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The Short Wavelength Region /"’\‘ 3
of the Electromagnetic Spectrum f'Lr\]'"
Wavelength
1 um 100 nm 10 nm 1 nm 0.1 nm = 1A
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VUV | Soft X-rays 2ag

Extreme Ultraviolet i Hard X-rays
B G % S o
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Photon energy

» See smaller features
e Write smaller patterns
* Elemental and chemical sensitivity

hw-A=hc=1239.842eVnm | (1.1)
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Characteristic Absorption Edges for ,\‘
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Almost all Elements in this Spectral Region
Ih s op g

i e Photoelect
/ I e Kabs-edge  Laps-edge
Photon 2L o W Element Z (eV) (eV)
hw . 4 '

( ). > '\\@K I Be 4 112 -

\ "\ \M.-’/ /L .r! C 6 284 -_—"

TR R . N 7 410 -

h o) 8 543 —
- A \“‘oh __,o’, Al 13 1.560 73

o - e
5% Si 14 1,839 99
s=| _ S 16 2,472 163
=9 A IRREAg Ca 20 4,039 346
S by o 05k R L1 Ti 22 4,966 454
N n=4 \% 23 5,465 512
M I Y n=3 Cr 24 5,989 574
|| Et.abs Fe 26 7.112 707
o =B &
d Uy Ni 28 8,333 853
2L =& Cu 29 8979 933
S = Se 34 12,658 1,434
22| fho % Ek, abs Mo 42 20,000 2,520
2& P Sn 50 29,200 3,929
= Ko Xe 54 34561 4,782
Pt 78 78,395 11,564
! Au 79 80,725 11,919
/ K Y Y \i n= 1

Ch01_F02a_F10_Tb1.VG.ai
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Energy Levels, Quantum Numbers, and ’r"’r\‘ ’ﬂ‘.

Allowed Transitions for th Atom
owed Transitions for the copper Ato

ni€| ] Absorption edges
j g 7% :an 45 for copper (Z = 29):
: 555 N Niv 4dz
01 N; 4s EN,, abs=7-7 eV
315155 My 3dgs -
31 ?ﬁg M Mip 3ps2  Emg aps = 75 €V
3(0[1/2 My 3pis -
M 3s  Em, aps = 1236V
I'011 L0¢2 L|32
211(3/2 Y Y Y Ly 2Pajo EL3, s =933 eV
% (1)% - Liu 2p12  Ei, aps =952 €V
Li 2s EL, abs = 1,097 eV
KB1 KBS KYg
KC!Z-I KO.'Q
1lolie| Kk ¥ Y vy R

ﬁ (1.381A)
CuK,, =8,048eV (1.541A)  Cul,, =930eV
CuK,, =8,028 eV (1.544A)  Cu Ly, =930eV
CU KB1 = 8’905 eV CU LB1 = 950 ev Ch01_F11VG_rev.6.05.ai
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Electron Binding Energies, in Electron Volts (eV),

for the Elements in their Natural Forms

-~

f(rreeer ‘m

BERKELEY LAB

Element Kls L1 2s |_/2 2p|,-2 L3 2p3;2 Ml 3s Mz 3P1f2 M3 3])3;2 M43d3,12 M5 3(15‘2 Nl 4s N24p|,r2 N34]}3Q
I H 13.6

2 He 246"

3L 54.7"

4 Be L5

5B 188"

6C 284.2"

7N 409.9" 373"

80 543.1" 41.6°

i o : www.cxro.lbl.gov
10 Ne 870.2" 485" 217" 21.6 . . .
11 Na 10708 63.5° 304° 30.5

12 Mg 1303.0° 88.6" 49.6° 49.2°

13 Al 1559.6 117.8" 72.9" 72.5"

14 Si 1838.9 149.7" 99.8" 99.2"

15P 2145.5 189" 136" 135"

16 S 2472 2309"  163.6° 162.5"

17 €I 28224 2702 202 200"

