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X-ray FELs enable new science
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Femtosecond X -ray protein nanocrystallography

nu-yuc ', Pura Rocecms®, Acton Rumy?, m-nmnn—nwna-nwli&un-f
Cuciel?. woces, OwwWelsneatr, 2. Gruce Cook *, Rigs B. K. r.nn‘ ey, wich,
n—w‘.umudlmmwuﬂmu.w.—n'. n-—-f.uuudl'.
ok, Lizz Poucart .au,wmn-.“‘.'- A g
~, NI _m-“ .C Sl g,
|, Becpnin B4, Dt Cwletn ', Dunded.
Coet Bt b Coem e ® “ atd, - -,
RAatn . s Sckta, K -vwe Kt f M e M smseonch it mnhu'nnv
Nt .uunsmhqnf' R yeact . Srma®, Dk S, Gty .

W, " *, Rocko § .
m‘l’uﬁ.mw Clas-Clates Schetion, Pacce Kracd g, Masko oer’, Kandn B n-n‘.m
Grocobarer’, Tacma M. Rokoe, Thooms R N Raeade’, R kband Fecm®, 2a8.00 Mandwed ¥, Ra koo

e ety e N 8 e o e b i

PRL 104, 25300 (2010) PHYSICAL REVIEW LETTERS et
£
Ultraintense X-Ray Induced lonization, Dissociation, and Frustrated Absorption
in Molecular Nitrogen

M. Hoese'? L. Fang,' O. Korsilov,” 0. Gessmer,” S. T Pra.* M. Gz’ B P Kanter * C. Blaga ® C. Bosedt,”
1D. Borzk,” PH. Backshusm,? C. Buth ™ M. Chea” R Coffee,” 1. Cryan,” L. DiMmm,® M. Glowsia,” E. Hoses,"*
E Kukk "' S.R. Leone M0 B. McPadand? M. Messerachmide,” B. Murpity,' V. Petsovic,? D. Rolles,'? and N Bermb-*
lﬁ‘unum" Physics Depy & Mickigan $008, USA
Advanced Light Sowrce, Lawrence Berkal ey Natioval Labaratory, Berkeley, California 9520, USA
’Ubduxm&lnnbmaned Sciences Division Lawrence Berbeley Nasional Laboraary,
Berkeley, 4720, USA
mponne Nasional Laboratory, Argonne, Hilinois 60439, USA
Hurmrunp#wunum SLAC Natianal Accel erator Laboratory, Menlo Park, California 9425, USA

” by Sersd
3 = e
m%-mn‘m—:: Aass gt et

AT | High-Resolution Protein Structure

'uwcdnuu.um Pusk, California 94025 USA
L of Physics, Lové vk &-c' ,MGMLMMUM
®Lawrence Livermore National L Livermove, California 9550, USA
“Deparmeres of and Pleysics University of California, Imcdpvnawm.um

Received 3 May 2010; published 23 Juse 20105

.‘4?.‘.‘:.:".:‘—.‘:,‘.‘.‘.‘:’& Determination by Serial
i‘;‘:“‘“‘&:‘:‘.‘m s-x=| Femtosecond Crystallography

s studied with femtosecond thme

LETTER -

i
- ms § ameaynl) Sdhastian Bouset ' ik Losh 3 Gach 1 * Yooemea R AL Barweh 3
"‘""""“""“"‘"‘"— .t Dk, e Wewa i n-ur-\-.-s-—"l-u.—’]

o

e e o s T moore] et sl Pt e o "'.‘.‘,'... e
Gunthe Nalle, ul.—"“ 1&.‘ Mak W Taty,” Martane Wromald,”

il k) st 4w i U [ pE— -.—-n. n--q --l-—- p-cu.:-g

suaseee==| Time-resolved pump-probe experiments at the

Single mimivirus particles intercepted and imaged LCLS
with an X-ray laser Jamas M. Glownis*** L Crynn J. Andresssco.’ A Belkacsm N, Barrub* C. L
::rmmuﬂr.c:wuwugawm._’::;ﬁm Bh',’C. Lb&, LRM’LM‘LWL‘OG—.’M

ak o.hlﬂw P
ek ._.ﬂ :I.‘.‘:..,...“‘S.., c,.‘...,.."“"....-“"".,.."""u..n S - f B M B, D i B M . & P S €
h D.II.;“D.A M"‘M.'h’hl}l.m’w m'lwlh..l.

