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= Outlook

Introduction to the JUNGFRAU detector

Applications at FELs, Synchrotron sources, and beyond
Problems and limitations of current system

Plans for the near and mid term Jungfrau developments
Conclusions
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[F(EJ» Jungtrau principle of operation

Low Gain Stage

%; 0 zlﬂgggﬂg qhgtggso * Used by GOTTHARD and

e 0] i AGIPD before Jungfrau

e ———— * Basic idea: Dynamically
v adding capacitors in the

- ,,,,, feedbaCk IOOp Of the
preamplifier to adapt the
ﬂ| }—’be / gain to the number of

incoming photons

- * Comparator monitors
Number of photons

preamplifier output and add

l\ capacitors if the dynamic
I/ range is ~ exceeded
Vth
Preamplifier
(charge sensitive) Comparator
Three gain:

| _ High (GO): 1...20 x 12.4 keV photons

ol 0 s vl Medium (G1):20... 700  x 12.4 keV photons

integ. charge (12keV pR.) Low (G2): 700 ... <10800 x 12.4 keV photons
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3 4
ﬂn()teg. charge (12keV p1r9)

noise in GO (@10us
integration)

noise in HGO (low
energy operation)

min energy @ with
photon detection

noise in G1/G2

nominal gain values
(G0-G1-G2)

non linearity error
Saturation

Saturation flux for
continous sources

Min integration time

Frame rate

Min period between
frames

Summary of characterization results

80+3 E.N.C. rms

50+2 E.N.C. rms

1.5keV

3keV/50keV rms

40-1.4-0.11 ADU/keV

<1% (w. optimal calibration)

~11K 12keV photons per frame

12MHz/pix @ 1.13kHz,12keV
50MHz/pixel @2.4kHz,6KeV

500ns

max 2.4kHz, 1.13kHz with
current FW and PCB

1/frame rate (now 880us)
3us in burst mode (current FW)
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L__ - JUNGFRAU detector at SwissFEL
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L__ T Serial protein crystallography (SFX) experiments at
SwissFEL

Diffraction pattern on Jungfrau 16M Protein structure and

Ll electron density

FEL beam
hitting the jet

Excellent data quality!
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[((=}» Jungtirau at PAL

* Pohang Accelerator Laboratory is a Jungfrau early adopter, since 2018
* multiple single modules 2x4M, 1x5M one 16M (in commissioning)

Emission spectroscopy
= ‘

robot arm - t
N

Crystallography

—

2D detector

von Hamos
spectrometer

Tae-Kyu Choi et. al., “Resonant X-ray emission
spectroscopy using self-seeded hard X-ray
pulses at PAL-XFEL”, J. Synchrotron Rad.
(2023) 30, 1038-1047

courtesy K.Kim
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(== Jungfrau at PAL

Coherent X-ray imaging
JF5M: Wide-Angle X-ray scattering
JFAM: Small-Angle X-ray scattering Wide-angle

JFO.5M: emission spectrometer X-ray diffraction
X-ray emission

éall-angle
X-ray diffraction

XFEL Optical laser m

probe pump

Junha Hwang et. al., “Development of
Multiplex Imaging Chamber at PAL-XFEL”,
J. Synchrotron Rad. (Accepted 3 February
2024)

courtesy K.Kim
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(5= Jungtrau for low E: 4M at Maloja

Multi-purpose low-energy X-ray beamline at SwissFEL
4M JUNGFRAU installed

6M for larger angles in planning

In planning for Furka end station

Commissioning with xenon cluster target

Layout of JUNGFRAU 4M
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(=)= First results at Maloja

Commissioning of JUNGFRAU 4M:
* xenon cluster, radius 16nm
* photon energy 1 keV
* counting threshold 450 eV

103

800

- sigma=0.152 kev ENC = 42.134

107

5 sigma

Single-photon peak at 1keV

1

lUE 4
102

counts

10°

600 800 1000 1200

. T ¥ T T T
-1 0 1 2 3 4
keV

Cumulative energy spectrum in high gain (1000 frames all pixels) Page 12
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(== CDI with JUNGFRAU at Maloja

Single particle CDI
photon energy 1 keV

17368614413 (Run:0103 Acq:0023)

