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Experiments with ultrafast electrons:
Do detectors make a difference?
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Experiments with ultrafast electrons: Do detectors make a difference?
Outline

» EDET detector
» Design
» Experiments (with first beam)
» Outlook
» Electron Beam Chemistry
» Wet Biology

» Beyond (?) EDET
» Applications with electrons
» Can we push the use case to challenge most demanding photon applications
» Some science cases

» Detector Specs
» What to revisit ?

» Beyond (') EDET
» Detector for mass-spectrometry
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EDET 80k

Design features
One quadrant DEPFET direct hit
" 1000 x 1000 px (4 chips)

Electron beam

dead join region <2 mm

30.1 mm | .
Switchers N Wy ) 60 x 60 mm2 active area

direct electron detection

pixel size: 60 x 60 um?
Thickness 50um (30 pm)

> 200 primaries of 300keV
per pixel

full frame recording at
80kHz (for 100 frames)
by 4-fold rolling shutter
mode [ small adjustments on

Max Planck Institute for the Structure and Dynamics of Matter

8 bit ADC (DCD)

| Eraava rwars drwers frvars ="




EDET 80k

First dynamic electrons

» 128 x 64 physical pixels ( 7.7 x 3.85 mm?, 1/32 of a
guadrant)

38 000 frames per s

Run57
time = 11.283840 ms

Frequency: 25 pm
Balls 260 nm
Line thickness: 6um

Electrostatic

beam shifter
Sample
position

e
e b
et

Y —

Max Planck Institute forz

20 40 60 80 100 120
Gain 3.3 | Switcher timing 26,21us | 200ms exposure | 160keV | 421efpxframe
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EDET 80k

Nanoparticel gold growth

» 128 x 64 physical pixels ( 7.7 x 3.85 mm?, 1/32 of a
guadrant)

» Probe =Trigger, very nice condition for
experimental control and initial experiments

» Fastest continuous detector ever employed in a
TEM ? | guess!

Eibdiontaie 10 000 frames per s

beam shifter Run249 (nanoparticle gold growth)

Sample time = §9.144 ms

position
12.96 e-/A"2

20 40 60
%17 .3k magnification | Gain 3.3 | Veto sequence 104 875us | 200keV |

b a
‘Camera: TemCam-F216 is TVIPS's |

4Mhipe»gapixel @ 1Hz 100 nm



EDET 80k

Electron Beam Driven Chemistry

Employed since the 1940’s on the industrial scale.
(2G€ annually)
Opens the door to a entire world where yet nobody

can measure at 80 000 frames per second.

Liquid and gas phase _ :
Further Evolution in atom gazing:

Nanoparticles are employed in a Solution Phase Dynamics

mU|t|thde of aplications: Medical, TEM nanocell with flow!
environmental to basic science
How does shape, structure affect

function
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What makes them harmful ? Can

this interation be attributed to LWE o
i R PO 7 = : Electron
Microscope

some exposed mo rp hol Ogy’? Christina Miller: U Toronta 1 _ (TEM)

Sercan Kescin, Stephanie Manz: MP5D




EDET 80k

base-pairing dynamics and ubiquitous nature of DNA interactions

_—

a Region 1 (12-mer) Region 1 (12-mer) DNA origami
' ' sy | ATTA A 2 3 -
(\_a S-A, Q;CATGGTTAACM TTCCTTT-A-TTGTTAAGGATC , r Drug delivery
15 nm G T.""-.':i{ﬁ.-':ﬂ-..i:"n] Ia T 1-A-AAGGGAAA .F:"n"ﬂ'ul'ﬁa"'l..-"_i.TTL'I-GTA"M‘G-."f".1 0-55 ..
Linker X Iy Ll DNA based electronic dev.
From 1 Hz frame rate we want to go 80 000 Hz frame rate.

