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Motivation for THz R&D at PITZ

Accelerator based THz source for pump-probe experiments at the European XFEL
THz source requirements (P. Zalden, et al., “Terahertz Science at European XFEL”, XFEL.EU TN-2018-001-01.0):
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Tunable 2 f =0.1...20THz (A,4q = 3mm ... 15um)

Various temporal and spectral patterns, polarization - ideally narrow-band = 4%/, ~0.1 ...0.01

Time jitter - from CEP (few fs) stable for field driven to "intensity" driven dynamics (~longest pulse duration) 2 g;~ 0-1/f
High pulse energy W > 10y (uJ - hundreds of u/ - mJ , depending on f)

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

Generation of THz radiation by relativistic electron beams

Attractive features: Methods of generation:
« clean in-vacuum radiation production "+ bend magnet
+ tunability (electron beam manipulation) * undulator
« potential to provide high power (high field) > < « transition radiation
» polarization control « diffraction radiation
~/ \-« Cherenkov radiation (DLW)

Photo Injector Test faC|I|ty at DESY in Zeuthen (PITZ) |
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THz SASE FEL source for pump-probe experiments at European XFEL

PITZ-like accelerator can enable high-power, tunable, synchronized THz radiation

X-ray | Pump
&
probe
\ E.A. Schneidmiller, M.V. Yurkov, (DESY, Hamburg), M. Krasilnikov, F. Stephan, (DESY, Zeuthen), THz
\ “Tunabale IR/THz source for pump probe experiments at the European XFEL, Contribution to FEL 2012, Nara, Japan, August 2012
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THz SASE FEL =
Self Amplified Spontaneous Emission Free Electron Laser

lheak=200A (4nC) for ~mJ (sim) SASE FEL
for A,,q £ 100 pm (F2 3 THZz)

for A,,q > 100 pm (f <3 THz) > CTR/CDR/SUR?
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PITZ Highlights:
* Pulse train structure 100ms [

» High charge feasibility (up to 6 nC),
high QE photocathodes

* Advanced photocathode laser pulse shaping
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Proof-of-Principle Experiments
on THz SASE FEL at PITZ:
Technical Realization

Tunnel annex Main tunnel

== == : ‘ | Chicane bunch compressor

\
s (4 HERA corrector dipoles)



Some Properties of the LCLS-I undulator

Proof-of-principle experiment on THz SASE FEL at PITZ

Using LCLS-I undulators (available on loan from SLAC)

Type

K-value

Support diameter / length
Vacuum chamber size
Period length

Periods / a module

Aag~100um > <Pz>~17MeV/c

Main challenges:

Space charge effect

Strong undulator (vertical)
+ horizontal gradient

FEL parameter is not very
Bunching factor impact?
Waveguide effect

Wakefields: geometric and
conductive wall effects

planar hybrid (NdFeB)
3.585 (3.49)
30cm/3.4m

11 mm x 5 mm

30 mm

113 periods

focusing

small
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Proposal “Conceptual design of a THz source for
pump-probe experiments at the European XFEL
based on a PITZ-like photo injector” has been
supported by the E-XFEL Management Board >
dedicated R&D activities at PITZ - Proof-of-
principle experiments (2019-2023)

Position R&D
Personnel 1PD+1PhD -
~X2 more from
Invest 200k PITZ (DESY)
. own
Operation 3weeks/year resources

with horizontal gradient

Reference particle trajectories in the undulator

W

w

—no correction
—with initial angle

—with correction coil

0 0.5 1 15

>

vacuum
chamber
border

Page 5




PITZ upgrade for the proof-of-principle experiment on THz source

Design and technical Implementation
New Installations (~=17m!)

