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> Background of longitudinal phase-space measurements

> XTCAYV for FLASH II: basic studies
= X-Band TCAV

= Lattice and optics
= Resolution and optics optimization
= Jitter

> XTCAV for FLASH II:

= Bunch simulations and agreement of measurements

= CSR influence

> Summary and outlook
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> Tendency for shorter FEL x-ray pulses (user)
= Better time resolution

> Knowledge of temporal x-ray profile

> Conventional streak cameras and photodetectors
= Response time to slow
> XTCAV + spectrometer (indirect — bunch)

= Femtosecond regime
= Single shot
= Any radiation wavelength

= No interruption of user operation
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Motivation

> Measuring longitudinal phase-space downstream of undulator:

Y. Ding et al., PRSTAB 14, 2011 Vertical  X-ray

Horizontal ~ Dipole
&7

‘streak’
X-band Screen
RF Deflector

-

FEL Undulator

= XTCAV: longitudinal coordinate - horizontal coordinate (“streaking”)

= Dipole: energy - vertical coordinate (energy spectrometer)
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Motivation

> Measure longitudinal phase-space for FEL-on and FEL-off

= = = Centroid energy = = = Centroid energy 0.3
> 08 = 20/
z 3
£ 06 £ o 0.2
& 2 C. Behrens et al., Nat. Commun. &, 2014
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> Extract difference of time-sliced energy loss and energy spread

150

= Replica of x-ray FEL-pulse ——Using €

407 —Usingo, Single shot i |=-- simulated

1
o reconstructed " H '
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> Extract current profile

> Obtain x-ray profile %

X-ray power profile (GW)

B0 A0 =20 o it L] B .
Time (is} time (fs)
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Background of longitudinal phase-space measurements

> TCAV: longitudinal coordinate - vertical coordinate

Ay =5-A(
> o
| W TR - o Y
z > TCAV

weVy
c?|p|

= Calibration: vary phase and measure centroids t=C; -y = ﬁ Y

= Shear-parameter: S := R34

= Non-streaked beam size limits resolution:

# Ot,R = géfg()s)c Goal: oy g ~ fs < %

> Spectrometer: relative energy deviation - horizontal coordinate

= Calibration: vary beam energy/dipole current & measure centroids 6E =Cg -z = -~ -2

D,
- OSE,R = Ez((ss)) iGoal: 055 r ~ 10-1..1073 < PrEL
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XTCAV

> Assuming LCLS-like TCAYV for further considerations:

Frequency 11.424 GHz
Beam pipe diameter 10 mm

One cell length 8.747 mm
Phase advance per cell 213

Kick per meter [MeV/Sqrt
[MWI]]

31 MeV/m/Sqrt(20 MW)

102 cell structure kick

21.3 MeV/Sart(20 MV

Group velocity/ speed of light | 3.2 % (~23MeV@20MW)
Filling time 92 ns
Structure length (with beam ~94 cm (~1m)
pipes)
Vo ~ 46 MV Assuming 2 x 1m
f = 11.424 GHz @ 20 MW

Nils Lockmann | FLASH 2 TDS | 7.7.2015 | Page 7



Lattice and Optics - Current FLASH 2 Lattice

> Starting downstream of undulator
= Neglecting instruments and monitors (see “~/ttflinac/OPTICS/MAD?”)

