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Things happened slowly before the internet, right?
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Wilhelm Rontgen
Universitat Wirzburg
Dec. 1895
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Michael Pupin
Columbia University/New York
Feb. 1896

“This is of the hand of a gentleman resident in New York, who, while on a hunting trip in England a
few months ago, was so unfortunate as to discharge his gun into his right hand, no less than forty
shot lodging in the palm and fingers. The hand has since healed completely; but the shot remain in it,
the doctors being unable to remove them, because unable to determine their exact location. The
result is that the hand is almost useless, and often painful.” - Cleveland Moffett, McClure’s Magazine,

April 1896
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Laboratory x-ray sources

e Limited in brightness (photons per area per angle) due to
melting of the target.

e Emit into 21, and continuum spectrum plus fluorescence lines

Thursday, July 9, 15



Synchrotron radiation

* General Electric, Schenectady,
New York; April 24, 1947

e Herb Pollock: “On April 24,
Robert Langmuir and | were
running the machine and as
usual were trying to push the
electron gun and its associated
pulse transformer to the limit.
Some intermittent sparking had
occurred and we asked the
technician to observe with a
mirror around the protective
concrete wall. He immediately
signaled to turn off the
synchrotron as he saw an arc in
the tube.’ The vacuum was still
excellent, so Langmuir and |
came to the end of the wall and
observed.”

S
Thursday, July 9, 15



Advanced Photon Source at Argonne Lab: 7 GeV, ~1012 photons/sec
(108 coherent) at 10 keV, ~65 simultaneous experiments, built ~1995

Borland talk tomorrow: upgrade project to increase the bnghtness by a
factor of >100! c/‘”j SR -

S
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The “light bulb” is big; the experiments are small

: Si Chen at the! Bionanoprobe; Chen
et al., J. Sync. Rad. 21, 66 (2014)

S
Thursday, July 9, 15



Synchrotron light sources: serving a wide and
varied set of scientific communities

Per year, over 65

beamlines:
* About 2000 unique Biological a:rgl;;fe
. sciences
experiments ’
P Optics (excluding x-ray
* About 4500 optics), 23
scientists Other. 42

Materials science, 883

\_ Medical applications, 85
Polymers, 99
\ Instrumentation related

to user facilities, 112

Environmental science,
159
Engineering, 197

Earth science, 251

Many experiments
are scheduled for Chemistry, 566
1-3 visits per year,
3-6 days per visit

Users of the Advanced Photon Source
at Argonne National Laboratory,
10/2012-09/2013
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Synchrotron light sources

Planned / Under construction
® Second generation

® Thied generation

e FEL

S 10
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LCLS at Stanford: first hard x-ray free electron laser

—

Experimental £ e 2% A
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X-ray brightness: beyond Moore’s law in computing

e Synchrotron light T T T T T T T T s €
sources deliver gesogperseapf  X-RAY Lasers 1 83
high time-averaged -1 58

. o E
brightness, TOF Figure courtesy J. Stéhr APS —3o0 s E
many experiments Upgradel &<
simultaneously. 1 33

7 —25 ©
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lasers (XFELS) 08 | 1 3

. . e synchrotron Moore’s — =
dehver h|gh g b | sources Law
. o~ | .
instantaneous 5% P
brightness in <100 & |-
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. o 9 —
destroying) pulses, S
g — X-ray tubes

for one or a few s o
experiments 8 sl Ly, | | | | | 1 |
simultaneously. 19001950 year 2000
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Brightness and coherence

e Brightness measures the photon flux per source area per solid
angle within a given bandwidth.
— Typical units: photons/sec/mm2/mrad2/0.1%

e Nanofocusing from lenses requires coherence across the optic
— Rayleigh resolution (radius of focal spot) is A=0.61A/6"

— So focus spot diameter 2A times full angle 28" accepted is 2.44)\

A
[2 - 0.61@] L [260'] = 2.44)

e This must be done in x and in y, so coherent flux involves
phase space of A2.

