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Two-Color Lasing
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Talk Overview Two-Color

tn

_ K?
* How to get two colors: A= 27 (1 -+ )

° Four different generation schemes (plus combinations):
* SASE two undulators K, and then K,
- Tunable: color, delay, pulse duration
* ISASE interleaving K, and K, (zero delay)
* Two-Color Self Seeding AA| 4¢e;
* Energy distribution with two peaks Ay (or two electron beams

- Slotted foil +delay)
- Low L1X amplitude (found accidentally)
- Double pulse (“bunchlets”) with staggered Laser

° [Ah, 7]



Two-Color X-ray SASE FEL

1 A
GI—H\&
_ A. Lutman
Magnetic
Undulator chicane Undulator
' e- U, tuned at K, I_V[I—D\n . U, tuned at K, .
beam
Single Slotted
Emli?tg:ce :pgiler X-ray 1st Color
* Single slotted foil controls the pulse duration
* K, and K, control the output wavelengths
* Magnetic chicane controls the delay between the pulses
+ Easy to set up - Color 1 cannot achieve saturation

+ .
Pulse duration, output Wavelength A. Lutman, Y. Ding, R. Coffee, Z.Huang, J.Krzywinski, T.
and delay between pulses are Maxwell, M. Messerschmidt, H.-D. Nuhn,

independently controlled Phys. Rev. Lett. 110, 134801 (2013).



Experimental Results (i)

Two-Color Beam on SXR Spectrometer

80

Spectrum Intensity [Arb. Units]
[ Lad = m o = oo
= =] =] =] = =] =

—_
=
T

=

| | |
1500 1510 1520 1530

Photon Energy [eV]

| |
1470 1480 1490

Data from the SXR spectrometer
using the 100 lines/mm grating

Chicane delay 0 fs
Pulse Duration ~ 18 fs FWHM

1st sec. length: 9 Undulators
2nd sec. length: 10 Undulators

Photon Energy 1.5 keV
Beam Charge: 150 pC

Colors distance 19 eV



Experimental Results (ii)

Chicane delay O fs Chicane delay 25 fs
peak current 1.6 kA peak current 1.4 kA

€)) K,low K, high

Higher Lower
energy energy

1 1 1
N B~ O

Central electron beam
energy: 5800 MeV

Central photon beam
energy 1.5 keV

o A~ N O

Pulse Duration

20 10 0 10 20 20 10 0 10 20 ~ 18 fs FWHM
Photon Energy [eV]

Electron beam Energy jitter [MeV]

Photon energy is linearly correlated with the electron beam ‘Color Separation ~19 eV

energy; the distance between the two colors is fixed




Experimental Results (iii)

Photon Energy [eV]
30-20 -10 0 10 20 20 10 0 10 20

STV - oo o | oo o

0fs Colorl 40 uJ 60% 5.5eV
Colorll 60 uJ 30% 8.2eV
25fs Colorl 20 ud 58% 6.5 eV
Colorll 25 yJ 36% 7.7eV

Spectral Intensity
[Arb. Units]

0

6

4

2
0
2
4

4 Of

Electron beam Energy jitter [MeV]

20 10 O 10Ph2(t) E 20 10 0 10 20
cton Energy [V] Peak current: 1.4 kA Peak current: 1.6 kA
Scheme I, 0 fs delay Scheme 1, 25 fs delay

90 90

= =

= =

S S

O O

o 30 O 30

o
o

0 30 60 90 0 15 30 45
Color 2 [uJ] Color 2 [uJ] 4



Minimum Delay between Pulses (Chicane off)

1Al
el [y e
Undulator Magnetic Undulator
e U, tuned at K, r;ﬁcjﬁ;_ U2 tuned at K,
) U ‘
beam
x 10° - 3'_5)(10" | _x-ray 2" Color
Ve s :: Ve E( )/3 zz
~Ve + (C-Ve)/3 ]| ’ ~Ve T (C-Ve ,
0.6 1 ~C 1k 4‘ f
0.4: \ ) 05l 1)
0 5 10 15 20 0 5 10 15 20
~N1A/3 ~A/ 3 (N1+2 N2 )

