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The LCLS has produced intense Self-Amplified
Spontaneous Emission (SASE) x-rays since 2009

2Kkm

= X-rays with wavelengths
from 1.2 - 25 A

= Upto 3 ml/pulse
(~10*? photons/pulse)

= 120 Hzrep rate

= Variable pulse length S e . g:ompressor#2k
from few — 100 fs 1 — e o B = S

= Aw/o~ 1073

Flagship applications include:
Single shot x-ray imaging, Nonlinear physics, and Femtosecond dynamics
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The LCLS enables new scientific inquiries/discoveries
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An era of exploring the interactions of high-intensity, hard X-rays with matter has begun with the start-up of a hard-X-ray
free-electron laser, the Linac Coherent Light Source (LCLS). Understanding how electrons in matter respond to ultra-intense
X-ray radiation is essential for all applications. Here we reveal the nature of the electronic response in a free atom to
unprecedented high-intensity, short-wavelength, high-fluence radiation (respectively 10" W cm 2, 1.5-0.6 nm, ~10° X-ray
photons per A2). At this fluence, the neon target inevitably changes during the course of a single femtosecond-duration X-ray
pulse—by sequentially ejecting electrons—to produce fully-stripped neon through absorption of six photons. Rapid
photoejection of inner-shell electrons produces ‘hollow’ atoms and an intensity-induced X-ray Such
due to the presence of inner-shell vacancies, can be induced in all atomic, molecular and condensed matter systems at high
intensity. Qua ntitative comparison with theory allows us to extract LCLS fluence and pulse duration. Our successful modelling of
ay, ions using a strai ard rate equation approach augurs favourably for extension to complex systems.
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X-ray lasers offer pabil
biological systems, complcx materils and matter under extreme
conditions'™*. Very short and extremely bright, coherent X-ray pulses
can be used to outrun key damage processes and obtain a single
diffraction pattern from a large macromolecule, a virus o a cell
before the sample explodes and turns into plasma. The continuous
diffraction pattern of non-crystalline objects permits oversampling
and direct phase retrieval’. Here we show that high-quality diffrac.
tion data can be obtained with a single X-ray pulse from a non-
erystalline biological sample, a single mimivirus particle, which
wasinjected into the pulsed beam of a hard-X-ray free-clectron laser,
the Linac Coherent Light Source’. Calculations indicate that the
energy deposited into the virus by the pulse heated the particle to
over 100,000 K Teft the sample. Th

exit wavefront (image) yieded 32-1m full-period resoution in a
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tion indi rial inside
the virion. We expect that signiicantly higher resolutions wil be
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pulses focused to ' he resolution in such
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The need to seed

= SASE is initiated by electron beam shot noise
=» many longitudinal modes & normalized bandwidth Aw/w ~ p

» Longitudinal coherence/spectral brightness can be improved by
seeding the FEL with a coherent signal at the wavelength of interest

= Motivation from experimental users may include

1. Increase spectral brightness
Increase number of photons in a specified narrow bandwidth
Decrease noise signals due to nearby spectral components

2. Produce temporally coherent x-rays

3. Increase total number of photons by judicious tapering
Seeded field saturates more uniformly, and tapering the undulator
strength can more efficiently extract additional energy from the e-beam

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Self-seeding

Self-seeding uses SASE + monochromator to

SASE FEL with
gain ~10°

E.L. Saldin, E.A. Schneidmiller, Yu.V. Shvyd’ko, and M.V. Yurkov, NIMA 475, 357 (2001)

generate coherent seed

FEL amplifier to saturation
(gain ~10% to 10°)
NN

Hard x-ray
monochromator

>

——W—» (NS
Electron bypass to

delay e-beam and
erase microbunching

Y. Ding, Z. Huang, and R. D. Ruth, Phys. Rev. ST Accel. Beams 13, 060703 (2010)
G. Geloni, V. Kocharyan, and E.L. Saldin, J. Modern Optics 58, 1391 (2011)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Self-seeding

=]
S
—_
J

dP(w)/dw (a.u.)

g
I3
2

0.00
-1.5 -10 05 0 05 10 15

(Aw/w)/p )
SASE. FEL W5ith Hard x-ray
gain ~10 monochromator
(NN

TR T T SV

Electron bypass chicane

= Power large enough so that monochromatic
signal dominates the seeding of SASE by
electron beam shot noise

