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Beamlines are used to transport photons to the sample,
and take a desired spectral slice
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A typical beamline: monochromator plus focusing optics to
deliver radiation to the sample

Bending
Magnet

Detector

Courtesy of James Underwood (EUV Technology Inc.) XBD509-04496_Jan04.a
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‘\‘ Beamline 7.0 at Berkeley’s
Advanced Light Source
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"v\q High spectral resolution (meV beamline)
\

Undulator
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Courtesy of Zahid Hussein (ALS)
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MAESTRO: A new varied-line-space grating monochromator beam
fEreesy line for angle-resolved-photo-electron-spectroscopy with high
renmen~ SPectral and spatial resolution at the Advanced Light Source

Jason Wells, Derek Yegian, Ken Chow, Eli Rotenberg, Aaron Bostwick, Geoff Gaines and Tony Warwick

Chicaned
undulator
straight

70 mm

Samp|e undulator

l transfer

The latest soft x-ray undulator spectroscopy beam line planned for the ALS serves MAESTRO a new high
resolution Angle Resolved Photo Emission facility with zone-plate focused nano-ARPES. The beam line
design offers spectral resolution 1:30000 from 60eV to 400eV with an extended energy range from 20eV to
1000eV. Challenges include optical figure quality, thermal engineering, source size and stability and vibrations
in the monochromator. The optical design is radical in that a VLS grating will provide all of the focusing in the
dispersion direction, and the mirrors are plane, except for a sphere to collect and focus horizontally.
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‘\\-1 Varied line space gratings

Varied-Line-Space Plane Gratings provide focusing and aberration correction along with the dispersion
that they generate in the monochromator. They can be used to erect the monochromator focal plane,
making the position of the focus at the exit dlit (almost) stationary as the grating rotates to select the
photon energy. Beyond that, they are now being used to replace the focusing from shaped optics, making

beam lines cheaper and easier to align.
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‘\ . MAESTRO: A new varied-line-space grating
\"] monochromator beam line at the ALS
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el MAESTRO at the ALS: gratings and efficiencies
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. €rrors due to athermal bump

Water-cooled optics are essential: correcting slope

| M201 Plane - Slope Errors (Rad) ovee full mirror substrate  pwer clesr sperture
Irmwrady roweed Giudcon, 108 W) 0V 20eV 60aV 20eV
Maximum Tangential Slope Error 8.2 613 w2 6L3
Average Tangentia! Slope Error 24 is 30 61
RMS Tangential Slope Error 33 0 a4 93
Marimum Sagittal Slope Error 364 1 Ma L
Average Sagittal Slope Error T3 153 139 22
RMS Sagittal Siope Error [122 256 180 310]
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Courtesy of Tony Warwick (ALS)
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—\l 1 Ray tracing beamlines is an important tool

Significant degradation of the spectral resolution occurs due to localized heating of M202. It is
almost entirely corrected by adjusting the monochromator focusing parameter from 3.93 to
4.02. The engineering design will allow this mirror to be built with Imm thick hot-wall and the
actual thermal deformation is expected to be less.
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Typical parameters for synchrotron radiation

Facility ALS New Subaru APS SP-8
Electron energy 1.90 GeV 1.00 GeV 7.00 GeV 8.00 GeV
v 3720 1957 13,700 15,700
Current (mA) 400 100 100 100
Circumference (m) 197 19 1100 1440
RF frequency (MHz) 500 500 352 509
Pulse duration (FWHM) (ps) 35-70 26 100 120
Bending Magnet Radiation:
Bending magnet field (T) 127 1.03 0.599 0,679
Critical photon energy (keV) 3.08 0.685 195 289
Critical photon wavekength 0407 am 1.81 nm 0636 A 0429A
Bending magnet sources 24 4 35 23

Undulator Radiation.

