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Synchrotron Radiation
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 What is synchrotron?
- X-ray and synchrotron radiation [/, &%
- X-ray interaction with matter

* Synchrotron beamlines

- Shanghai Synchrotron Radiation 3 \
Facility (SSRF)
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History of synchrotron radiation

In April 1947, F.R, Elder team observed the electromagnetic radiation from electrons for the first time at the 70MeV
electron synchrotron at General Electric Laboratories in the United States, hence the name synchrotron radiation.

1950s, after a series of explorations, people discovered that SR is a very excellent light source.
Early 1960s, the application of synchrotron radiation began.

1965, first storage ring built in Frascati.
1970s ,the modern stage of synchrotron radiation application began.
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The spectrum of synchrotron radiation covers a wide range from infrared to hard X-rays

To detect the structure of matter at a certain scale, light with a

ﬁ wavelength that matches it is needed.
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Time structure of synchrotron radiation

To detect physical processes on a certain time scale, we need light with a temporal structure that matches it.

90 ps FWHM, 4.25 mA
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The X-ray (light) interacts with materials
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Classification of synchrotron-based
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http://www.texample.net/media/tikz/examples/PDF/principle-of-x-ray-photoelectron-spectroscopy-xps.pdf
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X-ray and

synchrotron radiation




The discovery of X-ray

At the end of 1895, T 2 Rergus £2 41
German scientist

Wilhelm Conrad
Rontgen discovered
a mysterious
radiation- X-ray -
while studying
cathode ray tubes.

»cathode ray 1858

> Electron 1897

»X-ray 1895

» Radioactivity (x~ B. Y)
1896

Cooling water Heavy metal

Electromagnetic
technology: high voltage
electricity

Vacuum technology:
obtaining vacuum




What is X-ray: its nature

v’ Wave:
transverse wave not Longitudinal wave: double scattering experiment

v’ particle:
Photoelectric effect: energy quantization
Compton scattering: energy and momentum quantization
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Generation of X-ray

> The electrons in the inner €
shell of an atom are excited

to form holes, and the

electrons at the higher energy

level jump to the energy level

with holes, emitting high

energy photons (X-ray);

» Radiation produced by
accelerated charged particles
(electrons).



Atomic inner shell
electron transition



Atomic photoemission
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In an atom
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Table I-1. Electron binding energies, in electron volts, for the elements in their natural forms.

Electron transitions to the inner shells of an atom

Element K1s Li2s  L22pip La2pap Mi3s  Mpdpip Madpyp My3ddyz Ms3dsy  Nids  Nodpp  Nadpyp
1H 13.6

2 He 24.6*

3L 54.7¢ [

e s X-rays: High-energy

5B 188*

6C 284.2*

e photons released when
80 543.1* 41.6* .