< Old beamline (~22m) —> A
4 A\
< New beamline (~35 m) >
1_ 1' 1.5;m | LCLS-I undulator
NI -‘
RF-Gun : _
W AT Al 4 =1 N N gergesnne N \Lis'eam

sG(;JIZ-noids LEDA /',
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THz SASE FEL at PITZ: THz diagnostics setup

Startup: pyroelectric detectors with collector cones

Simplified layout of the gain curve

measurement setup S Pyroelectric detector ——
LCLS | undulator Band-pass filter = A

{“““““:OLZM;W Collector,/»A
T ]

Inactive Active High3.Scr2 Dipole magnet I
steering coils steering coils -

Diamond window

Beam

Pyroelectric

% detector THz10
¥ SLT Sensor- und ]
. Lasertechnik GmbH

Q
=3

High3.Scr2 High3.Scr3
Estimated transmission 49% 63%

60

Transmittance (%)

[

: v

60 80 0 120
Mesh Filter 100 pm Ne14 Wavelength (um)

TYDEX, LLC.

T
140

Bruker Vertex 70
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Enclosed system

THZ Diagnostics at PITZ

3 stations in the second tunnel

o3 ] (A

) unit (Thorlabs) for

ir circulator : ion.
e alr C\rcgn and humidity reduction

Pure alt &= -
air pur\flcaﬂ

» Pulse energy using pyroelectric

detectors

* Transverse profile using a THz
camera

* Polarization using a THz polarizer

» THz spectrum using a Michelson
interferometer

» Diamond vacuum window

+ ~1.8 m transport in vacuum, 1-1.5
m transport in air

* Focusing by using 90° off-axis
ellipsoidal and parabolic mirrors

+ 3 pneumatic actuators, 3 motorized

mirror adjusters, 2 motorized linear
stages

Pulse energy using
pyroelectric detector

» Diamond vacuum
window

* ~0.8 m transport in
vacuum, ~0.5 m
transport in air

* Focusing by using 90°
off-axis ellipsoidal
mirror

OO
lﬂﬂﬁ@
6l o o

Pulse energy using
pyroelectric detector

THz spectrum using a
Michelson interferometer

Quartz vacuum window

~0.2 m transport in vacuum,
~0.5 m transport in air
Focusing by using 90° off-
axis ellipsoidal and
parabolic mirrors |

1 motorized linear stage

=
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THz SASE FEL at PITZ:
Electron Beam Transport
and

FEL Lasing Tuning

<fHip




THz SASE FEL at PITZ

Main challenge: electron beam matching (2nC, 17MeV/c) for lasing

~photocathode laser pulse

o
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Simulated
rms beam size

~3.5m

Vacuum chamber

2nC, 17MeV
Krad"'lOO].lm
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Xrms = 1 53 mm, Yrms = D 26 mm
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SASE Gain Curves at High3.Scr3 with BPF

In-vacuum mirror without hole + 3THz Band-pass filter Optimization progress
<pulse energy> (fluctuations)
102 | 1100 High3.Scr2 vs  High3.Scr3
—F—<w>, 1nC
—F—<w>, 2nC

180 % W%

Bunch 1st lasing, Tuning,
charge no BPF BPF

1InC 036 uJ (32%)  6.12uJ (13%)

- JVVKW:.’ 1nC
e JVV/<W>, 2nC

100 =

2nC  0.55ud (52%)  21.44uJ (10%)

Pulse energy <W> (uJ)
Fluctuations JWI<W> (%)

BPF3.0-24
Ahg=102m
Sh~12um

Transmittance (%)
2 0 9 N

Using Gaussian photocathode laser pulses 7-8ps FWHM

LLLLLLLLLL
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Reference case: 2nC, 3THz

Cross-check with linear theory of FEL amplifier with diffraction effects
Eigenvalue problem ->beam radiation modes

The gain parameter of the FEL amplifier

2 2
IpeakA]]wzel

E,(z) < exp(A-z), A~ field gain (ReA)

_ _ -1
r = 2ty (0.237m)
C
<
Diffraction B ~0.1 2
SC Kf, 0.9
FEL Jo, 0.01
E-spread A%  0.003
Waveguide Q= 5.3
3
Expected power spectrum 2
(the high gain regime at the B
onset of saturation) o
Calculations:

courtesy Mikhail Yurkov

1.2

1.0

0.6

0.4+

0.2+

0.0

" Field Gain vs. Detuning

fffff open beam, no space charge
fffff open beam + space charge
waveguide, no space charge
waveguide + space charge
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Reference: E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov,
“On a theory of an FEL amplifier with circular waveguide and

guiding magnetic field”, Nucl. Instr. Meth. A 375, p. 241, 1996.