Q3FL2SASE14.D  Q2FL2BURNQ3FL2BURN D4FL2BURN

iCREE

2.23m 0.31m 0.39m

9FL2BURNQ10FL2BURN D1FL2DUMP

undulator

XTCAV
> XTCAV-position

= Free space >2 m and some downstream for screen

= Screen: dispersion in non-streaked coordinate, none in
streaked coordinate

= Streak x = useless, streak y = screen between

D4FL2BURN and D1FL2DUMP
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Lattice and Optics - Current FLASH 2 Lattice

Ot,R —

\/Ey|p| . _c

Q/ By (tds) sin (A¥, D eVow

0.30} spg| UOFT ' - ' — g,
2 600 | Yy
0.25|
400 My
4‘ A 500 ﬁ
0.20] . :'l
rofile
3001 400
3 i L
EoislE | E
5 o “200 o 30|
" 010
2001
1 100 ,. g 70° <, < 110°
- 0.051 100l |
x' » Y, 1.2 rad <, < 1.9 rad
O . o.0] 0 ol é:£7"/x _____--"’/ .

s (m)

Twiss parameters--input: flash2_tds.ele lattice: flash2_tds.lte

IBy,tccw A 0.0 m Large area with sufficient dispersion and phase advance
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Matching

> Done with MADX

> For best resolution in both dimensions (< 1 fs and < e-4 equally)

> Screen position:
= As close to D1FL2DUMP as possible

N — D, #0m
Q3FL2SASE14.D  Q2FL2BURNQ3FL2BURN D4FL2BURN  \ndulator Q9FL2BURNQ1O0FL2BURN D1FL2DUMP o ---D,,D, #0m
e
N //// .....
N % '
223m  0.31m 0.39m 4.59 m 0.55m 0.12m 7.,\ 4
%
Screen %9 < ;’%
O
€n,zy = 2 pm, E = 1000 MeV‘ 0’0&‘\ &3
. . %
2 a
7 N
Setup 0) 0% AN
0?\
B, at tcav | 3, at screen | 1y | S | Ot.R | D, at screen | [, at screen | OSE.R o2
5.6m | 48 m | 120.6 deg | 155 | 4.8 fs | 0189 m | 2.9 m | 2.8-101 Ke

Nils Lockmann | FLASH 2 TDS | 7.7.2015 | Page 10



Match Quad strengths

> Matching of all quads in accordance with boundary conditions

= DUMP: D,,D, <2 1073 m
Bz > 600 m, 5, > 450 m
= Quads: k| <5 m* D, #0m
Q3FL2SASE14.D  Q2FL2BURNQ3FL2BURN D4FL2BURN Q9FL2BURNQ10FL2BURN D1FL2DUMP r
-D,,D, # 0 m

223m  0.31m 0.39m 4.59 m 0.55m 0f2m 7,\
6

Variable Final Value Initial Value Lower Limit Uppdr Limit

k1q2fl2burn 2.82611e+00 2.68390e+00 -5.00000e+00 5.00000e+00

k1q3fl2burn -9.11612e-01 -1.48955e+00 -5.00000e+00 5.00000e+00

k1q9fl2burn 1.69508e+00 1.69911e+00 -5.00000e+00 5.00000e+00

ki1qiefl2burn -8.14947e-01 -8.18808e-01 -5.00000e+00 5.00000e+00

k1q3fl2dump -1.33854e+00 -1.44598e+00 -5.00000e+00 5.00000e+00

k1q4fl2dump 7.25189e-02 2.04799%e-01 -5.00000e+00 5.00000e+00

k1q5fl2dump -3.13247e-01 -3.21019e-01 -5.00000e+00 5.00000e+00

Setup 1): better time resolution

B, at tcav | 3, at screen Wy S ot,r | Dy at screen | 3, at screen O5ER &

0.) 5.5 m 48 m 120.6 deg | 155 | 4.8 fs 0.189 m 29 m 2.8.10*
1.) 5.5 m 49.2 m 108 deg | 172 | 4.3 fs 0.189 m 1.32 m 1.9-107%
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Q3FL2SASE14.D