9F 696.7* I t t

MO N clectrons in atoms

11 Na 1070.8t 63.5t 30.65 30.81 °q 0 ° °
TR T transition to holes in their
13 Al 1559.6 117.8 7295 72.55

14 Si 1839 149.7*b 99.82 99.42 o

15 P 21455  189* 136* 135% lnner Shells.

16 S 2472 2309 163.6* 162.5*

17 C1 28224 270* 202* 200*

18 Ar 3205.9* 326.3* 250.6t 248.4* 29.3* 15.9* 15.7*

19 K 3608.4* 378.6* 297.3* 294.6* 34.8% 18.3* 18.3*

20 Ca 4038.5* 438.41 349.7¢ 346.21 4431t 2541 2541

21 Sc 4492 498.0* 403.6* 398.7¢ 511+ 28.3% 28.3*

2T 4966 560.91 460.21 453.81 58.7t 32,61 3261

——

24 Cr 5989 696.01 583.8¢ 57411 74.11 42.2¢ 422t

25 Mn 6539 769.11 649.91 638.7¢ 823t 47.2¢ 4721

26 Fe 7112 844.61 719.9% 706.8% 9131 52.7t 527t

27 Co 7709 925.11 793.2% 778.11 101.01 58.91 59.91

28 Ni 8333 1008.61 870.01 85271 110.8% 68.01 66.21

29 Cu 8979 1096.71 952.31 9327 122.5¢ 77.3% 75.1%

30 Zn 9659 1196.2* 1044.9* 1021.8* 139.8* 91.4* 88.6* 10.2* 10.1*

31 Ga 10367 1299.0*b  1143.2t 1116.41 159.5¢ 103.5¢ 100.0 18.7¢ 18.7t

32 Ge 11103 1414.6*b 1248.1*b 1217.0*b 180.1* 124.9* 120.8* 29.8 292

33 As 11867 1527.0*6  1359.1*b  1323.6*b 204.7* 146.2* 141.2* 41.7* 41.7*

34 Se 12658 1652.0*b 1474.3*b  1433.9*b 229.6* 166.5* 160.7* 55.5% 54.6*

35 Br 13474 1782* 1596* 1550* 257+ 189* 182* 70* 69*

36 Kr 14326 1921 1730.9* 1678.4* 292.8* 222.2* 2144 95.0* 93.8* 27.5¢ 14.1* 14.1*
37 Rb 15200 2065 1864 1804 326.7* 248.7* 239.1* 113.0* 112+ 30.5* 16.3* 153*
38 Sr 16105 2216 2007 1940 358.71 280.31 270.01 136.01 134.21 3891 213 2011
9Y 17038 23713 2156 2080 392.0*b 310.6* 298.8* 157.7 155.8t1 43.8* 24.4* 23.1*
40 Zr 17998 2532 2307 2223 43031 343.5¢ 329.81 181.11 178.8% 50.61 28.51 27.1t
41 Nb 18986 2698 2465 2371 466.61 376.11 360.61 205.01 202.31 56.41 32.6t 30.8%
42 Mo 20000 2866 2625 2520 506.31 411.61 394.01 23111 2279% 63.21 37.61 35.5t
43 Tc 21044 3043 2793 2677 544+ 476 4177 2576 253.9* 69.5* 42.3* \ 399
44 Ru 2117 3224 2967 2838 586.1* 483.51 461.41 28421 280.01 75.01 46.31 4321
45 Rh 23220 3412 3146 3004 628.11 5213t * 49651 311.9% 307.2% 81.4% 50.5t 47.31
46 Pd 24350 3604 3330 3173 671.61 559.9% 5323t 340.5t 335.2t 87.1*b 55.7ta 509t
47 Ag 25514 3806 3524 3351 719.0 603.81 573.01 37401 368.3 97.01 63.71 58.3t1
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X-ray tube

Cooling water Heavy metal
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X-ray characteristics generated by X-ray tubes: continuous spectrum

— = — =

In bremsstrahlung, the energy of the X-ray photon s 7 _

equal to the energy lost by the electron: e (2 —74)W
he 50KV

[

o0

T'=eV=hv_ =

Due to the different collision parameters, the energy [ y \
loss by electrons in different collision processes is \
different, which is statistically continuous, so the 30kV \
photon energy spectrum of bremsstrahlung is also ; r \
continuous. ’ / . k>

Intensity (a.u.)

i

The maximum energy of the photon (shortest —
wavelength) corresponds to the maximum energy 0.2 04 06 0.8 1.0
of the electron: Wavelength (A)

3 hc 12.4 ) Waveleneth with
min 1, avelength wit 3
eV V) maximum intensity: m = 5 “min




X-ray characteristics produced by X-ray tubes - discrete spectra

12

10

o o}

Intensity (a.u.)

| 35KV
(Z ="14)
e
(Z —42)
0.2 0.4 06 038 1.0

Wavelength (A)

Moseley's Law

Vv o Z2

vk, = 0.248 x 10'°(Z — b)? b~1

1) For X-ray tubes with the same high voltage and different
target anodes, the short wavelength limit is the same;

2) The X-ray intensity produced by high-Z target anodes is
higher than that produced by low-Z target anodes;

3) For the same X-ray tube, as the voltage increases, discrete
spectra appear on the continuous spectrum.

X-ray fluorescence spectroscopy: The atomic humber Z can
be obtained from X-rays, which pioneered the X-ray analysis
method.




X-ray notation

X-ray and spectroscopic notation in j—j coupling

Quantum numbers

Spectroscopic
n | j X-ray suffix X-ray level level
1 0 5 | K Is,,,
2 0 5 1 L, 25,2
2 1 ' 2 L, 2p,
2 | ; 3 L, 2py,,
3 0 3 1 M, 35y,
3 ! ¥ 2 M, 3Py
3 1 H 3 M, 3ps,2
3 2 2 4 M, 3d,,,
3 2 H 5 M, 3d,,,
etc. etc. etc. etc.



X-ray elemental spectrum

2p3/2 — 1s and 2p1/2 —> 1s X-ray lincs
Kal,2 (inseparable) Linc Energy, €V Width, £V
Y M( 1323 047
ZrM{ 151.4 0.77
Mg 1253.6 0.7 Nb M{ 171.4 1.2
Mo M{ 1923 1.53
Al 1486.6 0.85 Tila 395.3 3.0
Crla 572.8 3.0
Ionized Mg or Al produces Ka.3,4 Ni La 851.5 25
Cula 929.7 38
Higher photon energy thanKa 1,2 Mg Kz 1253.6 0.7
Al Ko 1486.6 085
~9-10eV Si Ka 1739.5 10
Y La 19226 1.5
3p—> Is Ze La 2042.4 1.7
TiKa 4510.0 2.0
K CrKa 417.0 2.1
CuKgz 8048.0 26

