —#— JF1.1 HGO filt=" 5 Epix10k
< 100 —d— JF1.2 HGO filt=1 4
_73_; JF1.2 HGO. filt=0 0 | ._..Jl_
2 80 JF1.2 GO filt=1 o ®

—e— JF1.2 GO filt=0 _ J,.
. JF1.2 HGO filt=1 COLD &
60

" g s aanl "IN EEET
10! 10Y 10!

Integration time (ms)
/doi.org/10.1063/1.5084693

long exposure

2 5 10 20 50 100 200 500 1000 fimes

Exposure time (us)

27


https://doi.org/10.1063/1.5084693

140|

120

100|

an|

The good: Better than a PC detector
(sometimes)

g g g

]
100% transmission

8

EIGER rate limited by pile-up = JUNGFRAU enables faster data collection
O O 0t
FIGER JUNGFRAU “Easy” native-SAD in 600 ms
s * Thaunatio
g" * 100°/sec, 60°
(%] - 1
DE 6 5@){,, 5x 10" Rjg..gfs_eﬁgjfull beam)
PR o 10 o ] :
- iy G\\C: o
S S e \
1000 1500 2000 500 mlﬂ 11:17 e 10* & { frfl
20x5% transmission 100x1% transmission S + = sl
O

EIGER loses efficiency in the corner of pixels - JUNGFRAU provides better data quality

- - o 12 T L] T I 12
1 I 1 I "
k7 ] T ] 1405 1 1 ; ’_,_)
e HEmir - |k m S S Iy 1 10 | 10
1205 I I 1
e | i | 1
T l l : l % s} % 6}
I 1w 1 I = S /
1 1 5 B0 I I )] n // 1 BRI ™= B 5l
:————f ————————— fu——— ol :r ——————————— 1:- —————— viooo4} clGER v 4t 7
» ; s o ‘ o | . 2x90° (noshift)y —— | o | . 2x90° (no shify —— |
: 5 UNC ; 2x90° (1/3pxI shift) —— 2x90° (1/3pxl shift)y ——
B N R - . 2x90° (2/3px| shift) 2x90° (2/3px| shift)
O 20 40 60 @0 100 120 140 0 20 40 60 BO 100 120 140 0 = - 0 . L
: 0.02 0.06 0.1 0.14 0.02 0.06 0.1
20 keV pencil beam scans P -
1/d° (A™9) 1/d° (A™)

0.14

“Real-life” native-SAD in 60 s

* Aminopeptidase, 101 kDa

* 10°/sec, 600°

* 6 keV, 5 x 10" phs/sec (full
beam)
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The bad: switching point artifacts

Is just an offset, but:

How to measure it
Depends on illumination
Depends on position in
module

350
300
250
200
150
100

50

Mismatch (keV)

-50
-100
-150

Data Set 1
Data Set 2
Data Set 3

o

20

DataSets6 & 7

......
......

40 60
Area of detector exposed (%)

3
— 2(_1|q ™rrrrrrr 'l' Trrrirrrr 'r'|"|"r"r'| |"I'\l
S L g
2 100
= N i
E A ]
§ 8o _
o 4
X .
=8
o 60 ]
L
5 A ]
40 a1
20 g
iJ;II-II'-"'Il'll-l'-llll-lll_
0 1000 2000 3000 4000 S000
MNumber of photans
(Almost) Full dynamic range
...-.'.'-"'"'. ..... ©
aserdee” @
cesaaee®” n
eesleet ©
settaee =
[a)
Depends on
illumination
80 100

x10®

JF1.2 pixel energy [keV]

BOO,

200

400

e i i o

[ ~330 keV

600

T T T T T

L | . l Lo a1 I Akl
10000 15000 20000 25000
Number of photons

5000

GO0to G1 switch region

PSI

14000

12000}

2 pixel energy [keV)

{10000}

JF1

60001

snnn'r 5

-
T

107

40095

Depends on

300

200

100

position

" | TR
450 500
MNumber of photons

-
400

G1 to G2 switch region

Gap G0-G1 [keV]