18 Ar 32059”3263 2506 2484° 293" 159" 157"

19 K 36084"  3786"  2973° 2046 348" 183" 183"

20 Ca  40385"  4384° 3497 3462°  443° 254" 254°

21 Sc 4492.8 498.0"  403.6° 39870 511" 283" 283"

22 Ti 4966.4 560.9°  461.2° 4538 58T 32.6° 326°

BV 5465.1 62677 5198 512.1° 663 37.2° 37.2°

24 Cr 5989.2 695.7° 5838 57405 741° 22" 422

25 Mn  6539.0 769.1°  649.9° 6387  B23° 472" 47.2°

26 Fe 71120 844.6°  719.9° 7068 913 527 527

27 Co 77089 925.1°  7933° 778.1°  101.0° 58.9° 58.9°

28 Ni 83328  1008.6°  870.0° 8527  110.8° 68.0° 66.2°

20 Cu 89789 109677 9523 9325 1225 773° 75.1°

302n 96586  1196.2° 10449  1021.8" 1398 91.4" 88.6" 102 10.1°

31 Ga  10367.1  1299.0° 1143.2°  11164°  159.5° 103.5° 103.5° 187 18.7

32 Ge  11103.1  14146" 1248.1"  1217.0° 180.1" 124.9 1208° 29.0° 29.0°

33 As 118667  1527.0"  1359.1° 13236 2047" 146.2" 141.2° 4.7 4.7

34 Se 126578  1652.0° 14743 14339 2296 166.5" 160.7° 55.5" 54.6"

35 Br 134737 1782.0" 1596.0°  1549.9" 257" 189" 182" 70" 69"

36 Kr 143256  1921.0 17309 16784 2928  2222" 2144 95.0" 938" 275" 14.1° 14.1°
37 Rb 151997 2065.1 1863.9 18044  3267°  2487°  239.1° 113.0° 12" 305" 163" 153"
38 St 161046 22163 2006.8 19396  358.7° 2803°  270.0° 136.0° 134.2°  38¢F 20.3° 203°
39Y 170384 23725 21555 20800 392.0°  310.6°  2988" 157.7 1558° 438" 244" 23.1"
40 Zr 179976 25316 23067 22223 4303 3435 3298 181.1° 178.8°  506° 28.5° 27T
41 Nb 189856 26977 24647 23705  466.6°  376.1°  360.6° 205.0° 2023 564° 32.6° 30.8°
42 Mo 199995 28655  2625.1 25202 5063 41165  394.0° 2BLI° 227.9° 63.2° 37.6° 355°
43 Te 210440 30425 27932 26769 544" 445 f25 257" 253" 68" 39° 30"
44 Ru 221172 32240 29669 28379  5862°  483.5° 4614 284.2¢ 280.0°  75.0° 46.5° 43.2°
45 Rh 232199 34119  3146.1 30038  628.1° 5213°  496.5° 3119 307.2° 814" 505 473°
46 Pd 243503 36043 33303 31733 6716  5599°  5323° 340.5° 3352° 876"  S5T 50.9°
47 Ag 255140 38058 35237 33511  719.0° 603.8°  ST3.0° 374.0° 368.0°  97.0° 63T 58.3¢

ApxB_1_47.ai>ynchRad_Apps2005.ppt



Broadly Tunable Radiation is Needed to Probe the — A

f(rreeer ’m

Primary (n =1 & n = 2) Resonances of the Elements

Vil
4.003
Key 2 1
Atomic number\ /Atornic weight He
18?
A 14 0] —Oxidation states (" Il soiid B IVB VB VIB VIIB | eium
3 6.041 4 9012 Density (g/cm?)—| 44 (Bold most stable) 5 1081 6 12.011 7 14.007 8 16 9 19.00 10 20.180
1 i 22 it i M Gas 3 42 13542 2 -1
053 - Concentration (1022atoms/cm?) — 4% | ~—symbol 247 237
= Ll ;223 Be Nearest neighbor (A)=7| " peaess M Liquid el B b C N 0 F Ne
3 il . 3 1 2 2 2 3 7 3 5 7 0t
coiin_| ey A e B e ey |ty | wnr | e | Rmy | ey
11 22.990 12 2431 Name configuration B 13 26.98 14 28.09 1 0974 1 32.066 1 35,453 1 39.948
1 2 3 354 2,46 +1,357 +1,357
0g7 174 References: International Tables for X-ray Crystallography (Reidel, London, 1983) (Ref. 44) 270 243 »| ez 208
22 Na ;£ g and J.R. De Laeter and K.G. Heumann (Ref. 46, 1991). SSE AI ;2? S| S5 p i S CI AI'
[Nejas! [NeJas? [Me]3s=ap! [Nejas?ap? [Ne]3s?3p? [Nejas?3pt [Nej3s?3p= [NeJaseap®
Sodium gnesi A IVA VA VIA VIIA —— VIIIA — IB IIB Alumini Siicon | Phosph Sulfur Chiorine Argon

19 3 0199 20 rl()éﬂﬂ 21 dd.a% 22 -1-1'838 23 5.’:‘?3; 24 56230{2) 25 ;Ig?:lzg; 26 525395 27 529393 28 5293?9 29 Eg 155 30 65239 31 6‘.;?2 32 ?2.61 33 1:?3 34 _;849;) 3 ]"2190; 36 B3.80
0.86 153 4.5 » | 6.09 719 747 TET 8% 713 581 451 117
= K|E Cal# S| Tl V| Crl* Mn|© Fe|’ Col# Niif Cul Zn[i Ga|it Ge|# As|# Se| Br| Kr

[Arjas! [Arjds® [Ar3d 45 [Ar3dPas® [Ar]3dPds® [Ar}?d s [Aradfas® [Ar]adfas? |Ar]3:Ns‘ |.ﬂ|'|:3|:|=-1s2 |Ar]3:|' i4g! [Arfad04s? [Ar]3d 4sap! [Ar]ad dsﬂip? [Ar]ad" %4 p? |Ar]3c| ds?-lp‘ [Ar]ad"“4s4p* |Ar]3d 4s2ap®
P i Calcium Scandi Titanium Vanadi Chromi Mang; Iron Cobalt Nickel Copper Zing Gallium Ge Arsenic Bromine Krypton

B5.47 8762 289 9122 92| 9594 (98] (R 1024 106.4 107.87 11241 114.8\? 118.71 121.76 127.60 126.90 131.29
37 7138 T30 V0 AT G2 4SS e a7 CTIas S S0 ST 52 753 4754
1 4. 1 1 1 124 1 1 105 5 28 455