X-ray characteristic spectral lines of different elements



Radiation produced by
accelerated electrons



Radiation produced by accelerated electrons

l. The electric field of a moving charge  lll. Radiated power distribution

} P _ W r2S<rp,z‘)-n

e |=pli=p) nx(1=p)xp _AW

E(p,t)_ 47[‘90|: I’z(l—n'ﬁ)s + Cr(l—l’l'ﬁ)3 dQ)  dtdQ L

electrostatic field radiation field 1 ( o jz {n 8 [(n - p)> ﬂ}}
(1=n-p)

3
U.,c” \ 4re,

Il. Energy flux density of the radiation field
IV.total radiated power




Acceleration is in the same direction as velocity (opposite direction)

Linear motion: acceleration and velocity are in the same direction (opposite)
2

dQ  167e,¢° (1- fcos ) o

90

180°




Radiation intensity of electrons moving in a straight line

Electron Linear Accelerator

Radiation intensity and energy gain ratio:

p ocl dE/dx
2

dE/dt ,[>’mC/e2
mc?

Electron Linear Accelerator,

U/ = 10kev/m = 10717 MV

Radiation loss can be basically ignhored

Bremsstrahlung

Ex =E e’
K — Lo X
E 0 X . = e
K — min EO
dEy _ e’ dEb — E_O2
dx XZ dx max 82
E, = 10keV dEg

_cMeV
dx > /fmm

ax

Much larger than the radiation power and
energy change ratio in the electron linear
accelerator



The direction of acceleration is perpendicular to the
direction of velocity: synchrotron radiation

Synchrotron radiation is an electromagnetic wave (light) emitted by charged particles
(electrons) moving at close to the speed of light in an ultra-high vacuum environment
when they change their direction of motion.

Discovered in 1947 on a synchrotron (70MeV), so it is called "synchrotron radiation"




Radiation from circular motion of electrons

é 1 B The angle between the observation
direction n and the directionof §: 0

Distribution of radiated power:

( - -1 2
cnx|(n=B)x B |;
w1 (e { ﬂ)ﬂ_}
dQ) ,uoc3 472'80 (1 — nﬂ)s
.2 — —_
B e’ v 1 | sin” @cos” ¢

1677g,c* (1- BeosOf

y*(1- BeosB)



Radiation from the circular motion of electrons (non-relativistic)

non-relativistic, B<<l YR 1
radiation power distribution:
2

P e’v
dQ  16r1’g,c
02
2
=V din?y
167°¢ ¢’

- (l—sin2 0 cos’ ¢)

O is the angle between the observation direction and the
acceleration direction. In the plane of electron motion,
Radiated power distribution:

2

dP e’ v

aQ l67°¢g,c’ (1—sin2 6?)

270°

Radiated power is proportional to the square Non-relativistic Radiation power

of acceleration. distribution of circular motion electrons



Radiation from the circular motion of electrons (relativistic)

relativistic, -1, 7= 1-f~—
ﬁ 1 i ,82 'B 27/2
6~0 cosf =1 sinf =0
In In the plane of the electron orbital,
Radiated power distribution:
dP e’v y° 47°0° cos” ¢ )
— N 2. 3 2 N2 I- 2
dQ 206, 1+7°0° ) (1402

270°

Radiated power is proportional to the square Jll Relativistic Radiation power distribution of

of acceleration.

circular motion electrons




Radiation from the circular motion of electrons (relativistic)

The root mean square average of 6 <¢92> 2

(07— f‘92 o0 do 1 <92>% 1 ””‘bfz = 0.511/E,(GeV)(mrad)
I d_P . ~ y
40

1 1 1 1 1 1 1 1 1
-0.05 -0.04 -0.03 -0.02 -0.01 0.00 001 0.02 003 0.04 0.05
(7



Synchrotron radiation sources

Straight
section TSa o Dipole

Undulator

Bending magnet



Bending magnet

1 2
o7y =1 ’"g = 0.511/E, (GeV) (mrad)

v
Radiated power:

.2

P e’v 1 sin” @ cos” ¢
- 2. 3 1= 2

dQ  167°c,c’ (1-fcosO) | y*(1-Bcosh)

2,
dP &y 7 sind i sin” @cos” ¢
P:jd_Qd == = £dO[q1-—7— - tdg
67°e,c’ 1 (1- fcosh) 9 7*(1— Bcosb)
.2 .2

e’v % sin@do sin” @ e’v yt
- _[ 3 2~ 2 [ = 3
" (1-Bcos) y*(1-Bcos ) 67€,C

- 167¢,c’

The total energy radiated by an electron
in one circle

2 4 4
g1 _ggsElGV)
" 3Re, R(m)
The total power for beam current I (A)
E*(GeV)I,(4)

R(m)

(keV')

P=885 (kW)= 26.54B(T)E> (GeV)I,(A)(kW)

SSRF:

E, 2 =3.5GelV
B =127T

(6>)* = 0.146mrad = 0.0084°

Electron energy:
BM magnetic field strength:

Emission angle:

The total energy radiated by an electron in one circle
E =1446kelV

I, = 200mA
P =289kW

Beam current;