— See Green, BNL-50522 (1976); Kondratenko and Skrinsky, Optics
and Spectroscopy 42, 189 (1977).
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Nanofocusing requires coherent illumination

¢ FU”'Wldth, fU”'an9|e lllumination Image: demagnified source,
phase Space Of a source plus aperture diffraction
diffraction limited lens
with numerical
aperture 0:
(20):(2:0.61\/0)=2.44\ =
e Thus need to limit
source phase space to
~N both in x and y

o 14
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Phase space area and probe focus

How close must p=(source diameter)+(optic’s full subtended angle)
be to A? p=1-A works pretty well!

4.0
35
3.0
25

S 20
1.5
1.0

0.5

0.07 . ] | | I
-1.00 -0.75 -0.50 -0.25 0.00 025 0.50 0.75 1.00
Normalized spatial frequency

Effect on modulation transfer function Effect on point spread function PSF
MTF (50% central stop) (50% central stop)

Jacobsen et al., Ultramicroscopy 47, 55 (1992); Winn et al., J. Synch. Rad. 7, 395 (2000).
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Controlling spatial coherence

OBJECTIVE
,r/."f\\
- Spatial filter: pinhole at the If PraoLE
focus of a lens. Passes \ % o | -
only the spatially coherent V "%l J k( (:)——? —
fraction of an incident INPUT BEAM SCATTERING || ) 5
beam. 5 PARTIGLES & //SFATIEPQ;OHLE SPATIAL PROFILE

- X-ray beamlines: image
the source to a secondary
position with an aperture,
for a flux-versus-

coherence tradeoff. Diagram, photo

from Newport
catalog

‘) 16
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Holography predates the laser

NATURE ww 777 May 15, 1948 P

A NEW MICROSCOPIC PRINCIPLE M/YGENS
By Dr. D. GABOR ‘ YOUNG

Research Laboratory, British Thomson-Houston Co., Ltd.,, | ° :
Rugby . \‘“.S”ﬂy

e Single spectral line from
high pressure mercury lamp
light source, with 3 um
pinhole for spatial
coherence.

Fig. 2. (a) ORIGINAL MICROGRAPH, 1 ‘4 MM, DIAMETER. (b) MicRro-
GRAPH, DIRECTLY PHOTOGRAPHED THROUGH THE SAME OPTICAL
svsrmt WHICH IS USED FOR THE RECONSTRUCTION (d). AP. 0-04.
(¢) INTERFERENCE DIAGRAM, OBTAINED BY PROJECTING THE
MICROGRAPH ON A PHOTOGRAPHIC PLATE WITH A BEAM DIVERGING
FROM A POINT FPOCUS. THE LETTERS HAVE BECOME ILLEGIBLE BY
DIFFRACTION. (d) RRCONSTRUCTION OF THE ORIGINAL BY OPTICAL
SYNTHESIS FROM THE DIAGRAM AT THE LEFT. TO BE COMPARED
WITH (0). THE LETTERS HAVE AGAIN BECOME LEGINLE

S 17
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X-ray holography predates X-ray Free Electron
Lasers, and Diffraction Limited Storage rings

First proposal: Baez, Nature 169, 963 (1952)

First demonstration: Aoki et al, Japanese J. Appl. Phys. 11, 1857
(1972) ) ./,{’ fea

This data: see e.g., Howells et al., Science 238, 514 (1987); Jacobsen et al., J. Opt. Soc. Am. A
7, 1847 (1990); Lindaas et al., J. Opt. Soc. Am. A 13, 1788 (1996).
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X-ray fluorescence

Photon in -e Photoelectron out
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Scanned nanofocused beam spots: fluorescence

Sample, Segmented
raster scanned transmission detector

%

Zone plate
objectlve
l

Undulator Pe \“‘ l /=

j;\:gg» Order Sortmg
Aperture
==

Monochromator

102 E
g 10
g s
. B. Twining, S. Baines, N. Fisher, J.
107 Maser, S. Vogt, C. Jacobsen, A. Tovar-

1000 2000 3000 4000 5000 6000 7000 000 9000 Sanchez, and S.Sanudo-Wilhelmy,
Fluorescent photon energy (eV) Anal.. Chem. 75, 3806 (2003)
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Exciting x-ray fluorescence

X rays and protons produce a dramatically lower continuum background, increasing sensitivity
(but proton microprobes induce much more damage)

