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The smallest thing the human eye can see

Cross section of Human Eye

Object

Source: WWW

Rule of thumb:
The smallest thing the human eye can see is about
the size of the human hair. ” p——y -
. .. 1 millimeter (mm) =4/100 inc
Size qf the human halr'. 1 micrometer (um) = 1/100 mm
Diameter 15-100 micrometer. = 4/100000 inch

But what about the real small things?  Microscopy!
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Optical microscopy using visible light

History

- Built many microscopes
- Made more than 500 lenses
- Magnification up to 150x

Discoveries
- Infusoria
- Bacteria
- Vacuoles in cells
- Spermatozoa
Antonie van Leeuwenhoek Height: 2 inch
(1632-1723) Or\e small lens
“Father of Microbiology” Tip for sample
Screws for adjustment
Source: WWW
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Optical microscopy using visible light

Italian Compound
Tripod Microscope
% (circa late 1600s)

Source: WWW

Microscopes of the 18t century

Scientists believed into the 19t century, the better the lenses the better
the resolution, leading to atomic resolution.
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The resolution of a microscope

- _“‘-; Ernst Abbe
(1840-1905)

Wavelength

dmin

0.4 um Wavelength A 0.7 um

In 1876 Abbe stated that there is no real
chance to see finer structures than 0.2 um.

He added that there might be, however, unkown phenomena
between heaven and earth we are not able to dream of.
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The discovery of X-rays

Wilhelm Conrad Nov 8, 1895 Discovery of X-rays
Rontgen 1901 First Nobel Prize in Physics
(1845-1923)

An excellent possibility to overcome
the resolution limit is using X-rays,
electromagnetic radiation of very
short wavelength .

Source: WWW
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The discovery of X-rays

Dec 22, 1895
Hand of
Anna Rontgen

Jan 23, 1896
Hand of
von Kolliker

Source: WWW
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X-radiation

Wavelength
1 pm 100 nm 10 nm 1 nm 0.1 nm=1A

' : ' o h o

: | ' CuKq;
IR VUV ; Soft X-rays 2a

UVE Extreme 'Itraviolet i Hard X-rays
i B G 9 Bk o

1eV 10 eV 100 eV 1 keV 10 keV

Photon energy

Resolution in X-ray microscopes shown so far:
Limit at present defined by quality of the optical system.
Spatial resolution of around 5 nm have been reported.

1 micrometer (um) = 1/1000 mm = 40 millionth of an inch
1 nanometer (hm) =1/1000 um = 40 billionth of an inch
Example: Diameter of an atom = 0.1 — 0.5 nanometer
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Svnchrotron radiation — an excellent way to

create a brilliant X-ray beam

Dipole radiation

The key to modern science using X-rays

Heinrich Hertz
(1857-1894)

Accelerate an electron that has almost the speed of
light, e.g. by forcing it on a bent path. The electron
will emit light in a narrow cone in forward direction.
(Dmitri Iwanenko and Isaak Pomerantschuk, 1944)

v
Frame of Frame of ‘44
Moving e~ Observer
sin’@ 0 =~ -
o

1&\

Use magnets to keep
electrons on track

Source: WWW

Synchrotron radiation

« 1010 brighter than the
most powerful (compact)
laboratory source

* An x-ray “light bulb” in
that it radiates all “colors”
(wavelengths, photons energies)

T
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How to bulld a synchrotron radiation facilit

Injection system:
Emitting electrons, process is
very similar to what happens
on the tungsten filament of a
light bulb.
Linear accelerator to bring
electrons to a base speed.
Booster ring:
Accelerates the electrons to
the final speed for which the
storage ring is designed.
Storage ring: BEAMLINE
Stores the electron current
at a fixed energy / speed.

INJECTION BOOSTER
SYSTEM

STORAGE
RING

Beamlines: e h .
The actual experimental stations. National Synchrotron Light Source '0|-
Many different experiments at Energy 3 GeV corresponds t;) about 9939?\6
the same time possible. the speed of light.
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Making Synchrotron Light







Svnchrotron radiation facilities

Source: WWW

— ¥ o
Central Lab/Office Bldg.
~APS Conference Center

[ —ooste

kS {_ —= =
! - Storage Ring

7 GeV: APS, Chicago, IL

8 GeV: SPring-8, Hyogo, Japan
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NSLS-Il - One of the world's most advanced
synchrotron light sources

e NSLS-Il is a state-of-the-art, medium-energy electron storage ring (3 GeV) designed
to deliver world-leading intensity and brightness, and produces x-rays more than
10,000 times brighter than the original NSLS.

e Construction cost was US $ 912,000,000 (including initial project beamlines).
Construction of NSLS-II began in 2009 and produced ‘first-light” in 2014.