Total power:



Bending magnet: Energy Spectrum

SSRF
The time the electron takes to travel within <¢92 >A
E, =3.5GeV
R 1
AT:(I_n.ﬁ)2_R ~ = R=9.186m
p  cr
AT =9.63x 107205
.
f 1\ ¢ AT

P(?) o [(w) — o
/\ sin (AT A)

k Lig) ( %)2

[ = w —>

The energy spectrum can be (Paricle Accelerator Physics
obtained by using Fourier transform Helmut Wiedemann)




Bending magnet: Energy Spectrum

Bessel function
J3e? y @ _[ |
(]
@/

Ho) =
87°¢,R @,

3
3y’c - Critical frequency, or characteristic frequency, is the frequency

2R at which the energy (power) is the same on both sides.

3
Critical energy: & :iw :2,22E (Gev)

° 2r ¢ R(m)

An electron beam with energy E, (GeV) and flux 7 (m4) radiates photons per unit time and per unit
energy width per unit solid angle. .

dtdw( w/
G function: GI(% j = wzj; K, (n)dn

Critical frequency: @,k =

(keV)=0.665B(T)E’(GeV)

) =2457x10"E (GeV)]e(mA)Gl(% j(photons/s/mmd/O.l%BW)



The spectrum of SSRF bending magnet

Electron energy

E, =3.5GeV
Magnetic field strength
B=1.27T

Emission angle
1
(62) /2 = 0.146mrad = 0.0084°

The total radiation energy of an
electron after one circle:

E,. = 1446keV
. = 10.35keV
I, = 200mA P = 289kW

Spectral Flux (Photons/sec/0.1%BW)

="
o

-
o

-
o

-
o

-
L]

Y
o]

—
—

-
=]

W Calculation result

X

'

Actual ir ults

Actual energy
» range of a beamline

4-22keV

-2
o

10°

Photon Energy [eV]

10*




X-ray polarization from a bending magnet

100

80

60

Relative Intensity (%)

Only when 0 =0 (in the XZ plane) it is linear polarization.

The degree of
polarization depends on
the photon energy: the
higher the energy, the
stronger the horizontal
component.

The greater the deviation

from the electron orbital
plane, the stronger the
vertical component.
Above this plane, linear
polarization to elliptical
polarization, to circular

§ polarization.



Insertion device: Wiggler

Composed of multiple pairs of magnets with opposite directions. The period of the magnets is longer and
the period number N is smaller. The electrons do not emit light once like in the bent iron, but change the
direction of movement many times and emit light in the same solid angle, but the photons have no
correlation with each other (incoherent).The photon energy spectrum, characteristic energy and other
parameters of the wiggler are the same as those of the bent iron light source with the same magnetic field
strength, but the local magnetic field strength is increased, which can increase the photon energy. The total
photon intensity is 2N times that of a single magnet: Iy = 2NIpy

Monopole wiggler (frequency shifter):
composed of 3 dipole magnets, which enhance the local
magnetic field and increase the photon energy, while the

Multipolar Wiggle: consists of N magnetic
field pairs with opposite polarities.

electron orbit remains unchanged at the entrance and exit. (Equivalent to 2N bent iron light sources)




Insertion device: Undulator

Undulator: composed of multiple magnet pairs. Its magnetic field strength is weak, but the period is
short and the number of periods is large. Electrons move in a very small sine wave in a magnet group
with opposite polarity. The radiation generated in each period is coherent.

In the final emitted light, the wavelength of light that meets the coherent enhancement condition will
be enhanced, and its brightness is N2 times the brightness of a single-period magnet light source. The
wavelength of light that does not meet the enhancement condition is weakened, so its spectrum is
discontinuous.

2KE

The polarity of the magnet is not simply NS or SN.



The spectrum of X-ray from a undulator

Y'A S The magnetic field
X' strength B, is weak,
/\CD ;l the period length Au is

short,
the electrons move in a

*2 sinusoidal motion with a
smaller amplitude.
7=z

Magnetic field B — B «in2
. o . y - (0] Sln
strength in Y direction: A
. A, K 2

Electron motion: x(z) = 2= cos(H)
27 y »

Deflection factor: x — $Bote _ 0.9344, (cm)B,(T) - ‘ -

27mmc
Electron energy: y = Eez =1957E,(GeV)

mc



The spectrum of X-ray from a undulator

The equation of motion of the electron in the undulator is sinusoidal, and the energy spectrum obtained
from the Fourier transform is a quasi-monochromatic spectrum. The wavelength that satisfies coherent
enhancement is:

2
A K +(7/H)2}

) u quasi-monochromatic, coherent, parallel beam
n

) 2ny’

In the forward direction, there are only odd harmonics, n=1,3,5,7...
Along z axis, 6 = ¢ =0, When n=1, that is, the fundamental wave, the fundamental wave energy:

2
o — 0.95E2(Gel) eV

A+ K25Ha, (em)

An electron beam withE, (GeV) energy and /.(mA4) flux radiates photons per unit time and per unit energy width

per unit solid angle.:
dN

V4
dtdw(A% )|

=1.744x10" N2E*(GeV)I ,(mA)F, (K)( photons | s | mrad / 0.1%BW)

The radiation intensity is proportional to the square of the

number of magnetic field periods Nu.