2
z along undulator, m

SASE 2nC: Linear theory versus measurements
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First Seeding Experiments
SASE vs. seeded THz FEL with modulated photocathode pulse (preliminary results)

* Gain Curves at HIGH3.Scr3 (THz mirror w/o hole) with BPF (3THz)

 THz FEL Seeding experiments
(2nC e-beam with modulated photocathode laser pulse):
<W>-> 33uJ vs 21pJ from SASE

0.15

intensity, arb.units

| Phase:-99 °
Statistics (Img): 50
Statistics (Bkg): 30 %10
100 6
200 5

01r

—SASE
seeding

pC e-beam
with TDS

Pmean = (63127 & 0.0011)MeV/c

Py = (629 + 0.8)keV/c

-10 -5 0 5 10
t, ps
P_-distributions of e-beam (2nC) after gun (LEDA)

Phase:-97 ° ‘ P mean = (6:3142 - 0.0011)MeV/c

Statistics (Img): 50
|_Statistics (Bkg): 30 _

i Prms = (52.3 + 0.2)keVic
25

y [px]
i)

00 30
x[pxl)
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, Gain curves at High3.Scr3 with BPF (3THz) 100
107 ¢ ! ]
—f— <W>, SASE
—F— <W>, seeded
1| eeye=- W>, SASE 1
o 10" [ oy /W, 80 o
=8 -6 0, /<W>, seeded A
A : S
T 10019, . 160 %
> ~17 MeVi/c .
E P A 2g~100pm S
@ 107" 190 %
g ‘\‘x. : -E
S e e
o
102 120 "
_________________ e
e _e____-__..".“_'--@
10 ' | ' 0
1.5 2 2.5 3 3.5

Position w.r.t. undulator entrance, m

Seeded THz FEL gain curve:
* Higher energies + earlier start
» Better stability
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Simulations Challenges

Shot (intrinsic) noise accurate modeling

The bunching factor

clty—t|sA/2

1 i€t
bf(A,D) = z 2T

t NENt

For random distribution, the square of bunching factor (or the
shot noise) follows exponential distribution and we have
(Ibf(@)|?) = Ni where N, is the number of electrons within one
radiation wavelength,

€.0., Ipeax = 2 KA, A; = 0.1 nm for XFEL and L,.qx = 200 A, Ag =
100 um for THz : Ne(THz)/Ne(XFEL) = 10°!

But, due to the longer wavelength of THz, the radiations actually
see a density slope within one wavelength

There are other possible reasons for an increased noise level at
THz wavelengths (emission from cathodes, Boersch effect, etc.)
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THz SASE FEL at PITZ: Further Optimization

High gain THz SASE FEL (~3THz) characterization

 Gain curves for 2.4nC at HIGH3.Scr2:

1
. . ) I 40
* In-vacuum mirror with hole :
: . 1 Q=2.4nC
° - 1 L
No band-pass filter applied | 301 We(64.6442) 1)
1 9]
102 ¢ 1.100____1 55
| | =—F—<w>,2.4nC i i O
I R W JV\/<W>’ 24nC %‘ : 10 }
p— 101 E “\ JVW‘ T 80 — :
3 S
L— I “ A 1 0 "I | "I TR 'R |
4 2 i 40 50 60 70
v 10°¢ 180 S _pulseenergy(u)) _____________
) o}
> 2
Q
Q
g 107 F 140 =
(1}] 3
@ + A *g
- o —_
% 102¢ 120 “* W%A Estimated
. AN transmission ~50%
o
10-3 I I I I I I 0 @
0 0.5 1 15 2 25 3 35

z along undulator (m)

>100uJ generated
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Currently max 3THz
pulse energy at best

setting:

(83.8+13.3) uJ

Q=2.4nC

50|
a0F
wior
o0
5 r
Z30F
8t

20F

20 40
THz pulse

S
60 -

|

10F
of .“ﬂ-

100

60 80
energy (L])

Page 15




First Direct THz FEL Spectrum Measurements
28.02.2024N, FTIR spectrometer measurements (with E. Zapolnova, FS-FLASH-B)

« 2nC, central wavelength around 2.57 THz (110 um)