Rb|iz Srji Y|z Zr[:2 Nb|{Mo|i Tc| Ru|% Rh| & Pd| = Ag|ié Cd|: In|% Sn|% Sb|iE Te[= I| Xe

[Krjss’ [Krjss® [Krd!'ss2 [Krjacss [Kretss! [Kr4eEss' [Kr4eFss? [Kejadss! |Kr]-1':F5§ [Kejad' [Krdd!ss! [Krddoss [Kedissisp! | [Krjddoss?spe |m|.m t5etsg® | [Krdd'Sefspt | [Kidd'Ssfgt | [Kred'USstsps
Rubidi i Yitrium Zirconi Niobium ¥ i i Rhodium Palladium Silver Cadmi Indium Tin Antimony i lodine Xenon

3.9 73 3B 8.40 BO.9 83.85 B6.2 90.2 922 !l UH 47.0 200.59 20438 23 2 208 98 200) 210) 222
S5 7186 “TIS7 172 "7 7174 .GETS A6 T T8 ST TG0 et e e e e e
* Cs|i Bajit Laji2 Hf| Ta\ & Wit Re|[d Os|i Ir|i Pt = Au| Hg| TI|: Pbi Bil Po| At Rn

[¥eles’ [Helfis® [Hel5d'fis? [Xe4r5d%s? [J(e]-tf" [Heléf5aiEs? [Xe]4F‘5d5€s [Xe]#i“ud‘ﬁs‘ [Xelr5d7s [J(e]-tf“ [Xejat#sdies! | [XeMiHsd 6s? [Ke}df 151065 [Ie|df"5d ‘5%’ [Xe]-tf“&d' Bstep| [Ke}df 150" s | Xel4 5 6s36p | [ Xeldf 5 estp
Cesium Barium Lantt Hatnium Tantal Ti Rheniui Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Poloniui Astatine Radon

87 [2;?3] 88 [226] 89 [322?1 104 1261) 105 1262) 106 [266) 107 (264) 108 (269) 109 [268) 110 (271} 111 (272} 112 277}
Fr/ Ra|iiAc| Rfl Db| Sg| Bh| Hs| Mt

[Fn7s’ [Rn]7s? [RnjBa! 75? [Rnisf6d?7s? | [AnjsM46d7s? | [RlsfedsTs? | [Rnjsf6cE7st | [AnjsiediTs? | [AnjsiedTTs?
Francium Radium Actinium Rutherfordium Dubnium Seaborgium Bohrium Hassium Meitnerium

5 14E| 12 59 14051 60 144.24 61 245] 6 135;.35 63 13522.0 64 15:';'.25 6 1;8453 66 1E§.5E| 6? 154.93 68 157.26 6 1:::.93 7 1?304 71 1?4.9?
7.54 5 25 787 ¥ 853 833 6.9
Lanthanide series |2 Cel 2 Pr £ Nd| Pm Sm|:z Euli Gd|:: Tb|i: Dy Hol: Er = Tmzs Ybl: % Lu

[xe]m Sis? [Kelfgs? [Xe]-ﬂ"ﬁsz [ej4Fsst [el4rest [elfes? [Xel4Fi5d6s? Dieldres? [J(e]df' 62 [Mel4f 652 [NeMPts? [ej4r 62 [:(e]41 16 | [Mel4f5d!es
Cerium F Jymi i ; i Samarium Europium il Terbium Holmium Erbium Thulium Ytterbium Lutetium

90 mE|Q) 4%(gp 2%y @igq w4IgE ealgg (g7 & 98 99 (100 7[701 1102 103
Actinide series Th Pa s U] Np|= Pu|:zAm| Cm| Bk| Cf| Es| Fm| Md| No| Lr

[ﬁa}ﬁo@?s [Fin}ﬁriﬁd'?s? [Ajsf6d7s? | [RnjtedTs? [RnJ5#752 [Rnj57s2 [Rnjsfigd'7s2 | [Rnj5f7s? [Anjsf7s? [Rin]sf!7s? [Finsi1e7s? [Rnjs# 5752 [RAnjsi7se | [Rnlsied!Ts?
Thariue: || Protactini e hatet Pluton A il b i Einsteini Feritan || Mendadii i :

PeriodicTbl_clr'VG_rev.1.04.ai
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Typical Applications of Synchrotron Radiation /\‘ |.’.\.

BERKELEY LAB

Surface science

Magnetic materials

Materials chemistry

Environmental sciences

Protein crystallogrphy

Biomicroscopy

Chemical dynamics

D. Attwood
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Bright and Powerful X-Rays ’”\‘ A
from Relativistic Electrons

@%@\

Synchrotron radiation Undulator radiation
e 1010 brighter than the * Lasers exist for the IR, visible,
most powerful (compact) UV, VUV, and EUV

laboratory source
» Undulator radiation is quasi-

* An x-ray “light bulb” in monochromatic and highly
that it radiates all “colors” directional, approximating
(wavelengths, photons energies) many of the desired properties

of an x-ray laser

BrightPowrfulXRs.ai
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Synchrotron Radiation

from Relativistic Electrons LS

V<< G V<C
A Ay
AN /A /)
VI\VALY,
A
<] A
7
Y Note: Angle-dependent doppler shift

A=X(1-Zcos) A=Xy(1- Zcosh)