Number of straight sections 12 4 40 48
Undulator period (typical) (cm) 5.00 5.40 330 3.20
Number of periods 89 200 ” 140
Photon energy (K= 1,n= 1) 457eV N7eV 9.40 keV 12.7 keV
Photon wavelength (K= 1, 1= 1) 271 nm 10.6 nm 1324 0979 A
Tuning range (1 = 1) 230-620 ¢V 43-170 ¢V 3.5-12 keV 4.7-19keV
Tuning range (i = 3) 690-1800 eV 130-500 ¢V 10-38 keV 16:51 keV
Central cone half-angle (K = 1) 35 prad 44 prad 11 prad 6.6 prad
Power in central cone (K = 1, n = 1) (W) 23 0.15 12 16
Flux in central cone (photons/s) 31 x 10 79x10'¢ 79x 10" 79x 10"
Oy, G (um) 260, 16 450,220 320, 50 380.6.8
0. 0 (urad) 23,39 89,18 23,7 16.1.8
Brightness (K= 1, = 1"

[(photons/symm? - mrad? « (0.1%BW)] 2.3 x 10 1.7 x 107 59 x10% 1.8 x 10%
Total power (K = 1, all m, all 8) (W) 83 27 350 2,000
Other undulator periods (cm) 3.65,8.00, 10.0 7.60 270,550,128 2.4,100,3.7,12.0
Wiggler Radiation
Wiggler period (typical) (cm) 16.0 85 120
Number of periods 19 28 37
Magnetic field (maximum) (T) 21 1.0 1.0
K (maximum) 32 79 n
Critical photon energy (keV) 5. 33 a3

itical photon wavelength 0.24 nm 038 A 029A
Total power (max. K) (kW) 13 74 18
15
“Using Eq. (5.65). See comments following Eq. (5.64) for the case where 0 , = 0, nos_T1b_vG_Nevos »-h00l_Sept2012_Lec2.ppt

Time structure of synchrotron radiation

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.
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Beamlines for spatially coherent

undulator radiation
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Courtesy of Patrick Naulleau, LBNL.
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Coherence at short wavelengths
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Young’s double slit experiment: spatial coherence and
the persistence of fringes

Persistence of fringes as the source grows
from a point source to finite size.

J
-
Z
-

Spatial and spectral filtering to produce coherent
radiation

Courtesy of A. Schawlow, Stanford
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Spatial and temporal coherence

Transverse (spatial)

Mutual coherence factor coherence
* /
Ca(t) = (E\(t + 1)EZ (1)) (8.1) o
1
Normalize degree of spatial coherence 3) )
(complex coherence factor)
P,
\
2 = B1O50) (8.12) Point Longitudinal
"= T . 'oint source, ongitudinal
VIEIP)VAIE2|?) harmonic oscillator ooheregnce length

Coon = A2I280

A high degree of coherence (n — 1)
implies an ability to form a high contrast
interference (fringe) pattern. A low degree ¢ — A2 (8.3)
of coherence (u — 0) implies an absence ooh = 5AN

of interference, except with great care.
In general radiation is partially coherent. Full spatial (transverse) coherence

21
CheironSchool_Sept2012_Lec2.ppt

Longitudinal (temporal) coherence length

Cho8_Eq1_12_F2al

Spatially filtered undulator radiation
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Spatial and spectral filtering of undulator radiation

In addition to the pinhole — angular aperture for spatial
filtering and spatial coherence, add a monochromator for
narrowed bandwidth and increased temporal coherence:

i (/2n) A

Pcoh.l/Ak o= n AN S AN “£cen
- (d.6, )(d\ ' 9\) A
beamling  S—— Y.
efficiency spatial spectral
filtering filtering

(8.10a)

which for o"xf\. << 02, (the undulator condition) gives the 32

spatially:and temporally coherent power (d - @ = 4/2w:}. k= 57r)

. rudn(AX/A)N? h
Peohajan = SRl INAX/A) -(l - _w) fho/hawy) | (8.10¢)
A 8mepd.d, haxy
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. 2
which we note scales as N-.
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Spatially and spectrally filtered undulator radiation

« Pinhole filtering for full spatial coherence
» Monochromator for spectral filtering to A/AL > N
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’\\\1 Coherent soft x-ray science beamline

[ nssinr Lonl
Water-cooled MO
beam defining  oyariabie
apartures -, plane

mirror (27 M2

8.0 cm penod
undulator
o
Variod
line-space
grating

Growth of low
roughness Au
films increased
gratng efficiency
by a factor of 4

Energy range 200-1000eV

Coherent flux at 600 eV:
2 x 101 ph/sec/0.1%BW

= 2.07 nm (600 eV)

Rosfjord (UCB PhD thesis, 2004)

K. Rosfjord, Y. Liu, D. Attwood, “Tunable
Coherent Soft X-Rays”, IEEE J. Sel. Top. Quant.
Electr.10, 1405 (Nov/Dec 2004)
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» Wavefront interferomery to
measure aberrations in
zone plate lenses