The spectrum of X-ray from a undulator

F,(K)=

2
n
E
e E,
1+ 4)2

= O n an even number

=K

Enx

J(n+1% (Yo) o J(n—l% (Yo)
_nkK 2

Yo %4 +2K7%)

J is Bessel function

eB 1,
2amc

K = = 0.9344, (cm)B,(T)

2 nan odd number

0.6




Energy spectrum of 17U source at SSRF

IUV25 .
B=0.95T@Gap=7 mm

T=25mm
Nu=80

Relative Intensity

2.0

3rd

8 10 1 14 16 0
Photon energy(keV)

Calculated Intensity
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Angular distribution of the beam of an undulator source

Divergence angle of the undulator beam

Divergence angle of
bending magnet source

The undulator is a plane undulator, that is, the electrons move in the XZ plane, and the
radiation generated is linearly polarized in the XZ plane.

If the magnetic field is a spiral distribution rotating around a certain axis, elliptically
polarized radiation can be generated.




Comparison of the principles of three light sources

Wiggler: disordered superposition

dPu:N
a2

Undulator: orderly coherent

dP:N; Qx—

dl



Comparison of the spectra of three light sources

‘ Undulator

@
3
=
5'- "
| -anETr
: BM #
1l W,
J ¥

Photon energy



Advantages of synchrotron light sources

Wide energy spectrum: capable of producing full-band radiation from far infrared to hard X-rays;

Monochromatic: produced by electrons in an ultra-high vacuum environment and further
monochromatized by the beamline optics.

High collimated: since the divergence angle of the emitted electron beam can be controlled to be very small,
the divergence angle of the emitted light is also very small, with high collimation;

High brightness and high flux: since very high-power radiation is concentrated in a very small spot,
synchrotron radiation has very high power (flux) and brightness

High polarization: synchrotron radiation is the emission of electrons in a magnetic field. By controlling the
ls)truclgure 02 the magnetic field and the extraction position of the light, a beam with good polarization can
e obtained.

Stable time structure: since the energy of the electron bunch running in the accelerator is very stable,
synchrotron radiation has a stable pulse time structure and can be used for time process research;

Precise predictability: since synchrotron radiation is radiation caused by precise charge movement, its
energy spectrum, brightness and other parameters can be accurately calculated based on electron energy,
beam current, magnetic field strength and other parameters, and can be used as a standard light source;

Coherence: partial coherence, quasi-coherence.
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X-ray interaction with

matter




Photoelectric effect X-ray interaction with matter

produce
photoelectrons with
a certain kinetic
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X-ray Scattering



Coherent scattering (Thomson scattering)

Bragg Diffraction

\\ 1\\\

L,

Small angle scattering Diffraction

!

L,

Laue Diffraction




X-ray scattering/Diffraction

@ SAXS on silk gland

Paf 145aa
.
7
140map

Real space <= reciprocal space

Scattering: average microscopic morphology



X-ray diffraction - interference of coherent scattering

Each electron in the material is subjected to vibration under the action of
the electric field of X-rays. In this way, the electrons generate

electromagnetic waves of the same frequency as the incoming X-rays in all
directions, and the interference between the coherent scattering from the

long-range neighboring lattices causes X-ray diffraction.




X-ray Crystallographic Diffraction Structure Analysis

e
'

Crystal structure : lattice + structural unit (basis)

Y )
( ’ < ﬁ ﬁ

NaCl Lattice parameter

2dnki Sine — K F(hki) :Z {{e 21 (o jHy iz )
peak position J peak intensity

\ J

gl T Tol e i : 5.2.29?)‘. "
Experimental results




(Bragq equation

n A=2dsin 0

*Incident beam and lattice parameters :

9 d a, b 9 C) a, B Y

Interplanar spacing, for Orthorhombic lattice FE PEREFTILNY
hkl

1 h2+k2 I?

Determine the position of the diffraction peak, the diffraction spectrum is the change of
the diffraction intensity with the angle 0, or the change of the diffraction vector q, the

diffraction angle and the wavelength: g=4nsin0/A



Ewald sphere

When a reciprocal lattice point intersects the
Ewald sphere, it means the conditions defined
by Bragg's law are met for that particular set of
crystal planes. By rotating the crystal (and thus
the reciprocal lattice) or changing the
wavelength of the incident X-rays, one can
bring different reciprocal lattice points into
contact with the Ewald sphere, resulting in

diffraction from different crystal planes.

b ebba b i
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Compton scattering (incoherent scattering)

Ee
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O scattered electron E
. V',
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Conservation of momentum:
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Compton scattering
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Compton scattering
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Compton scattering

Coherent scattering: scattering of photons by inner shell electrons.

| Compton effect: scattering of photons by weakly bound electrons
in the outer shell.

