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G.L. Orlandi ("), F. Addesa, H. Brands, P. Dijkstal, R. Ischebeck, E. Prat, T. Schietinger
Abstract

The shot-to-shot and non-invasive monitoring of the electron bunch length in a linac driven Free Electron Laser (FEL) relies on
Bunch Compressor Monitors (BCMs). A BCM is designed to detect — and fully integrate in a given wavelength band - the
radiation energy spectrum emitted at the threshold of the temporal coherence by the electron beam while crossing the last
dipole of a magnetic chicane or a diffraction radiation screen placed just downstream of it. The BCM signal response is hence
a direct - albeit non-absolute - function of the electron bunch length and of the beam charge as well. Due to its full non-
invasiveness, a BCM is the ideal diagnostics to be integrated into the machine feedback to stabilize the bunch compression.
Recently, we presented (*) a formal method for the absolute determination of the electron bunch length from the analysis of
the signal readout of a BCM which is equipped with two independent detectors integrating the radiation energy pulse in two
different wavelength bands. Theoretical highlights of the method as well as experimental results on the characterization in
SwissFEL of electron beams with sub-fs bunch length will be presented in this contribution.

(*) Orlandi, G.L. Absolute and non-invasive determination of the electron bunch length in a free electron laser using a bunch compressor monitor. Sci Rep 14, 6319
(2024). https://doi.org/10.1038/s41598-024-56586-1

(™) gianluca.orlandi@psi.ch

2 G.L. Orlandi, Paul Scherrer Institute PSI 09.09.2024


https://doi.org/10.1038/s41598-024-56586-1

 PSI

Premise on the bunch-length measurement unit

For the sake of ease, bunch-length measurements are converted from um to fs units
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SwissFEL Bunch Compressor Monitor (BCM)

TUNING LINAC

E =2.6-3.6 GeV

ATHOS

INJECTOR ENERGY COLLIMATOR

BC1 BC2
” Electron beam Aug 2016
GUN ﬂ LINAC 1 LINAC 2 LINAC 3 Lasing Dec 2016
- o Pilot experiment  Dec 2017
=300 MeV ARAMIS .
User experiment  Jan 2019
BC1-BCM: Edge CSR 4" dipole BC2-BCM: CDR from a screen FCOL-BCM: Edge CSR 4th dipolg
Main parameters
wavelength 0.1-5.0nm
3 BCMs presently in operation at SwissFEL for a fully non-invasive and shot-to-shot monitoring of the
electron bunch length and compression feedback photon energy R
pulse duration 1<-20fs
BC1-BCM (10&200 pC, 300-400 fs) and BC2 BCM (10&200pC, 3-25fs): monitors integrated in the machine — 6.2 GeV
compression feedback.
e bunch-charge 10-200 pC
ECOL-BCM (0.7-3.0 fs): special compression setting (R56) of the energy collimator at 10 pC. Monitor ropetition rate 100Hz
integrated in the machine compression feedback for 10 pC and sub-fs machine operations
F. Frei, R. Ischebeck, Electron bunch compression monitors for short bunches - commissioning results from SwissFEL, Proc. IBIC2019, Malmoe, Sweden, Sep. 2019, pp. 578--581. doi:10.18429/JACoW-IBIC2019-WEPP026
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ECOL-BCM: the experimental set-up

TUNING LINAC
E =2.6-3.6 GeV

ATHOS
INJECTOR ENERGY COLLIMATOR

BC1 BC2

LINAC 2 LINAC 3

GUN LINAC1

ARAMIS

BC1-BCM: Edge CSR 4" dipole BC2-BCM: CDR from a screen FCOL-BCM: Edge CSR 4th dipolg

ECOL-BCM (5.8GeV, Edge SR):
» Diffractive cut-off (<4um) of the radiation due to a narrow diameter of the light beam pipe <n '

» Design optimized for bunch length 0.7-3.0 fs (10 pC),

= speclromela
Al =

> Detectors:

=  Pyroelectric sensor (0.9-4.0)um

=  Spectrometer (Ocean Optics, 0.9-2.5 um)
» Output Signals:

= Pyrodetector: voltage signal, radiation spectral energy fully integrated over the detector wavelength band

= Spectrometer: 512-pixel array spectrogram

F. Frei, R. Ischebeck, Electron bunch compression monitors for short bunches - commissioning results from SwissFEL, Proc. IBIC2019, Malmoe, Sweden, Sep. 2019, pp. 578--581.
doi:10.18429/JACoW-IBIC2019-WEPP026
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10 pC and sub-fs bunch-length set-up for Cristallina (SwissFEL user end-station)

» Cristallina FEL end-station set-up: 10 pC, 8.36 keV, 3-stage compression
» Bunch length measurements before ECOL-BCM with TDS-Cband in linac 3 : o(rms)~(16.5+/-1) fs

» Bunch-length prediction downstream the ECOL: o(rms)~(0.51+/-0.03) fs [30% systematic error (*)]

(*) systematic error due to uncertainties on estimated energy spread and bunch-length at the injector

E,
O, f = i'E—Rﬁm /T3 s (1)

PHYSICAL REVIEW RESEARCH 2, 042018(R) (2020) ;

where a; is the uncorrelated energy spread before BCl1, E; ;

are the energies at BC1 and BC3, respectively, and ¢ = ¢ 12

Single- and two-color attosecond hard x-ray free-electron laser pulses with nonlinear compression

Al der Malyzhenkov ®,"-" Yunieski P. Arbelo,! Paolo Craievich®,! Philipp Dijkstal®,2 E ioF i.' Sven Reiche,' . . -
O Thomas Schietingr, Pavie Juranit. and mpund Prat®!1 o o e is the accumulated compression before BC3, where ¢, = (1 +
' Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland Rﬁﬁlﬂ :,_|i|!'”_]' 1 are C'I:I-I'I]Fl-["ﬂ 38 ilj-]"l fm:-[nrq ]_]"I [he ﬁrst ;::md o Cﬂn.d