Si
102 -
Electrons: linear scale : X rays: log scale
\
\ Acteal contingum .
E \/ Observed continyem E 101 E Cu Zn
B \ = ]
W \ /5?3.3253?1‘1“:3 veata normalae B
z ( Charocteristic li c
><. 4 N | @ LRQrocleristic lines 8
100
/8
101 E
X- RAY ENERGY - ' ' ' ' ' ' ' '
1000 2000 3000 4000 5000 6000 7000 8000 9000
Fluorescent photon energy (eV)
LeFurgey and Ingram, Environmental Twining et al., Anal. Chem. 75, 3806 (2003).
Health Perspectives 84, 57 (1990) Analysis approach: Vogt, Maser, and Jacobsen, J.
Phys. IV 104, 617 (2003).
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Global carbon cycle
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Iron and carbon in the ocean

-
" “

; I
= B : B

* Seed Southern Pacific with bioavailable
iron to increase CO2 uptake?

* Requires understanding of iron and
carbon uptake in phytoplankton; combine
fluorescence with phase contrast.

B. Twining, S. Baines, N. Fisher, J. Maser, S. Vogt, C. Jacobsen, A. Tovar-
Sanchez, and S.Sanudo-Wilhelmy, Anal.. Chem. 75, 3806 (2003)

v
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Cruising the Southern Pacific

S
Thursday, July 9, 15




Quantitative 3D fluorescence of a diatom

M. de Jonge, C. Holzner, S. Baines, B. Twining, K. Ignatyev, J. Diaz, D. Howard, A. Miceli, |.
McNulty, C. Jacobsen, S. Vogt, Proc. Nat. Acad. Sci. 107, 15676 (2010)

vV
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Fluorescence tomography

de Jonge et al., Proc. Nat. Acad. Sci. 107, 15676 (2010).
36 hours of data acquisition

-
vV

Thursday, July 9, 15

28



FluoZin-3
fluorescence intensity
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Zinc sparks

20|

—— calcium (intracellular)
—— zinc (extracellular)

L) L) L) 1
3 3

1

Ajisuajul 80ua2saion))
WV L-UdaI15) wnioen

S 88 88

(crab-eating
macaque).

Real time: ~20
minutes.

Kim et al.,
ACS Chem.
Bio. 6, 716
(2011).

minutes
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Zinc sparks

GV stage MIl stage -

e Zincis collected (1010
atoms!) during metaphase
Il arrest, before XFM tomography Zn maps
fertilization.

e Chelation (tying zinc up)
halts division.

e QOocyte supplies zinc bolus
as maternal legacy to the
embryo?

e X-rays show all zinc;
visible fluorescence
depends on binding
affinities.

e Kim et al., Nature Chem.
Bio. 6, 674 (2010).

* Que et al., Nature Chem. Oocytes: ~50 um

Live cell fluorescence
Zn staining

)
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X-ray fluorescence

Photon in -e Photoelectron out
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Fluorescence versus Auger

Fluorescence yield=fraction of time you get a fluorescent photon
rather than an Auger electron

1000 T T T T T T T T T T T T T T T 1T
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UL
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0.100

T lllllll
1 lllllll
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Fluorescence yield
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v

What’s missing? Phase contrast for low-Z

e Segmented x-ray detector.

e Acquire simultaneously with fluorescence
* Fourier filtering, Fourier integration for

absolute phase contrast.
* Sensitivity: ~71/180.

absorption at 10 keV

@

Hornberger et al., Ultramic. 107, 644 (2007); Feser et al.,
Phys. Rev. Lett. 100, 163902 (2008)

Nucl. Inst. Meth. A 565, 841 (2006); de Jonge et al.,

Thursday, July 9, 15
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Scanned coherent beam spots: ptychography

High-Resolution Scanning X-ray
Diffraction Microscopy

Pierre Thitwult, ™ Martin Dierolf,* Andreas Menzel,* Oliver Bunk,! Christian David,* Franz Pleiffer®?

