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Single-shot THz pulse measurements: motivation and challenges

Requirements:
General motivations:

o ) - Single-shot
- Obtain information on bunch shapes o _
- Potentia”y: user app”cations (e_g_’ - Sufficient temporal resolution/BW (pS/SUb-pS
spectroscopy) range)

- High acquisition rate (MHz+) for a range of
machines, e.g., Eu-XFEL, SOLEIL, KARA,

and ELBE
In this talk: measurement of e- beam \
CDR THz pulses at ELBE - \
THz,
N
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- Single shot electro-optic sampling
- Spectrally decoded EO sampling

- Time stretch EO sampling

C O n te nt - Experiment at ELBE

- Time resolution limitation
- Phase diversity technique

- Time stretch electro-optic sampling with phase diversity
Experiment at ELBE with phase diversity
Results

- Conclusion and perspectives




Principle of single-shot electro-optic (EO) sampling using chirped laser pulses

laser THz electric field
polarization TA‘- under interest

femtosecong
laser pulse

dispersion chirped laser
pulse [110]

Blende QWP PBS time

Pockels crystal
(ZnTe, GaP or GaAs)

> The electric field modifies the birefringence of a crystal.

> The field-induced birefringence is probed using a laser pulse

Popular since the 80s: Near-field measurements Valdmanis, Mourou, Gabel, APL 41, 211, (1982)
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Spectrally decoded EO sampling, and the acquisition rate challenge

THz pulse

V spectrum analyzer

T1=several ps + several ps (gratings + camera)

_f=am| [EOoysl | __roamtime
fs laser O + polarisation e W

optics wavelength

dispersion
(Fiber L1)

Commercial cameras: up to = 150 k lines/s

Option 1: KALYPSO project at KIT. Currently 4 Mf/s over 512 pixels.

First demonstration for THz pulses (table-top exp.): Jiang and Zhang, Appl. Phys. Lett. 72, 1945 (1998)

First demonstration in the accelerator context: bunch shapes at FELIX [Wilke et al. , PRL 88, 124801 (2002)]
Novel design for speed (<200 fs) and sensitivity (fibered system): [Bernd Steffen et al., Proc. DIPAC09 TUPB42
(2009), RSI 91, 045123 (2020)]
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Optlon 2 (thIS work): Main idea: Associate EO sampling with photonic

Time stretch EO time-stretch
. [B. Jalali team, Electronics Letters 34, 1081 (1998)]
sampling

First demonstration of THz time-stretch EO: [(PhLAM-SOLEIL coll.) Roussel et al. Sci. Rep. 5, 10330, 2015]
KARA@KIT: Bielawski, S., Blomley, E., Brosi, M. et al. Scientific Reports 9, 10391 (2019). https://doi.org/10.1038/s41598-019-45024-2
(ongoing ANR-DFG collaboration projet between PhLAM, SOLEIL and KIT)

THz pulse wavelength to time mapping

__JV\__ several

* nanoseconds

T1=several ps

EO crystal
+ polarisation

fs laser
O optics

dispersion Fiber L2
(Fiber L1) (>>L1)

—_

Photodetector
+ oscilloscope

On the oscilloscope: replica of the THz pulse that is “temporally stretched” by a factor M=1+22
Following slides: L1 = 16 mand L2 =4 km M = 242. L
=>4.13 GHz on the oscilloscope corresponds to 1 THz at the input.


https://doi.org/10.1038/s41598-019-45024-2

Experimental setup at ELBE:Time stretch EO sampling

Acquisition rate = 26.10¢ traces/s

polar
beam
-splitter,

THz pulse
Mpsrange
chirped
pulse HWPi HWP QWP
SR = i
PM T mmst— i I (@]
. -rizer crystal fiber

Menlo Yb fiber
laser (1030 nm)

adjustable
circulator delay line
r
4 km
™ >
| I—
variable
optical Balanced

attenuator photodetector

circulator

oscilloscope

Stretch factor M=242.
Tests using two oscilloscopes.