1
V2
1-<

’Y:

Ch05_FO09VG_rev.3.04.ai
IntroSynchRad_Apps2005.ppt

D. Attwood



~

' 1) Some Useful Formulas for Synchrotron Radiation :rr\\ 6‘.‘

Vv
'Y — — ; B = —
V‘? 2 C
/1- = A1—P
E,
Y= — = 1957 E/(GeV)
mec
E,= ymcz, p =Yymv
hw - A=1239.842 eV . nm
hot
1 watt = 5.034 x 10" A[nm] PHIOTONS
3ehBy?
Bending Magnet: E, = “”2—}’ , E.(keV) = 0.6650EX(GeV)B(T)
m
A K? 0.9496 E?(GeV
Undulator: A = ~— (l + —+ y292) ; E(keV) = e(2 eV)
2y 2 Au(cm) (l + 55- + y292)
BoAy
where K = <207 — 0.9337By(T)A.(cm)
2mmc

D. Attwood U IntroSynchRad_Apps2005.ppt



Three Forms of Synchrotron Radiation :}l ‘ih

BERKELEY LAB

1
¥ A

Bending magnet

radiation
=
A
P
//
FINET 2 Wiggler radiation
T ho g
1 |
- YN l E Undulator radiation
AN~ — E————————y)
. f
\ | l >

ho

Ch05_F01_03VG.ai
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=, Bending Magnet Radiation Covers a Broad Region -~ "
33 of the Spectrum, Including the Primary Absorption fm ’m
Edges of Most Elements

Ee = 1.9 GeV
H  ALS I = 400 mA
1074
B=127T
B fiwe = 3.05 keV
w .
< 10'3|- %
>
=
) =
E( :hwc —] 367‘13)/ (573) % 1012
2m °
& 50% ~\150%
E.(keV) = 0.6650E;(GeV)B(T) (5.7b) AB= 1fifac
. hotons/ 10" = Aw/o = 0.1% AE,
B 3 photons/s
TR 2.46 x 10’ E,(GeV)I(A)Gl(E/EC)nHad.(O.I%BW) (5.8) \L \ s |
0.01 0.1 1 10 100
Advantages: ¢ covers broad spectral range Photon energy (keV)

* least expensive
* most accessable
Disadvantages: ¢ limited coverage of
hard x-rays
* not as bright as undulator

Ch05_FO07_rev.6.05.ai
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Z==X, Third Generation Facilities, Like Elettra, Have Many /"\‘ |/\
b 5 recrrec| |

Straight Sections and a Small Electron Beam

Modern Synchrotron
Radiation Facility

J‘(ﬂ Photons e Many straight sections for
i VAR e :
undulators and wigglers
o
* Many straight  Brighter radiation for
sections containing || Xray spatially resolved studies

periodic magnetic
structures

Utlu'-']. s
'L"‘\ (smaller beam more
suitable for microscopies)

oy

* Tightly controlled
electron beam

* Interesting coherence properties
at very short wavelengths

3rdGenFacilitiesrev3.04.ai

13
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Third Generation Synchrotron Facilities

ESRF
ALS

APS
BESSY II
ELETTRA
SPring-8
MAX 11
SLS

PLS
SRRC
SSRL
CLS

6
1.9

i
I
20

I=y

2%

GeV
GeV
GeV
GeV
GeV
GeV
GeV
GeV
GeV
GeV
GeV
GeV

France
USA
USA
Germany
[taly
Japan
Sweden
Switzerland
Korea
Taiwan
USA
Canada

Third Generation Synchrotron Facilities Under Construction

D. Attwood

Soleil
Diamond
Australian
Light Source

2.5
S
3

GeV
GeV
GeV

France
UK
Australia

Others are in the design stage or planning an upgrade to third generation.

Courtesy of Herman Winick, SSRL, Stanford
www-ssrl.slac.stanford.edu/SR_ SOURCES.HTML

14

3rdGenSynchFacil.ai
IntroSynchRad_Apps2005.ppt



Undulator Radiation from a Small Electron Beam =
T . A
Radiating into a Narrow Forward Cone m i
is Very Bright
Magnetic undulator lu/VI N
(N periods) e = 2U
3, 22
’
} ecen = 'Y’\/ﬁ
20
Relativistic [A_k] _q
electron beam, A Jecen N
Ee = Ymc?

photon flux

Brightness =
- (BA) (AQ)

photon flux
(AA) (AQ) (AM/A)

Spectral Brightness =

Ch05_F08VG_1.04.ai

15

D. Attwood IntroSynchRad_Apps2005.ppt



-~

An Undulator Up Close /\\ |.’.\.

BERKELEY LAB

ALS U5 undulator, beamline 7.0,
N =89, A, =50 mm

16
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Undulator Radiation

~

f(rreeer ’M

Laboratory Frame Frame of Frame of Following
of Reference Moving e~ Observer Monochromator
e— Ay —> sin2@ g =L 0
IN] [s] [N] S e A \
Gt e < > —#’ —
Is| In| [s] [n]
E = Ymc2 e~ radiates at the Doppler shortened For A—?z“ = %
Lorentz contracted wavelength on axis:
1 wavelength: , . 1
= _ _ ~ 1
v ¥ \, A =A17Y(1—Pcoso) cen = YN
c? =y
A typically
_ - — A= — (1 +72%0?)
N = # periods Bandwidth: 2Y2 0. = 40 urad
L, = N Accounting for transverse
AL

D. Attwood

motion due to the periodic
magnetic field:

_ My K? | w22
b=+ K vee?)

where K = eBgA,, /2mrmc

Ch05_LG186.ai

IntroSynchRad_Apps2005.ppt



Power in the Central Cone :rr\\ ’ﬂ‘.