Measurements profit
from detector:
High DR - Large Area

368748278 (Run:0105 Acq:000

=
17373445776 (Run:0158 Acq:0020)

courtesy A.Colombo
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JUNGFRAU for RIXs

JUNGFRAU-ILGAD module

Rectangular pixels (“strixels”)

‘ = 75 um
. . *® ‘[ 4 ( ) ( N\ ] ‘
* High resolution & K - =
. . X \ — ———
W|th Stnxsel ‘ 75 um ( ],‘ High spatial
d L p— = — _J resolution
geometry q . s | througn
* Low noise with i | emeister
. i 25 S -
iILGAD sensors”™ F00ke O vl (| 1|
* Tested at Furka an - —
P 225 pm
hRIXS (EU-XFEL)
* see Talk from J.Zhang
600 - CuO sample
b 500 1
o CuO elastic line
- r’ (930 eV) \ 200 1
500 - = 7*:7 = Eeas et === 7 T:i :-7.; F f::i_:"%_:_": ";'7..' 300 -
. - \Q' FWHM=4,71 px
100 \»
x [px] oA
° BT 480 500 520 540 560 580 640
y [pixels]
courtesy N.Duarte
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(== JUNGFRAU at Syncrotrons

* Working with a continuous source requires long
integration times: cooling to reduce leakage current,
noise.
* Forced to work at full speed
 Readout during integration: 96% duty cycle - readout
* As aplus, rate capabilities scale with frame rate
* Noise at 840us integration goes up to 160-200e- r.m.s.
3keV single photon sensitivity should be possible | beam

integration

 — o, o
>
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== JUNGFRAU at SLS PX

* data quality compares very well with state of the art

PC detectors

* |t allows fast data collection with strong beam

Data consistency Integrated intensities
d (A)
50 30 24 20 18 A .
5 : —_— ; 10 —~ 10
5% tf] —— | - )
50% tn /7 2 3 < 3
4} 100%tr ] = 10 =
< S S
& s 102 S 102
g 3 = =
w 10 10
3 = 5
21 = 3 g
1 . 107" - - 2 5 107" o 2 ;3 4
0 0.15 0.3 10 1 10 10 10° 10 10 1 10 10° 10° 10
1/d2 (A2) lops JF tr. 5% (A.U.) lops JF tr. 5% (A.U.)

5% transmission with 5 deg/s = 36 second
50% transmission with 50 deg/s = 3.6 second
100% transmission with 100 deg/s = 1.8
second

“JUNGFRAU Detector: Accurate Data for Macromolecular Crystallography”,
10.1038/s41592-018-0143-7

thanks ELeonarski
14
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== JUNGFRAU 9M at SLS PX*

*temporarily at MAXIV

* 9M detector with isolated dry chamber
and warm/cool dual water loop

23.134

Serial crystallography with 1 ms time
resolution at MAX IV MicroMAX beamline

thanks ELeonarski
J. Duan 15
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(== JUNGFRAU 9M at SLS PX

* High rate capabilities allow (with
frame rate) to measure structural
changes with 500us time resolution
at high flux beamlines

* For even higher time resolution
storage cell mode has been used

JF 9M in “dark room” mode for
light sensitive protein pump-
probe measurements

thanks ELeonarski
16
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High-frequency (<500 Hz)
tunable nanosecond laser
wavelength: 415 — 2000 nm

and 355 nm for UV

High-speed chopper,
producing 925 Hz
pulse-structure

Heat-load chopper

== JUNGFRAU 4M at ESRF ID29

Injector-based
sample-delivery

JungFrau 4M
detector with
1 kHz readout speed

Optical fiber

. Fixed-target
Laser focal spot sample-delivery
(< 50 pm) at
sample position \
0 ps Pulsed X-ray \

beam Rep. rate 925 Hz

Fast scan enabled by SSX-head (1 KHz)

e The first world beamline dedicate to Time-resolved Serial crystallography at room
temperature

e Acompletely new way to perform experiment and novel beam characteristics

e The beam is pulsed at 231.25 hz

@)

@)

@)

O

limited by data transfer rate and live analysis, sample refreshing
Pulse length of 90 us (30 - 20 - 10 us)