limitation

» 20 GHz bandwidth (Teledyne) — 4.8 THz BW

* 8 GHz bandwidth (Agilent) — 1.9 THz BW limitation
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ELBE: Results

: Stretched time [ns]
Recorded signal 6 8
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Time resolution & Bandwidth limitation

The bandwidth of the system is limited y Transfer function
by the so-called dispersion penalty. > N _
. Position of the first zero of
' the transfer function:
Input X Output Y .
— ] System g f:\/ 1 :\/ cA
.  Vaxp,L, V27T,
H 005 05 10 15 20 25 30 35 4.0
Frequency [THz]
Y=H X

Simulation: Typical deformations observed for short THz pulses (40 fs-long laser pulse and ideal Pockels crystal)

i . duration duration durati duration
Input THz signal. g6 5 De e uration
) < 2
(phase shift  o0.04 P P 500 fs 250 fs
in the crystal, in g-gll;

radians
) 321 0 1 2 3 3 2 1 0 1 2 321 0 1 2 3 21 0 1 2
time (ps) time (ps) time (ps) time (ps)

Measured OSA
signal (after background|
subtraction and -

normalization, arb. unit) 1
1020 1030 1040 1020 1030 1040 1020 1030 1040 1020 1030 1040
wavelength (nm) wavelength (nm) wavelength (nm) wavelength (nm)




optical -
spectrium analyzer

polarizing )
beam-splitter A f—’_\ : /—'\’Vv\
EO crystal QWP e ‘ﬁﬂ /—M—\ Yz(t)

wavelength
g Y,

--------------------------------------------------------------------------------------------------------------

equivalent input time

| |
| |
: \ \
Deconvolution | H1,2(Q) = hocos (BQ* + ¢) | Transfer functions
. | 1.4 1 (C)
DSINg) [Pl | Hi2(Q) = hocos (BR? —¢) S
diversity | | 5 08 -
'Deconvolution using Maximum Ratio | 5 051
. . £ 0.4
‘Combining (MRC): | 02
| ‘ 0.0 i : , |
\ | 0.0 0.5 1.0 1.5 2.0
} R = Hl Yl + H2 Y2 (2)\ Equivalent input frequency Q/2m (THz)
R Loz e 1
"B and ¢ (unknown) are found by minimizing the reconstruction error:
+00 |
2 2 2 ‘
g'=[ do|Y,-H X [+Y,-H,X[] |
S |

[Han, Boyraz & Jalali, IEEE Trans. Microwave Theory and Tech. 53, 1404 (2005)] https://arxiv.org/pdf/2002.03782



Tests at PhLAM (Roussel et al. https://arxiv.org/abs/2002.03782)

40 fs, 800 nm
(a) 3 mel KHz

adjustable

ZnTe

m Silicon plate camera
crystal

vertical axis

grating HWP QWPHWP
stretcher

ZnTe Wollaston grating
crystal PBS
unmodulated reference /

wavelength axis

time (ps)

normalized
spectrum (dB)
input signal A, (rad)

o 1 2

retrieved input field

actual input (scanned data)

frequency(THz)
Roussel et al. https://arxiv.org/abs/2002.03782

15.0

17.5 200 225 25.0
time (ps)

27.5

30.0




Experimental setup at ELBE:Time stretch EO sampling with
phase diversity

Acquisition rate = 26.10¢ traces/s

THz pulse adjustable

h-"‘”E ps range circulator delay line
(r

variable
optical Balanced

attenuator photodetector

polar
chirped beam
HWP .
T-p” -~ H N om Hm‘;gﬁwpl -splitter, @4 km I
""""" St S el -8 I il > oscilloscope
‘E)_‘ S B O M

Menlo Yb fiber
laser (1030 nm)