N periods K@

A K2 K@ e~
7Lx:2_“;2(1+E+Y2€’2) %
= neY?l K2 %
Peen = K2 HK) % /’i

by (1+K) 7
u
1
0 = 1 Bcen = 'Y*LN ¥ }A/
cen Y*/Nl
2.00
ALS, 1.9 GeV
(%) - 1 400 mA Tuning
cen N 150 A,=8cm curve
N N = 55 /
= K=0.5-4.0
_ B, - 1.00
© 2mmgC s ey
0.50 - A
2
=11+ 5 . |
O0 100 200 300 400

Photon energy (eV)
Ch05_LG189
D. Attwood 18 IntroSynchRad_Apps2005.ppt



L] L] u e 3
Power in the Central Radiation Cone for ’\‘ A
recrocer| |
Three Soft X-Ray Undulators f\]
2.5
ALS y
2+ v=3720 Ocen = N
n=1 Ay = 50 mm L
B B2 o N =89 |M] 1
B e _gg I = 400 mA TN
1 [ A?\- ecen = 35 l.lr
= [A_k] -1
05 o l_ n=3 A 3 3N
Al_QTO
0 | | 1
0 500 1000 1500 2000
15
SSRL
10 | / ;\.u = 33 mm
_ N =105
Peen (W) A _105 [ =500 mA
5—A)L - Ocen =17 ur
0
0 6 8
15
APS
n=1 Y= 13,700
B 10 Ay =33 mm
Pcen (W) N=72
ol n=3 I=100 mA
5_&=72 —] Ocen =11 pr
AL A
—DM
0 ! | |
0 10 20 30 40
D. Attwood Photon Energy (eV)

Chos_PwrCenRadCone7.ai IntroSynchRad_Apps2005.ppt



L] L] u e 3
Power in the Central Radiation Cone for ’\‘ A
reccrer| |
Three Soft X-Ray Undulators f\’
1.0 BESSY Il g o
B rY= 3330 cen — _x N
0.8 n=1 hy =49 mm VIN
. L N =84 AL 1
Poon W) O°[ "% gy 1-200ma Gl =%
0.4 | A Bcen = 35 ur d
e > A_)L o
0.2} ol =250 =3 Y
AL 3
0 1 1 \L
0 500 1000 1500 2000
Photon Energy (eV)
1
MAX Il
n=1 Y= 2940
Au =52 mm
B N =49
Peen (W) 0.5 I =250 mA
Bcen = 99 ur
O | \ | |
0 200 400 600 800 1000
Photon Energy (eV)
8
Australian Synchrotron
61 y=5870
i Ay =22 mm
_ - N =80
Poon (W) 4 [ =200 mA
een Bcen =23 ur
= n=3
| | 1 1
00 2 4 6 8 10
D. Attwood Photon Energy (keV) Ch05_PwrCenRadCone4.ai
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Power in the Central Radiation Cone for ’“\‘

A
r ’m

Three Soft X-Ray Undulators

15
ESRF 0. =1
n=1 v=11,800 N N
L Au =42 mm
10 N = 38 |A_7L] _ 1
Peen (W) ~«—T%=38  |=200mA AN
5 ] Bcen = 17 pur [M] 1
o Ay 3N
0
0 5 10 15 20 25
15
APS
N1 y=13,700
10 Ay =33 mm
P W N=72
en (W) G_g [=100mA
i Ocen =11 pr
O | | |
0 10 20 30 40
20
SPring-8
- v = 15,700
Ay =32 mm
_ _ N = 140
Peen (W) 10 I=100 mA
ecen = 66 !J,r
0 |
0 10 20 30 40 50 60
Photon Energy (kEV) Ch05_PwrCenRadCone3.ai

D. Attwood
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Brightness and Spectral Brightness creeend] ’ﬂ‘.

Brightness is defined as radiated power per unit
area and per unit solid angle at the source:

AP

B (5.57)
AA - AQ

Brightness is a conserved quantity in perfect
optical systems, and thus is useful in designing
beamlines and synchrotron radiation experiments Perfect optical system:

which involve focusing to small areas. AAg - AQ = AA; - AQ;; n=100%

Spectral brightness is that portion of the brightness lying within a relative spectral bandwidth Aw/m:

A -

AP

Biailis = 5.58
Bl T AAAQ - Aw/w (:2%) B =l

>

ho

Ch05_Eqg57_58VG.ai
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1020

1019

—

o
—
o

Spectral brightness
o S
> J

—_

o
e
(63}

e

o
—
N

D. Attwood

Spectral Brightness is Useful for Experiments
that Involve Spatially Resolved Studies