o sructure of e large group of ot tocrytalos

e od ot ad s v grenth e v:ng- e Col HL-!. Bucksba
o ey ¢ e ety pd oromy ! . Rabap. Fia-Rage, Matzhise s B, ion T iy . ) RN Colhe, H om _ _
w‘zwm‘mm“_mh_““"::"m“‘ ad '—llww“",:gﬁwh ", Gaoeg L] AT -S15.00USD Received 21 May 2000; revised 3 Jud 2010 wacapied 24 Jul 2000; peblisked 2 Ang 2610
A R I [ C L [__ S futy g e pv e 3 " “"W__.‘. . ol . -"“""“‘;.. Y i e e, (€)2010 0SA 16 Augeat 2010/ Vel. 18, No. 17/ OPTICS EXPRESS 17620
areem k. with wcrotron dita demcrtrates the s abats rdmvance of 9% for sralyding ' m#maau-u"mn-—-

w—w n-nw om Nissce, “iw‘b-ﬁ-w

Selected for a Viewpoint in

Femtosecond electronic response of atoms
to ultra-intense X-rays

L. Young' E.P.Kanter’ B.Krissig’, Y.L/, A M. March’, ST. Palt’, & Santra’*,S.H. ' N P

‘. F] Physics vt
i, ol e - o - PRL 109, 065002 (2012) PHYSICAL REVIEW LETTERS mmhz

e R e

Direct Measurements of the Ionization Potential Depression in a Dense Plasma
Q Ciricosta,' $.M. Vinko,' H-K. Chamg’ B-L Cha,” C.R.D. Brown,* T Buriaa” J. Chalupsky,” K. Engelhorn,”

0 o s 1 T, Bt e st Mg Ry S
00 o o bo el i ¢ e X o s s ¢
oyen B bcdapial sl ¢ g e m bt whih

L.F. DiMawre’, G. Doumy*, C. A Roedig’, N Bewal’, L. Fang’, M Hoener", P. H. Bucksbaumy’, 1 P.Cryan”,
S.Ghimire’, ). MLGlownia’, D. A Reis’, 1 D.Bozek”, C. Bostedt” & M. Messersc hasidt”

A o of Ngh-bsbassaity. hasd i e "

R W.Falcome™ C. Graves,” V. Hfjkovi® A_ Higginbotham' L Juba® J. Krzywimaki” H. L ln,’ll.ll-m’
cnu-plq,'vmlos m'xm’ws&m’s.nﬁb;’l J. Tamer, L Vysin® T Wasg’
B Wa, U.Zawnn '’ D.Zhe’ R.W. Lee,” P Heimasa* nm;bg’-u&wu"

n-num—b!-n—f.u-‘nu e
- ” o

o e o g ok 2-am o s i o .
-

! ““‘w'ﬂ*‘”*“
hhh}ﬂdh.ﬂ*ﬂhuhun* ol o4 d

Yot sy/atom Intera d o s tion ap o ach for eaten st o complex systera.

... and this proposal

o it L th L Cirat Light S (LC1S) Urnc o I st r ap s SIS i ”
s s st for o Fane e v Bha s of the eincionis o & o st o b0 st gt ndy bghe s lerins
o Tl TR et T e b e
M--A1nnhnhmwm“mlhmd-“mnxq L I PR P A e—-—
o of sl photoms. Ragid L - L.