/I\ Silver Ka
A\ Siver

Mo

b
1 i

Coherent scattering § Compton Scattering

The larger the Z, the stronger the coherent scattering



Photoelectric effect



Photoelectric effect

When the energy of a photon is greater
than the binding energy of an electron in
a certain orbit of an atom, the photon is
absorbed by the electron, causing the
electron of the atom to gain energy and
become a free electron

Photoelectron
kinetic energy:

E,=hv-E,
E, =R (Z-bP(L -1
n. .

! J

XPS

XRF

Auger electron




Competition between the two secondary effects of the photoelectric effect

Auger electron
L

20 40
Atomic number Z



Angular distribution of photoelectrons

110°100° 90° 80° 70° 60° _»
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Photoelectric effect cross section

cross section: the probability of interaction between microscopic particles: the probability of a particle

colliding with another particle in a unit area perpendicular to the direction of motion per unit time.
A geometric cross section equivalent to the probability of collision.

O (R A HR)

l
012 10.l08 0 L 'Y

i
‘ W B, o 0.01 0.1 1.0 0 100
B, =13 % =88 keV E{MeV) —oup E




X-ray attenuation (absorption) in matter

[, mmpy =]’

Photoelectric effect, scattering (including Compton effect), electron pair effect...




Linear Absorption Coefficient and Mass Absorption Coefficient

The attenuation of X-rays (Compton scattering, photoelectric effect, electron pairs) is related to the

total number of interacting atoms (electrons) and has nothing to do with their morphology (density).

I =1, exp(— ,ut) =1, exp(— Lol ptj =1, exp(— ,umtm)

yo
_ Mass absorption coefficient
compound or mixture Mass thickness:

n
Hp = Z Wil BILE weighted sum of each component tm — ,Ot
i=1




Absorption coefficient

10 | ® X-ray absorption
spectroscopy: XAS

® Extended X-ray absorption
fine spectroscopy: XAFS

® X-ray near-edge absorption

Lo spectroscopy: XANSE

10

< Total absorption ;
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X-ray Absorption Near Edge Structure (XANES) and
Extended X-ray Absorption Fine Structure (EXAFS)
: * [ xan | (AFS Ph"“‘”O

Normalized Absorptio
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XANES
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Different detection modes

(a) Transmission—bulk properties _ —u(hw)d
/= 1,¢

W\I\J"IUVU" ulho)=—{ %)
[ I ’

O

(b) Total electron yield (c) Fluorescence—dilute species:
—surface properties Buried interfaces

Different surface sensitivity !



Nanographite: chemical states at different depths

'
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C K-edge XANES spectra of one kind of nanographite at different thicknesses



XMCD (X-ray magnetic circular dichroism)

Dipole selection rules
For left-circular

AmI = -1
A =0

For right-circular

AmI = +1
Ams = 0
Sum Rules
’l, M_., =C(A-2B) Spin moment
M W= C( A4 B) Orbital moment

(a) (b) (c) C total intensity (number of d-holes)



X-ray magnetic linear dichroism (XMLD)

NiO
e 10A Pt
E L3 M ] N 19A C
16} . LaFeQ;(100) o
% L ] E3 . §
s 8 R S ltp
e T = >
e b~ -
) N— -
w | | P SOV VAT 'R0 ) MO YON WS T 1) Bt W o !
B 850 860 870 880
N | T R R T T B
m = -—
E L,
5 4} N e 2 .
g 4 jl \v/f\
L f} \ |
2r / \ ) = 3
0f = & 2
| AV NI T ST | | | I z §.
868 870 872 874 g st
Photon Energy (eV) St e N .
710 720 730 770 780 790 800

Only sensitive to spin along which axis! Photon Energy (eV)



Angular dependence of XANES
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Electron spectroscopies: photoemission

® XPS (X ray photoemission
spectroscopy)
/ESCA (Electron
Spectroscopy for Chemical
Analysis)

® Ultraviolet Photoelectron
Spectroscopy (UPS)

® Auger electron spectroscopy
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Theoretical consideration

O Photoelectron

A Kinetic
- Energy T As photoemission is
b v much more simple
I E process than Auger
Valence ' Binding process,
band Energy conservation of
energy then requires
that :
F’h:n::ﬂh% / Core hole KE = hv - ( E(A*)
& o °  -E(A))-0@
ﬁzzr The final term in
O O brackets,

representing the difference in energy between the ionized and neutral atoms,
is generally called the binding energy (BE) of the electron . (® is the work
function of the solid when KE is counted near surface, however, KE detected
by analyzer then @ is the work function of analyzer.)