2013 2014 2015 2016 2017 2018 2019 2020 * When fully built out, National Synchrotron
NSLS-I1 Project Beamlines (CSX-1, CSX-2, CHX, HXN, IXS, SRX, XPD-1) Light Source Il will accommodate
ABBIX Beamlines (FMX, AMX, LIX) approximately 60 to 70 beamlines. 30
I beamlines are currently in various stages of
——  development and will provide significant
research capacity in operations.

NEXT Beamlines (ESM, ISR, ISS, SIX, SMI)

BDN Beamlines (CMS, QAS, TES, XFM, FIS/MET, FXI, XPD-2)

Partner Beamlines (XFP, BMM, SST-1, SST-2, NYX, HEX) - Design/COnstruction e Operations
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Highlights of NSLS-Il Capabilities:

Suite of beamlines with complementary techniques - enabling time-resolved,
operando, multi-modal and multi-dimensional studies

o

Scattering Diffraction Spectroscopy  Imaging

ISS

CMS
(ISS): Inner Shell Spectroscopy

(XPD): X-ray Powder Diffraction ]
(SRX): Sub-micron Resolution X-ray Spectroscopy

FXI

HXN

v

v

(CMS): Complex Materials Scattering (HXN): Hard X-ray Nanoprobe

(ISR): In-Situ & Resonant X-Ray Studies (FXI): Full-Field X-ray Imaging
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NSLS-II
Current Suite of Beamlines

* 19 Operating/Commissioning
* 10 Under Development

http://www.bnl.gov/ps/nsls2/beamlines/map.php
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Soft X-Ray Scattering & Spectroscopy

23-ID-1: Coherent Soft X-ray Scattering (2015)
23-ID-2: Soft X-ray Spectro & Polarization (2015)
21-ID: Photoemission-Microscopy Facility (2016)
2-ID: Soft Inelastic X-ray Scattering (2017)
22-BM: Magneto, Ellips, High-P Infrared (2018)
Complex Scattering

10-ID: Inelastic X-ray Scattering (2015)

11-ID: Coherent Hard X-ray Scattering (2015)
11-BM: Complex Materials Scattering (2016)
12-1D: Soft Matter Interfaces (2016)

Diffraction & In Situ Scattering

28-ID-1: X-ray Powder Diffraction (2015)
28-1D-2: X-ray Powder Diffraction (2017)

4-ID: In-Situ & Resonant X-Ray Studies (2016)
27-1D: High Energy X-ray Diffraction (2020)

Hard X-Ray Spectroscopy

8-ID: Inner Shell Spectroscopy (2016)

7-BM: Quick X-ray Absorption and Scat (2017)
8-BM: Tender X-ray Absorption Spectros (2016)
7-1D-1: Spectroscopy Soft and Tender (2017)
7-1D-2: Spectroscopy Soft and Tender (2017)
6-BM: Beamline for Mater. Measurement (2017)
Imaging & Microscopy

3-ID: Hard X-ray Nanoprobe (2015)

5-ID: Sub-micron Resolution X-ray Spectro (2015)
4-BM: X-ray Fluorescence Microscopy (2017)
18-ID: Full-Field X-ray Imaging (2018)

Structural Biology

17-1D-1: Frontier Macromolec Cryst (2016)
17-1D-2: Flexible Access MacromolCryst (2016)
16-1D: X-ray Scattering for Biology (2016)

17-BM: X-ray Footprinting (2016)

19-ID: Microdiffraction Beamline (2017)
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The essential guestion

{/\ This is all nice and good and with NSLS-II
@ the United States has built a worldwide

leading synchrotron radiation facility, FU ndamental
but what is it good for? Aﬁd AppIIEd

Why did the American tax payer invest ResearCh

almost S 1b into such a facility?
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(@ENERGY | R

LABORATORY



Motivation 1: Do we need fundamental
research?

Example: Gorilla Glas

developed by Corning in the 1960s
and it was not clear what to use it for.

Steve Jobs approached Corning 2005 to find a glass
for Apple’s iPhone.
It should be thin, light and hard to break.

Corning realized that their glass from the 60’s was
exactly what Apple was looking for.

Now, more companies have developed similar
glass types, but 10 years ago, gorilla glass was it!

Modern, thin glass
on a spool.