= FEL-induced energy spread on beam must
remain small (well before nonlinear regime)

FEL amplifier to saturation
(gain ~10% to 10°)
(NN

X-rays

Example uses LCLS-type parameters with
p =5x10*and (Aw/w) =2x107

mono

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Self-seeding

SASE FEL with
gain ~10°
(NN NTNNNR
(NN NTNNNR

"=  Monochromator selects narrow bandwidth
seed whose energy fluctuates by ~100%

= Electron beam is delayed to overlap and
amplify radiation in downstream undulator

Hard x-ray
monochromator

VS

Electron bypass chicane

= Chicane erases microbunching of SASE

0.005

6x10°
5 0.004
. =
£ 4x10 0.003
S 3
= 0.002
2x10° \S/
0.001
=
0x10°6 : ' . : : 0.000
30 20 -10 0 10 20 30 15 210 05 0 05 10 L5
1 (fs) (Aw/m)/p

FEL amplifier to saturation
(gain ~10% to 10°)

>

Coherent
X-rays

>

Example uses LCLS-type parameters with
p =5x10*and (Aw/w) =2x107

mono

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Self-seeding

SASE. FEL with Hard x-ray FEL ampliﬁer to saturation
gain ~10° e R TG (gain ~10% to 10°)
(NN NNNNR (NN NNNNR

(NN (NN
W__) Coherent
X-rays

Electron bypass chicane

(.
= Initial ~100% fluctuations of seed are zz S )
reduced to ~20% at saturation - 1s 2;120
= Additional energy can be efficiently g w0 2 ®
extracted by tapering the undulator T os & A
Strength aﬁjer satu ra'l_'ion 00 30 20 -10 to(fs) 10 20 30 %0 0.5 0.0 0.5 1.0
\_ (Aw/w)/p )

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
10

S



Wake monochromator for self-seeding
of short x-ray pulses

Produces seed using time dependence
of forward Bragg diffraction from a
single crystal, i.e., time response of the
crystal transmission function

Single crystal wake mono

Reflected spectral
components near
Bragg's law W Transmitted

N signal
JT )g
U

~3-4 m chicane washes out
microbunching and delays
electrons requires tens of fs

t G. Geloni, V. Kocharyan, and E.L. Saldin, J. Modern Optics 58, 1391 (2011)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Wake monochromator for self-seeding
of short x-ray pulses

Produces seed using time dependence P Filtered SASE spectrum
of forward Bragg diffraction from a ot
. . . 7 5002
single crystal, i.e., time response of the s
crystal transmission function 3
e =~ 0.01¢
3
Single crystal wake mono ’
”/ 2% 2.0 0.0 1.0——{’\40
Reflected spectral o PPt - ' - '
components near - e (Aw/w)/p
Bragg's law W Transmitted T T
signal __---"" ___----"7"
J] Sl -
~ ety

~3-4 m chicane washes out
microbunching and delays
electrons requires tens of fs

t G. Geloni, V. Kocharyan, and E.L. Saldin, J. Modern Optics 58, 1391 (2011)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Wake monochromator for self-seeding
of short x-ray pulses

Produces seed using time dependence
of forward Bragg diffraction from a
single crystal, i.e., time response of the
crystal transmission function

0.03 T —
Filtered SASE spectrum

0.02

>
©
N—

Single crystal wake mono

. —
-0.4 -2.0 0.0 2.0 4.0
Reflected spectral (Aw/o)/
components near P
Bragg's law W Transmitted ' ' '
] signal Transmission I Monochromatic |
~1 > function gives rise to _ seeding "wake”
W_) broad and delayed S 06 .
©
temporal features ~ o4l |
~3-4 m chicane washes out
microbunching and delays 02 | J §
electrons requires tens of fs 0.0 L]
0 20 40 60 80 100

At (fs)

t G. Geloni, V. Kocharyan, and E.L. Saldin, J. Modern Optics 58, 1391 (2011)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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b2

Transverse displacement of self-seeding “wake

75 11.0
50 0.8
g 25 0.6
3.
= Axr = cTrcot O
Y0 0.4
25 0.2
50 | 1 0.0
0 50 100 150 200 |

Delayed seeding field is also transversely displaced
according to Ax = ct cotO

t R.R. Lindberg and Yu. Shvyd’ko, Phys. Rev. ST-Accel. Beams 15, 050706 (2012)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Implementation at the LCLS