THz pulse

From

FTIR spectrum

Front view S‘#_é ;[))jlsaeysed 0.3
Figure 8
Scheme of the lamellar grating interferometer. OAP: off-axis parabolic mirror. —
> Narrow
© 0.2 1 )
= | bandwidth
>
5 demonstrated!
c
u
]
£

0 5 10 15 20 25 30
Frequency, [THz]

Pan, R., Zapolnova, E., Golz, T., Krmpot, A. J., Rabasovic, M. D., Petrovic, J., Asgekar, V., Faatz, B., Tavella, F.,
Perucchi, A., Kovalev, S., Green, B., Geloni, G., Tanikawa, T., Yurkov, M., Schneidmiller, E., Gensch, M. &
Stojanovic, N. (2019). Photon diagnostics at the FLASH THz beamline. J. Synchrotron Rad. 26, 7004€07.
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Proof-of-principle Experiment on THz Source at PITZ

Where we are now and the way to go

THz pulse energy (uJ)

104
3THz; 2.8mJ (sim) 5THz; 2.3mJ (sim)
O--s
3THz; 1.5mJ O-__ -0 10THZ1.6mJ
103 : e (sim)
(sim) t 5THz; 1.1mJ
i (sim) Min. requirements [1] | PITZ (exp)
]
l Bandwidth 1...0.05 ~0.02
2 |
10 I 3THz; 52-133pJ f[THZ] 0.1...3...20...30 3..5
(exp, scaled) 3MJ@0.1THz; _
Pulse energy 30uJ@1THz; 30..65uJ @3THz Gaussian
1 10pJ@10THz photocathode
107 — laser, 2-3 nC
= Minimum requirements [Zalden et al.] CEP yes To be studied bunch charge
-<0--THz SASE FEL (PITZ+Apple-Ii) Rep.Rate (burst)  0.1MHz...4.5MHz 1MHz...4.5MHz
100 —O—THz SASE FE.L at PITZ (proof—of—prlnmplel) Synchronization <0.1/f To be
investigated
0.1 1 10 o
frequency (THz) Polarization optional yes

Scientific requirements:

[1] P. Zalden, et al., “Terahertz Science at European XFEL”,

XFEL.EU TN-2018-001-01.0

“..3 to 20 THz is the most difficult to cover by existing sources; at the same time, many
vibrational resonances and relaxations in condensed matter occur at these frequencies.”
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Conceptual Design of THz source based on PITZ-like accelerator
Zero-order CDR

- 1
1 1
1 1
1 1
I i
I General: Radiation protection and personal IL Control system and DAQ i S
i i P Bk e PP
| |
i Electronics: e-beam diagnostics Electronics: THz diagnostics !
e — J .
__________________________________________________________________________ ~ 3 onceptual Desi S ies of a T
FEL oscillator b e g e B e
e- -)' == ) Based on a PITZ Like pholl‘)ulrr‘l,jl:'::lmrx ek
1 0]
CTR/CDR/DLW : i
RF gun % - — _I__. Linac-2 { - J Undulators THz diag Pl Pl Epertments s et
\| lI' ——— : ¥ Lonceptual Design
DS ; i
N Chicane BC SASE, seeded, SUR !
2 i ) R »
S E
\ 1 gp=s )
\‘ ________________________________________________________________________________________________________________________________________ ,/ PITZ ?)E.SY.. —
$ \ ¢ 4 Eu an
e , bl oY i
1
1| 10MW 10MW Magnets power 10MwW S-band : ! —
i v MBK supplies MBK Klystron Vacuum components supplies : —
I i
' I
L e L e e L B e e i B e e B e e B B .
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Conclusions
THz R&D at PITZ

» PITZ-like accelerator - high-power tunable accelerator-based THz source for pump-probe experiments at
the European XFEL - identical pulse train structure + high (~2-4nC) bunch charge

Proof-of-principle experiments at PITZ (supported by EuUXFEL)

Key findings / experiences gained / lessons learned : Experimentally demonstrated:
e 17m new THz beamline at PITZ with LCLS-I undulator « High-gain THz FEL lasing at ~3THz with ~17MeV/c,
including BC 2nC Gaussian beams, more than 100pJ generated