Beamsize ~ 4 x 2 um

~ 3 x 10715 phls (~3E11 per Pulse)

e Standard energy is 11.56 keV with 1 % bandwidth and 1.6 A resolution

thanks D.de Sanctis
17
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== JUNGFRAU 4M at ESRF ID29

ol : BT : r -ﬂ’ * JUNGFRAU 4M in operation since

S N I (B
E/ BRI [ = 2022
| M- o) W [rm——
m i« - A < i |
y Y 4
] | i3 - i
L, =i
I\ £ === . .
K& -7
ol N

thanks D.de Sanctis
18
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== Measuring with storage cells

. readout
* Min reset time 2.3us = 1us will be possible
* Min integration time ~500ns D reset
* Readout time after burst ~13.8ms (70Hz train rep.) . integration

Fastest timings: 2.8us int., 5us period, 10Hz train rep rate

beam (chopped)

pump laser

during burst | - |
X-ray beam
zoom ot EEREER

womon | (T
>

>14ms (laser rep. rate)
</-14ms

>
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[((=» Measuring with storage cells

1

Trigger and signal [: Sample

aquisition visualization
instrumentation |: =
1) ;uncrrau
E iM

High-speed
Chopper ID9

A

dDAC

Beamstop

thanks FDembele

image #7

image #15

&

e

\

at ESRF ID09 00 0 500 1000

Phase transitions of Sn measured with 7 pus burst mode
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(== JUNGFRAU with pink beam (chopper)

First serial Xtallography with JF

* Pink beam at APS BioCARS beamline

* full beam transmission

* chopped down to single bunch (or few)

* <10 um beam size

* Makes liquid jet experiments possible at SYNs

Big Thau crystal on gonio stage Small Lyso crystals in liquid jet

21
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—

B

JUNGFRAU with pink beam (chopper)

PAUL SCHERRER INSTITUT

JF at Synchrotrons: pro and cons

Cons
* huge data rates : we have to run
full speed, always
* save raw data not a good
strategy on the long run
* online conversion will
require IT resources
* Calibration is more complex
* Pedestals are essential: “frequent”
dark collection and temperature
control - moderate cooling (<0C) is
required
* Fluorescence suppression at
medium/high rates not possible

Pros

* very high count rate limit: 24Mcps
@ 12.4keV, 40Mcps at 8keV

can be extended 10x with a
DR extension method

or even higher if dead time
is acceptable

* No “corner effect”

* low energies: single photon
resolution at 2.5keV (or lower for
short int. times)

* atlow flux, JF gives energy
information, without Th scan.

* works with strong single bunches,
suitable for serial pink beam
crystallography

22
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(5= Jungtrau at laser tfacilities (LULI/PHELIX
)

* PW class Laser (rep rate O(1/h)) on W or
Cu wire as source, split beam as “pump”

* Sample projects image onto detector

* Strong EMP produced - shielding required
(Be entrance window)

* Signal can be strong, 100s ph./pulse
middle gain

* Game changer with respect to image
plates!

Jungfrau 1M in a duble-
wall EMP shield

the experimental vacuum chamber

courtesy S.Schreiner 10.1063/5.0160120 Page 12
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(= JUNGFRAU at electron facilities

1M vacuum JUNGFRAU System installed
at REGAE facility,

DESY, Hamburg

Diffraction from 3MeV electrons.

. .
i
- . &
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; " . ] '
. . bl :
. - ™ .
i H . .
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T e . - =
- . .
™ o e .» . -
- - .
.
- . s
-
’ " " ;
. . - i - G'
. ® gy
l" s .i ‘ -.
' e Tal BTl e
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.' . I' -. *
. i
. ®.
- .

