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Motivation

Accelerator based THz source for pump-probe experiments at the European XFEL

X-ray | Pump
— &
Probe
E.A. Schneidmiller, M.V. Yurkov, (DESY, Hamburg), M. Krasilnikov, F. Stephan, (DESY, Zeuthen), THz —
“Tunable IR/THz source for pump probe experiments at the European XFEL, Contribution to FEL 2012, Nara, Japan, August 2012
THz source requirements: PITZ Highlights:
- Tunable > f = 0.1...20 THz (A,gq = 3 mm ... 15 um) *Identical pulse train structure as XFEL
L] LN ’r'a (RN}
« Various temporal and spectral patterns, polarization - ideally narrow-band _HHH“““W uptolms  y HHHHHH““W t
> dw/ ~0.1..0.01 200 ms /

* High pulse energy W > 10y (uJ - hundreds of yJ - m], depending on f)

«  Time jitter - from CEP (few fs) stable for field driven to "intensity" driven - High charge feasibility (up to 6 nC)

dynamics (~longest pulse duration) = o;~ 0-1/f » Advanced photocathode laser shaping
* Repetition rate to follow European XFEL - (600 ps ...900 ps) X
. * Initially designed beam for THz FEL
(0.1...4.5 MHz) x 10Hz = 27000 ... 40500 pulses/s > 4nC. 200 A
DESY. X.-K.Li | M-seminar
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Accelerator based THz source for pump-probe experiments at the European XFEL

X-ray | Pump
— &
Probe
E.A. Schneidmiller, M.V. Yurkov, (DESY, Hamburg), M. Krasilnikov, F. Stephan, (DESY, Zeuthen), THz —

“Tunable IR/THz source for pump probe experiments at the European XFEL, Contribution to FEL 2012, Nara, Japan, August 2012

THz source requirements:

 Tunable 2 f=0.1..20THz (4;4¢q = 3 mm ... 15 pum)

* Various temporal and s Proposal “Conceptual design of a THz source for
> A0/ ~0.1..0.01 pump-probe experiments at the European XFEL
based on a PITZ-like photo injector” has been
- High pulse energy W supported by the E-XFEL Management Board >
- Time jitter > from CEI dedica_tted R&D activities at PITZ - Proof-of-principle
experiments (2019-2023)

dynamics (~longest pulse duration) 2 g~ "/,

* Repetition rate to follow European XFEL - (600 ps ...900 ps) X
(0.1...4.5 MHz) x 10Hz = 27000 ... 40500 pulses/s

PITZ Highlights:
* ldentical pulse train structure as XFEL

Sl ez, I
=

100 ms

* High charge feasibility (up to 6 nC)
» Advanced photocathode laser shaping

* Initially designed beam for THz FEL
2> 4nC, 200 A

DESY. X.-K.Li | M-seminar
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PITZ beamline extension

New Installations (~=17m!)

Design and technical Implementation
< Old beamline (~22m) —> A

4 \

< .' Current beamline (~35 m) >

."' | 1 1| _asm LCLS- undulator

o ___,l' . | ' \7 | |! ' ({{{{{{{{{' \ ‘ ' 1 \ .

Booster TDS /7 {{{{{{{{{{' \I‘

4
solenoids  LeDA _ (P,)~17 MeV/c > A .q~100 um
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Current status

Lasing at ~3THz with ~17MeV/c, ~2nC Gaussian beams
“————Light collector—

(eléléidsds’ ’ a

s/ Pyroelectric detector ——. g
Band-pass filter —

LCLS | undulator High3.Scr2 Dipole magnet

= THz transverse profile

= Pulse energy:
= >100uJ generated,

= Energy fluctuations ~6-10%

—F—<w>,24nC
—---- 0, J<W>, 2.4 nC

Pulse energy <W> (11J)
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» Focused THz pulse

= THz spectrum by FTIR (E. Zapolnova)
= Narrow (1.7%) bandwidth demonstrated

= 31 gand 5t harmonics observed

» (f) = 2.82THz ( {Arqq) = 106.5 um )

| M-seminar

intensity (a.u.)