Two-Colors delay ~ N A , N undulator periods in a single section (N1= N2)

@ 532 eV ~ 850 as / undulator (9 undulators) ~7.6 fs
@ 8.3 keV ~ 54 as / undulator (15 undulators) ~800 as 8



Two-Colors FEL — Beyond Scheme |

What we want to improve:

e Saturating both colors

* Allowing for true zero delay between the pulses also for
longer wavelength SXR.

* Closer source points

* Much narrower bandwidth

tn



Two-Color X-ray FEL — Scheme I

1 A

Undulator

GI—H\Q

A. Lutman

Magnetic Undulator Undulator

“e U, tuned at K, “ chicane “ U, tuned at K, “ U, tuned at K, “

beam “fresh bunch”
Double Slotted A A AR ampitcator x-ray 15t Color =

Emittance spoiler

* Distance between slots controls delay between pulses
* K, and K, control the output wavelengths
* Magnetic chicane must delay the head unspoiled electrons on

the trailing photons
+ Color 1 can reach saturation - More difficult to set up

- Minimum delay imposed by the
distance between the slots

A. Lutman, Y. Ding, R. Coffee, Z.Huang, J.Krzywinski, T.
Maxwell, M. Messerschmidt, H.-D. Nuhn, - Maximum delay imposed by the

Phys. Rev. Lett. 110, 134801 (2013). electron bunch length 10



Two-Color iSASE

SLAC
A. Marinelli
K1 K2 K1 K2
Beam
A1 gains A2 gains A1 gains A2 gains

A2 slips ahead A1 slipsahead A2 slips ahead A1 slips ahead

o A e A

A2 M A2 M 2 M N2 M

Alternating K1 and K2, instead of simply detuning gives a
Two-Color scheme instead of simple bandwidth reduction

For K1 = K2 it is the regular SASE

K1 # K2 gives 2,3,4 colors configurations, depending on the

phase advance.

A. Marinelli, A. Lutman, J. Wu, Y. Ding, J. Krzywinski,

H. D. Nuhn, Y. Feng, R. Coffee, C. Pellegrini, Phys. Rev
Lett, 2013 (In production). 1



ISASE Simulations

| Gainvs Detuning for different
color separation...
.| (normalized to rho)

Spectral peaks around multiples
of modulation periodicity...

12



Experimental Data

Alternating every other undulator:
3 spectral lines
Sidebands are clearly seen

+ Can generate true overlapped Two-
Color pulses also in the long
wavelength SXR

+ Source points for the two different
colors are closer

o1 AL
ol Py 7 W
(b) (b)
o 1 ——average 1 o 1r ——average
= —-—single shot = ~ ~ single shot
5 0.8 —linear theory a 3 0.8f — linear theory
g 2
E 0.6¢ 1 8 06F
> 204l
.*5 041 . 2 0.4
c c
002} 1 2o02r
c ‘ ‘ . o o .
- M‘{“"M I”le1 fhive \‘4\‘*4\«1/»M‘t‘r‘vr‘mwﬁ\,»‘wr ! | - i | 1{’!("\4““1"‘ H”"Nf[""""vﬂ” ﬁ | sty
825 830 835 840 20 825 830 835 840
photon energy (eV) photon energy (eV)

Alternating every other 3 undulators:
2 spectral lines

- Harder to tune up compared to
scheme |
- Time delay is not controllable



Molecular Science R. Coffee

Stimulated RIXS gives correlated electron motion
in femtosecond timescale C, N, O
K-shell resonances in 250 — 540 eV range
Electronic excitations ~5 - 10 eV

26

24 |

22

We want 5 — 10 eV color separations
in the vicinity of C, N and O resonances

20 +

Energy [eV]

18 -

| Phen-:;l

16 -

absorption

14 L

_ S

24 46 48 5 52 54 56 58 6 ;

photon energy [eV] 1 12 14 16 18 2
R[Ang.]