Source: WWW
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Motivation 2: Chemistry of small particles
affects function of a large factory

Oil industry uses Fluidized Catalytic Cracking:
Converts crude oil to gasoline and other products.
One of the most important conversion processes!

Catalysts are small particles, 10-100 um in size,
circulating between reactor and regenerator.

Problem: Nickel and vanadium from the
Column crude oil accumulate over time on the catalyst
Picture: Wikipedia and deteriorate the catalytic process.

Wanted: X-ray spectroscopy with resolution below 1 um.
Goal: Understand chemistry better and improve the process.




@rhe sub-micron resolution X-ra
spectroscopy beamline

undulator ~ Horizontally Si (111) XANES spectrum
r focusing mirror Si (311)
I monochromator

spectral
region of
interest

scan — ‘ ‘
energy , x-ray
fluorescence
(XRF)
Energy range: ~§

4.5-25 keV
scan energy\- ' ‘

KB focusing mirror sample E
sub-pm or sub-100 nm P \
y

Mormalized pt

Beamline team: scanning X

Yong Chu (I'magmg I?rogram Ma.nager) rotaion for = T e
Juergen Thieme (Science Coordinator) tomography XANES spectrum

Andrew Kiss (Beamline Scientist)

Ra ndy Smith (Bea mline SCientiSt) https://www.bnl.gov/ps/beamlines/beamline.php ?b=SRX
@%"GY m;f NATIONAL LABORATORY Emz:?rmm



Presenter
Presentation Notes
This technique is unique to the synchrotron – one-of the kind.
At the same time, knolwedge and skills very applicable
Flexible, future opportunity – industry oriented work/academia 


X-ray fluorescence spectromicroscopy at SRX
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Art Conservation

Novel Energy Storage Systems: Energy Science

M Iron oxides | Metallic Fe

sitlon (mm)
-

30.05 38,75 38.45 38.15

Aqueous
Low-cost battery

CNT additives

: : il Scien Aerosol
Sub-micron Resolution Soll Science aiha

X-ray Spectroscopy N
(SRX) Beamline =

ICS

' Subcellular

Nano-porous Materials Uranium Chemical Analysis element distribution
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™ Pb ‘soap’ formation: A white aggregate of
a lead containing compound 10 to 20 um
in size is visible in the ground layer as it
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P Surfac'e texture of roun.ded pfotrusnons
resulting from the formation of lead _
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Images and Text are from The Metropol/tan Museum
of Art BUlletin, Summer 2009,

Igrtlcle by S. %nteno andD. Mahon
i

& il .

John Singer Sargent (American, 1856-1925).
Madame X (Madame Pierre Gautreau), 1883-84.
Oil on canvas, 208.6 x 109.9 cm

The Metropolitan Museum of Art,

Arthur Hoppock Hearn Fund, 1916



Art conservation: prevention of soap formation

Chemical analysis on 15" century painting

Crucifixion And Last Judgment Diptych
Artist: Jan van Eyck (1390-1441)
Date: ca. 144041

Pigments

b e
3 Eb?m \
3| P [ Associated with X-ray absorption spectroscopy:
E Pb soap formation R R R
£ Pb azelate chemical speciation
& Pb palmitate . . .
: Differentiate pigments from the

- ‘ 3:3:ij3:’ ‘ degraded Pb soap compounds

IJEE’.O} 3.0% 13 1_0 — 1‘:’“““ ndm“ﬂ 20
Energy (keV)

ENERGY |t In collaboration with S. Centeno, Metropolitan Museum of Art
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Spatial Analysis of Metals within Individual Aerosol
Particles Sampled from the Asian Continental Qutfow

Goal: identify trace elemental content in single aerosol particles and assess impact on human health

g Ca K Cu_K _ Fe K

XRF images, taken in
high-flux mode
Rty . 25 X 25 um, 0.5 pm
VAR / | step size showing
(& 2. e NoLR G correlations between
Aerosols are particles in air with sizes metals
of just a few pum and can be transported
over very long distances.

Aerosol samples have been studied using the SRX beamline,
mapping the metal content in single particles and showing the
correlations between the metals. Further analysis of the Pb
XANES spectra promise to reveal additional details regarding
Pb mineralology which is important for judging their effects

on human health.