Great synthesis of wake monochromator idea with the fact that the LCLS
can benefit from its conservative design — there’s enough undulators for
self-seeding to both produce and subsequently amplify its signal®

t G. Geloni, V. Kocharyan, and E.L. Saldin, “Cost-effective way to enhance the capabilities of the LCLS baseline,”
DESY 10-133, arXiv:1008.3036 (2010)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Implementation at the LCLS

Great synthesis of wake monochromator idea with the fact that the LCLS
can benefit from its conservative design — there’s enough undulators for
self-seeding to both produce and subsequently amplify its signal®

Requirements for monochromator position:

1. Require enough SASE undulators to produce sufficient seeding power
(1 MW >> 10 kW of effective SASE seeding from e-beam shot noise)

2. Limit SASE section so as to minimize energy spread increase/beam
quality degradation due to the FEL process

)

t G. Geloni, V. Kocharyan, and E.L. Saldin, “Cost-effective way to enhance the capabilities of the LCLS baseline,’
DESY 10-133, arXiv:1008.3036 (2010)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Implementation at the LCLS

Great synthesis of wake monochromator idea with the fact that the LCLS
can benefit from its conservative design — there’s enough undulators for
self-seeding to both produce and subsequently amplify its signal®

Requirements for monochromator position:

1. Require enough SASE undulators to produce sufficient seeding power
(1 MW >> 10 kW of effective SASE seeding from e-beam shot noise)

2. Limit SASE section so as to minimize energy spread increase/beam
quality degradation due to the FEL process

It was chosen to replace Undulator 16 with the monochromator system:
4-dipole chicane and the x-ray wake monochromator including
diamond crystal in Bragg transmission

)

t G. Geloni, V. Kocharyan, and E.L. Saldin, “Cost-effective way to enhance the capabilities of the LCLS baseline,’
DESY 10-133, arXiv:1008.3036 (2010)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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HXRSS design for Undulator 16

Undulator
girder
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t Amman, Shultz, Trakhtenberg

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Bragg diagnostic camera

HXRSS design for Undulator 16

nochromator

t Amman, Shultz, Trakhtenberg

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Standard LCLS undulator (of 33 total)

-__.-—f-—o—— —.-_--A-b—

3 J— < N yp— e - It
I SR NS ;—.-———.—.— 2‘%‘-‘--“’~ r— ﬂ

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Monochromator and chicane & Undulator 16

T ﬁr -

Slldlng'chlcane raft - )

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Diamond holder and positioning system
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The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Diamond holder and positioning system

Diamond crystal

Graphite holder

T V. Blank and
S. Terentiev

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Diamond holder and positioning system

Diamond crystal

Working region

Graphite holder
t V. Blank,

S. Terentiev,
Yu. Shvyd’ko
S. Stoupin,

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Diamond holder and positioning system

N~ — \;\ ~ A Diamordic rystal
—Diamond crystal | 7 (3

|

Working region
3 -',;.:’" A -

1/

S _H

L 3~
€
£
=

L 2

L 1

o 0
0 1 2 3 4
x (mm)
/ (I // /

w 7/
Graphj(é h/lder
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Diamond holder and positioning system

0 - Diamond crystal

//f .; - / =
\ (@
W7/ ,1 ",‘ | ”,'
/1N ‘\ T &)
‘ l " | — o i
I I :
Ry : / I -
)
\ '.’—.,’ i ‘K\ /l = =2 [T e | |
_J_J
- .i////; /

‘ ~ Graphite holder +D. Shu

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Diamond holder and positioning system
2= — 5 —= O CaVSNe Tip/tilt stage

]
|

Q

s —

\ Gl e S % *
Full control over position (x, y) =S jl// tary stage
and yaw, pitch, & Bragg an @ i
N t D. Shu

ul S

- B
The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Bragg reflection diagnostic

T —— il

As suggested in G. Geloni, V. Kocharyan ,and E.L. Saldin, DESY 10-133, arXiv:1008.3036 (2010) T B. Berg

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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First signal of successful mono operation

Bragg reflected
X-ray beam

/

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory

29



First signal of successful mono operation

S 600}
I
TEUD i A /0 = 0.5%
2D A00+ 3
Bragg reflected -
x-ray beam £ I
& 200t 56.48°