12nm 1.2nm 0.12nm

6-8 GeV
Undulators

1-2 GeV
Undulators

Bending |
magnets

I | |

I

10eV 100eV 1 keV 10 keV 100 keV
Photon energy

23

~

f(rreeer ’m

* Brightness is conserved
(in lossless optical systems)

esource

d Bopti(:
source

dfocus

dsource . esource - dfocus d eoptic

/ \

Smaller Large in a
after focus  focusing optic

« Starting with many photons in a
small source area and solid angle,
permits high photon flux in an
even smaller area

Ch05_F24VG_2.04.ai
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The Transition from Undulator Radiation (K < 1) /"’\‘

f(rreeer ‘m

to Wiggler Radiation (K >>1) —

Au=5cm, N=289

Undulator radiation (K < 1)
@ K=1
-3 » Narrow spectral lines
§} * High spectral brightness
L0 . £ 16 T T T TTTT T ™ T T T T7TT T T T T
= 15 GeV Partial coherence LY e 1 ]
5 400 mA a 5 = - Elettra |
D u K 2.2 2 GeV 4
Q €—=>0 A=— |1+ +70 2 0.4 A
n A6 — 0 2y 2 = : 1
ﬂ o e ﬁp:%OCm l
— —eBO?L'U § F K : Uy 4 3
= ~ 2mmc @ . ]
§ _ K=2 é [ ng=22 ]
s o 1
é’ 3 1014 __ /ﬂ‘—" _
S R i E
£ < : IS ;
3 s | —
Q. - -
o ﬂ l l A i 3 / |
| 10 bl . .
' — ; o 10' 102 10° 10*
Wiggler radiation (K >> 1) ProtorSHEgy V)
)] K = 4 5 .
S - * Higher photon energies (Courtesy of R.P. Walker and B. Diviacco)
£ * Spectral continuum
[®)]
B * Higher photon flux (2N)
©
T b= 3 17°eBg
d | ™7
Il :
T 1 Ng = % (‘] + E)
0 1 2 3 4 4 2
Photon energy (KeV)
(Courtesy of K.-J. Kim) Ch05_F30_32VGrev3.04.ai
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(N Wiggler Radiation :rr\\ p
At very high K >> 1, the radiated energy appears in very high harmonics, and at rather large
horizontal angles 8 = £K/y (eq. 5.21). Because the emission angles are large, one tends to

use larger collection angles, which tends to spectrally merge nearby harmonics. The result

is a continuum at very high photon energies, similar to that of bending magnet radiation,
but increased by 2N (the number of magnet pole pieces).

3ehBy? 2
E. = fiw, = 62_}’ = 3K (1 n f_) (5.72 & 82)
m 4 2
@ 10° .
> Wiggler
8 = Radiation
5 8 _10°
7 _g £
EcS
S o o 1021 -’
O R3S P
31—_ o e
502 Bendin
=5~ 10F J
e o Magnet
O o
= Radiation
o 1

] ] |
10 10 10° 10%
Photon energy (relative units)

Ch05_Eq82_87_F33rev3.02.ai
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Stanford Permanent Magnet Wiggler :rr\\ ’ﬂ‘.

BERKELEY LAB

LBNL/EXXON/SSRL (1982), SSRL Beamline VI
55 pole (N =27.5), Ay, =7 cm
26

D. Attwood IntroSynchRad_Apps2005.ppt



Typical Parameters for Synchrotron Radiation rrerrer ‘ih

BERKELEY LAB

D. Attwood

Facility ALS SSRL APS
Electron energy 1.90 GeV GeV 7.00 GeV
¥ 3720 13,700
Current (mA) 400 - 100
Circumference (m) 197 1100
RF frequency (MHz) 500 352
Pulse duration (FWHM) (ps) 35-100 170
Bending Magnet Radiation:
Bending magnet field (T) 1.27 0.599
Critical photon energy (keV) 3.05 19.5
Critical photon wavelength 0.407 nm nm 0.0636 nm
Bending magnet sources 24 35
Undulator Radiation:
Number of straight sections 12 o 40
Undulator period (typical) (cm) 5.00 3.30
Number of periods 89 72
Photon energy (K = 1,n=1) 457 eV eV 9.40 keV
Photon wavelength (K = 1,n=1) 2.71 nm nm 0.132 nm
Tuning range (n = 1) 2.0-5.4nm nm 0.10-0.35 nm
Tuning range (n = 3) 0.68-1.8 nm nm 0.033-0.12 nm
Central cone half-angle (K = 1) 35 prad prad 11 prad
Power in central cone (K = 1,n = 1) (W) 2.3 12
Flux in central cone (photons/s) 3.1 x 10!6 X 7.9 x 10'5
oy, oy (pem) 260, 16 320, 50
oy, o, (prad) 23,39 23,7
Brightness (K = 1,n = 1)

[(photons/s)/mm? - mrad® - (0.1%BW)] 2.3 x 107 S S 4.8 x 10"
Total power (K = 1, all n, all &) (W) 187 780
Other undulator periods (cm) 3.65, 8.00, 10.0 2,70, 5.50,12.8
Wiggler Radiation:

Wiggler period (typical) (cm) 16.0 8.5
Number of periods 19 28
Magpnetic field (maximum) (T) 2.1 1.0
K (maximum) 32 7.9
Critical photon energy (keV) ol 33
Critical photon wavelength 0.24 nm nm 0.038 nm (0.38 A)
Total power (max. K) (kW) 13 7.4