3D reciprocal space representation of the hexagonal
1T-TaS, super lattice from REGAE diffraction data

(a=12.1 A, c=17.6 A).

courtesy A.Meents
Page 12
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A perfect detector?

courtesy A.Meents
Page 12
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(F={}» JUNGFRAU non-linearities at switching
points

> data from SwissFEL Bernina

NiEE enstation
g RE > Intensity fluctuations up to 100%
1000 z : o
wofe » Small changes (<1%) within an
§ intense diffuse signal

» Non-linearities at the switching
point prevent proper data

=1
-

1200

10000
1]
l -
w0 ] 2 collection
2 3
1400 2 oo > Fixi in 1
; ixing gain 1 as stop-gap
3‘ -
£ g .7 solution
3
2000 4 . Debye scattering for [Fe(phen)s]2*
£ 10% 4
1600 " EN —— LS Fe?*(phen);
FERE —— HS Fe?* (phen);
0 10 0 30 i 50 6 10 80 59
B~
3500 ——m.m‘-sa...:-- £Q 103 4
i g0
L 'U- c% 102 ] I
1800 a1 0 2 4 6 8 10
z . 2
B .
: * 11%
: 3
= 2 3 o comu i s B -
1000 +=mmmm——————— IR T P — - L -
s A g s o) ‘g
2000 500 T=-jrensi. e —'---'--i;-----?“%:;ﬁﬁgﬁa?e-- g
FRTR PR L o —— HS-LS difference
. | ! ! } } } } } I -1500 T T T T T
0 10 0 0 o s 0 70 a0 0 2 4 6 8 10
Awerage pixel intensity 0 (Awl)
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== JUNGFRAU non-linearities at switching
points

JUNGFRAU Anomaly

" Linearity issue in gain switching region

- need to correct the offsets

(450,350) (600,450) (450,350)
- | w LIl ¥
Calibrated ADU of JUNGFRAU Calibrated ADU of JUNGFRAU Calibrated ADU of JUNGFRAU
High — Medium gain switching Medium - Low gain switching
courtesy K.Kim

Page 27
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A : .
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[(Hm» JUNGFRAU storage cell issues@EU-XFEL

in storage cell mode the gaps are more
pronounced

effect changes with occupancy

without close loop correction data is
unusable

Fixed gainl proved to be a workaround in
many cases.

g1to g2 gap

B FEw VLLUPany, |

i - 0.05% @ 617% - 16.33%‘

> 40000 — - - —

)

ol

%30000

Q

& 20000

Q

gﬂmouo

g 10.3389/fphy.2023.1303247

0 —t—t—e——————— | courtesy M.Sikorski,

0 2 $ 6 8 w2 M.Ramilli
image number Page 28
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(= we are not alone..

Detector anomalies (gain switching, etc.) -Discussion outcome

Detectors continue to be a challenge, despite a decade of XFEL use.
Gain-switching is particularly challenging. Gain-selection > Gain-switching but may not be viable for
higher repetition rates. Necessary for high dynamic range to address the extremely diverse science cases.

PAL-FEL Eu-XFEL SwissFEL Eu-XFEL LCLS
Jungfrau LPD . Jungfrau AGIPD ePix10k2M

el

Intensity

/ "deficit’

v

(450,350)

Calibrated ADU cof JUNGFRAU

Medium - Low gain switching

Representatives: Marcin Sikorski (EUXFEL)
Tim van Driel (LCLS) Takaki Hatsui (SACLA)
Kyung Sook Kim (PAL-XFEL) Jakub Vonka (SwissFEL)

Summary slide presented at 5way meeting last
summer.
Courtesy Tim van Driel (LCLS)
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L,2Jjumping“ pixels

» afew pixels (<1%) show this long
term 2 step behavior
* Step size continuously distributed

* Step size scales with integration
time - plot for 1ms

* step size scales with amplifier gain

* Does not improve with temperature
(but occupancy of “hot” and “cold”
might changed)

* |In the (extreme) case of this plot the
step corresponds to two 12keV
photons and a current ~pA at pre

input.

ADC counts pedestal corrected [ADU]

* Mitigation: pixel mask

H ixel_108352_ped
Pedestal corrected pixel 108352 e

800

600

400

200

Mean 4753

((hot))” w

RMS 827.8

1000 2000 3000 4000 5000 6000 7000 8000 900010000

e at FEL timings (expose<100us) this is

completely negligible

Frame number
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[T ,Jumping” pixels - statistics for a 4M