(design I56.53°) |
56 56.5 57
Angle (deg)

30
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First signal of successful mono operation

Bragg reflected
X-ray beam

Bragg reflected signal of
spectral components in
the transmission “notch”

Fluctuations are 100%
(single spectral mode
before saturation)

Of limited use for other
(asymmetric or Laue)
crystal reflections

31
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First indications of seeding from averaged spectra

Protile Monitor XPP:OPALIK: 1 08—Jan—20

Bragg anglée =56.18° Averaged SASE background

Protile Monitor XPP:OPA

Bragg angle = 56.28°

Profile Monitor XPP§OPA

Bragg angle = 56.48°

Seeded beam:
I —2 —0.15 =0.1 X

the angular position =
matches that of theory

T Y. Feng

-0.2 -0.15 0.1 -0.05 0 0.05

x (mm)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Slow improvements in power of seeded signal

y (mm)

s Profile Monitor XPP:OPAL1K:1 09-Jan-2012 19:36:24
0.1
Crystal out (SASE)

0.05
g o
-0.05

01 FWHM ~20 eV (0.2%)

-0.15 -0.1 -0.05 0 0.05

x fmm)
T Y. Feng

-0.05

Profile Monitor XPP:OPAL1K:1 10-Jan-2012 01:45:53

0.1

Crystal in (seeded)

0.05

-0.1 FWHM ~0 .5eV (0.005%)

-0.15 -0.1 -0.05 0 0.05

x fmmY

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Slow improvements in power of seeded signal

Profile Monitor XPP:OPALIK:1 12-Jan—2012 13:11:36

Crystal out (SASE)
0.1 FWHM ~20 eV (0.2%)
TR e e

y (mm)
[e]

|
o
=)
G

y (mm)

0.05

P%efile Monitor XPP:OPALI1K:1 12-Jan—-2012 13:04:53

Crystal in (seeded)

FWHM ~0 .45eV (0.005%)

T Y. Feng

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Slow improvements in power of seeded signal

Profile Monitor XPP:OPAL1K:1 12-Jan—2012 13:11:36 P%efile Monitor XPP:OPAL1K:1 12—-Jan-2012 13:04:53

Crystal out (SASE)
0.1 FWHM ~20 eV (0.2%)
TR e e

Crystal in (seeded)

FWHM ~0 .45eV (0.005%)

0.05 i o e 0.05
E g ! HIHELE -
>~. -
—0.05
ol — Seeded 240 )
-0.15 — SASE 300 pJ
_0.2 E 250 ]
>
-0.25 ~10 -5 E n . -
-8 200 N . (ev)
£
$ 150 -
£
N
S 100 -
Q.
(V]
50
0 - : : [ |
TY. Feng Relative photon energy (eV)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Slow improvements in power and stability

Convert final 4 Second Harmonic After-Burner
(SHAB) Undulators back to fundamental

= 16 total amplifying undulators
Vary the electron charge

Try seeding with different diamond crystal
reflection planes

Accelerator tuning

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Delay scan of seeding “wake”

—
o
—T—

Measure the seeded output as a
function of the chicane time delay

—
o
—

o
=
T
=l
——
T
——y
[
[
———t
——
F

o
(5]
T
>
-

Spectrometer intensity (arb. units)
o o

e ) ) ) ,
=)

Chicane delay (fs)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Delay scan of seeding “wake”

Fit measurement to the predicted
wake dependence using the
dynamical theory of x-ray diffraction
assuming:’

KNOWN: The time delay

C(004) reflection
properties at 56.53°

FREE PARAMETERS:
Crystal thickness d

SASE pulse profile

e
o

Spectrometer intensity (arb. units)
o o
= o

—
(3]
——

—
o
—

=
to
——

e
=}

Ji(1/2mctd/A2sin” 0) | |
po 1( / ) __
\/ 2metd/ A2 sin® 6

10 20 30 a0

Chicane delay (fs)

T A. Zholents

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Delay scan of seeding “wake”

Fit measurement to the predicted
wake dependence using the
dynamical theory of x-ray diffraction
assuming:’

KNOWN: The time delay

C(004) reflection
properties at 56.53°

FREE PARAMETERS:
Crystal thickness d

SASE pulse profile

Best fit rather insensitive to beam
shape; predicts crystal thickness
equal to 104 microns and the
SASE FWHM to be 3.5-5.5fs