Coherent diffractive imaging (CDI) and scanning transmisston x-ray microscopy (STXM) are two
popular microscopy techniques that have evolved quite independently. COI promises to reach
resolutions below 10 nanometers, but the reconstruction procedures put stringent requirements on
data quality and sample preparation, In contrast, STXM features straightforward data analyss, but
its resolution is limited by the spot size on the specimen. We demonstrate a ptychographic imaging
method that bridges the gap between (DI and STXM by measuring complete diffraction patterns
at each point of a STXM scan. The high penetration power of x-rays in combination with the
high spatial resolution will allow investigation of a wide range of complex mesoscopic life and
material scence specmens, such as embedded semiconductor devices or cellular networks.

SCENCE VOL 321 18 JULY 2008 379

pattern 1 A

detector ——~o____

m specimen
FFT ' \
) < — focusing Baa® \

— optics

diffraction diffraction
pattern 3 pattem 2

F'IG 2 l)mgmlm of the M;aw:(\wrxc\‘:cl alp»ﬂlhm. The outer HegerL 1 ROdenburg et ala Phys ReV.
circular arrows indicate the position stepping within one Hera Lett, 98, 034801 (2007)

ton. The arrows within indicate (inverse) Fournier transforms and
the desired input-output information.

14
S
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X-ray coherent imaging: from prehistoric, to
futuristic

e Holler et al., Scientific Reports 4,
3857 (2014); C-SAXS at Swiss
Light Source.

e 56 hours for 720 projections at
6.2 keV.

e Ta>Os on nanoporous glass at 16
nm in 3D

500_nm

i 35
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Combined fluorescence and ptychography of
Chlamydomonas reinhardtii

Deng et al., PNAS 112, 2314 (2015)

O 124 Ca

S .
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Recent example

e Chlamydomonas reinhardlti,
frozen in <0.1 msec from the
living state, imaged under
cryogenic conditions.

e Junjing Deng et al.

>
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Ultimate limits for biological samples: sub 10 nm

1018
1016.
=
©
O] 1014
o)
3
S 102
-
O
© 10
5 10
©
oC
108 -
10° - - 1—
Within damage limit
0.1 1 10 100

Resolution (nm)

Assumption: 100% efficient microscopes! This plot: Howells et al., J. Electr. Spectr. Rel. Phen.
170, 4 (2009). See also Shen et al., J. Sync. Rad. 11, 432 (2004).
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X-ray brightness: beyond Moore’s law in computing

e Synchrotron light T T T T T T T T s €
sources deliver gesogperseapf  X-RAY Lasers 1 83
high time-averaged -1 58

. o E
brightness, TOF Figure courtesy J. Stéhr APS —3o0 s E
many experiments Upgradel &<
simultaneously. 1 33

7 —25 ©
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destroying) pulses, S
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How does Lysozyme react to an XFEL pulse?

* Violently!

e Extension of
GROMACS
molecular dynamics
program, with
electrons removed
by x rays

* Does not include any
electron
recombination.

* Lysozyme explodes
in ~50 fsec

e R. Neutze et al.,
Nature 406, 752
(2000)

v,
vy
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Single molecule imaging: what’s needed?

e Lots of coherent photons in a short pulse! 50 fsec is OK; 150
fsec is not.

e LCLS (Stanford), TESLA (Hamburg) X-FEL experiment proposals
led by J. Hajdu (Uppsala)

S
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XFEL imaging

e Requires identical
objects (rigid viruses,
molecules)

e To trace amino acid

sequence into
electron density, you

need ~3 A resolution.

o Neutze et al., Nature
406, 752 (2000);
Huldt, Szoke, and
Hajdu, J. Struct. Bio.
144, 219 (2003);
Gaffney and
Chapman, Science
316, 1445 (2007)
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XFEL imaging of
cyanobacteria

*van der Schot et al.,
Nature Comm. 6, 1
(2015)

*Context:

—light microscopy at
200 nm resolution,
or ~50 nm using
stochastic imaging
of selected
fluorophores.

Diffracton patiern

—Cryo electron
microscopy at 5 nm

resolution in 3D for
samples below 500
nm thick
(archaebacteria,
some bacteria, thin
peripheral regions
of eukaryotic cells).