» Measure material properties
(f, &)

» Develop new coherent soft
x-ray optical techniques
(Fourier Optics)

» Coherent scattering from
magnetic nanostructures
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radiation using the classic 2-pinhole tech
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Courtesy of Chang Chang, UC Berkeley and LBNL.
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: . Spatial coherence measurements of undulator
radiation using the classic 2-pinhole technique
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Courtesy of Chang Chang, UC Berkeley and LBNL.
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Coherent power for an EPU at the ALS
U5 EPU
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Coherent power at the Australian Synchrotron
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Coherent power at SPring-8
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""'\l"' . Coherent soft x-ray beamline: use of a higher
"\n harmonic (n = 3) to access shorter wavelengths
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‘\I \ Coherent Soft X-Ray Magnetic
,,,_’,_xﬂ Scattering Endstation

Flangosaurus

Scattering | il -
in i -

Transmission s

Sample
location

Courtesy of K.Chesnel, S. Kevan, U. Oregon
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., Example of experiment in transmission:
m..:_\m coherent scattering from nanoparticles

CCD
Camera
2048 x 2048

X-ray beam
tunedto Co L3
resonant edge

Co Nanoparticles assembly
precipitated on TEM grid

Scattering ring
related to
interparticle distance
~12 nm

Courtesy of K.Chesnel, S. Kevan, U. Oregon = e e e s
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Coherent power at BESSY I

1.7 GeV, 200 mA
Ay=49mm, N = 84
0sKs25

oy, =314 um, o,/ = 18 pr
Oy =24 ym, o,/ =2 pr
Neuy = 10% ; Mgy = 10%

1
00 500 1000 1500 2000
Photon Energy (eV)
T 1507
15+ a
§~ + | -
E 10
< .
A
-~ =84 -
n§ 5f &
| ’.: =10° _L
A
0 A Add A . A
102 102 109

Photon Energy (eV) Photon Energy (eV)

m

36
CheironSchool_Sept2012_Lec2.ppt

Cheiron School, Japan, 26 September 2012



Professor David Attwood, UC Berkeley
EUV and Soft X-Ray Beamlines

Lensless imaging of magnetic nanostructures by @Essv {7’;’-‘-;‘_
x-ray spectro-holography ( ‘

STXM image
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S, Etsebin, ). Luning, W.F. Schiotter, M. Lrgen, O, Hellwig,
W, Eberhardt & 1. Stohe / Narure, 16 Dec 2004
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Undulators, FELs and coherence

* Spatial coherence

* Temporal coherence

* Partial coherence

* Full coherence

* Spatial filtering

* Uncorrelated emitters

* Correlated emitters

* True phase coherence and mode control

* Lasers, amplified spontaneous emission (ASE) and mode control
* Undulator radiation

* SASE FEL 100* fsec soft/hard x-rays

* Seeded FEL true phase coherent x-rays

* High harmonic generation (HHG) compact fsec/asec EUV
* EUV lasers and laser seeded HHG

» Applications with uncorrelated emitters

* Applications with correlated emitters

wral Tl sl ot »

38
CheironSchool_Sept2012_Lec2.ppt

Cheiron School, Japan, 26 September 2012



Professor David Attwood, UC Berkeley
EUV and Soft X-Ray Beamlines

Young’s double slit experiment: spatial coherence and
the persistence of fringes @

AT
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Young’s double slit experiment: spatial coherence and
the persistence of fringes @

Persistence of fringes as the source grows
from a point source to finite size.

) ) :
d k
0l
b &) ) |
7
I) | )
d - 20lpupum = A2
Aeoh = A28 = XNk

- 40
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Young’s double slit experiment with random emitters:
Young did not have a laser

d
N uncorrelated
emitters

* Self-interference only
* Electric fields chaotic

a
* Intensities add

* Radiated power ~ N l d - 20{pyym = N

. T Y Al s N
‘ Aeoh = A°12AN = 5 Nt

3
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Young’s double slit experiment with phase coherent
emitters (some lasers, or properly seeded FELS)

N correlated
emitters

/ / ) /
* Phase coherent
electric fields
* Electric fields from all
particles interfere cn:ns(ructi»cl; d- 20lcwim = A2 ‘
* Radiated power ~ N=
» New phase sensitive
probing of matter possible

y = 32MHA% =
Acoh = A I2AM hwh
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Undulators and FELs

N [s] [N] [s]
D) ——> ‘:T': = —e(E+vxB)

[s] [N] [s] I[N]

Undulator — uncorrelated electron
positions, radiated fields uncorrelated,
intensities add, limited coherence,
power ~ N.
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Undulators and FELs

N [s] [N [s]

) ——> —=—e(E4+v><B)

[s] [N] [s] [N]
Undulator — uncorrelated electron
positions, radiated fields uncorrelated,
intensities add, limited coherence,
power ~ N.