Honjou et al., Mol. Phys. 35 1569 (1978)




Expect a ~535 eV resonance for very short

delays

Resonance should change as molecule

Preliminary O2 results

dissociates on 10 fs time-scale

FEL fluctuations sample the time and energy 23 "

phase space

O++ counts

fluctuating FEL phase space

5eV

531eV

533eV
[Coffee et al., in prep.]

30

15 -
10 +
5 L

0

Yield [arb. units]

0.25

0.15}
0.1
0.05}

524 526 528 530 532
T T

5
4
3 L
2
1
0

[ B R A N U R - 5 |
T T

L ot _‘ .
L]
. "
I
o2+ .,
[ "
"
L]
. "
L O3t .
" .‘_
L]
[ ]
. [
_O4+
.
LA
" ]
L]
. "

524 526 528 530 532

2-color operation
531 eV + 534 eV

l

530 532 534 536 538

530 532 534 536 538

2nd color photon energy [eV]

[ T E N R T 5 I N 1

4 25
4 20
1 15
4 10

[on T = A B 0 T S 6 ]

0.25

40.15
10.1
~0.05



HXR-Self Seeding

2.5mm gas
detector

k4 : spectrometer Arggnne'&
Y i K
U1-U15 /chicane, U1, U17-U29 U30-U33 e dump m——
(om) 7 (32m) (52m)  (16m) -....__“ LXEHE
FIfEtL spectrum \ ist. ide-
- after . | :
diamond nd HXR Self Seeding
o] Crystal er demonstrated in 2012
. | e
3 v J. Amman et al., Nat.
B s Photon. 6, 693
Geloni, Kocharyan, The wavelength of the crystal notch filter depends on

Saldin, DESY 10-133 the crystal reflection used and on the crystal angle.



Comparison of Seeded and SASE FEL Spectra

el AL

Jhﬂ\o

How to get two s
energies (colors) ? 01

SASE FEL spectrum
B IRV

Add a second —

crystal, but there ~ 20 eV
is an easier way ... % .
Sl -
o ~ (2 G\
—0.1
o Self-seeded FEL spectrum
=l

—0.25

—-10 0 5 10
x (eV)

Hard X—ray self-seeding



Two-Color HXR-Self Seeding at Bragg Line Crossing

A 7o
e N

tn

Theory Experiment
Bragg 004 and Laue 220, Energy vs Crystal angle Self-seeded peak location

Seeding Lines for Bragg Planes [111]r [220]g [113]k [004]b Correlation Plot 10-Jul-2012 17:37:26

10000 30} * SIOC:SYSO:MLO0:AO680

Photon Energy [eV]

3
g
g
—
o
o
8000 E
g
[%5]
2
7000/ S
<
;
6000 S
6
[72]
U
: : : ‘%
5000 = 5 - n 5 00 -
54.5 54.52 5454 54.56 5458 54.6 54.62 54.64 54.66 54.68 54.7
/ Crystal Angle [deg] XTAL:UNDI:1653:MOTOR Rotary stage (deg)
Experimental lines F.-J. Decker et al., “Two-Color Self-seeding

and Scanning the Energy of Seeded Beams

at LCLS”, FEL2013, WEPSOO09
18



Two-Color HXR-Self Seeding (Tracking Movie)

1 A

GI—H\»

Ten shots average

4 XPP 9475.5eV, 06-Mar-2013 01:09:24

w10 #PP 9323.5eV, 06-Mar—2013 01.15:39

¥ 10

[#5

n

Counts [10 shot average]
— ]
[ u wn
Counts [10 shot average]

[
o

Peak 4. 194e404 & -16.5

(L]
w B~

FWHM 1.529

il
]