— \/ — ,2 —

J1(y/2mctd/A? sin” 0) | ]

P 1
\/ 2metd/ A2 sin® 6

—
[S¥]
——

—
o
—

e
o

Spectrometer intensity (arb. units)
&

0.25- R
0.0:- P T S S S T — . .
10 20 30 40
Chicane delay (fs)

Pulse shape m Tewnm (FS)
Flat-top 104 5.5
Gaussian 104 3.5
Parabolic 104 4.9

T A. Zholents
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Delay scan of seeding “wake”

Fit measurement to the predicted
wake dependence using the
dynamical theory of x-ray diffraction
assuming:’

KNOWN: The time delay

C(004) reflection
properties at 56.53°

FREE PARAMETERS:
Crystal thickness d

SASE pulse profile

Best fit rather insensitive to beam
shape; predicts crystal thickness
equal to 104 microns and the
SASE FWHM to be 3.5-5.5fs

— —
o ro

e
o

<
'

T

o

(8]
>

-

Spectrometer intensity (arb. units)
o

J1(\/2mctd/A? sin” 0) |
P 1 1
\/ 2metd/ A2 sin® 6

TR * o5
Consistent with other measurements
(SASE'correlation;, e-beam length)

Pulse shape mm

Flat-top 5.5
Gaussian 104 3.5
Paraboli 104 4.9

arabolic < y

Agrees with measurements
made at TISCNM T A. Zholents

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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FEL spectra at 40 pC

Single shot spectrum

Average spectrum

600 ' 35 - ,
— C(004) 20l — C(004)
500 — C(220) i-\%GHa/ ﬂ — C(220)
- - 25+
3 400 — SASE 3 > — SASE
c € 207
§ 200 H‘ § 0.46 eV
g g 15+ FWHM 1
720 g \
107 T
100 5 27.5eV .
FWHM
0 . Mf\/\J\\__ 0 s el primttcbvadtt]
-15 —-10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
hAw (eV) hAw (eV)

Single shot bandwidth reduction by a factor ~ 50

Averaged bandwidth reduction ~ 25 to 50 depending on crystal reflection
(different acceptances leads to different tolerances to fluctuations)

T A. Lutman

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Gain and saturation of seeded signal

Using SASE produced by upstream Undulators 1-15 IN (None OUT)
plot power in downstream Undulators 17-33

Lg =5.824+0.26 m

6.4 z =107
P(z) x e’ exp T
5.8 m/  w
(%]
g
£ 105}
o
S|
()
a
(a T
T
20 30 40 50 60

Distance after mono @ U16 (m)
t D. Ratner

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Gain and saturation of seeded signal

Using SASE produced by upstream Undulators 2-15 IN (One OUT)
plot power in downstream Undulators 17-33

Lg=538=£0.25m

5 0
; <108 | 8 2 o
P(z) o< e%* exp( ©
5.8 m L
(%]
. 2 g
P(z) < e exp( ) 01051
(<) 54m/ §
s,
)
&
(a
< 104 —
20 30 40 50 60

Distance after mono @ U16 (m)
t D. Ratner

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory

S 43



Gain and saturation of seeded signal

Using SASE produced by upstream Undulators 3-15 IN (Two OUT)
plot power in downstream Undulators 17-33

Lg =4.05=£0.07 m

; 0] (0] (0]
s 106 | :
Z — o
P(z) o< e%* exp( ) ©
5.8 m/ @
(%]
. 2 g
P(z) o e” exp(54m) %105_
z &
P(z) o< e exp( ) &
4.1m/ &
<104
20 30 40 50 60

Distance after mono @ U16 (m)
t D. Ratner

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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\
Gain and saturation of seeded signal
Ideally, one would like the SASE seeding undulator section to

be ~14 gain lengths long to produce sufficient seeding power
with minimal increase in energy spread

’;5 o © o 3 ‘
Optimal position of © 108t 8 S o |
monochromator probably ;%
at Undulator 14 or 15 @
(depends on machine %
conditions, tuning) £ 10°¢
3
()
a
(a T
< 10% S ——
20 30 40 50 60

Distance after mono @ U16 (m)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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|
Gain and saturation of seeded signal
Ideally, one would like the SASE seeding undulator section to

be ~14 gain lengths long to produce sufficient seeding power
with minimal increase in energy spread

’;5 o [0} (] 3 ‘
Optimal position of & 10%¢ 8 o °
monochromator probably ;%
at Undulator 14 or 15 @
(depends on machine %
conditions, tuning) g 10%¢ Nonlinear
E saturation
Q
73
(aR
< 10" e
20 30 40 50 60

Distance after mono @ U16 (m)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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“Soft” saturation with some evidence for
oscillations in the power

x10°
2.0

= Synchrotron oscillations?

u.)
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= Non-uniform amplification
across the bunch?
(i.e., the “current horns”)?