:
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The bad: switching point artifacts  PSI

|S jUSt an offset, but: '§ 100 B § i A gmooo .
: B 5 ~330 keV : s ;
* How to measure it 5 o ¥ i B
* Depends on illumination ] ] x g | _,#
Hlmm e q i S i 9:10000 et ol ]
* Depends on po- e
module ]
e g | L bag?
J 450 500
MNumber of photons
G2 switch region
Smaller than Poisson, but systematics,
High precision measuremnts impacted.
300 . . . . GO0-G1 [keV]
Low occupancy-High DR (like PX) is fine .
. 200 :
E 150 ; :g
é 100 |_§ % °: 10
58 | e
g 52 §§ O..--:::ﬁ::': | -10
50 'l;;:Z:Z: ..... :gg
-100 —40
0 0 20 40 60 80 100 U0 mn200 — 460 — 660, . 863 — 1000 R

Area of detector exposed (%)
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SLS 2.0 - a 4t generation synchrotron

AN
TS

o f

Improved emittance, increased brightness
First photons to the beamlines Q2/2025
Pilot users on some beamlines Q3/2025
Full user operation Q3/2026

After commissioning, Coherent flux
iglcrease by up to 100x !

PSI

1 T
10°F -
- CLS SSRL 3
L B 06 Elettra .
B Auss JS1.5 :
ALS Soleil
-7 . Po Il Shanghai il
? 1 0 E N\ Diamond E
N :
E L = ESRF i
c Elettra2.0™®, NSLS Il APS |

i 8 . SPring8
~ 10 F oeill __ CHESSII N
2y E ‘ Sirius PETRA Il =
o X o ; MAX-IV 3
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Dynamic range extension for Continuous

sources.

A Cl front-end has an almost infinite cps
limit: with 1us exposure time we can
accept 10E10 12keV ph/s/pix

But at full duty cycle: cps = Frame rate x
single image DR

So just go faster: yes, but the price to pay
Is complexity, costs, storage

Observation:

often beam on sensor is quasi-continous,
l.e. beam time fluctuation frequencies <<
2kHz*,

Looking at the gain bits at specific
time(s) in the exposure can reliably
predict saturation

If | know that the pixel will saturate, can |

32 do something better than just let it

saturate?

Vout

PSI

The red pixel is already in g2 at
T1: it will saturate

T1 T time

*the frame rate, in this case of Jungfrau
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Dynamic range extension for Continuous

sources.

« We evaluate the gain state at a time T1
 ifing0orgl, NOOP

 ifin g2:
* open the store switch, voltage is stored Same two pixels but with the
fOr 1o DR extension enabled
* reset preamplifier, for safety/stability = i
* encode the state (g3) in the gain bits for S _ Vmeas

later readout

* In post processing the values for pixels in
g3 are decoded as g2, then multiplied by T
T/T1 ratio: no additional pedestal, no Ak e AR R S na sy enerenees
additional gain calibration 3 3

A

_ _ T1 time
Two pixels with

DR extension

33



Dynamic range increase for Continuous

sources.

* Test with visible light continuous laser, modulating intensity

with ND filters

* (O (DR extension disabled), 8% and 25% T1/T ratios
Proper T1/T is critical to obtain maximum DR~
h T1/T at 8%

[ ]
e Factor ~10x increase in DR wit
8 16>_i|1”(i)3 | I”””[ T |\||||I| T IIIIHI| T |||||||| T ||||% é 16_
< [ .
&% 14 '"il', : - n‘c% 14f
LT -|||=. |
ot I||. i .
- ' H ol
10 P I I 10
F ) oo :
8- .l I, | - 8
C . !' Gain: ! l' ] B
P Ii i o
& |! [ e}l B
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2F G3 . 5
- i
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Do

Transmittance
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Dynamic range extension for Continuous
sources.

e There are alternatives!
* exposure time modulation: long and short Dead time AND lower effective

exposures interleaved / frame rate

* with dead time: always possible
* w/o dead time: logic to store 1 frame in pixel ———— | [ ower effective frame rate

 Time to saturation (requires in pixel
counter+clock or distribution of ramp voltage)
« Two/more samples per frames, in periphery
selection
* What CITIUS does | —
uucg]]auuu |meyéauun ||uegéauun N Imeglsauuu |mcgéauuu Integration —
Readout 1|Readout 2|Readout 3|Readout 4|Readout 5|Readout 6 intsért.ati:sr‘is }({Vith P
= “Deadlime st
less than 10%
Al —
? o In principle extremely
g; high'filixes are
o~ possible
e : ot tatitcs)
5 a 2009 slide where | try to convince the audience about
35 Fre e . the beauty of exposure time modulation with dead time
('EED SELAS™  Detetor Quo vadis — feature was not implemented nor requested