—Cryo x-ray
microscopy at 20-40
nm resolution in 3D
for samples up to
~30 um thick.
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XFEL imaging of mimivirus
 Eckeberg et al., Physical Review Letters 114, 098102 (2015)

A 44
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Mimivirus

f Unconstrained Sphere Icosahedron

@O

g Unconstrained Sphere Icosahedron

- A
@ . ‘.
L
/ - 200 nm
X . l\ g e——
CDI at LCLS. Seibert et al., Nature 470, 78 300 kV cryo EM. Xiao et al., J. Molecular Biology
(2011) 353, 493 (2005)
o 45
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Conformational variants of GroEL (cryo electron microscopy

E . t
IR AT AT LTS

” ‘.‘t -_V" . ) - » A ‘

. SN : A \! .

Cossio and Hummer, J. Struct. Bio. 184, 427 (2013).
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Femtosecond nanocrystallography

e 1.8keV (6.9 A) LCLS XFEL: photosystem 1 (membrane protein)
e Chapman et al., Nature 470, 73 (2011)

a " Upper font detector

Lower font detector

(photons)

XFEL reconstruction Crystallography blurred to
85A
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We need large facilities for x-ray science; we need both
diffraction-limited storage rings, and free electron lasers

e Example: imaging the “wiring circuitry” of a whole mouse brain would
take 3 months with a laboratory source, and half a day at today’s
synchrotron light sources.

e Storage rings are what we want for multiple measurements on
unique objects like individual biological cells:
— Multiple rotation angles for 3D imaging via tomography

— Spectroscopic imaging: trace elements via fluorescence, chemical
binding states via absorption spectroscopy

e X-ray free electron lasers can be used for diffract-before-destroy
studies of large numbers of identical objects
— Serial crystallography of small (10x10x10 molecules?) crystals

— Imaging of non-crystallizable macromolecules at beyond-electron-
microscopy resolution?

e The future is bright!

S
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Turn the coherence knob
Two slits, with variable degrees of phase correlation

|

0% 100%

] |

With a wide range of input wave
directions, fringes get washed out.

S .
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Photons and electrons

e A diffraction-limited focus from a lens requires that the

illumination /+26 be restricted to a 2D phase space area of ~A2.

e The photons come from the electron beam, so ideally the
electron beam 2D phase space should be restricted to ~A2.

e [ ouiville’s theorem in Hamiltonian mechanics says that phase
space can be manipulated (tradeoff of size versus divergence),
but not reduced.

e (Coherent x-ray beams can only use the fraction of the electron
beam that is within a 2D phase space ~A2.

— Answer 1: diffraction-limited storage rings (Borland talk)
— Answer 2: free-electron lasers (several talks)
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X-ray tomography at the micrometer scale

* Resolution down to ~1 um in 3D; limited by x-ray diffraction, visible light
optics viewing scintillator.
* 3D Imaging times of 0.3-300 seconds at APS beamline 2-BM (X. Xiao and F.

De Carlo).
Scintillator —
\ g)
— B @
o (b}
> s 5 -
. \ 8_ 2
i -
— 5
O @
/ s / S
n
= S
Rotation
stage
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Synchrotron X-ray
tomography of Zebrafish

K. Cheng et al., Curr. Opin. Genetics &
Devel. 21, 620 (2011)
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Tomography reveals what
projections don’t

e 3D imaging of complex objects: slices
from tomography are much more
revealing than single projections.

* Tomography requires multiple views
of an unchanged specimen.

Thursday, July 9, 15



Near-edge absorption fine structure (NEXAFS) or

X-ray absorption near-edge structure (XANES)

* Fine-tuning of the x-ray energy near an atom’s edge gives sensitivity to the
chemical bonding state of atoms of that type

* First exploitation for chemical state transmission imaging: Ade, Zhang et al.,
Science 258, 972 (1992) — Stony Brook/X1A

Continuum

A BRSNS (fully ionized)

S molecular orbital

n=3

n=2

A =
=
o
=
R
o]
<

Photon energy

Absorption Coefficient

280

Virtual O

Absorption edge:
inner-shell electron

removed

290 30 310
Energy / eV

Compared with UV “tickling” of molecular orbitals, core-level
electrons come from a single, well-defined state!
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C-XANES of amino acids

e K. Kaznacheyev et al., J. Phys. Chem. A 106, 3153 (2002)
e Experiment: K. Kaznacheyev et al., Stony Brook (now CLS)
 Theory: O. Plashkevych, H. Agren et al., KTH Stockholm; A. Hitchcock,

McMaster

“ " # e —
5 Alanine: Cysteine: side chain -SH 8 Glutamine: -NH2 ' A ruilnim-: \ I'yvrosine: aromatic

8] '3 aliphatic 5 o) H . ?6 C=N n*ﬂ . H .
°9 c Q I /\*CH NH4+ 'n' O gy ‘ Ha+ b
i 4 N -
SR S RS I S | ot B 4

. o ¢ 3 . vz SNH $ Tou 4
i N . R A W | o 7. i :
44V o i ) g | o l. 2 &

. . | 1 ’ ' .