Dep of Physics, Clarendwm Laberatory, University of Qxferd, Parba Road, Oxford OX1 3PU, United Kingdom
Aomic and Molecl o Dot Unit, Neelear Data Section, INEA, F.O. Box 100, A-1400, Vienna, Awstria
Lawrence Berkeley Nati anal Labovatory, 1 Road, 720, USA
Physics

iucm Accelerator Laborory, 2575 Sand Hill Rocd, Menlo Pask, California 4025 USA
t Nasional Lab . 7000 Exst Avense, Livermore, Califarnia 54550, USA
Destaches- Ele b L DESY, Natk, &5, 22603 Hamburg, Germany
19100, Friedrick-Schille r-Universiodt Jera, Max-Wien-Plasz 1, 07748 Jena, Gemany

seeks adding to XFELs new

functionality customary for atomic lasers.



Cavity modes and frequency comb*™

Single pulse.

Wi

* Aw is defined by atomic linewidth or gain bandwidth

Cavity with a round trip time = T.}

/N

N
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A repeated waveform generates a spectral comb
» Mode spacing o =2xz/T

* Number of modes: M = Awlw,

* Linewidth of a mode ~ 1/N

“A.E. Siegman, Lasers (University Science Books,
Sausalito, USA, 1986). See Chap. 27.
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Courtesy B.W.J. McNeil



Signal Spectral intensity

N-1
eM(t) = Ee(t—nT) ](N)(a))~‘§(N)(w)‘2
n-0

Applying Fourier time shifting identity and summation

N-1
Fle(t—=nT)) =™ Fle(t)} Y= (=) (1-e"")
n=0
One obtains:
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When the axial modes are all in phase, then the time-domain signal has a pulsed
pattern, closely resembling the comb structure of the frequency domain:

) N-1 e sma I o~ Nayt (equal field amplitudes are
EV()=€,) e =g e — assumed for simplicity)
n=0 1 —€ ’
2
sin(Nawt / 2
J (1) = ( ) 7 (1)
sin(wt / 2)

Intensity, I(t)
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Modulation at round trip frequency or gain modulation causes mode-locking.
A periodic pulse structure of sufficiently short pulses can be obtained when

mode phase lock. Often locking only neighboring modes is sufficient.




FEL gain modulation through peak current medulation:

Optical manipulation of electrons to obtain a “train” of microbunches

Modulation Acceleration Bunching
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optical wavelength

Region with large peak current gives the dominant
x-ray radiation synchronized to laser source
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Mode Iocked FEL wnth electron time delays’

w
> S <
56| locked phases Opt|Ca| Iaser / \
_ I, /
2 H ‘F\lrw; Hﬂ || ‘w\ﬁ“” ,wﬂr "l‘:lja_ _ v,._m'\‘ st .,um‘ \
L i “‘ — 27 iﬂ -; ‘r / ‘\
15| w, g 1 ] ,l’ I\ -
1 'H‘]]Hlx' W“J I’nllmu’\ J]HIUIJ \WMH'H‘JI L J ||[[ H‘J || f\w“‘lﬂl”[[ J] |||I| ‘ﬁ H‘Uﬂi =1 |
0.5F random phases 2 B
00 0.5 1 15 2 25 3 35 4 2.5 5 Sidebands
time (a. u.)

Electron delay

Do, oS PP a PP P
—f'ff—f'ff__f‘l‘f‘_ﬁ’

. Radiation pulse

Y N
._————.:———;f“'\——_;’“ . Electron bunch
- \~’/
sl -- 0

* N.R.Thompson and B.W.J.McNeil, PR, 100, 203904 (2008):
E. Kur, et al., New Journal of Phys., 13, 063012(2011); :
C. Fena. et al.. Phvs. Rev. ST — AB. 15. 080703(2012). Courtesy B.W.J. McNeil




SASE spectrum averaged over 5 runs

Optimized Current-modulated Spectrum Averaged over 5 runs
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I X-ray signal of Generation of multiple
i mode-locked FEL frequency lines may enhance
I the capability of FELs in some
i specific applications:
I a) transmission and
i reflectivity spectra of
i various materials;
i b) resonant inelastic x-ray
| me ULV )/ L, | scattering (RIXS);
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Self-seeding is a new path to a mode-locked FEL"

|
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*D. Xiang, et al., Phys. Rev. ST-Accel. Beams, 1050707(2012).