Dynamic range increase for FELS

 Machine is constantly improving -
« SFX experiments at e.qg. Cristallina ) |
routinely run into detector saturation _2s00{ hAUMALIN 25um 12keV 108
issues g
. € 20000 1 10?
beam has to be attenuated 8
* outer, high-q information is lost g .
* longer measurement time 2 10000 | 8
* a detector with higher DR is needed! ssoc] B 101
oo Yearly Maximum Performance Aramis e l—z o5 i =y i Ol? (;.B 100
31400 1/d (A™-1)
36 K&y S’h@,"b&"«R‘-*"%&’Zﬁo”lﬁt}i9ﬁygsi>i>’if -

Photon Energy in keV



Jungfrau HDR for Free Electron Laser

 With a pulsed beam, we cannot play with
exposure time, frame rates, etc.

 No space for bigger feedback capacitors

* What can we do? Increase C(mos)?
?

e We increase V, but at the input node!
* Observation 1: a normal JF pixel dies at
30-80x saturation levels (with
protection diode)

* Observation 2: in simulator, a saturated
pixel preamplifier has Vout ~0, Vin up
to ~3V (before protection diode trigger)

* Observation 3: ~3V >> 0.9V the
37 preamp output range.

JF1.2 pixel layout,

........................................ white contour

............................

............................

............................

......................

________________________

e

HGO GO Gl G2



Jungfrau HDR for Free Electron L
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Until the
normal

But for higher intensity pulses:

* Comparator triggers again
Amplifier (which is in saturation) is
shunt to a voltage close to GND

charge is collected on the input plate of
the big feedback capacitor

Voltage at the input raises, while charge
Is stored in the feedback cap

everything works as

swg'_lowb

rst_c2b

sSwo_lowb
e | | e
.—-llr_| ]
swg' lowa c2b swg_lowa
1 1
o] ]
c2a swg_mid
|4

pre_shunt

1

vref —l—
HODR =

I end

h J

J: vref

swg_lowa,swg_lowb,rst_c2b, swg_mid,pre_shunt

-

>

switching
control
logic

comparator
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Until the
normal

But for higher intensity pulses:

* Comparator triggers again
Amplifier (which is in saturation) is
shunt to a voltage close to GND

charge is collected on the input plate of
the big feedback capacitor

Voltage at the input raises, while charge is
stored in the feedback cap

everything works as

rst_c2b

swg'_lowb

—_—

swg' lowa

¢%b swg_lowa

1 1
= LI
c2a swg_mid
\} =
cl
|
I
e rst
7

pre_shunt

1

vref ]—_

HDR =

I end

>

h

vref

sWg_

i
-

a,swg_lowb,rst_c2b, swg_mid,pre_shunt

switching
control
logic

%

comparator




Jungfrau HDR for Free Electron L
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Until the

normal

But for higher intensity pulses:

* Comparator triggers again

* Amplifier (which is in saturation) is
shunt to a voltage close to GND

charge is collected on the input plate of
the big feedback capacitor

Voltage at the input raises, while charge is
stored in the feedback cap

Voltage at the input can exceed the
supplies

* How to read it out?

everything works as

swg'_lowb

rst_c2b

swo_lowb
F Rt
swg' lowa c2b swg_lowa
;% %
c2a Jng_mid
\} e
cl
|
I
c0
e
v o
Vin 1 V_ref HI

pre_shunt

1

vref —l—
HDR =

I end

h

swg_lowa,swg_lowb,rst_c2b, swg_mid,pre_shunt

switching
contral

logic

comparator

-



rst_c2b

Jungfrau HDR for Free Electron L . gp i

e Until the
normal

 Butforl
* Comp
* Ampli

shunt : . . .
+ charg Basically we reconfigure the pixel as a passive

the bi pixel for the last gain

* Voltag
storec

* Voltag

. Y
Suppll switching
control

¢ HOW ] logic

41

swg_lowa,swg_lowb,rst_c2b, swg_mid,pre_shunt

-



Jungfrau HDR for Free Electron L

Until the everything works as

swg'_lowb

==

_ffLﬁEb

swo_lowb

v 1

swg' lowa

A |

swg_lowa

v o

normal
 But for higher intensity pulses: \
* Comparator triggers again
Amplifier (which is in saturation) is ’
shunt to a voltage close to GND | ore_shunt

charge is collected on the input plate of « & L
the big feedback capacitor 5 wer =L

HDR =
Voltage at the input raises, while charge is

stored in the feedback cap D%
Iend

-Jjﬁg_mm

Voltage at the input can exceed the
* How to read it out? } e

supplies
* switches of the big capacitors are = comparator

opened, the bigger of the two is reset
42 (2.5V transistor)

swg_lowa,swg_lowb,rst_c2b, swg_mid,pre_shunt

-




Jungfrau HDR for Free Electron L

* Voltage at the input can exceed the
supplies

* How to read it out?