« SC dominated beam transport and matching procedures

« Detailed FEL simulations - impact of the bunching factor

« Beam dynamics and FEL simulations for THz@PITZ and
for the proposed ideal machine

Still to demonstrate Current limitations, risks

r— - . '
pHeie OBl = Sz, AUAZ() Beam time (stable gun), supporting
Further seeding studies (e.g., DLW) simulations (ongoing), finalization

of special experimental procedures

« 1stseeding with modulated PC laser pulses

Narrow bandwidth (15t FTIR measurements)
* THz pulse energy fluctuations ~6-10%

Use BC to explore/extend the parameter space
Spectral studies (FTIR and Michelson interferometer) Complete fabrication / installation of
Transverse distribution with Pyrocam the THz diagnostics stations

Flattop PC laser pulses + 4nC to increase the THz pulse energy Full performance of the NEPAL-P
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THz@PITZ: next steps

Topics for THz R&D 2024+, “Reduced list”

WP1: Exploration of THz parameter
space at PITZ

* SASE (+bf studies)

+ Seeded FEL (using modulated e-beams)

WP2: E-beam generation for THz

seeding

» "PC laser pulse modulation with new

methods + e-beam generation”

* Two-beam scheme

+ DLW?

* THz radiation w/ DLW?

WP3: THz diagnostics

« EOS

* Spectrometry

2 Investments Operation Manpower iE Risks
e = <
= i o
22 = = i o i S |8 = g’ 2% g
3 G = + S wn £ & ke @ ® s o > o> = i
o Topic 83 5 Challenges Expected | Stait g g Rough | 2 18glwel 81 21 8 51 ¢ 512 aplbolalong i Fassibie Remarks
2 el delivery date | 5 € Componenets estimate | & 18593 & o B3 o = & H - Slss|Ss| 8ac | level details collaborations
53 8 inkeuro | & [27[3=| 8 1 0 | = | 2 1§ | g [ E=T=ITS]5 0
O% 2 o o [ iy PRI = o i o5
2 T = £
= < o ! =
Exploration of THz
1 |parameter 2024 150 4 |12 (48005 |15 1 3 05|15 2 6 1018.5
space at PITZ
tunability check, CpoeET
diagnostics, Beam arrival cavity (BAM), e-beam low/
SASE 1 presice trajectory model ealistic diagnostics improvements? 100 15 45 | 180 | 025 | 0.75 | 0.5 15 [ 0.25 | 0.75 1 3 507.75 medium accelerator componenets failures MPY
waveguide effect
control of the input signal eeony
Seeded FEL (using procedure, Update of CTR/CDR station for low/
modulated e-beams) 1 grgp:sr‘ll\;s‘ BC tuning seeding tuning 50 25 75 | 300 | 025 |0.75| 0.5 15 | 0.25|0.75 1 3 510.75 medium |2CCelerator componenets failures MPY
-safe-undulal [rechanicalconstrains—movement-
s dies with LOLS+ lsystem-in medium/ g
perns 23 |meters SRS orsimitar2 lrange. stz
|-eontrol Hgh [Hs-Retsufficient
E-beam generation
2 b d b o J
for THz seeding 2024 80 5 |15 |[600| 05| 15| 1 3 05|15 2 6 1021.5
T Laser system modification / systemin medium ! |stabiy
new methods + e-beam 1 ::ﬁ:l;\oo;‘"s;i;::d reliable operation Laser components (optics, gratings, etc| 70 4 12 480 | 0.25 | 0.75 | 0.5 15 [ 0.25 | 0.75 1 3 515.25 high |routine opreration? FS-LA
| , |Laser beamline update, system in low/
Two-beam scheme 12 synchronization operation Laser beam line components 506.25 medium
Ohermethods: DLW,
exiaral. 23 New DLW (tupable2) |see-challenges. erEL
- B 23 e i oroot-ot prnciph DLW w Viasev-apiensa-at me@umm“enges CREL
SASE fluctuations, long
. . multicycle pulses, arival
3 |THz diagnostics o g 2024 1625
9 time jitter, towards CEP,
THz transport
diag laser or diode pump for Pharos
EOS design for (50k+150K7), pectiomeetl spectrum fluctuations of the THz signals, Univ. de Lille (S.
cos 1 lsingte shot THz i Zerrca"“gva © chamel, ‘;‘ o 1467.5 high |loma THz puises, sensitviy of the Bielawski) Spectrometer/camera could be on
9 SASE/seeded msu"mmn) Pkl < 9N Ispectrometer, diagnostic laser FLASH (B. Steffer), [load from DESY HH?
FEL at PITZ components+controls S0k? transport CFEL (N. Matlis?)
+sigle shot, narrow band, Spectrometry | amellar Grating Spectrometer no experience at PITZ,
Spectrometry 12 |resolution, setup is in cohelon mm: h;’ndr s fites 92.5 high  |resolution issue due fluctuations FLASH (E. Zapolnova)
3rd and 5th harmonics operation at PITZ g P (pointing jitter)?
[Mm
Mo Puph 12 |akgement |commssioned rewdesign-2 pyro Jow  |ahgrmentissues? HZDR{FELBER
|-ancn-opesasion
tastaeiectorcakbraton:
heradvanced-{t : 23 = pulse tra FastDESYpyre2 iz sesolved medim |eross-iatk-electionie Aoise? FLASH{B-Steflen?
ito-PITZ control system. D,
[Transverse modes
Transverse distribution 23 |ProperTHz camerasetup, new 20| oocierization, Consumables (filter, polarizers, etc) 65 medium [stability, THz camera damage?