Match Quad strengths and positions

Q2FL2BURNQS3FL2BURN D4FL2BURN

Q9FL2BURNQ10FL2BURN D1FL2DUMP

2.23m 0.31m 0.39m 3.39m 1.85m 0.
Variable Final Value 1Initial Value Lower Limit Upper Limit
k1g3fl2sasel4 -2.75769e+00 -3.67505e+00 -5.00000e+00 5.00000e+00
k1g2f12burn 1.20249e+00 2.68390e+00 -5.00000e+00 5.00000e+00 Y,
k1q3fl2burn -2.41003e+00 -1.48955e+00 -5.00000e+00 5.00000e+00 % Tz
k1q9fl2burn 1.64118e+00 1.69911e+00 -5.00000e+00 5.00000e+00 7 \ AN
posq9fl2burn 7.39840e+00 8.60500e+00 4.01943e+00 9.15930e+00 o AN
posq10fl2burn 9.61784e+00 9.51000e+00 9.51000e+00 9.87860e+00 »
k1q1efl2burn -1.07771e+00 -8.18808e-01 -5.00000e+00 5.00000e+00 u?\
k1q3fl2dump -1.65019e+00 -1.44598e+00 -5.00000e+00 5.00000e+00 S
k1g4fl2dump 1.04874e-01 2.04799e-01 -5.00000e+00 5.00000e+00 %
k1q5f12dump 2.75627e-01 -3.21019e-01 -5.00000e+00 5.00000e+00
Setup 2) better energy resolution

By at tcav | 3, at screen (o S o¢,r | Dz at screen | 3, at screen OSE,R
0.) 5.5 m 48 m 120.6 deg | 155 | 4.8 fs 0.189 m 2.9 m 2.8.10°%
1.) 5.5 m 49.2 m 108 deg | 172 | 4.3 fs 0.189 m 1.32 m 1.9-10*
2.) 6.0 m 78.4 m 148.5 deg | 125 | 7.5 fs 0.09 m 0.14 m 1.3-107¢

Feasible and desirable? THz-Undulator + worse time resolution...
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Jitter

> Calibration constants with jitter (worst case)

= Beam Energy: 0.1% - Energy and Phase scan

Oz it = D - 0sE jil

Oyjit =S - C-t- 05k jit

= XTCAV amplitude: 1% > Phase scan
Oy.jit =9 - C-t- 05, jitt

= Beam arrival time: 50 fs > Phase scan
Oy.jit = * C* Ot jit

= XTCAV phase: 0.1° -> Phase scan

. — S, .
Oy, jit = ~ " T¢,jitt

> Setup 1 sufficient, simulations with elegant
= Largest S and biggest Dispersion

> 2CMm X 2 cm screen

> 10 shots for each step
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Jitter

D reen
Beam energy: Sewp | Daexp at scree

Energy-Scan 172 | 0.189 m Phase-Scan
o %s5,5=0-1%, N=10d,,,,,,,=20.0mm  §im=0.1%, N=10, d,,,..,=20.0mm
o0 NZ e N:
—~ 5l — linear fit|. —_ I — linear fit||
= = 5
£ i i average £ i 1 average
O Y—
X sl T s
10 ->1/C; =D, =(0.19440.007) m 1> 1/(Cy +€)=S,0,,=173.0 £0.3
—10 -5 0 ) 5 10 @ Y 589.489.6 89.8 90.0 90.2 90.4 90.6 90.8
0 (1077) Phase (deg)
XTCAV Amplitude:
Phase-Scan
10afm.z-f=1.0%, N=10, d,,..,,=20.0mm
[ 2N ] N’a‘,
5l — linear fit|.

i § average

©

1> 1/(Cy +0)=S,,,=173.340.5
_]8% 2 89 4 89 6 89 8 90 0 90 2 90 il 90 6 90.8 Nils Lockmann | FLASH 2 TDS | 7.7.2015 | Page 14
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Jitter

Beam Arrival: Seap | D eap ab screen —yropy phase:
Phase-Scan 172 | 0.189 m Phase-Scan
gy = 50 Ofs N 10 dscreen=20.0mm a,..=0.1deg, N=10, d,__..=20.0mm
10224 ‘ : 10225 . ‘ ‘ . . ‘
. ! ® @ N,‘,’ [ 3N ] N’a‘,
5l — linear fit|] 5/ — linear fit|,
i i average i i average