M. Krasilnikov, et al., Phys. Rev. Accel. Beams., 28(3):030701, 2025
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Beam dynamics and
experimental results



Beam dynamics overview

Transport of electron beam
« Focusing while not spoiling beam quality
* Routine and reproducible procedure

___________ A FLASHab@PITZ

l 1{ ) A=t~

IGun bc():cl):;tser l TDS Bunch compressor_ _ _ _ & _

L = l EY EY EY ! & THz dndulator

| B : || FYRSE, I i om I D0 BB o  ampuiig 0
U

S 90499 A o il SO0 1] ' | Dﬂk\y

:<7 MeV Low Y% <22MeV |:-|igh10 i Diagnostics High2 3% I ||High3 |

——————————— / Tunnel 1|| Tunnel 2

Matching of transverse phase space

» At undulator, Chicane, ...

» Limited diagnostics + space charge effects
« Matching procedure

Optimization of photoinjector

« Transverse and longitudinal phase spaces

« Knobs: Laser distributions, Solenoid fields,
Booster phase, Steering or beam trajectory

DESY. X.-K. Li | M-seminar Page 7



Optimization of photoinjector

* Routine emittance optimization

« Beam shaping aperture (BSA) and solenoid scan

lD [ LI B [N N B N N B B I N B B I B "I | L 2.['
. —e— X emittance —a— X¥ RMS |
[ =4 =Y emittance 4 ] ]
gt —¥=- XY emittance ’ . —41.8
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B 7h 414wn
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i i i I i i i i i i i i i i i i I i i i
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Imain (A)

Solenoid scan for emittance
optimization (4 nC)
(compared to Astra simulations of ~4 mm mrad)

DESY. X.-K. Li | M-seminar
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Laser FWHM: ~7 ps ]
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intensity (arb. unit)
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« Up to now, Gaussian photocathode laser was used in
experiments

« 20 ps flattop laser is now available from NEPAL laser,
hopefully to improve the beam quality and THz output
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Optimization of photoinjector

 Measured emittance (phase space) also depends on

» Laser alignment in the gun (laser BBA)
» Gun quadrupoles (quadrupole field from solenoid )

« Beam trajectory in the booster (booster BBA)

X_ (mm)

DESY. X.-K. Li

Reference particle trajectory

Astra simulation
Courtesy K. Peetermans
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EMF=(0,-50,0) uT

M-seminar
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Earth’s magnetic fields = off-axis trajectory > wakefields
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Optimization of photoinjector

« The RF phases in the gun and the booster can be tuned for optimizing the LPS
« Booster phase - control LPS & the peak current - maximize THz output
06— 2.0
' G0 energy spread 1
_ THz Energy vs booster phase
X 1.9
E Gl | | BC OFF, 1.00 nC
g g 5001} -4#- BC OFF 1.50 nC |
= = | % A?BC OFF, 1.75 nC
= 1.3,5 f . % ------ OFF 2.00 nC
% g A4007 Y /'?l/'/ .\.}\‘\
BN N T E ] 1.7 — I T 1.0 E %z’i/ i N; ol f ....... }
176 [ ] P'e o bl -
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16.6 | jl....l....l....ll\— - 0 M.l....l....l\ 4 0 CourtesyB.Li
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DESY. X.-K. Li | M-seminar
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Transport of electron beam

 Thereis along transport beamline (~23 m) from the booster accelerator to the undulator

 The beam size and emittance grow fast due to collective effects if the beam is not well focused

» Space charge changes along the bunch slices, causing them to rotate at different rates in the phase space

« A preferred beam transport requires

» Change of beam size predictable
« Already found lattice reproducible
« A well-established and possibly routine procedure

» If possible, keeping the beam emittance small

DESY. X.-K. Li | M-seminar Page 11



Transport of electron beam

« The beam is focused equally in horizontal and vertical plane with quadrupole triplet

« lteratively increase the amplitude of quad currents after degaussing - reproducible magnet setting

 Beam size at two downstream screens monitored alternatly

« This ensure a smooth and symmetric beam transport after the triplet, where the beam size cannot be
measured everywhere
. Iteration #1 - Scrl
: —x —y

L
T I LI
|

]
L L
|

Ocelot simulation

BMS size (mm)

f—
I|III
|

18 20 22 24 26 28
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Transport of electron beam

Norm. emittance (mm mrad)

=
T

« Intotal, four quadrupole triplets (QT) are used to focus e
and match the beam from the booster to the undulator L

RMS size (mm)

« With the first three triplets, the beam is focused equally
in both transverse planes