=
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= Qther variations/
fluctuations?

=  What does this mean for
post saturation taper?
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Energy in the seeded output

In addition to the usual requirements for SASE
(small emittance & energy spread, large peak current)
stable seeding requires precise control over
the longitudinal e-beam phase space

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Energy in the seeded output

Jitter in mean e-beam energy maps onto variations in gain
of seeded signal and thus in output photon number
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T J. Welch, F.-J. Decker

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory

>



Energy in the seeded output

Jitter in mean e-beam energy maps onto variations in gain
of seeded signal and thus in output photon number
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Electron beam energy jitter results
in poor output performance for
tJ. Welch, F.-J. Decker these shots (rms Ay/y ~ 0.04%)
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Energy in the seeded output

Jitter in mean e-beam energy maps onto variations in gain
of seeded signal and thus in output photon number
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Energy in the seeded output

Jitter in mean e-beam energy maps onto variations in gain
of seeded signal and thus in output photon number
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well with simulations
that reach saturation
using p ~ 6x10* and an
rms energy jitter
Ay/y = 4x10*

o
o))

o
N9
SseY
®
.
.(D.

8
L)

0 oxde
°

Gas detector (a.u., ~ # photons)
o
D

00'& §8Q) 'o 1 . o
901 —005 00 005 01 015

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
52



Energy in the seeded output

Depends strongly on machine parameters/tuning

Output fluctuations ~25% within

gain bandwidth
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Fluctuations and spectral brightness for two
diamond crystal reflections

Single shot spectrum Average spectrum
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Fluctuations reduce ensemble averaged seeded spectral
brightness by a factor > 18 from its peak value

BUT, seeded spectral brightness still larger than SASE

Depends on accelerator conditions, tuning T A. Lutman
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Other variations can be mapped onto spectrum
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Conclusions

= The wake monochromator concept can be experimentally realized

= Hard x-ray self-seeding has been implemented at the LCLS with a
measured output bandwidth Aw/m ~ 5x10° at 1.5 A

= (Clear signs of seeded saturation have been observed

" Fluctuations in output still somewhat high

Most are attributable to the “large” e-beam energy jitter
(Ay/y ~ 4 x 107%), but are there other sources?

= Nevertheless, seeding improves (ensemble averaged) spectral
brightness within narrow seeded bandwidth

= Seeded mode available for user operations (J. Welch’s talk today)

= First step towards a terawatt FEL

Next step requires experimentally optimizing the predicted
benefits of a post-saturation tapering of the undulator strength

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Extra Slides
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Time domain picture of self-seeding “wake”

Characteristic coordinate

of transmitted field Exit surface
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Position of first peak
proportional to
Interaction area:
At d/sinf = constant

=» time delay scales inversely
with crystal thickness

Seed amplitude scales with
Interaction length

=» Peak power scales
quadratically with
crystal thickness

t R.R. Lindberg and Yu. Shvyd’ko, Phys. Rev. ST-Accel. Beams 15, 050706 (2012)
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Bragg crystals in transmission for “wake” self-seeding

Bragg’s law defines central energy Incident AReflected
of reflection A = A5 sind \ e
) ’
Reflection |R(E)|? \
L he \Transmitted
AEreﬂ ~ K < i
= Radiation has i/Tyaq > AF eq
Extincion M 14 => Large Region of T contributes
length A Effective crystal =  Seeding “wake” is determined by the
thickness d/sind difference T(E) — T(o0)

Transmission
IT(E)?

R.R. Lindberg and Yu. Shvyd’ko, Phys. Rev. ST-Accel. Beams 15, 050706 (2012)
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Bragg crystals in transmission for “wake” self-seeding

Bragg’s law defines central energy
of reflection A = A; sinf)
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Relevant spectral components interact
over entire crystal thickness
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