Keskin et al. J. Phys. Chem. Lett. 2015, 6, 4487-4492
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Experiments with ultrafast electrons: Do detectors make a difference?
Outline

» EDET detector
» Design
» Experiments (with first beam)
» Outlook
» Electron Beam Chemistry
» Wet Biology

» Beyond (?) EDET
» Applications with electrons
» Can we push the use case to challenge most demanding photon applications
» Some science cases

» Detector Specs
» What to revisit ?

» Beyond (') EDET
» Detector for mass-spectrometry
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Max Planck Institute for the Structure and Dynamics of Matter

Structural Dynamics

The small & the fast momentum space

Mission statement: Visualization of the electronic and geo ; .
time and space of chemical, biological, and condensed-ma

= in-liquid TEM
X-ray crystallograph

Cryo EM

Light micre _
0 sec o= 129 e-IAA2
: ‘-...‘ / real space
107 10 %

10—10

i

i t t i

T T T T T
101 : 10 103

bond side-chain protein
vibration rotational conformational ‘}

bond dynamics changes )_I \ . .
> | ) &
it Camera: TemCam-F216 is TVIPS's
interactions -

photosynthetic lateral diffusion pna replica 4""F‘negapi.xel @iHz
charge separation in membranes i} Y 100 nm

breaking




Experiments

Large scale & smaII scale
o —

; European

XFEL

Ha mburd

,starss
- 2015,

ot
L'r!ﬁ\.'.a.uh-_g_-upra -
W5

ra g ™

oD f e
> 0.1A corresponds to 100 keV X- rays 2 e- Cross section 10 tlmes larger (than g)

AT . T T .. HEe

» availability _ e > 100€/hour VS. 20 OOO€/hour
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Femtosecond electron diffraction

delay stage

Stroboscopic approach

The principle

-100kV

electron
gun

sample
on support
mesh

f,eq~ con versijo ”I

intensity
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Femtosecond electron diffraction

Access the same physics with different data

SACLA XFEL 1.24 A Egun 150 keV

500 1000 1500 2000

Similar poly-crystalline Bi sample: data is not identical, generally richer with electrons
Xrays interact with electron shell, ultrafast electrons interact with the positive cores

Electrons can be more suscesible to certain effects e.g. Spin and magnetic contributions

Photon sensor interaction “cleaner” than electron sensor interaction (can anything be done)



Detector Statistics

Uphill battle for electrons

Photons create electron-hole pairs according to Fano statistics

(zeum@ieipawinouado) g-1aman [

Sigma is about 10% of the mean value

Electrons produce e-h pairs according to Landau statistics

Sigma not constant > 20% of the mean value

Electrons produce a straggling track

NN

S

\

Sum of events in a 30 um thick Si irradiated with 300 keV electron beam

1 T T ] I
DMPY 28116131 ¢ MPvVgB9423.1161 —  Geantd Simulation

i DMy, 40252603 DMV BTA287A02 ;
300 keV prlmal‘y | Sigr : SigEnaB=?581_541ti — ¢ Landau Fit

¢ Sigma, = 4329418 ¢

electron generates ~ 5H égmfies;.aganm ....... o é'“h;p';;;gggu;jgaga _____ ____________________________ __________________________ 4

o MPY, 20556.8438 LMy, 11B5715371

8000 eh-pai rS in 50“m Single event MVj 29142.8843 Sigmaa=98?6.0919

! Sigma, = 28161746

Si and 80 000 eh-pairs . s et — |

MRV 4412194 LMV, 145714.4214

in thick (500p.m) Si. Sum of 2 events My 682857686  Sigra, ,=12098.4822 -

Most Probable 5 5 | | |
Value gives useful I e 'u'r}{'o'%}ié'é{?e'ﬁ{s' .................... ............................ ............................ ............................ .......................... _
Statisti CS . Sum of B events : : : :

Surn of & everts

Max Planck Institute for the Structure and Dynamics of Matter

Sum of 10 events :