» The beam emittance is also controlled by the quadrupoles

s
o
T

3]
=
T T T

 Note: no beam optics in the ¢36 mm pipe in the 1.5 m
thick concrete wall (z~26 m) between tunnels
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, , Astra and Ocelot simulation
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Matching into LCLS-I undulator

 The LCLS-I undulator vacuum chamber (11 mm x 5 mm, 3.4 m) is very “small” for 17 MeV/c electrons

« Space charge force and strong vertical focusing force (K~3.5) from the undulator fields can lead to a
rapid growth of the beam size and therefore beam loss, if the transverse phase space is not matched

E-G:IIII|IIII|III|IIII|IIII|IIII|IIII|IIII

—— Space Charge O

In the horizontal plane, the motion is dominated by — Space Charge OFF

~ 1.5 »
the space charge; in the vertical plane, it is up to g f
the undulator focusing fields /I

- Matched phase space is defined by
independent parameter scan in two planes

— Space Charge ON

100 1T T T E
o Ly-px | - = Space Charge OFF ;
T sof : ;
E 25f -‘iﬂ“l TE E
O SN 1E E
E _25, NI :I i i I i i 1 i I i i i I i i I i | I - I | T I i i i I i i I:
FN: -15 -1.0 -05 00 05 10 15
s z (m)
=75 .
oo Beam transport in LCLS-I undulator

g el
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Matching into LCLS-1 undulator

DESY. X.-K. Li |

Beam envelope development is determined by
matched Twiss parameters + space charge

—

sl s2
O'xy: O'xy

At two screens

Symmetric beam transport: y, Ay, By, By

Before undulator
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(ax: ay: ﬁx: ﬂy) 22
S2E / 2 20)
-\ EE—
, , LCLS-I D 16
High2.Q3-Q5 High3.Q1-Q3 undulator 45
v 1.4
B
Start-to-end simulations define the beam envelope at the two stations @ %,
>
« Forward tracking (scanning of first triplet) - Blue curve FZ 1.0
 Backward tracking (scanning of second triplet) > Red curve 0.8

px or py (keV/c)
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Matching simulation (2 nC)

M-seminar

X.-K. Li, et al., Proc. IPAC’21, 3244-3247.

By Ocelot
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Matching into LCLS-1 undulator

« Tuning the first triplet in the experiments is like the forward tracking - Green curve

E .
Scrl Scr2 250 F -
ax» ay» Bx: ﬁy) E L
2 25 -
S2E 5 :
2.00 F
-4
R | r LCLS-| %“”5;‘
High2.Q3-Q5 1 H'9h3 1-Q3 undulator «150F
E — = .g 1.25F
ES - E % 1.00 b
o 2f . U T e
MO . 1:- 2:: 30
E . x . RMS size at [—Ilgh2 Scr3 (mm)
7s 1 g E— y Symmetric beam -
E ﬂ - | . . . | . . . | . . . | .tra.nsporlt . i | .
e 18 20 22 24 s . R 20 32
Z (m)

* Lines are from simulation (Astra and Ocelot)

. Markers are from measurements

y (mm)

0
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Improving radiation output

« We use a Bayesian optimizer (Matlab) to optimize the beam trajectory and phase spaces

» Two pairs of steering coils - trajectory

* Long coils along the undulator - trajectory

* Four to six quadrupole magnets - transverse phase space

» Booster phase - longitudinal phase space

DESY. X.-K. Li
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THz FEL simulations



Shot noise in FEL simulations

 The shot noise, which arises from the stochastic nature of the electrons in a bunch, is one of the most
critical parameters in the initiation of electron distributions in free-electron lasers (FEL) simulations

« For any distribution of electron bunch or bunch slide, the shot noise can be described by

Ne

(e—i0j> — iz e—iij
ne

j=1
where n, IS number of electrons in the slice.

- For arandom distribution, the absolute square of (e~*?/) (known as the form factor) follows the negative
exponential distribution with an expectation of 1/,

i\ 12 a2 1
[ (e
where E(x, u) = %e‘x/“, u is the expectation value.