© ©

y-Offset (mm)
(@]
y-Offset (mm)
o

I
Ul

1> 1/(Cy #¢)=S,,,,,=151. 8ilg4 . 1> 1/(Cy #¢)=S,,,,=165.5 +8.8
:289.4 89.6 89.8 90.0 90.2 90.4 90.6 90.8 ~¥9389.489.689.8 90.0 90.2 90.4 90.6 90.8
Phase (deg) Phase (deg)
Phase-Scan
9, ;#=50.0fs, N=10, d.,..,=20.0mm _
10 N « Smaller scan range or bigger screen
o s _  Calibrate with lower TCAV power and scale
56 — linear fit| v,
Sp=Ye.8
i 1 average h V) l

y-Offset (mm)
o

M

A
[ 4
[

Jitter should not be a problem!
1> 1/(Cr #¢)=S,,,,,=165. 5+23.3

pa,m
_]8%4 89.6 89.8 90.0 90.2 90.4 906 _
Phase (deg) Nils Lockmann | FLASH 2 TDS | 7.7.2015 | Page 15




Bunch simulations

> FEL-off (start to end simulation)
Q = 0.25 nC; I, = 2.5 kA; E' = 1000 MeV; €y, » = 0.82 pum; €, = 0.75 pm

¥

By at tcav | 3, at screen Py S Ot R D, at screen | 3, at screen OE.R
0.) 5.5m 48 m 120.6 deg | 155 | 2.9 fs 0.189 m 2.9 m 1.8-10~*
1.) 5.0 m 49.2 m 108 deg | 172 | 2.67 fs 0.189 m 1.32 m 1.2-107%
2.) 6.0 m 78.4 m 148.5 deg | 125 | 4.6 fs 0.09 m 0.14 m 09 -10~*
> Elegant simulations (250 000 macroparticles) Start

> Proceed as in experiment

= Calibration: Scans

= Temporal resolution: non-streaked beam size

-3
5, (107%)
o

1950 =100 =50 0

t (fs)

50 100

150
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5, (107%)

X - Cg (10°%)

_];q-

10

50 —100 =50 0 50 100
t (fs)

150

reconstructed orp = 2.93 fs

1950 =100 =500 06 50 100

y - C; (fs)

150

10 End ofTCA\l
TCAV adds energy 5|
spread (Panofsky-
Wenzel-Theorem) 7 0

_5,

~1055 =700 =50 0 50 100 150

t (fs)
Setup 0)
| S | our | oser

0.) | 155 | 2.9 fs | 1.8-107"
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Setup O

current profile
Spara=-155.0, 0,=2.93fs, D, =0.189, Q=0.25nC, SR=o0ff

3.5 T T T T T
30r ] Setup 0)
25 | S | Ot.R | OSE.R
| 0.) | 155 [ 29fs | 1.8-10~*
<20} — start, Q=0.25nC, 0,=49.0fs 1
‘s‘ — end tds, Q=0.25nC, 0,=49.0fs
Sasf — measured, Q=0.25nC, 7,=49.1fs ||
Energy profile
S,...=-155.0, ¢,=2.93fs, D,=0.189, Q=0.25nC, SR=off
para i T
1.0} E 5000 . | |
0.5} B
4000 |- .
0.0 L L 1 -
=150 -100 -50 0 50 100 150 3
time (fs) &
1}
5 30001 —  start, g, =1.4e-3 1
@ — end tds, 0, ,=1.8e-3
Q
; 50001 — measured, o, ;=1.8e-3 ||
=]
E
=]
=
1000 - .
°% =5 0 5 10