BE (e¥)

Z dependence

BE follows the energy levels: BE(1s)>BE(2s)>BE(2p)...
BE with same 0rb1tal increase with Z: BE(Mgls)>BE(Nals)
BP Ll 1 i | CIﬁC!

O 10 20 30 40 B0 60 7T0 80 oo 1oo XPS data base



http://www.lasurface.com/xps/index.php

Three Step Model

% Three Step Model
pholoexcilation

of the electron

transport (A7 penatration
lo the through the

h W surface surface

1. Absorption
of the
photon and
excitation of
electrons

2. Transport of
electrons to

S$eCon-
Haries ®

Er
s
//h] W crystal |vacuum

surface

the surface

3.The escape of
the electrons
from surface
to the
vacuum.



Inelastic scattering

In the step 2, inelastic scattering let XPS spectra consists of core-level photo-
emission peaks imposed by a step-like structure (background) due to the various
mechanism to lose kinetic energy. Besides, there are also AES processes visible.

! Mean
photoelectron
hinding energy

Energy losses
&
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http://sun.phy.cuhk.edu.hk/~surface/XPSPEAK/
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Main features
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of XPS
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Core Level Chemical Shifts

Position of orbitals in atom 1s sensitive to chemical environment of
atom. In solid all core levels for that atom shifted by approx. same
amount (<10 eV). Chemical shift correlated with overall charge on
atom (Reduced charge ®increased BE)

For k-shell of an atom in a compound:

where 1s the binding energy of a free ion, A, gA is the net
charge of A, and V is the potential at A due to all other atoms. V can
be described as:

(11s any other atoms except A), 1., is the distance between i and A,
therefore chemical shift is:

and ( . , is the difference of charge in two states.



Intensily (ardilcory unil )

6 q

Shift (aV)

XPS spectra for Si and its
compounds with F in a) and
chemical shifts vs. the charge in b) ©

Core féval snil) (av )



=
= L ; Both S and Si binding energies
i 4 h increase with psitive charge (the
:E o .'I loss of negative charge of electron),
-E 1 E - and the same for C.
« .1 L h
b ! E- _-. Functional Binding Energy
-H"" -1 | ; | ‘—":]' - ;' - .__:" hycfr;gg:g)on C-H, C-C 2(;39;?0
Fesmnal oxiclaticn stils -
amine C-N 286.0
alcohol, ether C-0O-H, C-O-C 286.5
Cl bound to C C-Cl 286.5
F bound to C C-F 287.8
carbonyl! C=0 288.0
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The

due to the
variation of the
distribution of
the charges at
the atom site is
the main reason
for the other
name of XPS:

ESCA

(Electron
Spectroscopy for
Chemical Analysis)

As the samples shown before, binding energies of Al** is higher than the
metal atom, in the meanwhile, the binding energy of O atom (more
positive charge) is higher than the O ion.



Ultraviolet Photoelectron Spectroscopy (‘UPS)

UV light ( hv = 5 to 100 eV) to excite photoelectron. From an analysis of
the kinetic energy and angular distribution of the photoelectrons,
information on the electronic structure (band structure) of the material
under investigation can be extracted with surface sensitivity.

I e — b Can determine density of
energy spectrum States D(Ei) (occupied)
! {Ein E §Epin
v "12----}7—-——— — ?‘%
i
e o P _m
o= 0 Ekinic MEsn)
hv
-1y H.H. E:OF,

E, of electrons ’
core level walence band



Angular Resolved UPS (ARUVEPS)

UV Source

4, Electron
, detector

hv

The light incidence angle
and polarization and, the
plane of incidence (with

Crystal

Energy conservation

respect to the surface, Eg=hv-E, - ®
crystal lattice) determine u

the A for the excitation Momentum conservation
process. K, =k+G,

UPS spectra also have strong angular dependence for the excited
electron, which can give information about band structure in the k space.
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Synchrotron-based techniques
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http://www.texample.net/media/tikz/examples/PDF/principle-of-x-ray-photoelectron-spectroscopy-xps.pdf
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Synchrotron beamlines




Functions of the beamlines
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wavelength




Functions of the beamlines
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Key information about beamlines

The study objects/
scientific goals

single crystals,
polycrystalline
powders,
surfaces and
interfaces of thin
films/ultra-thin
films,
microstructures
of nanomaterials

Crystal structure
analysis: crystal
structure, crystal
constant
determination; Phase
analysis: qualitative
and quantitative
analysis of phase
(intensity ratio); Grain
size; Crystallinity
analysis; Stress
analysis;Thin film
thickness; Reflectivity;
Preferred orientation

and texture analysis;

Experimental
techniques

Conventional single
crystal or powder X-ray
diffraction (XRD)

Grazing incidence X-ray
(anomalous) diffraction
(GIXRD/GIXAD)

X-ray reflectivity
measurement (XRR)
Reciprocal space intensity
distribution measurement
(RSM)

Diffraction anomalous
fine structure (DAFS)
Multi-wavelength
anomalous diffraction
(MAD)

Specifications

Energy range

4-10 keV

Energy resolution

AE/E ~ 1.5x104@ 10keV
Spot size

~0.35 (H) x2.5 (V) mm?
Photon flux

~ 1.0x1012 phs/s @ 10 keV
Divergence angle

~2.5 (H) x0.02 (V) mrad?