(Ryan Moffet, University of the Pacific;
Martin Schoonen, BNL; et al.) XANES spectrum of lead

. 13'3'00 | | | I
in the aerosol sample ey X0

normalized xu(E)
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In Operando Studies on Future Energy Storage Materials

Li-S battery: Delivers significantly higher energy density (Grawmetnc 6x)
Goal: Addressing the critical challenge in Li-S: : '

Step size:
low conductivity of S cathode ﬁr;l;“
—> improved by using hybrid cathode: CuS-S 520 x 80 um?

e |ssues: dissolution of Cu & re-deposition E]

S
Cu mappmg in cu-S hybrld cathode

First time direct visualization in operando

A. Elemental Distribution B. Chemical Evolution (XANES)
Evolution (XRF) M !

| ,f“‘““t-..-«r"f""" e ———]
Anode: Re- deposmon ! g ot /-“"

Visible Light . :g Cus-S Pristine —
Microscope e F B | =2- =
- ._ [ / CuS standard —

"'/_ : £ i EEE e Cu,S standard i

"n Sjtu batte ry o J..‘..=:| 980 '::Il' :J::o"\' J;-lr.' J'JI 0 '|-:ur .l;l:--.

multaneous Energy  (eV)

| separator .
electrolyte Cathode Dlssolu

-/charge
_I’/’/_’-/—

Cu mapping \ dlscharge

Pristine vs Discharged S

-S?Irrelation

Detector C. Electrochemlcal Evolution

High precision
X-Y stage

va\ggcv;

@Sub-micron Resolution X-ray Spectroscopy (SRX) Beamline

Key Future 1) Investigating alternative additives at SRX in operando to resolve dissolution issue: FeS,, TiS,
2) Studying the key role of S by utilizing future beamline capabilities with tender x-ray spectroscopy

Development
- 3) Applying diffraction techniques at NSLS-II to study structure and crystal-amorphous transition
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Chemical and Structural Heterogeneity
from Environmentally-Induced Aqging of Zinc Oxide Films

ZnO-PET Al-ZnO-PET

Showed nanoscale heterogeneity that compromises
functions in ZnO thin films, particularly dominant in
aluminum doped film after aging.

Pristine

O, Understanding the degradation mechanism in ZnO thin
A films is important for a wide range of industrial
r 4... & < applications, particularly in modern electronics.
40 pm | _‘-ﬁ — Partnering with Henkel Corporation, a comprehensive study of
6.4 I T 0 the morphological and chemical heterogeneity of doped and
‘“‘Eg“‘“gag o Mg 51 undoped ZnO thin film was performed during aging on both

X-ray fluorescence of the Zn distribution in non- conventional silicon and a flexible, transparent substrate.

do_pte_d Z”Oda”d AO:‘dOF:jed Zh”OtO” adPET Sf‘dk?:"ax' — Advanced x-ray and electron methods were utilized
pristine and agea under neat an umiaity. - . . .

doped ZnO films showed the most significant synergistically at NSLS-1l beamline 5-ID (SRX) and the Center for
degradation due to the formation of a Zn(OH), Functional Nanomaterials to provide a detailed understanding
phase where Al-doping contributes to defect-  \yjth multiple physical contrast mechanisms —imaging,

formation . . . .
_ . spectroscopy and diffraction — and at wide range of spatial
H. Jiang, K. Chou, S. Petrash, G. Williams, J.

Thieme, D. Nykypanchuk, L Li, A. Muto, and resolutions from atomic to sub-micron.
Y-c K Chen-Wiegart. Applied Physics Letters Work was performed at Brookhaven National Laboratory, Lawrence Berkeley
109: 091909 (2016). National Laboratory, Henkel Corporation and Hitachi High Technologies America

(%),

T STONY B
—— (Henkel) TTERC K g BROOKHAUEN
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Presenter
Presentation Notes
Zinc oxide (ZnO) thin film attracts great research interest due to its importance in a wide range of modern electronics applications. However, they have been reported to suffer from degradation in electrical properties, when exposed to elevated heat and humidity, often leading to failures of electronic devices containing ZnO films. A direct observation in the ZnO film morphological evolution detailing structural and chemical changes has been lacking. Scientists at Sub-micron Resolution Spectroscopy (SRX) beamline, NSLS-II, teamed up with the industrial partner, Henkel Corporation, and the researchers from Center for Functional Nanomaterials to systematically investigate the chemical and morphological heterogeneities of ZnO thin films caused by simulated environmental aging. X-ray fluorescence microscopy (XRF), X-ray absorption spectroscopy, grazing incidence small angle and wide angle X-ray scattering, scanning electron microscopy (SEM), and ultra-high-resolution SEM were carried out to examine ZnO and Al-doped ZnO thin films, covering a wide range of length scales. Samples on two different substrates—silicon wafers and flexible polyethylene terephthalate films – were studied. In the un-doped ZnO thin film, the simulated environmental aging is resulting in pin-holes. In the Al-doped ZnO thin films, significant morphological changes occurred after the treatment, with an appearance of platelet-shaped structures that are 100–200 nm wide by 1 micron long, with loss of Zn and elemental heterogeneity observed in XRF microscopy. X-ray diffraction and X-ray absorption spectroscopy indicated the formation of a zinc hydroxide in the aged Al-doped films.