CSR influence

> CSR because of dipole could have influence on measurements

current profile
S,ara=-155.0, 0,=2.93fs, D, =0.189, Q=0.25nC, SR=o0n

35 ; : : : .
3.0} .
sl | Energy profile
' S, =-155.0, 7,=2.93fs, D, =0.189, Q=0.25nC, SR=0n
5000 . ; .
<20} — start, Q=0.25nC, 0,=49.0fs 1
‘5‘ — end tds, Q=0.25nC, 0,=49.0fs
§ 15} — measured, Q=0.25nC, 0,=49.1fs | 40001 i
]
1.0} 1 >
5 30001 —  start, o, =1.4e-3 l
0.5} | ki — end tds, 0, ,=1.8e-3
: 1]
5 — measured, =1.8e-3
= 2000 | ToE(E 1
00 Il L L 'E
=150 -100 -50 0 50 100 150 £
time (fs) =
1000} .
No relevant influence © . | ,
-10 -5 0 5 10
5, (107%)
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g, (107%)
g, (107)

reconstructed, o, ,=2.66 fs

x - Cg (10°%)

50 —100 —50
y - Cr (fs)

10

150

End of TCAV

50 —100 =50 0 50 100 150

t (fs)

S Ot R O5E.R

155 | 29fs | 1.8-107%

172 | 2.67fs | 1.2-10~

Nils Lockmann | FLASH 2 TDS | 7.7.2015 | Page 20



Setup 1

current profile
Spara=-173.0, 0,=2.66fs, D, =0.189, Q=0.25nC, SR=0n

3.5 T T T T T
Setup 1)
3.0+ i
S Ot.R OSE.R
| | 0) [ 155 29fs [ 1.8-107F
1) | 172 | 267 fs | 1.2-10"*
<20} — start, Q=0.25nC, 0,=49.0fs 1
‘é — end tds, Q=0.25nC, 0,=49.0fs
3 15t — measured, Q=0.25nC, 0,=49.1fs |} Energy profile
S,.ra=-173.0, 0,=2.66fs, D, =0.189, Q=0.25nC, SR=on
5000 T T T
1.0 =
0.5} ] 4000 | -
5
0.0, - : ' p
-150 -100 -50 0 50 100 150 —
time (fs) g 30001 —  start, o, p=1.4e-3 I
E — end tds, 0, =1.8e-3
Q
; 000 | — measured, o, =1.8e-3 |
=]
£
>
=
1000 + E
0 i |
=10 =5 0 5 10



8, (107%)

X - Cp (1073)

~1950 =100 =50 0 50

y - Cr (fs)

1o End of TCAV
5,
-5
50 —100 -50 0 50 100 ~1955 —100 —50:.': 0 100 150
t (fs) t (fs)
10 reconstructed, 0,=4.63fs
5| Setup 2)
S Ot,R OSE,R
of 0.) | 155 | 29fs | 1.8-104
B 1) [ 172 [ 2.67fs | 1.2-10°
2.) | 125 | 46fs | 0.9 -107*

150
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Setup 2

current profile

S ..=-125.5, 0,=4.63fs, D, =0.089, Q=0.25nC, SR=0n Setup 2)
35 — ' . ] :
S Ot.R OSE,R
50t — 0.) ] 155 | 29fs | 1.8-10~*
1.) | 172 | 2.671fs | 1.2- 104
25 ¢ i
. 2.) [ 125 | 46fs | 0.9 -10~*
< 20} — start, Q=0.25nC, 0, =49.0fs : Energy profile
s S,u=-125.5, 7,=4.63fs, D, =0.089, Q=0.25nC, SR=0n
c — end tds, Q=0.25nC, 0,=49.0fs 5000 . . .
§ 1.5} — measured, Q=0.25nC, 0,=49.2fs ||
1.0+ | 4000 + i
5
0.5 - 5
v
5 39001 — start, 0, —1.4e-3 1
g - —1 8e-
%956 -100 —50 0 50 100 150 3 end tds, o;z/p=18e-3
time (fs) 5 — measured, 0,,,,.=1.8e-3
g 2000 SE/E 1
£
=
=
1000 + E
0 i |
=10 =5 0 5 10