* In Genesisl.3, the shot noise is introduced by adding mirror particles to the macro particles
= number of macro particles much smaller than number of electrons & random distribution in the slice

DESY. X.-K. Li | M-seminar S. Reiche, Nucl. Instrum. Methods Phys. Res., Sect. A 429, 243 (1999) Page 20



B. McNeil, et al., Optics Communications 165, 65 (1999).

Impact of local bunching factors

« What if the distribution is not random within the range of the resonant wavelength?
- Coherent spontaneous radiation: e.g., from rising slope of flattop or Gaussian profiles

[ ,{L/ 2 f()e tkzgz

A
JisH f(@)az

« Consider “local” bunching factor: b.(z;) = , Z IS the slice center, f(z) is the distribution of

current profile

2

¢ 2% = f(z5) + (z—z)f'(z5), we have

 For a Gaussian profile, f(z) = \/%a

bs(z,) =

ZS
ko?

VA
Bscnl = 152

ds(zs) = tan~(cot(kzy))

(sin(kzs) — iCOS(st))

DESY. X.-K. Li | M-seminar Page 21



Impact of local bunching factors

- The radiation from one slice consists of the spontaneous radiation (« n,) and the coherent part (x n2|b,|?),

their ratio is n,|bs|? 1nC
> n,|bs|? is peaked at z, = +v/20, S—

- n,|bs|? < 1, spontaneous emission dominates i
- n,|bs|?> > 1, coherent emission dominates =
o
= .
2 3.3 _0 1 _,1nC € I ]
* nlbglc>1= k0, < p (8m)2e™ — ko, < 2258 - .
e -1k -

« Short-wavelength FEL (1 nC, 1 kA, 1 nm)
> ko,~10°, n,|bs|?~1078

| (arb. unit)

THz FEL (1 nC, 100 A, 3 TH2)
> ko, = 75, n,|bs|? = 27000

Zfﬂz

DESY. X.-K. Li | M-seminar



Initialization of beam for Genesisl1.3

lnu"l"'l"'l"'l"'l"
- For each slice, generate samples of random — From Equation

distribution, x;~U(0,1), and apply shot noise [1] 0T 7 — Samples, seed 1

=— Samples, seed 2

—- 1ne
—- Samples, seed 1
- —- Samples, seed 2

lﬂ—d -

« Convert the random distribution to the actual distribution TE s |

e.g, for Gaussian distribution, : , Y
_ _ 107 b \ A .
z; » F71(r;) = u + ov2erf~1(2r; — 1) " Al
g J J -10 | N L'J‘ 1il | I
where F~1 is the inverse CDF function, u and ¢ are o
mean and standard deviation of the Gaussian distribution 3 4 T T T T S |
PR NI Y N b ey
C : 1 & [LANT" — :
= 1E ,".' =I|'||1 | rl I'||:‘I=| |:11 I:‘E: I'ﬂ'ﬁ : 4 — Samples, seed 2
] ) ] E g forgl T4 T g ! T
« The local bunching amplitude can be orders of magnitude £ of F x.iil: :.1.‘; :l:'i:r,!':”‘ﬁl b ‘,f" i IE'JE:I 'Iilt T Samples, seed 1
- . : : in C , ) g I I fly 4 —- Samples, see
higher; the bunching phase is also stable Sop! '.I‘IE;I:. it E.:'ﬂl:l' : ) e
2k 1 ! FH ' 3
VT v
_3__| T [ T T T (R T 1 ] 1 B
—4 -2 0 2 4

[1] C. Penman and B. McNeil, Optics Communications 90, 82 (1992)
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Initialization of beam for Genesisl1.3

« For any particle distribution obtained from start-to-end 107
simulation, we smooth the current profile and 10-2 .
calculate the CDF numerically ot |

e
Q
10—5 -
ll:l [ I I I I |
f 107° 7
0.8 . i
: 101IJ||I||||I||||I||||I||||I||||I||||I||||I||||I||
0.6 F - 7
0.4 . ]
021 —e— Original E
i — Smoothed .
[I'l:l_ | | | | i | i | | | | | i | ]
—4 —2 0 2 4 .
Z (mm)
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Benchmark simulation

* Electron beam: 17 MeV/c (A, = 100 um), 1 pC, 0.3 A

0.25F

0.20 F

HX

* Onedone = False, quiet loading, Nm = 26*32768 = 851,968 o10F
* Onedone = True, Ne = 6,241,509 0.05F
« Onedone = False, smoothed profile, Nm = 26*32768 = 851,968 0.00:7