9Using Eq. (5.65). See comments following Eq. (5.64) for the case where o) | = Heeq.

xy —

Ch05_SSRL_Parameters.ai
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Typical Parameters for Synchrotron Radiation rreeee? ‘iﬁ

BERKELEY LAB

Facility MAX I BESSY 11 ESRF SP-8
Electron energy 1.50 GeV 1.70 GeV 6.04 GeV 8.00 GeV
y 2940 3330 11,800 15,700
Current (mA) 250 200 200 100
Circumference (m) 90 240 384 1440
RF frequency (MHz) 500 500 352 509
Pulse duration (FWHM) (ps) 200 20-50 70 120
Bending Magnet Radiation:
Bending magnet field (T) 1.48 1.30 0.806 0.679
Critical photon energy (keV) 221 2.50 19.6 289
Critical photon wavelength 0.560 nm 0.50 nm 0.634 A 0.429 A
Bending magnet sources 20 32 32 23
Undulator Radiation:
Number of straight sections 10 16 32 48
Undulator period (typical) (cm) 5.20 4.90 4.20 320
Number of periods 49 84 38 140
Photon energy (K =1,n=1) 274 eV 373 eV 5.50 keV 12.7 kev
Photon wavelength (K = 1,n = 1) 4.53 nm 3.32 nm 0.225 nm 0.979 A
Tuning range (n = 1) 130410 eV 140-500 eV 2.6-7.3 keV 4.7-19 keV
Tuning range (n = 3) 400-1200 eV 410-1100 eV 7.7-22 keV 16-51 keV
Central cone half-angle (K = 1) 59 prad 33 prad 17 prad 6.6 prad
Power in central cone (K = 1,n = 1) (W) 0.88 0.95 14 16
Flux in central cone (photons/s) 2.0x% 10 1.6x10'° 1.6 x 10'0 7.9% 1015
Oy, Oy (um) 300, 45 314,24 395,9.9 380, 6.8
oy, oy, (urad) 26,20 18,12 11,39 16, 1.8
Brightness (K = 1,n = 1)¢
[(photons/s)/mm? - mrad? - (0.1%BW)] 7.8% 1017 4.6%10'8 5.1%10'8 1.8 %102
Total power (K = 1, all n, all 8) (W) 17 32 480 2,000
Other undulator periods (cm) 5.88, 6.60 4.10,5.60 2.30,3.20 2.4,10.0,3.7
12.5 5.20, 8.50 12.0
Wiggler Radiation:
Wiggler period (typical) (cm) 17.4 12.5 8.0 12.0
Number of periods 15 32 20 37
Magnetic field (maximum) (T) 1.80 [iEllS 0.81 1.0
K (maximum) 293 12.8 6.0 11
Critical photon energy (keV) 2.69 24l 20 43
Critical photon wavelength 0.46 nm 0.59 nm 0.62 A 029 A
Total power (max. K) (kW) 5.9 1.8 4.8 18

4Using Eq. (5.65). See comments following Eq. (5.64) for the case where cr;'\. 2% Bcen:

TypicalParamenters.al
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Beamlines are Used to Transport Photons to ’”\‘ ’ﬂ‘.

h le, and Take a Desired Spectral Sli
teSampe and Take a Desire pectra iICe

A
Observe at sample:
Photon = :
7 \ » Absorption spectra
flux P \

\  Photoelectron spectra

- =y ;
e Diffraction
. |
e—/' N e Y
. Exit e X
Grating /] slit Sample
or crystal Curved Focusing
Seagpe g e focusing lens (pair
Monochromator mirror of curved
(glancing mirrors,
incidence zone plate
reflection) lens, etc.)
Ch05_F01b_BLtransport.ai
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Z==X A Typical Beamline: Monochromator Plus Focusing /\‘ ’,\
i reecrcec| |

' Deli Radiati h
Optics to Deliver Radiation to the Sample

Plane VLS
gratings

Detector

Courtesy of James Underwood (EUV Technology Inc.)

XBD9509-04496rev.1.04.ai

30

D. Attwood IntroSynchRad_Apps2005.ppt



High Spectral Resolution (meV) Beamline  reeeery) ‘ih

BERKELEY LAB

Horizontial
deflection/
Horizontal fon(i'i.’r?g;g Sample
focusing -

mirror

. Translting
D) Sphete'rlcal o ]
Translating gaxng Vertical
entrance focusing
slit mirror

o focusing
Elliptical, mirror
Polarizing
Undulator
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4 1) Beamline 7.0 at Berkeley’s Advanced Light Source m P

BERKELEY LAB

D. Attwood 32
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Time Structure of Synchrotron Radiation /rr\\ ’ﬂ‘.

BERKELEY LAB

The axial electric field within the RF cavity, used to replenish lost (radiated)
energy, forms a potential well “bucket” system that forces electrons into axial
electron “bunches”. This leads to a time structure in the emitted radiation.

j\j\ f\ A/z \/e Gaussian pulse

G (rms)

I'rwhm =35 ps

[ =400 mA
unfilled

o
FFWHM - 235 GT T|me

328 buckets available,
nominally operated with
some fraction unfilled.