XRF maps of U — loaded cotton swi

Test samples from International Atomic Energy Agency IAEA lAEA

Transformative capability of Maia: Fast large area scanning

10x10 cm swipe sample, loaded with NIST # 2584,
plus added U particles.

Sealed in plastic bag, held in place by frame.
Seal stays untouched.

Standard Reference Material 2584

Trace Elements in Indoor Dust

(Nominal mass fraction of 1 % Lead)

MSDS: “SRM 2584 is composed of dust collected
from vacuum cleaner bags used in the cleaning
of interior dwelling spaces.”

Office of
Science
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XRF signal

/Usars/ fthisme,/ Dicumeants, Storag sRings, NSLS—I/EXPERIMENTS /Inhouse, Moin_CokbonSwipe/ 35,/ 35.0 0/E

CuK
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Zr K

CrK Aul,

PbL, Fblp

Energy (keV)
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Fe-Pb strongly
correlated.
U dispersed.
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XRF maps of U — loaded cotton swipe  {{+)
Test samples from International Atomic Energy Agency IAEA l1AEA

Scan across
cotton swipe.
Mapping at
Uranium

L; - edge

700 x 200 pm?
5um step size

Zooming in

- ' 10x10 cm? cotton swipe mounted |
s> in sample frame with PE bag, |

pF = thus without interfering with i
N -f\. sample integrity. 16 X 16 um?2, 0.4 pum step size
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U L§ — edge XANES spectrosco

Results show Uranium Oxide, as can be found in yellowcake,
predominantly in the sample.

1.6
) ) ] |—Scan 2382
Comparison with 14] |~ Scan 2383
. *7] |—Scan 2384
Literature | |—Scan 2385
| | T I I 1'2-_
r-\‘ G
1.6 i Y 1 =5 14
j. A\ o |
i \ [« ]
- T N 0.8
= 1.2+ I y B o]
1 J ) T £ ]
T i Mt © 0.6
o : =z 1
3 0.8 : ]
E ' 0.4-
= ]
7z [ - U((IV) 4
0.4+ ]’ e UCV) 02_‘
0.0 +——= T = " 2 T T T J T Y T 0 L T L v Y L
17140 17160 17180 17200 17220 17.1 17.2 1k7-2 17.2 17.3
Energy [eV] Energy / keV
C. Henning et al., Dalton Trans., U L3 - edge XANES from four
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Sample Return Mission from Mars

3 missions discussed / planned
1. Rover evaluating and collecting samples ( ~ 30)
2. Rover retrieving samples, lifting them into orbit
3. Satellite shipping samples back to earth

Problem: How to study samples within the tube without opening it?
External building to treat samples and avoid contamination

Possible solution: Synchrotron Radiation

Internal surface treatment External thermal coating

Caging plug

Hermetic seal
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Fitting X-ray fluorescence from banded
iron formation to show Fe distribution

_ X-ray fluorescence spectrum,
Fg-rlch area, measured through 500 um BeO,
direct acquisition showing Fe and other elements.

XRF measured through Software: PyXRF

“ 500 um BeO, area with
less dominant Fe signal
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XANES spectra at Fe K-edge of banded iron
formation

Two spectra from an Fe-rich area
in banded iron formation sample,

] direct and through 500 um BeO
1.2
© 4]
e 1
o Spectra have been
: 0.8- fitted and normalized
1 — Spectrum without BeO :
e : — Spectrum with BeO (y + 0.1) using Athena software.
><_ 0.6
E Z Y-axis of spectrum
© 0.4. obtained through
S BeO elevated for
0.2 better comparability.
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Energy / Comparison shows there is no

influence of BeO on spectra.
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W Iron oxides W Metallic Fe

Art Conservation Novel Energy Storage Systems: Energy Science

Aqueous
Pb-soap Formation Li-S Battery Low-cost battery  CNT additives

industrial Application

Soil Science Aerosols
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Subcellular
element distribution

Nano-porous Materials Uranium Chemical Ah_alysis
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