=
o

I (arb. unit)

0.0

DESY. X.-K. Li
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=]
e
T —T

0.2

I:I Quiet loading
""" 1 OnedOne
L._.3 Acutal profile

-0.5 0.0 0.5 1.0
Z (mm)

Current profile in Genesis4

M-seminar

].OD§|||||||||||||||||||||||||

i —e— Quiet loading
107! 3 —4& - One4One
E —¥- - Acutal profile

1072 AJR;‘ -=-1/n.

# of slices (m)

AR BTN R A R
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Initial bunching in Genesis4

Energy (1)

10710

—8— Quiet loading ]
=& - OnedOne
—¥.= Acutal profile 3
E. 0 vy
0 1 2 3

Z in undulator (m)

Gain curves from Genesis4
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Using input from start-to-end simulation

TABLE II. Com

Parameters case | case 11 [Units

Current profile in slieq actual random
« Electron beam: 17 MeV/c (1; = 100 um), 2 nC, 112 A Peak power 923.77 + 6.87[544.24 + 98.66 | MW
Pulse energy J08.14 + 2.291214.89 + 32.91 nJ
« One4done = False. smoothed profile. Nm = 85*32768 Center wavelength 98.88 + 0.09 1100.76 + 0.59 | pm
’ P ’ Spectral width 1.95 + 0.08 || 2.47 + 0.49 pm
e Onedone = Fa|se, quiet |oading, Nm = 85*32768 Pulse duration 538 +£ 0.04 6.21 + 0.70 ps
Arrival time jitter 0.10 1.30 ps

Gain curves Temporal profiles Spectrum
103 E I LI | LI I LI B I LI L I L I T ? 8 0 :-l L I LS8 0 B | l UL ] 1 T e O, | l L | I L l-: 50 '-' ! | 5 | l | | 5 | L l 5 | | 5 | l | | 5 | L l | 5 | L l—l
102 Actual y : : ] : :
F profile ' ] 1oE \ E : b ]
1‘]1 E . | - A 7 — 40 + ‘I =l
= : 7Quiet 3 - 7 =2 0 4\ ]
2 10°F loading § g : 5 0 2k 1
] E ] - 7 s 30 F . -
5 10- - : =t ‘ ]
2107k 3 E s 8 I @3.4m |
= ] C ] i ]
o107k 3 % : =Py @52m
5 10| y : : g | ]
g G ] . 2 2 I ) :
10-4 L Undulator J E : —- 10 1 4
exit,3.4m 3 o 3 Z I ]
10-5 " 3 : : S P :
lﬂ_ﬁ‘ il i i I i i i I i i i I 1 11 I 11 11 I 1 1 —I | WA T | l W I3 Eed | l | l F I -] l | l A (L | I- 0 i | 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 13
0 1 2 3 4 5 0 10 20 30 40 50 60 90 95 100 105 110 115
z (m) t (ps) As (um)
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Using input from start-to-end simulation

Slice energy: before vs after Electron beam

L ; THz pulse THz spectrum

i

i
v
L

©C OO o -
Norm. intensity

©C OO o -
Norm. intensity

| i ' | ' | ’
L 0.2
————— .L. . - 0.2
100E Current - ~ = ~ 00 - 0.0
r . Y
7t profile,s” | . ]
50 £ et I . —f
E 4 1 \
25F e : \ =
|
|
|
|

0
i nergy loss & 105 0
-50 ¥ weighted by g 1.10
-75F 1 current E
o 20 a0 60 80 100
# of slices
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Comparison with experimental data

« The measured pulse energy was about 40-50 pJ for 2 nC; considering transmission loss of 50%, about 100
MJ has been generated

 From simulations, we got 300-500 uJ with the actual profile (but only several uJ with quiet loading)

Possible reasons: beam trajectory (due to undulator transverse gradient + EMF), wakefields (geometric and resistive wall),
waveguide effect, etc