Balanced Mﬂ\’xﬂmﬂw
(@) /Wm detection

circulator
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ELBE: Results

Polarisation 1 Retrieved input signal

Stretched time [ns]
b 8

Amplitude [V]

20 30
Bunch time [ps]
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Oscilloscope frequency [GHz]
6 P 38 q 1)6 12

ELBE: Results

Retrieved input signal
Stretchﬁed time [ns]8

|FFT (arbitr. unit)|
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()
Y
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€
g

|FFT (arbitr. unit)]

20 30
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15 2.0 255
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Retrieved input signal Oscilloscope frequencly [GHz]
Stretcheed time [ns]8 5 10 5

Bunch
charge=200 pC

Amplitude [V]

|FFT (arbitr. unit)|

Bunch
o 5 Oscilloit):ope frequenclys[GHz] . _
a0 5 " charge=150 pC

Bunch time [ps] 3 5
Input freque 19

Oscilloscope frequency [GHz
scope freq 1yS[ 1

r o

Amplitude [V]
|FFT (arbitr. unit)|

o

Retriev:
Stretc

v

2 3
Input frequency

tr. unit)|
»

|FFT (arbi
N w

=

AMAT AL A Sk sthmbtam st

Retrieved input signal JO
B u n C h . 0 N StretChGed time [n5]8 5 Oscillolsgope frequencl)g[GHz]
charge=60 pC

Amplitude [V]

Amplitude [V]
|FFT (arbitr. unit)|

Bunch
charge=50 pC

20 30 3 3 7
Bunch time [ps] Input frequency [THz]
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ELBE: Results

Retrieved input signal

: Oscilloscope frequency [GHz]
Stretcf%ed time [ns] ; 6 8 10
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Retrieved input THz Spectrum of the electron
signal at ELBE beam at ELBE
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Raw signal data_2d

Laser @ 78
\Y 1 g V4

N
(%3]
o
o

CDR
pulses
@50 Khz
at ELBE
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Acquisition
rate up to
26 MHz
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Conclusion and future perspectives

Robust and relatively compact setup (19” rack)

First test of time-stretch EO at ELBE:

v Tested on the CDR THz source (50 KHz
rep. rate)

v Sufficient BW/temporal resolution using
the Phase diversity technique

v Note: acquisition rate capability (26 MHz)
much higher than the CDR source
repetition rate




Conclusion and future perspectives
Machine diagnostics Other applications to, e.g., spectroscopy..."
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ELBE control room

Fundings: CEMPI Labex, CNRS MOMEMTUM/METEOR, ULTRASYNC ANR-DFG
kkkkkkkkkkk
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Additional steps for reconstructing the input signal

Oscilloscope frequencly [GHz]
6 8 0 12 16
: : : : . B=0.434870, phi=0.789474pi, error=810.711471
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Transfer functions for the phase diversity technique

Prope lag laser
€ polarization .
field  Qup at 45 deg
wrt laser

polarization .
polarizing

beam-splitter

[HI (arb. unit)

Pockels crystal
(eg GaP or ZnTe)

outputs

Key point: Interleave the transfer functions zeros

100 200 300 400 500 600 700 800

modulation frequency (GHz)

H1(Q) = hg cos BQ?
H,(Q2) = —ho cos BQ?,

. 1
WIthB—R

C = %: laser chirp

Practically by using different crystal and waveplates orientations than the “classical” one.

1

electric 0.9

field QWP at 45 deg wrt input laser polarization

+ HWP 22.5 deg wrt vertical (for convenience) 07

0.6
lase . 05
polarizing 04

olarization j
pat 4I52de|~g beam-splitter 03
0.2

wrt [-1,1,0] 0.1

[-1,1,0] !
Blende-type \f\PE
crystal Qwp
(GaP, ZnTe, GaAs) outputs

P2

|H| (arb. unit)

08 -

100 200 300 400 500 600 700 800

modulation frequency (GHz)

H1(Q) = ho cos (392 . %)

H(Q) = —ho cos (592 n %]
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