Number of éfhole pairs




XFEL: Xray Free-Electron Laser

Brilliance

FLASH
(seeged)
P
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Max Planck Institute for the Structure and Dynamics of Matter

high time resolution high spatial resolution
single shot sample




Femtosecond electron diffraction

Electrons don't socialize
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Charge needs to be reduced as much as possible

o - e ey A A s

w,l@ 10 Productlon quallty needs to be as hlgh as achlevable
o " Detectlon quallty needs to be as high as schlevable

bond l l s




UED k-space

>10,000 electrons on detector are
need to attain qualitative diffraction
Information
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problem dependent: more electrons
on detector are need to attain
quantitative diffraction information
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Ultrafast electrons: Do detectors make a difference

Spatial resolution:
* Pixel size and total area
e Particle sensor interaction

=> Quiality of results

Geometric flexibility
e Change geometry of
detection area

=> Quality of results

Recording Efficiency: *
Dynamic range

Bit depth

Charge handling capacity
Non linear electron
storage

Sampling

=> Quality of results

Temporal resolution:
e Frame rate
e Can be crucial or irrelevant

=> Quality of results

Usability:
Radiation hardness
Complexity of operation
e.g. software, housekeeping
Interpretability of the data

=> Quality of results

Detection efficiency -/

Sensor particle interaction
(direct or indirect etc)
Electronics

Operation mode: counting
integrating

=> Feeds back to experimental
parameters 3




Femtosecond electron diffraction

Crazy geometrical tweaks | : Refectron

lense etector

Tt
)
e — —_
< 5'0. Number of Electrons (Gaussian Profile) § I %150- T=02ns
p= 454 « 1000 5 1.0 | % 100
| 05/ : ]
95 ’3\ 4071 . 1%?0% 2 00] L2 52
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Femtosecond electron diffraction

Crazy geometrical tweaks Il : FEL sample pump
» Terra incognita: FEL pump — electron probe

» Photon equivalent would be FEL pump / FEL probe (very difficult because very different

energy needed)

» Induced structure changes potentially very different from excitation with optical laser

detector

Max Planck Institute for the Structure and Dynamics of Matter

pagnini
( ;f-:.jf
- N TIT
ctor w. hole Veflectron

FEL

Cathode
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Ultrafast electrons: Do detectors make a difference

Plume dynamics

] » Our interest started with pretty
o T applied science and made it way
ng
2 d00ym Fuextome. I (] Tewochded et back to the fundamental roots

] . than energy diffusion
damage zone Heated tissue melts, —r

bums avay tesue : » from laser surgery to mass-

Shear stress >800 ym <10 pym

b \ i P spectronomy to plume dynamic
,;' l‘: & a '
Tearing of ﬁSS{JE Shockwave Laser v@*

within picoseconds
SURGICAL SCALPEL CONVENTIONAL MEDICAL LASER PIRL
doi:10.1371/journal.pone.0013053

Aqueous Thin Film

X, y -stage I
F-.I_

back-side illumination IF——I Time-of-Flight secch

Uéf Mass Analyser

front-side illumination é

A. Krutilin, F. Busse, SWE

Detector
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Plume dynamics

Setup for PIRL ablation in vacuum

2950 nm laser t=400 ps
Targets OH stretching at
2.94um
s Microscope Absorption length very
nan l '(j) short (90 % over 2 mm)
sourc Creates stress-confined
volume: DE >>0; DV =0

Vacuum vessel to set

pressure between 10 and
1013 mbar

Meghanad Kayanattil, Zhipeng Huang, SWE



Plume dynamics
Ablation of liquid H20 in ambient conditions

t=331ns

- Water shock
G —

100 um
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» Laser energy: 350 mJ/ cm®
» Ambient background of 1013 hPa Air
» Super-sonic shockwave driven by 500 000 — 1 000 000 hPa pressure




Plume dynamics
Ablation of liquid Glycerol in ambient conditions

t=154.5ns t=368 ns

\\ t=744 ns t=1017.5 ns

100 um

» Laser energy: 350 mJ/ cm®

» Ambient background of 1013 hPa Air

» Similar hydrogen bond network to water

» Similar absorption spectrum (slightly smaller)

)
§
i

o

77]
=

=

qv]

c

>
A
o

=

o

L

L
8

Q
£
@]

(0]
<=
e

L
3=

L
N
=
+—

w2

o
[Shame
-~

=
e
Ay

>
S




Plume dynamics

Water vs Aceton

» Very similar plume dynamics
» With and w/o hydrogen bond network
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Plume dynamics

Glycerol in vacuum

» Laser energy: 160 mJ / cm?