* switches of the big capacitors are

opened, the bigger of the two is reset
(2.5V transistor)

* reset is released, shunt is opened,
switches close the loop again

* Preamplifier restarts - > after some
time we can sample.

43

' ¢2b
swg'_lowb swg_lowb
ﬁr_| I |

swg' lowa

swg_lowa

- £
c2a Jng_mid
\} &
cl
Il
I pre \shunt
cl J_S
J_rst
v | vref Lo
HDR =
V_work V_out HPR

I end

swg_lowa, swg_|

-

comparator

lowb,rst_c2b, swg_mid,pre_shunt




Jungfrau HDR - implementation e

* Only 5 more switches

* The big cap reset switch is in
thick gate (2.5V), driven by
bootstrap drivers

« Cap ratio 1.89/(1.89+6.0)=0.25
* Digital logic block a bit more

complex
A global sianal has to reach the .
pixel son e
pulse. — - & ]
VCE H_;WLM I c2a H_:W“J"m
—
=

44




Jungfrau HDR - Simulation and Laser Scan

« 256x48 prototype taped out on the
M1.0 ER

 Laser Scan with transmission filters

 |R laser focused in one pixel

« exp_time 10us, pulse @3us,
recombination signal at 7us

« HV 200V

* Need 2 laser pulses to cover full range

5 _
< 16000/
= - (@]
& - =
14000} =
- D
i =1
12000/
ooo: . <
r 1 " L
10000 " " —
: 1 .‘ I.ll .3
8000— | ' —+
- 1 '
S|mU|ated JF_HR 6000} 1 Il Il
pixel output vs - ! .
r 1
photon# 4000—
C 1 Two
2000/
7\\\\\\\‘ | \\\HH‘ | \\\Hlp \I\\\HH‘ | \\HHI‘
1074 1078 1072

c%’ransmmance



PSI

Jungfrau HDR - Simulation and Laser Scan

 256x48 prototvoe taned out on the
M1.0 ER

« Laser Scan

 [R laser foc

* exp_time:

recombinal
e« HV 200V ldea:
»  Need 2 las if-g3 is passive, could 7]

we do.the same for g1 and g2,
disabling the preamplifier after g0?

L 2000 1
16'0 24'0 32'0 40'0 ’j\ | \HH‘ | L1 \HH‘ | L1 \Hlpu\ls\gﬁ\\‘ | [ HHI‘
L 1074 1072 1072

1or—1 ) 1
ransmittance



summary table active gain switching + CITIUS

unit

JF1.0

JF1.2

JF1.2 EUXFEL

JF1.2 EUXFEL
Binned mode

AGIPD
EPiIX10k
EPiXUHR

STARLIGHT
(HYLITE200F)

STARLIGHT
(HYLITE100S)

CITIUS (FEL)

CITIUS (SR)

47

node

UMC 110
UMC 110
UMC 110
UMC 110

IBM 130
250
130
130

130

SONY 65

SONY 65

Noise ENC Noise

low noise
mode

ENC r.m.s.
55
31
50

150
67
150

25 (multi
sample)

25 (multi
sample)

ENC
normal
mode

ENC r.m.s
80

60

80

200

250
115
150
450

380

Pitch

um
75
75
75
150

200
100
100
200

100

72.6

72.6

gain

W W w w H*

w N N W

Saturation
level

# 12keV ph.
10K
10K
10K
40K

10K
7K
7K
10K

10K
8.5k

1.8k

Max Frame Count rate at

rate (CW)

Hz

2.2k
2.2k
2.2k
2.2k

20k
480
100k
1k

10k
5k

17.5k

Synchr. with
DR
extension

cps
22M/265M
22M/265M

200M
3.4M
700M
10M

100M
42M

30M/600M

SC

16
16
32
128

352

PSI

Deployment
year

a.D.