8, (107%)
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Summary and Outlook

> 3 different setups

= Screen position; + quad strengths (better time resolution); + quad positions (better

energy resolution) S oi R OSE R
> Jitter can be dealt with 0.) | 155 | 29fs | 1.8-10""
_ 1) | 172 | 2.671fs | 1.2 10~4
> CSR has no influence 2) [ 125 | 46fs | 0.9 103

> Sufficient results for all 3 setups

= Should be able to resolve FEL effects

> FEL - pulse
> Comparison simulated x-ray pulse and reconstruction
> Which setups are feasible and which is best suited?

> Changing optics before TCAV could highly improve resolution

= Larger 3, 495 = S ~200 m — oy < 1fs
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BACKUP SLIDES
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Shear Function S and Longitudinal Resolution o, g
5 = /Bx(sg) Bx(s) - “—I‘;‘.‘E - sin( Ay ) ~ 1/E
Tx ey 1 1
7en =S =V B s aawy W _———

Relative Energy Resolution o5 z

(T
aﬁﬂzﬁf:ﬁffﬂmfﬂy-@ ~ yJeng/E
Absolute Energy Resolution: oz 3 = o055 - E ~feny B

Nils Lockmann | FLASH 2 TDS | 7.7.2015 | Page 28



p (m.c)

CSR influence

CSR off

Plat 1 of 1

19701

1965

19601

19551

189501

19451

19401

1935(

EmsTEcm B s3vanImanT & BxTaseaq0T

t (s)

watch—point phase space—input: flashZ_tds_Ips.ele

B naTanaoa o

T & maTanaC- o7

lattize: flashZ_tds_Ips.lte

p (m.)

CSR on

Plot 1 of 1

19707

1965]

19601

19551

19501

19451

19401

19351

T T [ECEETEER T eaTTAHTnT

t (s)

watch—peint phase space—input: flashZ_tdsdps.2le  lattice: flashZ_tds_lps.lte

Simulated longitudinal phase space at screen
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Correlations

> Intrinsic effects can lead to initial t-yp correlation

> Systematic error on measurements

> Can be corrected by a second measurement changing the TCAV phase

by 180°

> However was not observed here!

Leongitudinal Phase Space: real distribution

energy deviation { 10_3}
=

—40 =20 0 20 40
e (Is)
Longitudinal Beam Profile

3000
25000
2000
g
< 1500
&
& 1000

500

0

= Real: in front of the XTCAY
—— Simulated Measurement: at screen
—— Simwlated Measurement: phase—[lip|

=d4(] =20 0 20 40
e (Is)

4

Lengitndinal Fhase Space: simulated measurement

cal, energy deviation (10’3)
&

—d0 =10 0 20 40
cal. time (s
Projected Energy
G0
= Real: in front of the XTCAY
S000F |— Simulated Measurement: at screen
—— Simulated Measurernent: phase—[lip|
g 000
E
= 3000
£
S 2000
1000
_04 =2 0 2 4

Behrens, Ding et

eTrgy deviation (10 3')
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Reconstruction of temporal x-ray profile

The 2011 PRSTAB implies the x-ray profile P, (t) can be inferred from either the shift in the

® PRSTAB 20' |: . slice mean energy or the slice energy spread as either
- absolute with AE

‘ + Py < 10 [ Eg 0) ~(E,, )]
- relative with O

P__ (1) o pr (1)

® T. Maxwell

[ |
|
|
|
) 1
- calculations \ Y

B, () =0 |e3 0 -a% 1)

T T
30— From energy loss O 12

From energy spread

Power (GW)
=
() yuemp)

—_
==l

Nils Lockmann | FLASH 2 TDS | 7.7.2015 | Page 31
Time (fs)