N [s] [N [s] [NJ [s] [N] [s] [N

I
SEOESENESENESENES

Free Electron Laser (FEL) — very long undulator, ;

electrons are “microbunched” by L —e(E + v xB)
their own radiated fields into d

strongly correlated waves of electrons,

all radiated electric fields now add,

spatially coherent, power ~ N2

UndulatorsAndFELS2 ai

a4
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Undulators and FELs

N [s] [n] [s]

sl [Nl [s] [N

Undulator — uncorrelated electron E r
positions, radiated fields uncorrelated, l W {{111a
intensities add, limited coherence, v Ib y
v
\

power ~ N,

M ls s s L)
GHHIE
SECESECESECRS RS

Free Electron Laser (FEL) — very long undulator, A
electrons are “microbunched™ by P - —¢(E+vxB)

I A 5 dt
their own radiated fields into “SASE" FEL — o seed (several separate “waves”

sllll‘ong!_\ ' czml:lalcfi \;a;:? of clt.‘:;ldrons. of electrons possible with uncorrelated phase.)

a ra 1ated clectric fields now1 add, Less peak power, broader spectrum.

spatially coherent, power ~ N- e e
CheironSchool_Sept2012_Lec2.ppt -

Seeded FEL
IN] [s] [N [S]

: ) ——— ‘—,‘—)-»*-w(l‘."*va)
[s] [Nl sl [N

Undulator — uncorrelated electron
positions, radiated fields uncorrelated,

intensities add, limited coherence,
power ~ N,

MLSM@JMEILMIQI/M

P~ GHiD—
Coberent 151 /N1 [S]1 N1 [S1 W [S] N1 8]

seed pulse

Free Electron Laser (FEL) - very long undulator, i

electrons are “microbunched™ by . B —¢(E +vxB)
their own radiated fields into dr

strongly correlated waves of electrons,
all radiated electric fields now add,
spatially coherent, power ~ N2

Second generation X-ray FELs.

UnaiatanAnd? 114 Sepel0lfr! &
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~

\1 FEL Microbunching

unmmn\

Courtesy of Sven Reiche, UCLA, now SLS
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Gain and saturation in an FEL

E ]

-
o
©

T T T

0 2 El 6 8 10 12

z [m]

Courtesy of K-J. Kim

14
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Free electron lasers
Parameters | Flash FEL| Fermi LCLS SACLA EU XFEL
(Hamburg) | (Trieste) |(Stanford, 2010) | (Harima, 2011) | (Hamburg, 2015)
Ee 230 1.2 GeV 13.6 GeV 8 GeV 17.5 GeV
Y 450/2000 2300 26,600 15,700 35,000
hu 273 mm 65 mm 30 mm 18 mm 35.6 mm
N 500 216 3700 277 4000
Ly 30m 14m 112 m SIm 200 m
ho 50-200 eV | 30-120 ¢V 1-10 keV 15 keV 4-12 keV
WAL 100 1000 350 200 1000
At 30 fsec 100 fsec 160 fsec 100 fsec 100 fsec
Fph/pulse) | 3 x 102 10 1012 7 % 101 10"
rep rate | Hz 10 Hz 120 Hz 60 Hz 27 kHz
i 1.3 kA 500 A 34 kA 3 kA S kA
P 0.3 GW 1 GW S GW 4GW 20-100 GW
L 260 m 200 m 5km 710 m 3.4 km
Polarization lincar variable linear linear variable
Mode SASE Seeded SASE SASE SASE
(3en Ti: saphire)
Flash 11, Fermi [ SES FEL, LCLS L e 20
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Lectures online at www.youtube.com

UC Berkeley
www.coe.berkeley.edu/AST/sxreuv
www.coe.berkeley.edu/AST/srms
www.coe.berkeley.edu/AST/sxr2009

Amazon.com
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