)

Mass Absorplion Coefficient (10* em?/g)

-.'IUVIVIII T T T T T T T | .. T T T | T T T T T T I 1 ll'I ‘1
287 288 289 290 291 292 287 288 289 290 291 282 287 288 289 2950 291 292 287 288 289 290 291 292 284 286 288 290 292
Photon Energy (eV)

Polymers: see e.g., Dhez, Ade, and Urquhart, JESRP 128, 85 (2003)
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Organic carbon in soils: C-XANES imaging

Aromatic

Clusters

J. Lehmann, D. Solomon, J. Kinyngi, L. Dathe, S. irick,
and C. Jacobsen, Nature Geoscience 1, 238 (2008)

a
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Dose versus resolution for wet soft materials

e (Calculation of radiation
dose using best of phase,
absorption contrast and
100% efficient imaging.

 In a 3D world, high
resolution structures are
also thin, with lower
contrast.

S
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Coherence and nanoprobes

e You can only reach the diffraction limit (as opposed to the
source-limited limit) of focusing from a lens when you accept a
single coherent mode with phase space area ~1A in each

direction.
e |f the phase space of your source is larger, you must throw
away the incoherent modes! MBA Upgrade
Parameter electron beam photon beam combination today
Horizontal size 0, = 21.5 pm o, =95.5 um Yip = 22.2 pm 275.0 pm
Horizontal o, = 3.1purad o, =36 purad X, = 4.8 urad 12.1 prad
divergence
Vertical size oy = 4.0 pum o, = 5.5 pm 2y = 6.8 um 10.7 pm
Vertical o,= L17prad o0, =3.6purad X = 4.0 urad 6.2 prad
divergence
Phase space (2.35%,)(2.35%7) /A 4.69 at 10 keV 148.53
parameter p,
Phase space (2.35%,)(2.35%) /A 1.20 at 10 keV 2.95
parameter p,
Da - Dy /N’ 5.7 438.1
o o
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Seeing the whole picture

e (Changes a heroic day-long measurement (common in
fluorescence tomography, for example) into just another 15
minute measurement. Go from single observations to
statistical significance!

e | ets you see the whole picture, rather than just 1% of it:

1% of what? 100% of Einstein

S .
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IneIaStic nanoprObe to Initial charge Discharged
image lithium batteries? e

e Lightweight batteries are
crucial for transportation

(e.g., Chevy Volt), portable
Sulfur/Super-P carbon black particle in a Li-S

electronics (Ce” phones). battery after one discharge cycle, imaged at 6
* [nelastic x-ray scattering keV. J. Nelson et al., JACS 134, 6337 (2012).

combined with scanning

probe would enable you to
maps Lithium specifically g | xs 805 P,
in a thick battery in situ or 1 W |
in operando. o ® 0w
e Discussions with Yue Sun. poroov
R REEEE e s ey R
4 3 2 1

Transferred energy hv,, - hv, . (eV)

Demonstration of RIXS at a energy near the Li K
edge (in this case, the Co M edge). Chiuzbaian
et al., Phys. Rev. B78, 245102 (2008).
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van Cittert-Zernike Theorem

¢ |ncoherent source of diameter 2r

e Degree of mutual coherence (fringe visibility) between points

2J1 (V) 2w r 6

where UV =

1% A

e The square is the Airy pattern for the intensity distribution of
diffraction from a pinhole

1and 2 is \M1,2

0p2
A
2r \ e .pl
Y
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van Cittert-Zernike Theorem

¢ |ncoherent source of diameter 2r

e Degree of mutual coherence (fringe visibility) between points

2J1 (V) 2w r 6

where UV =

1% A

e The square is the Airy pattern for the intensity distribution of
diffraction from a pinhole

1and 2 is \M1,2

A

2r
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Coherent phase space

e Degree of mutual coherence (fringe visibility) between points

2J1(v) 211 0
1and 2 is |,LL1,2| = where p =
v A
2T 1T A\ T 2J1(m/2)
en 20=4/(2r), then v N () ; and s 0.72

* |n other words, when (full diameter)+(full angle accepted)=A1

then |1 2| = 0.72

0p2
A
| O
2r *D,
Brightness: photons per mm2 per mrad? per 0.1% BW per
Y second, or photon flux per phase space per bandwidth.