=k
T

A oo EV b B A e /\_)JLL

= a 0
e E?‘,. L 2L -200 -100 0 100 200

photon energy [eV] photon energy [eV] ‘e\

+ Colors bandwidth much narrower [- Distance (in photon ener W‘gust be
than SASE-based Two- Color schemes Within amplification ban\ﬁl th]

dlfferent refleg«‘&ﬁs]

[- No tu&@yﬂé time delay between pulses]
o

—
=

F.-J. Decker, J. Welch, J. Turner, Z. Huang,
J. Hastings, D. Zhu, M. Gibbs, H. Smith

20






More Crystal Lines: 3-11 keV
Yaw Angle Control Allows Two-Color Seeding at ANY Energy

o1 AN
Rules: [111]r [220]g [113]k [004]b [331]m [224]o [333]c [115]y [135] v
All odd or even 1000 == '
If even, sum = n*4 10000}
Colors: 9000
indices famil >
Y 2 8000
2
Line styles: 2 7000
In-plane: Lg
__positive:[aab] g 6000
- negative: [-a -a b] ™ ; ; =~ i 2"
| _ | NIV
[abc]witha#b L _iae=mTT 1 ;
3000____.:--—"1""" I | I |
40 50 60 70 80 90 100

Yaw = 1.3 deg Crystal Angle [deg] g



Seeding Chicane Side View

[-3-11], [-1-3 1]

e A
ol s 7
yaw
pitch N Spectrometer
SASE Diamond crystal Seeded
% 10% HXSSS 8450.5eV, 21-May—2013 18:49:11
2.5 ! ! !
—vyaw = 1.47°|
2—yaw=1.49° |
yaw = 1.51° Line pair:
y |

yaw = 1.53° ﬂ FWHM 0 7561

—yaw-= 1.55° pitch angle: 60.5°

—h

Counts [ 111 shot average]

o
&)

0 -~ ; i M
-10 -5 0] 5 10 15 22
Photon Energy Differnce [eV]



Seeding 12 Bragg Crystal Lines at FEE Spectrometer

Energy of 8.45 keV

Solid: in-plane

Dash: first two

minus

Dash-dotted:
out-of-plane
(will split with
yaw (or roll)
angle)

[lll]r [220]g [113]k [004]b ['3’31]111 [224]o [333]c [115]y

\ll i 1 n
n ‘ /,:': " : n
|| : 2 : ||
S~ - — g - N
n ; 4 E i L 1"
u ‘ ~Ylo - " o "
- no ~H 1
: ] J
E 8500k “ﬁ ____________________ : _ll.' ______ C”)',', _____ e 1 ”'[G_
"y, ' : f 1
5 = S5 @i ol |=  =| g
5 1w Nlo =y = T Y o
| B e SR o Bl B ; - 8 ~F1 3 . L — v D e
5 8450 o S\ i oy & =| S
= n - : ™ i ™ ” — = !!I\)
% n_. ‘_' u - ,, !IiN
" . )
< 8400F 1.2 bl s e B R
o n 11 : i
l.l. | ” l-l" l!
& | e 1 %
8350 “ ,,,,, no o el “
~ “ n f: : e
" I i } n
" T i : "
11 ‘ ] : 11
: n, i !
3300 1 \ ! ! ! -
45 50 55 60 65 70

Yaw = 0.25 deg

Crystal Angle [deg]

80



Yaw Angle to Put Off-Planes on Top Helped Define Angle

Offsets

el AL

Yaw Angle / deg

Yaw Angle VS Crystal Angle (Pitch)

ol s 7

roll offset: -3.73°

3
P, = 1.05e+01 + 3.60e-01 . 0
2.57 p, = —2.09e-01 + 1.15e-02 | yaW Oﬁset' -061
oL ,=9.94e-04+9.02e-05 |
1.5F [111]r [220]g [113]k [004]b [331]m [224]o [333]c [115]y [135] v

11000 :

1| e
10000

0.5 5 NN A , :