Loof T T T
LI [ L [ [ I ° Spectrum from measurement :Actual pro |Ie
102 == Measured ] ) oo
and simulations E
=
,.EO.GO
= 10° =
'E! %0.40
; G
5. 0.25 =020
E 10 1 Interferogram
= L 05
m ’u? E 0-00|\|||IIIIII|‘||‘ —fr r 1T 1 rrrrrrrr
o . 2 3 0 0.8 0.9 1.0 11 2 _ _
E 10 > £ o5 fifo - Quiet loadi 1
5 5 - 2 | @1.2m
B > 15 - I
109 B -4000  -2000 0 2000 4000 2 i
CIC) position (um) ) 0.10 L
= =
10—3 PRI SN (N TN T T T N T T T T T O Y A 0 M E 0.05
- = — _ = 0.
00 05 10 15 (m:z].u 25 3.0 35 S k
Measured with FTIR (E. Zapolnova) 0.00

_ . 0.90 095  L00  1L05 _ L10
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Comparison with experimental data

Pulse energy (u])

DESY. X.-K. Li

The measured pulse energy was about 40-50 pJ for 2 nC; considering transmission loss of 50%, about 100
MJ has been generated

From simulations, we got 300-500 puJ with the actual profile (but only several uJ with quiet loading)

Possible reasons: beam trajectory (due to undulator transverse gradient + EMF), wavefields (geometric and resistive wall),
waveguide effect, etc
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Summary

« The THz FEL at PITZ: first lasing in 2022, currently generating >100 pJ single pulse energy at 3 THz
Routine tuning: Beam transport and matching + Bayesian optimization of last magnets

Expected from optimized setup

104 /
o 3THz: 2.8mJ (sim) /STHZ; 2.3mJ (sim)
« The THz FEL starts from coherent spontaneous radiation, OBy 10THz1.6md
. . . 3THz; 1.5mJ (sim 4nC T i
which comes from the rising slope of the electron beam 109 | e ) O~ 1
current profile 3THz;§.3£:mJ: (sim 4nC)
. - (sim2nC) | Experimentally at PITZ

—> lower requirement on peak current + better stability 102 |

I 3THz; 52-133puJ

Min user (exp 2nC, scaled)

requirements
101 L

THz pulse energy (pJ)

Minimum requirements [Zalden et al.]

« R&D on THz FEL continues at PITZ: ~0--THz SASE FEL (PITZ+Appiel)
1) Developing or testing THz diagnostic techniques, e.g., EOS 10 +T1-HZ e (p“;‘-;f'“'p””"'p'e’
2) Understanding and modeling of THz FEL and | frequency (THz)

3) Improving performance by laser shaping, bunch compression, seeding, etc
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THz@PITZ Team and Collaboration

Physicists:
» Z. Aboulbanine*

* G. Adhikari*

* N. Aftab

» P. Boonpornprasert*
* G. Georgiev*

* J. Good

* M. Gross

* A. Hoffmann

* E. Kongmon*

* M. Krasilnikov

*B. Li

* X.-K. Li

* A. Lueangaramwong* !
* R. Niemczyk*

* A. Oppelt

* H. Qian*

* C. Richard

* F. Stephan

* G. Vashchenko
* T. Weilbach*
*D. Xu

» X. Zhang*

* = left PITZ for other lab
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DESY Zeuthen

Special thanks to CANDLE colleagues participated
in THz commissioning and lasing shifts!

Enqgineers and Technicians:

* R. General SLAC

L. Heuchling * A. Brachmann
* M. Homann * N. Holtkamp
L. Jachmann, e H.-D. Nuhn

* D. Kalantaryan
* W. Kbhler

* G. Koss

* S. Maschmann
* D. Melkumyan

DESY Hamburg
* E. Schneidmiller

* F. Mller e M. Yurkov
* R. Netzel * B. Krause
* B. Petrosyan « M. Tischer
* S. Philipp * P. Vagin

* M. Pohl

* C. Ruger .

* A. Sar?dmann-Lemm Uni Hamburg
« M. Schade * J. Rossbach
« E. Schmal « W. Hillert

» J. Schultze

* S. Weisse

\
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THz diagnostics

Current TD3 layout

»
p //’"‘

&

Overview
= .
= —
<
N, F s
NIy
X =
= =_ 7
CTR/TD1.: TD?:
* Quartz vacuum window + ~0.5 m transport in vacuum, ~0.5 m
* ~0.2 m transport in vacuum, ~0.5 transport in air

m transport in air
* Focusing by using 90° off-axis
ellipsoidal and parabolic mirrors

« Diamond vacuum window
* Focusing by using 90° off-axis
ellipsoidal mirror

* Pulse energy € pyroelectric - Pulse energy € pyroelectric

detector detector
* THz spectrum & Michelson » Single-shot EOS?
interferometer .