Average size of a jump T
Mean 232.3
RM:! 164.7
-3 50000 7000 s
.E B C
=Y N 6000—
D 40000~ .
‘S - 5000
£ - E
3. 30000 4000
— L C
O C C
= ¥ 3000
é 20000 g
= 20001
£ 10000} E
s ! 1000 J
° - r
Lo G_...I...I...I...I...I:X103 Y N R M [ BTSN BT
0 200 400 600 800 1000 0 200 400 600 800 1000 1200 1400
Processed frames ADU
Average jump frequency AT Duty cycle of hot state B es
Mean 0.0003059 Mean 0.193
= RMS 0.001374 E RMS 0.2429
40000 F 16000
35000 14000
30000 12000F
250005 100001
20000 8000;
15000H sooof_
10000fr 4000
5000t 20001
0 L PN [ T T [N T T T N T T [N T T T [N T Y M S BN 0: IWI M |

0 0005 001 0015 002 0025 003 0.035 0 0.2 0.4 0.6 0.8 1

1/frames
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BS How can we improve - JF 1.2

* many problems we see can be interpreted as deviation from linear
behavior of the amplifier references and of the readout chain

* deviations become bigger when ASIC is operated at boundary
conditions, e.g. pedestal g1/g2 collection

* the readout chain has been completely reworked

* more robust voltage delivery: buffers buffers buffers!

Bonus: improving linearity simplifies gain calibration and improve
calibration data quality
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(== JF 1.2 vs JF1.0: Linearity

. . 0 .
Readout chain Imearlty non linearity of readout chain

massively improved
* dynamic performance at 40MHz LT

also improved. Settling time old

allow (theoretical) 65MHz

* this simplify the ADC phase . new
window setting at system
level \

veous R e r e

VPIX (m)
v COLSEL

|
' CB
e ———

VCOLn .

L]
: mnnj

| cB 2
4

off chip transient at 40MHz, full swing
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JF 1.2 ASIC ready for tape out

Additional improvements

* |ow noise mode as JF1.1
* 35e- rms expected

* (unoptimized) electron
collection mode

* 16 storage cells

* digital comparator disable
(avoids late switching)

* internal current source strength
can be selected

* flexible




=(-HJ= JF 2.0 towards higher frame rate

RLE

* 10kHz frame rate target
* On chip ADCs
—  preliminary specs:
- 12b 10Ms/s
— every 8 columns

Serializer

» High speed serializers and transceivers
for off chip communication
- 15GHz PLL
- 3.125 Gb/s
—  64/66b encoding

* Requires complete back end and DAQ CML driver

redesign — Matterhorn readout board.

* On the FE side, we are evaluating:
— lower noise at long exposure times

— higher DR for FELs (4x higher)

A. Mozzanica - IFDEPS 2024
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([ Conclusions

* the JUNGFRAU pixel
detector developed for
SwissFEL, is in use at FELs _ | ~ Jungfrat
and Synchrotrons = . i g
worldwide

Jungfrau(s)

* ASIC and system issues .
which mostly impact users S
have been identified and £% /3
(mostly) understood

* A new ASIC addressing
these issue is under way.

* Higher frame rates will be ;
achieved down the road

Page 36
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[FEJ» Jungfrau on top of Jungfrau

A. Mozzanica - IFDEPS 2024 Page 38
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(== Backup Slides

e R ——

Page 39
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w(-H» Specification summary

ASIC technology

mudule pixel count
mudule size
sensor thickness

pixel size
dynamic range

noise r.m.s.

min Energy
linearity

point spread function
dead time
ext. power consumption

cooling

readout time = 1 / frame
rate

rate capability @
syncrotron (with 10GbE)

A. Mozzanica - IFDEPS 2024
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(= JUNGFRAU at LCLS - September 2016

Silver behenate (AgBe) powder measurement
* full beam transmission

* 9.5keV photons

* 10-15 um beam size

Y
o
w

Two JUNGFRAU modules

* 1 MPixel in total

36 pixel-width gap

10 us integration time

200 V bias

* dynamic range

~1074 9.5 keV photons

* central ring pixels are in the
middle of low gain

—
o
A

o
Average photons per pixel per frame

—h

41
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BS Single photon measurements

~ Ko 8keV

) 2000
* X-Ray tube, W anode a
* CuFluorescence target ..,
* 10us integration time - ~K[3 8.9I<;eV
* HV=200V B
* Readout at 500-700Hz - |
o 500—
* limited by prototype -
firmware i T Y o
e 20MHz ASIC readout 0 500 1000 1500 2000 2500