detectors

coherency stud

s

New 2D detector (Hamamtsu) XXk?

?WP4: TDR on THz source for EuXFEL:“”:'

SUM (WP1-3)

625

1500

2.25

7.25

21

3665

. Project management

. "ldeal" THz facility layout refinement
. “Ideal” THz undulator design

TDR on THz source

to be coordinated

TDR on THz

Who will lead / coordinate the

. “Ideal” BC for THz machine

4 2025 2 2 4 1 2 1 2 medium roject at DESY (HH or
for EUXFEL with EuXFEL! source S ® G [ (
Zeuthen)?
Overall coordination (HH-2), costs coordination |Also manpower from EuXFEL?
Project management 1 |estimations TR 1 2 1 2 2 4 1075] 15 400 Hamburg-Zeuthen-EUXFEL (1FTE for on-site planing?)
I [Accelerator layout refinement for a
ideal” Tz faclly 1 |realsic s2e simiatons beamine desian, 05| 1 05 | 1 100 " dedicated (muliple) TH source,
e o P oscillator (optical cavity) at 4.5MHz?
donl . combine several options, variable [THz undulator FS-US DESY HH 2 Prototype fabrication
Ideal” THz undulator design 1 (apering, strength, period? esign 025 | 05 025| 05 |025| 05 50 prototype for proof-of-principle (M. Tischer, P. Vagin) | (not included)
idoal” _, |muttipurpose, dispersion optimized . Really muttipurpose for
Ideal” BC for THz machine 12 BC design 0.25| 0.5 025 | 05 50 prototype for proof-of-principle uttimate performance

management, space charge, CSR

SUM (WP1-4)
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THz@PITZ Team and Collaboration

Proof-of-principle experiment on high power THz source

DESY Zeuthen

Physicists:
» Z. Aboulbanine*

* G. Adhikari*

* N. Aftab

* P. Boonpornprasert*
* G. Georgiev*

« J. Good

* M. Gross

* A. Hoffmann

* E. Kongmon*

* M. Krasilnikov

* X.-K. Li

* A. Lueangaramwong*
* R. Niemczyk*

* A. Oppelt

* H. Qian*

* C. Richard

* F. Stephan

* G. Vashchenko

* T. Weilbach*

» X. Zhang

* = |left PITZ for other lab
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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 DESY Hamburg
* D. Melkumyan « E. Schneidmiller
* F. Mller « M. Yurkov

* R. Netzel « B. Krause

* B. Petrosyan « M. Tischer

* S. Philipp * P. Vagin

* M. Pohl

» C. Ruger -

* A. Sandmann-Lemm uni Hamburg

« M. Schade * J. Rossbach

« E. Schmal « W. Hillert

* J. Schultze

* S. Weisse
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