Physical
Design:

X-ray
Optics

High Heat
Loads

Design and construction of beamlines

Mirrors, monochromators

Bending mechanisms

Ultra-high vacuum

Mechanical motion vacuum feed-in
Remote control

Signal detection ®Optical

Radiation protection ®Vacuum
®Mechanical
@Control

®Signal Detection

Thermal analysis

Optical properties

Cooling

Flow and temperature monitoring



Optical layout of a beamline

Collimating lens _ _
Monochromatic beam slit

Source

. . Monochromator
white beam slit . _
/grating focusing lens
BM

\\%}\ 24 m

Monochromator

== ?\\\‘Q’:”\: |Eee 40)m
toroidal mirror 3 ~Sample point
2l m \\\\\\\\\Qi\*“\‘

rear focusing
mirror



Reflectivity

Reflection and focus

\
l
|
0.6 Si :Rh
04} |
‘|\
02} '\
b\
00 - TE C I — . : )
... . . ®Gravity compensation
0 1x10* 2x10* 3x10* 4x10"* 5x10°* ®Thermal deformation

Photon Energy (eV) . ®Mechanical deformation



Monochromator

Monochromator with
f

ixed height difference

Monochromatic

Monochromatic
beam

beam
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The optical layout




Two pairs of blades
along vertical and horizontal
directions

)

- Control
incident
beam size



)

Beryllium exit window

Water-

cooled \  Te—"

white light W  [(T08 \ ® Separate different

beryllium AR R 3 vacuum or vacuum-

window M\ ‘ atmosphere to allow X-
rays to pass through

®Block low-energy light
(soft X-rays, visible light)



Safety shutter

5_-'—_

Tungsten block

Blocking synchrotron radiation



Bellow

Carbon filter A
Fluoresce

nt target

Vacuum chamber

Schematic diagram

i/}, 8 Fluorescent
¥ target

. detector

The detected image

°*Observing the beam shape
*Estimating the beam position



Photo of the beamline




Beamline configuration

Signal detection system:
light, position, temperature,
water pressure, air pressure

= ‘»5;‘;;;:.:;;;;-:;;...::;»:;::;;1;.;.;1;.\ c o n t ro I sys te m
f = ::~<<(,~;?v_:_‘"x_m .
57 00 2 e
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Equipment protection system

Radiation protection system
Personal safety protection system



Beamline control system

Experimental area
End station

Beamline Control Terminal

Beamline control system Experimental station cabinet



Personal safety protection system

Front-end control and
status display search switch

experimental control area

Optical
hut

experimental
hut

experimental hut safety

control panel control and status display



End station: diffractometer--.

Mythen 1K




Beamline commission

Spot size: o
el L B T
X-ray CCD 20081120 | m
. y . . 7umcu 0. L 7um Cufoil | R IT S .
wire scanning Incident beam - —

0.8
Energy range. -

Monochromator scanning + . . . 0.6
ionization chamber ionization chamber 1 - 2

os ’iKb td
measurement P 0.4 . f B i il
Absorption edge

Light flux: o2p——
ionization chamber 01 s S I
Energy resolution: (L %0 gee0 880 9000 9020 9040
Absorption edge resolution

Diffraction peak width

Absorption Coefficent

Energy(eV)

Clearly resolve the pre-peak: energy

resolution <2.5eV
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Shanghai Synchrotron

Radiation Facility (SSRF)




A third generation synchrotron radiation light source, its overall performance
ranks among the advanced levels of similar devices in the world.

A 150MeV electron linear accelerator, a full energy booster, a 3.5GeV storage

ring and 34 beamlines with 46 end stations in operation,

Beaml ines

Electron energy: 3.5 GeV

Perimeter: 432 m
Current: 200~300mA (Top up)
Emittence: 4.2 nm-rad

Life time: ~20 hrs

150MeV electron
linear accelerator



>0

34 beamlines with 46 end stations in operation
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Design of the new generation synchrotron radiation source in Shanghai

~1000 m

3.5 GeV

BEAN

8e-4

IKPEERGIE

20 pm

EHRHIE

5pm

IE{EiE

100 A

e 100~500MHz 1~100MHz
frequency
Orbital stability 0% 3 025k S
radiation 0
stability <1% 1%
~100 meV ~0.1meV
resolution
~10ps 0.1fs~10ps
average 1022 24
brightness 10 >10
Coherent photon ~10%2 >10%4
flux

The new generation of light sources combines the advantages of synchrotron radiation and free
electron lasers to form a fully coherent light source with higher brightness and flux, wider pulse
width regulation range, stable orbit and radiation, and richer experimental methods
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