Ty = 35 ps (nominal) /N , 500 MHz RF

Ver . /\!{@e
I/V / \(\S :\/ :

j«— 2 NS —>|

- -
—| |
35 ps 35 ps

Ch05_TimeStruc.ai
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Variable Polarization Undulator Radiation :rr\\ ’ﬂ‘.

Crossed planar 0°
/ undulators \ N
CEACT A

/ ¥/ A <] F [ >] A= n/2
I = P

=A<y ]=]* l+ Aperture and T
monochromator
Variable phase delay —7/2
(electron path length modulator)

SVAVA S

(Courtesy of Kwang-Je Kim)

(a) ) D f— D ) D S 7 @I/_l ____________ ,_/ S e A /@’I (b)
® /e o [ ® /= = =
S EEnITTET ® T
_____________ =

e e i ———— et g e b et e o e e e i e i e

e Wi N e eV == VY i Y —

= g._/ [S]) 4‘_/ = 9./ [O] I [O] 4"_/ = - T
____ ®

YA ax
PRy y—
(Following S. Sasaki) z

Ch05_VariablePolar.ai
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What are the Relative Merits? /\\ |.’.\.

BERKELEY LAB

Bending magnet Wiggler Undulator
radiation radiation radiation
» Broad spectrum » Higher photon energies  Brighter radiation
» Good photon flux » More photon flux » Smaller spot size
* No heat load * Expensive magnet structure  * Partial coherence
 Less expensive » Expensive cooled optics » Expensive

e Easier access e | .ess access e [.ess access

35
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Surface and
Materials Science
- Magnetic
Calibration and Microscopy
Standards, { g
Eu'lul' Testlng I‘\C’Dhﬂrﬂﬂt Dl}tiﬂﬁ II_-'I
X-Ray
Microscopy._ ® r 731
y ) 6. 7.0.1
e 6.1

Protein
Crystallography

~

Booster
Synchrotron

Spectroscopy —§.

Magnetic _—
Microscopy

3.4
Infrared
Spectromicroscopy

Diagnostic
Beamline

D. Attwood 36

9.3.1

A Single Storage Ring Serves Many =
Scientific User Groups

f(rreeer ‘m

Surface and
Materials Science

Chemical Dynamics

F

Atomic and
H.x’f Molecular Science

Atomic and Molecular Science,
— Materials Science

]

o

-~ Chemical and
Materials Science

. Fluorescence
P = —  X-Ray
Microprobe

" Deep Etch X-Ray
Lithography (LIGA),
Surface Analysis (TXRF)

&

- EUV Lithography,

Surface and Materials Science,
Optics Testing
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Some Sample Applications :rr\\ ’ﬂ‘.

Absorption Fine Structure Protein Crystallography
| Science

1 "
402.0 402.5

A P TPUE U EEPEPE P T
400.0 400.5 401.0 401.5

Photon Energy (eV) n o BT i
1s > " in No Ribosome structure
Soft X-ray Microscopy Printing Nanochip Patterns

Yeast cell 39 nm elbow pattern

SampleApps.ai
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ALS Beamlines After 5 Years

(reereer ’m

BERKELEY LAB

Beamline Areas of Research Techniques® Energy Range Monochromator Available

D. Attwood

Diagnostic beamline 200-280 eV
Infrared spectromicroscopy 89 0.051 eV
Spectroscopy 7,12,19, 20,21 201800 eV
Magnetic microscopy 6, 10, 12, 17 100-1600 eV
Protein crystallography - 22 4-13 keV
High-resolution zone-plate microscopy 23, 24, 28 250-600 eV
Calibration and standards, 11, 15, 24 500 eV-4 keV
EUV optics testing
Calibration and standards, 11,15, 24,25 50-1000 eV
EUV optics testing
Surface and materials science, 6,7,11, 14,17, 60-1000 eV
spectromicroscopy 19, 20, 21, 24
Coherent optics experiments 1,27 70650 eV
: ; 10, 12, 14,
w microscopy 17,24 260-1200 eV
Surface and materials science 7,20, 21 701200 eV
Atomic and molecular science, 2,5,7, 15, 186, 20-310 eV
EUV lithography 18, 25
Chemical dynamics 2,3,16,18 530 eV
Atomic and molecular science, 2,7, 15, 16, 700 eV-6 keV
materials science 18, 20, 21, 25
Chemical and materials science 2. ba 1219, H3p1s00 eV
Fluorescence x-ray microprobe 6,13 312 keV
Deep-etch x-ay lithography (LIGA), 4,26 342 keV
surface analysis (TXRF)
EUV lithography, surface and 5,17, 24 60-320 eV
Er - materials science, optics development
Twinl change to U10 in September 1995 *See key
38
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ALS Beamlines After 5 Years (continued)  srree] m

BERKELEY LAB

(OCO'-JO')O'I-R%OJMI—‘N
S

=
o

91
12
13
14

www.als.LBL.gov
www-ssrl.slac.stanford.edu
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Lectures Available Over the Web Free /\‘ |i'.‘.

BERKELEY LAB

SOFT X-RAYS AND
EME ULTRAVIOLET
RADIATION

Principles and Applications

BAVID ATTWO0D www.coe.berkeley.edu/AST/sxreuv
AST 210/ EECS 213

(offered Fall 2005,
starts Aug. 30, 2 pm PDT,
live over internet plus archived)
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