Available; Planned/ongoing (short term); Wished (long term)
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TD3:

* ~1.5 m transport in vacuum,
1-1.5 m transport in air

« Diamond vacuum window
* Focusing by using 90° off-axis
ellipsoidal and parabolic mirrors

* Pulse energy < pyroelectric
detectors

* Trans. profile € THz camera
» Polarization € THz polarizer

* THz spectrum <« Michelson
interferometer

» Single-shot EOS?
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Pulse energy [;4J]

Spectrum measurements

« 2 nC beam, central frequency ~2.82 THz (1,,4 = 106.5 um), reference signal from PITZ pyro
100l ' ' ' ]
0.25 1 Interferogram G'é‘ 0.80 - 7
0.2 %0-5 g 0.60 1
o . Gainr.‘urvemefsured altHIGH3.§CR3 . :@ : 0 B
50.15 205 %’0.40 B .
o ] -\% 0.1 v Eozof 1
v > -4000  -2000 O 2000 4000 :
:g position (um)
50_05 0.00 frmmmmeefVE - e
107! < Vs GENESYSl 3 0.8 0.9 )%!f[:) 1.1 1.2
0 .
0 2 3 4 5 f/h simulations o
1.00
025 1 Interferogram 080
2 30 £ 0.60
L I , ‘ , NN 2 0.15 5 .05 3
T 0.5 1 15 2 25 3 35 2 © iy
Position w.r.t. undulator entrance [m] 8 5) -1 = 0.40
2 0.1 ? 15 3
@ 4000 2000 0 2000 4000 8 0.20
S position (um)
+ 0.05 [
0 0.8 0.9 1.0 1.1 12
0.8 1 1.2 1.4 1.6 1.8 f/f _ fifo
* Narrow bandwidth
« High harmonics (3" and signature of 5th)
« Spectrum shape in linear regime
DESY. X.-K. Li | M-seminar
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Optimization of photoinjector

* Routine procedures before emittance optimization

« Laser BBA: Align the beam with the RF field axis in the gun: Ar =0
Idea: RF field is rotationally symmetric, RF kick ~ Ar - A¢
Issue: Earth magnetic field (EMF) - (-0.3, -0.1) um instead of (0, 0) at the center

Horiz. pos. during phase scan, o, =0.015 mm Beam position at z=0.803m for various gun phases with EMF
5 0 ==
.48

80deg

-

Laser position
after BBA

]

5]

— GdE h
E -
= .44
=
G2 I
-2

-128 124 122 E £ )
Gun Phase dag] E o f 2 175 x 61 um
Vert, pos. during phase scan, o =0.017 mam o
-1 -25
0.4 | I I I —e—case 0 (0,0, EMF) + laser, case 0
’ 2
-3
E 0.38 I l , ——case 5 (-0.3mm,-0.1mm, EMF) O laser, case 5
> 098 _35 a ASTRA, case 0 (0,0) = ASTRA, case 5(-0.3,-0.1)
A
0.34 . . 4
’ -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0
-128 128 124 -1 2 4 & ] 10 <x= mm

Gun Phasa [dag| X [mm)

M. Krasilnikov, PPS talk, 2022-03-31
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From K. Peetermans, DESY summer school 2022 report

Optimization of photoinjector o Rforence paticetrsjoctory
Beam based alignment (BBA) 2| |
1 e
_ L
* Routine procedures before emittance optimization ™ 15
F Of====fF—Fmmmmmmmm e £
« Booster BBA: Align the beam with the RF field axis in the booster; also not E’ L EMF=(0,-50,0) uT h :g_u
perfect due to the existence of EMF 13
- The beam is offset by ~3 mm with an angle ~1 mrad after booster 27 P
- Prediction & correction with the data from simulations, seems to work 5l P
B e 0
+  Ultimate solution to EMF: Helmholtz coil? Lo LY

Peak-to-peak x-displacement at z=5.28 05

* Other procedures

« Solenoid BBA, usually done after installation

« Gun quads optimizer - compensate the asymmetric distribution of laser
and/or the quadrupole component of the solenoid fields; currently done witt
Simplex method

X'(z=2.5) (mrad)
Peak-to-peak x-displacement {(mm)