» Vacuum background of 10™ hPa

» Formation of a shell travelling at 270 m/s

» Note: Individual images show always a different plume
» shockwave driven by 50 000 — 500 000 hPa pressure

Max Planck Institute for the Structure and Dynamics of Matter




Plume dynamics
Ablation of liquid Glycerol in 1E-5 mbar vacuum (Medium fluence 160 mJ/cm?)

t=2360ns t=1374 ns

» Laser energy: 160 mJ / cm?

» Vacuum background of 10™ hPa

» Formation of a shell

» Note: Individual images show always a different plume
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Plume dynamics
Bursting of glycerol bubble

Delay = 3.318e-06s
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Bursting of a latex shell (balloon)

camera 2

P Latex stores elastic energy

» Popping releases the stored energy

= » Latex has a Shear module: Transverse waves can
propagate

membrane
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=0 ps 67 us
Ref: DOI: 10.1103/PhysRevLett.115.184301




Plume dynamics

We have a problem

X3 » Classical liquids do not express elasticity

3; » In viscous liquids the relaxation times for shear strain

“E’;”ﬁz should be short. Water: = 10 ps

» Clear indication for glycerol having a memory for
— s mechanical forces = elasticity

» Filaments (see latex shell)

longitudinal longitudinal » Jetting (Elastic energy from the shell released at
o the tip)
| » Bubbles bursting earlier reach higher velocity

» energy release cannot be stored elastically

anymore but only ballistically
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» Can surface tension mimic elasticity ?




Plume dynamics

Finaly the electrons come into play
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Electron diffraction on plumes

First results

» Laser energy: 220 mJ/ cm®

» Vacuum background of 10™ hPa

» Formation of a shell

» Note: Individual images show always a

different plume

M. Kayanattil, Z. Huang, S. Hayes, SWE

» The whole plume is hit by the electron
beam

» The liquid fraction vanishes with time

» \We need everything more precise (bond
length) in time and space

» Typically neutron scattering (another
large facility) is best used to understand
typical distances in liquids

Liquid bond
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Ultrafast electrons: Do detectors make a difference

Spatial resolution:
* Pixel size and total area
e Particle sensor interaction

=> Quiality of results

Geometric flexibility
e Change geometry of
detection area

=> Quality of results

Recording Efficiency: *
Dynamic range

Bit depth

Charge handling capacity
Non linear electron
storage

Sampling

=> Quality of results

Temporal resolution:
e Frame rate
e Can be crucial or irrelevant

=> Quality of results

Usability:
Radiation hardness
Complexity of operation
e.g. software, housekeeping
Interpretability of the data

=> Quality of results

Detection efficiency -/

Sensor particle interaction
(direct or indirect etc)
Electronics

Operation mode: counting
integrating

=> Feeds back to experimental
parameters 3
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Beyond (!) EDET

lon detector

Aqueous Thin Film

x, y -stage l Detector
‘_r

ﬂ% Time-of-Flight NN

back-side illumination  ufjms—— Iu# Mass Analyser

front-side illumination a

Bio samples: High mass singly charged ions : 1000 amu ... M amu; E <= 20 keV
Detectors in mass-spec are stone age: The primary detector are micro channel plates
I“ mostly without spacial resolution: 1D detector

w “
£
7 / % Quantum eff. as low as 1%

| ; N
P‘ deee (N - |
- -y
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