(Born and Wolf uses “brightness” for this photometric
quantity; APS has often used “brilliance” for the same thing).
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Phase space, quantum mechanics, and coherence

e Liouville’s theorem in classical mechanics: (Ap)+(Ag)=constant in a
constant Hamiltonian H =T 4+ V

e Measuring the £ momentum of a particle restricted to a position
Ax means it will be diffracted by the slit with a semi-angle 6 of A/
(Ax) giving

e Thus(Axz) - (Ap,) = hfor zero mutual coherence (or v=1.227 or
v=3.83 with circular apertures).

e Heisenberg uncertainty principle of (Ax) - (Ap,) = h
corresponds to v=0.61 and |1 2| = 0.95

S
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Atomic resolution imaging:

electrons or photons?

10 keV photons

* About 100 absorption events per
elastic scatter

e About 10 keV deposited per
absorption

e Therefore about 106 eV deposited
per elastic scatter

* Athousand scattered photons: 103-
108 eV into (2 A)3, or 2x1013 Gray

100 keV electrons

* About 2.5 inelastic scatters per elastic
scatter

* About 45 eV deposited per inelastic
scatter

* Therefore about 102 eV deposited per
elastic scatter

* Athousand scattered electrons:
103+102 eV into (2 A)3, or 2x10° Gray

Rev. Biophys. 28, 171 (1995).

unit cells

* Electrons are better than photons for atomic resolution imaging: J.
Breedlove and G. Trammel, Science 170, 1310 (1970); R. Henderson, Q.

e X-ray crystallography’s answer: spread the dose out over many identical

e X-ray Free Electron Lasers: get image in <100 fsec, before damage
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X rays and electrons: another look

101 T
y 10 nm resolution
107 phase contrast 7
1001 imaging of protein }
= In ice ‘ .
© 10 keV “hard” X rays
Q) 10°E ]
S
)
&a 1085 [T 9 ]
8 500 eV “soft” X rays
107 Q .
10° —
10° 300 keV electrons
l L L Lol L l l

0.05 0.1 0.3 1 3 10 30 100 200
Ice thickness in um
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Forming a tomographic dataset

Group similar projections, then iterate:
1. Correlate data to a view of a model

2 Individual images (in-
2. Tomographic reconstruction of data to obtain new 5 O plane rotation not
model 38 28 corrected)
-O - — E =
o O S 9
=a WwWa

f
162

Ludtke et al., J. Mol. Bio. 314, 253 (2001) Brink et al., PNAS 99, 138 (2002)
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Single particle imaging example

e GroEL: a molecular chaperone to promote
protein folding (essentially an inner
sanctuary, hidden from chemical
environment of a cell). About 17 nm across.

e Ludtke et al., J. Mol. Bio. 314, 253 (2001)

X-ray crystallography blurred
to1.2 nm

lter 1 lter 2 lter 3 lter 4 lter 5
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Improving the raw data with direct electron detectors

Fast framing and direct electron
Scintillator plus visible detection: slow detection: cross-correlation to correct for
time response drift and molecular motion

Liao, Cao, Julius, and Cheng, Current Opinion in Structural Biology 27, 1 (2014). See also Li et al., Nature
Methods 10, 584 (2013).

S 7
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Transient receptor potential V1 (TRPV1) at 3.4 A

e TRPV1isthe
receptor for
capsaicin - hot
chilis!

* As amembrane
protein, it is
difficult to
crystalize.

e At~3 A, onecan
start fitting
molecular models
to the image.

e Liao, Cao, Julius,
and Cheng,
Nature 504, 107
(2013)

TRP domain
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