25 -2 15 -1 05
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Why trajectory matters?

e  beam at High3.Scrl
(in front of the undulator)
changed with upstream
steerers

Guess: dispersion effects?
Solution: Minimize the use of
steerers and make quadrupoles
steering free
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Quad steering free beam transport

Simulations by D. Dmytriiev

HIGH1.ST1-HIGH1.ST2, Q5-Q8, X-axis, p=17 MeV

* Idea -\\
* Response matrices with and without quads are different ]
E L
. E-lof
* When all quads are made steering free £
- trajectories with and without quads will be same L
- By measuring the difference, the trajectory inside the quads - quasson
can be set to beam axis by tuning steerers with TSR Ny
f— _1 ° ° ’ Z- ositign, m ? 10 1
A0 = —(Hy — Hy) ™" (x1 — x9) ’
. HIGH.ST4-PST.ST1, QM3-QT3, X-axis, p=17 MeV
where H, and H, are response matrices w/o and w/ quads, of B i i
X, and x; are beam positions measured w/o and with the quads
 Limits
» Low steerers may need to be tuned in order to make Highl
guads steering free (otherwise currents out of limit) _?Eg - |
* No enough steerers to make all relevant quads (especially e

Z-position, m

High2.Q3-Q5) steering free
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Matching of transverse phase space

 The LCLS-I undulator vacuum chamber is very “small” for 17 MeV/c electrons

« Space charge force and magnetic focusing force from the undulator fields can lead to a rapid growth of the
beam size and therefore beam loss, if the transverse phase space is not well matched

20— ——— 777
F —— Space Charge O 1
2 L5F — Space Charge OFF E
E1of 3
In the horizontal plane, the motion is dominated by the S o5k E
space charge; in the vertical plane, it is up to the :
. . 0.0 & | | | | | | |
undulator focusing fields 0
H SHETTTTT TR T I Frerr T T T T T
- Independent parameter scan in two planes 0ak Space Charge ON :
"é‘ T F ——— Space Charge OFF 3
03F =
gk :
. 02F c
S o1k 3
poB—— b b b b b b b

-1.5 =10 =05 0.0 0.5 1.0 1.5
Z (m)
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Scan of transverse phase space for matching

 For the momentum of 17 MeV/c and normalized emittance of 4 um

F = o — 0"

20017 1.0 2.5
1.75 F _
0.8 2.0 -
1.50 F ;
gl-2or H0.6 G150 .
= I [
~1.00F { w E [
- - x L
§0.75 s H0.4 S1.0F —
|
0.50 .
- 0.2 0.5F =
0.25F
0 0 AT U W NN TN TN W NN TN TN TN A WO N N N S 0 0 0 0 i | N TR TN TN SN [N TN SO NN O [N SR M NN SN NN SN M
’ 9[.0 1.2 1.4 1.6 1.8 2.0 | 0 1 2 3
Ox (mm) Z (m)

Astra simulations
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Scan of transverse phase space for matching

In vertical plane

For the momentum of 17 MeV/c and normalized emittance of 4 um

10—
| —— (yy’) = 0.1 um ;
- ——(yy’) =04 um ||
°-8T—(yy)—07umx‘ |

:—(yy)—louﬁ*\

i’l.oo W g
~~%0.75 5)
' 0,50
0.25
0097 02 03 o4
o, (mm)

Astra simulations
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Scan of transverse phase space for matching

« Here the beam size and covariance are fixed and the x and y emittances are scanned

 The beam envelopes in the undulator are not affected much

For x Fory
8.0 | LI R L L L B 8.0 | LN L A B R ™) 0.2
i Exn = 4.00 um - 1
758 €x,n = 5.00 um 758 ] I
i Ex.n = 6.00 um d ]

N
o

Ex.n = 7.00 um
Ex.n = .00 umt

>
o

£ e
5 6.5 = 6.5
E N E [ N
é 6.0 F g 6.0F 1 (401>
;_5-5 z 55.5 i i
< - c - e
w508 W50k .
45F 45F 3
: | | M - 1 PN [N TN N T O N TN WO TN T Y TN W W
4.0, 5 5 - 0.0 0.0 I : 4.0, : o 7 g 0.0
En, x (mm mrad) Z (m) En x (mm mrad)

Phase space matching (6 parameters) — beam size and covariance (4)

Astra simulations
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