A. Mozzanica - IFDEPS 2024 Page 42
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[ElS

JUNGFRAU calibration procedure(s)

Second version of calibration procedure

established for JUNGFRAU
* Single or multi photon peaks for GO

(absolute)

* Backplane Pulsing (BG) for G1/GO cros:

. Pulsar voltage [mV]
calib.
* Internal Current Source (CS) for G2/G1 820000 HER O B
cross calib. < i '

ccccc

2138 31 const 1.185e+04 + 0.4242 -
GO grad 6.213+ 0. 31 grad -0.2218 + B.489e-0
L

* Calibration uncertainty <<1% for GO and
G1, order 1% for G2

* Validation of procedure on SLS and LCLS
data ongoing

||||||||

Cu

8 keV

'”J‘Lu .ﬂuﬂ LJ'LHJ'E-PJ

Pedestal corrected ADC [ADU]

1 sof
1 eof
{ a0l

1 20

o

xﬂqu JUHIIJM

ot 2800 2900 3{]00 3100 3200 3300 2000 4000 6000 800010000120001400!

Pedestal corrected ADC [ADU] ADC [ADU]

20keVxN

L '
2000 4000 6000

L
107

1
10 102

Integration time [us]

10000

5000

15000

[0 R~
1 10

10°
Integrated charge [12 keV photons]

10°

10*
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(== Cal. Validation with IR laser

HEEEEANE - EET T SRl e T
IR laser calibration P ! ’ . L=RY | ﬁ\
® targets individual pixels L1 :m,é.&.f"*j’jﬁé e | T T T T30k ] x. l|> N
* scan intensity with filters ENEEEE )F\ T 111 T ‘ I '_Q_:_?’_L g
* access all gain stages 5 [ Ganmap ]
* significant charge loss to neighboring pixels - 30l _
at high intensity I ‘
* reflected in gain ratio between G1 and G2 2 ]
i * hi ain
— LB L B LU B R B L B L LLLL I L 20F -
815000 - . -L1°* medium gain:
<<, - 15@9\;\% i -
(-_U L+ Factor 15 20 2 30
- B e .34 =
@ 10000 | betwee i nc:’
3 I n GO
o - G1
i * Fact
5000 - ot -
- between
- G1 G2
0 L d e vl el vl vl sl |
1 10 10 10° 10* 10° 10° CR R Coumn
Intensity . a4

A. Mozzanica - irucrs zuzs
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(= JF at Synchrotrons: pro and cons

Cons Pros
* huge data rates : we have to run * very high count rate limit: 24Mcps
full speed, always @ 12.4keV, 40Mcps at 8keV
* save raw data not a good - can be extended 10x with a
strategy on the long run DR extension method
* online conversion will - or even higher if dead time
require IT resources is acceptable
* Calibration is more complex * No “corner effect”
* Pedestals are essential: “frequent” * |ow energies: single photon
dark collection and temperature resolution at 2.5keV (or lower for
control - moderate cooling (<0C) is short int. times)
required * at low flux, JF gives energy
* Fluorescence suppression at information, without Th scan.
medium/high rates not possible * works with strong single bunches,

suitable for serial pink beam
crystallography
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Pros
. * very high count rate limit: 24Mcps
@ 12.4keV, 40Mcps at 8keV
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=== JF at Synchrotrons: pro and cons

Cons
* huge data rates : we have to run
full speed, always
* save raw data not a good
strategy on the long run

20keV pencil beam scan in
photon counting(L) and
integrating mode (R)

Pros

* very high count rate limit: 24Mcps
@ 12.4keV, 40Mcps at 8keV

- can be extended 10x with a
DR extension method

- or even higher if dead time
is acceptable

* No “corner effect”

* |ow energies: single photon
resolution at 2.5keV (or lower for
short int. times)

* at low flux, JF gives energy
information, without Th scan.

* works with strong single bunches,
suitable for serial pink beam
crystallography
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(= JF at Synchrotrons: pro and cons

Beam energy
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(== Pixel 108352 - varied temsperature ©
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