2016
2024
2027
2027

2017
2016
2026

2027
2024

2024
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Can we trust the noise simulation?

Noise * CDS TF , integrated 536uV
(Ts=5us, Fmax=1GHz)
Pss/pnoise 642uV
(Ts=5us, Fmax=1GHz, 50
harmonics)
Trans noise 468uV
(Ts=5us, FMin=100Hz,
Fmax=1GHz)

Measured 570uV

Courtesy S. Emiliani



Drawings vs real life.

Signal A'=InLens 1 pm PAUL SCHERRER INSTITUT

Signal B = InLens
FIB Probe = 30KV:1.5 nA Noise Reduction = Frame Avg N = 60 Aperture Size = 30.00 pum Date :22 Aug 2022
File Name = cut 3b Inlens_048.tif System Vacuumnr 2.19e-006 mbar
g z T T

FIB EHT = 29.98 kV Hi;’.hT =24.44 ym Width = 32.58 um
FIB Mag= 2.75K X Scan Speed = 2 Tilt Corrn. = On

SEM EHT = 2.00 kV
SEM Mag= 351KX
WD = 4.9 mm

FIB Imaging = SEM FIB Fil Current = 6.00 mA

A
SEM EHT = 200KV FIB EHT = 2099 k¥ Height = 28 27 pm idth = 37 69 |m Signal A =Inlens 1 pm PNUL SCHERRER INSTITUT
SEM Mag= 303KX FIBMag Scan Speed=1 Tilt Corm. = On. SignalB=1Inlens —1
WD = 49 pun FIB Probe = 30EWV:1 .5 ns HMoise Reduction = Fratme AvVE N =460 Aperture Size = 3000 pm Daate 22 Aug 2022
FIE Imaging = FIE Fil Current = _6.00 ma File Mame = cut 2 inlens_037.4if Srystem Vacuum = 3.21e-006 mibar




JF for EU-XFEL: binning + Storage

increase SC to 32 per pixel
pixels are part of a 2x2 pixel cluster.

—_— I = ey e Lo 1 g =l e i = b
when configured in binning mode, the SC bus rieseatetesty Buile bt oo e
are connected together to the same pixel output
amplifiers inputs also connected - 4x dynamic . >
range in all gains
only one comparator/digital block enabled =Sk oss Bkl b
readout unaffected (bus split) normal mode
readout time only 2x as now. % Zpis s S
T+ |FF FFEF|FF
normal binned
pitch 75um pitch 150um D-D'i O]{>7
noise 0.3keV noise 1.2keV SRS S TR
(with CDS) EploEis e St e ms| Geobimmel SeEsas
DR 10000 y DR 40000 y binned mode
SC# 32 SC# 128 7 It A




Calibration

® Cu Fluorescence --->
e Backplane Pulsing --->
e Internal Current source --->

Fluorescence

e absolute GO
e Xcalibration GO/G1
e Xcalibration G1/G2

Backplane pulse

Zw Snme
5'1 .Jr.:fér“ C’ES’ ]'A\I

e —
& Lo L
\"/ e —T"'
4 1

o

- PSI

Current source

Si V\/o{v

CGY\'tg.nt (‘hK‘—L

Sorcep



Calibration procedure

Three step process:
1. Cu fluorescence for absolute calibration of HGO, GO
2. Backplane pulsing scan for relative calibration of GO/G1
3. Current source scan for relative calibration of G1/G2
Combine steps for absolute calibration of full dynamic range

250

200

150

100

50

331.8+0.5
Noise RMS 142+0.5 J
K, height

198.9+7.2
CS 0.1445 + 0.0066 ]
Ky/K, POS 1.114 +0.004 —
K frac  0.1289 +0.0170 ]

GO

[ "‘-""Ll__u

200 300 400
Pedestal corrected ADC [ADU]

100

80

60

40

20

Q00 600 700 800

i 801.2 +0.9
| MNoise RMS 26.99 +0.76
| K, height 95.43+3.29
- CS 0.1345 + 0.0066
- Ky/Ky,Ppos 1115+ 0.003
K frac  0.1505 + 0.0129

500
Pedestal corrected ADC [ADU]

Row

19
Q
o

400

300

200

100

o
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Data: M236 p58002
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Data: M236 p58000
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