900077x.i TUNG _.....1..lf.;ul.é.“..”:...”..”.1....”.._

O npF= 2 > NSOV BN

RMS = 0.0124 deg L 8000} = T 2T e
_05 | I 1 1 1 1 1 g.] s ‘. : .
45 50 55 60 65 70 75 80 2 : . : ~oe
Crystal Angle (Pitch) / deg E 7000[= = T e T L TN
: - |

Best understanding of - | | | .
5000 T

actual crystal angle wol

response AN I R i i

40 50 60 70 80 90 100
Yaw =0 deg Crystal Angle [deg]



L1X at Low Amplitude Gives Two SASE Peaks 40-50 MeV Apart

o1 A
D AN

Two-color bio-imaging experiment at 7.1 keV around
the iron K-edge [MAD: Multi-wavelength Anomalous Dispersion]
[-1 1 3] and [1 -1 3] line pair

L1X amplitude lowered from 21 to 14 MeV

XPP 9475.6eV, 05-Mar—2013 21:28:27 2000
Older: AQCldentaI two-color 1800 -
3000f  with L1X low 1400}
2500f 1200
2000 1000 40 eV
1500} soor g
600
1000+
400 i
T M "Ml
200+ N
—?50 —I(IJO —SIO (I) 5I0 1(I)0 150 0 |

7080 7100 7120 7140 7160 7180
eV Photon Energy [eV]



Single Bragg Line after Tuning for Maximum Intensity

el AL

ol s 7

Second peak disappears with slotted foil in (horns get cut)

t
n

2
T

—
1

o
n

Counts 1 shot (r), 100 shot average (b)
N

\

* FWHM 1.646

< 10° HXSSS 8465.7 eV, 22-Jan-2013 18:32:16

Photon Energy [eV]

10



Double Pulse Setup and Measurements A. Marinelli
Pl , Photocathode MOPSO12
uise s L Puls 3
Stacker ‘x aser Fuise S
’ 5
=
O
Q
Double
Pulse .
/ Bunch Bunch lime
Compressor 1 Compressor 2 UNDULATOR Double X-
| | Ray pulse
'AVVA' N VA' bt olaainaaind
Linac \ [~
Electron N g I3
Gun > 5 Soev
&’ D~ i [
B q ] LAl W I
m " : w“m‘fiwr'j
t’"he time Photo, -y

Double pulse
psec delay

Double pulse
femtosec delay
~1% energy
separation



TCAVO0 Images for Different Delays

A T @cathode = 0 psec

=
(@]
S o
E
x -5 0 5
t (psec)
< 20
R 0 5
t (psec)
A T @cathode = 8 psec
&
kS
E
X

X (micron)

~~
<20
0
P
c
S -100
Q 0
£ 100
>
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o
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0
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.i
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Double Pulses at 9.1 keV and 12 psec Delay
Time Profile from X-TCAV Spectrum

A T @cathode = 9psec

: . —— Average
o 1 —— Single
40 A /\ g
— 08' i
(% 30} £ '
= S 06)
)
g 2 E o «
o s
10t © 0.2
O_MMMMM ! .
8o "o 50 40 20 0 20
Time (fs) AE (eV)

photon

+ This allows:
+ Two pulses with variable delay, energy,
seeding (not yet done), ...



Longitudinal Phase Space Comparison with XTCAV

ol AN

D e AN

Two-Color Seeded Double pulse: SASE

L1X low amplitude (14.4 MeV) Double pulse = 2 bunchlets

100} | 100}
200 | 200}
300} | 300}
400f 4 4001
500 { 500} E
600} 1 s00f
700} | 700}
800 1 8oof
900 t 1 900}

50 100 150 200 50 100 150 200



Summary

el AL

* Two-Color schemes were experimentally demonstrated at
LCLS

e Soft x-ray: Two-Color SASE with K1 and K2,
ISASE
* Hard x-ray: Two-Color Self Seeding on out-of-plane Bragg lines

* Double energy electron distribution:
- with one bunch (L1X)
- two bunchlets (Double Pulse)

* Combinations of these different approaches are very promising

32
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