Possible implementation at the LCLS

Bunch Bunch
Compressor-1 Compressor-2

rf gun

_/_\_ Dog-Leg 2
Linac-0 1 X f — Undulator

Linac-1 Linac-2 10 period Linac-3 .
B clcctromagnetic  Chicane buncher
3 mJ Ti:Sapphire laser  wiggler (~3 m) Rse ~ 0.5 mm

(3 W ave. power) New Components

Schematic of equipment additions within current LCLS layout.
Iltems highlighted in cyan are the new components.
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Possible implementation at the LCLS (2)

Nominal parameters used in simulations Wiggler magnetic field
Parameter Symbol  Value
Peak laser power 1.3 GW
Electron beam energy spread o, 2MeV
Wiggler length L, 2.5m
Wiggler period Ao 255 cm 5 %) = 1o s
Wiggler parameter value 31 z (cm)
Energy modulation amplitude Ay 4 MeV Amplitude of energy modulation
Electron energy at wiggler ymet 45 GeV _ L R L .
Electron energy at buncher yome2 136 GeV 2 8
Momentum compaction of buncher ~ Ryg  0.55 mm Z 6
Total length of buncher <10m .§ .
Final spike peak current Lok 10kA § i P
Current spike duration (FWHM) 0.5 fs S 2 i e o
o1 2 3 4
Energy (m)J)



Possible implementation at the LCLS (3)

Bragg reflection condition from the (004) atomic planes of diamond

Length over which the field is
reflected from the crystal ~ 23 um

l / Bragg angle ~ 54°, 8 keV x-ray

2 .
NA s1n6’z15fs

ki
wake Cd

"

At

Diamond crystal thickness, 100 um

Duration of the “wake”




P (GW)

Possible implementation at the LCLS (4)

Simulation results
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0 2 4 6 8 -15 -1.0 05 00 05 10 15 -1.5 -1.0 05 00 05 10 15

time (fs) Aw/w x1073 Aw/w x1073

Single shot x-ray  Single shot x-ray spectrum Three statistically independent
power profile trials showing the fluctuation
level due to SASE
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Possible extension to a better mode-locked FEL

Using reflection from 331 atomic planes in diamond for 7.6 keV x-
rays leads to a seeding wake structure = 50 fs and = 40 fs long
bunch train”

1.0 ' ' 1.0 ' T 1.0 ' '
(d) Ar = 0.8 um (e) Ar = 1.2 pm ® AL = 1.6 um
08 7 0.8 y 0.8 .
5 067 1 E o6t -
1] g %‘
204+ = - 4 O _ ]
= % 0.4 2 04
021 J ! | 1 02l 17 02l l |
0.0 LJL TR L. 0.0 0.0 Lss A_Lll
-1.0 05 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0
Aw/w x1073 Aw/w x1073 Aw/w x1073

Single shot x-ray power
profile as before, but with
5 times narrower spikes

Changing laser modulation frequency
allows control over spike separation

* longer delay chicane than is presently available at the LCLS self-seeding
monochromator is required
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1)

ESASE

+

Summary

self-
seeding

mode-
locked FEL

2) Implementation of mode-locking at LCLS is possible
with minimal perturbation to current operation

rf gun

Bunch Bunch
Compressor-1 Compressor-2

Linac-0

Linac-1

Linac-2

3 mJ Ti:Sapphire laser
(3 W ave. power)

_/_\_ Dog-Leg 2
X /4 - Undulator

10 period "3¢3 _
electromagnetic  Chicane buncher
wiggler (~3 m) Rse ~ 0.5 mm

New Components
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