*Departiment of Physics, ETH Ziivich, CH-8092 Ziirich, Switzerland

stages {{-J_é #= 0).
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“two-detector” BCM method for absolute bunch-length determination

adiation energy spectrum by a Ne- bunch a
he temporal coherence threshold upo
ntegration over the solid angle of acceptanc
f the detector

aussian bunch longitudinal form-factor (FF),
ighly collimated beams as usualin a FEL

adiation energy spectrum of the Ne- normalized w.r.t. the
ingle particle energy spectrum dl¢/do and integrated over
he frequency band of acceptance Aw of the detector.
ssumption: dl®/dw either constant or weakly varying over
he waveleng_;th band of the detector

dIN e (w)
du,( dw /dw

dI°(w) )

ID(I) — QID(N) + ln(/wmam dwF(w)) Ealculation of the natural logarithm upon single particle

ormalization and integration of the spectrum over Aw

. .
Wmin
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“two-detector” BCM method for absolute bunch-length determination(*)

PSI

alculate infinitesimal differential and convert int

ot dwlF*(w) — F(w)]

min inite difference at the time unit of the machin
J:“u'm_“‘r' dwF (w) epetition rate
Wmin
Al _ I"—1T AN _ N*—N
I — 1 "N — N

() ris

Taylor series expansion of the FF at the first order in Ac/c

(LAJO')Q W"rna:c
e ‘e w
20 [ }

Wmin

) o I/l and AN/N: shot-to-shot relative signal variations from
\/_C [E’Tf((.ua/(’)bmm he one shot to another or relative statistical fluctuation
f the signals w.r.t. a reference value: for instance, th
ean value over a sequence of signal readouts acquired
nder a machine steady state regime.

(*) Orlandi, G.L. Absolute and non-invasive determination of the electron bunch length in a free electron laser using a bunch compressor monitor. Sci Rep 14, 6319 (2024).
https://doi.org/10.1038/s41598-024-56586-1
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“two-detector” BCM method for absolute bunch-length determination

Two-detector BCM: absolute determination of bunch length ¢ vs (Al/l),., , and AN/N

' PSI

0.015
zero-level
0.5fs
1.0fs p——
= 001 1,56 —_— 1
| BCM equipped with two detectors with different wavelength band of acceptance (A®)..,, | E §§I§ e /
1 3.0f: -
g 0.005 : 1
QAN] G(o, (Aw)s) [(AI) (M) } T /’
—2—| = — X — — | — o _
N [G(o, (Aw)s) — G(o, (Aw)y)] I/, I ), é 0 7
E / ,f';.
o
ormula for the shot-to-shot tracking o 0.005 1
he absolute value o of the bunch length
-0.01 . — : . . : .
0.5 1 1.5 2 2.5 3 3.5 4
: 5 AN (7, (Aw sigma (fs) «10°1

ormula for determining the absolute value the bunch length (o) from the analysis of a sequence of data acquired under a stead
tate regime of the machine: | and N are the mean values of the BCM and charge readout of the sequence of acquired data.
he variable o runs into a testinterval until the value corresponding to the “zero” of the equationis found [see plot above (*)]

(*) Orlandi, G.L. Absolute and non-invasive determination of the electron bunch length in a free electron laser using a bunch compressor monitor. Sci Rep 14, 6319 (2024).
https://doi.org/10.1038/s41598-024-56586-1
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10pC SwissFEL operations: ECOL-BCM signals during machine set-up
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‘wavelength (0.9-4.0)um

‘spectrometer wavelength (0.9-2.5)um

Data analysis time-frame 1
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charge-readout [pC]

pyrodetector signal [Arb. Units]

10.9

10.8

10.7

ECOL-BCM and monopole cavity-BPM signals (time-frame 2)

BPM-monopole-cavity signal
T

106 |

10.5

104 |

103 |

I I I
2 3 4 5 6

RF shot sequence 10
BCM-pyrodetector output signal
0 2 3 4 5 6
RF-shot sequence w104
13 G.L. Orlandi, Paul Scherrer Institute PSI

mean spect. signal [Arb. Units]

integrated spect. signal [Arb. Units]

08 L

06 L

04 L

02 L

g X

10

ECOL-BCM spectrometer, w.l. (0.9-4.0)um
T T T T

I
2 3

RF-shot sequence

) ><1°4 ECOL-BCM spectrometer, wavelength (0.9-2.5)um
T T T T T T

I
1.2

1.4 1.6 1.8
wavelength [m]

I
2

I
22

I
24

PSI

Experimental data taking over ~54000
RF shots

Raw ECOL-BCM output signal:
= pyrodetector
= spectrometer (integrated
spectrogram)
= Mean spectrogram

Charge readout from the BPM-
monopole-cavity
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A Q/<Q> [Arb. Units]

0.03

0.02

0.01

-0.01 [

-0.02 L

-0.03

absolute bunch-length determination with «two-detector» BCM
method (time-frame 2): input data of the model

Relative variations w.r.t. average of charge and ECOL-BCM signals

charge relative variation w.r.t. mean
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Il Il Il Il
1 2 3 4 5 6
RF shot sequence 10
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/A pyro/<pyro> [Arb. Units]

0.6

pyrodetector-signal relative variation w.r.t. mean

1 2 3 4
RF-shot sequence

/\ spect/<spect> [Arb. Units]

0.6

spectrometer-signal relative variation w.r.t. mean
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BCM-signal [Arb. Units]

relative variation w.r.t. mean [Arb. Units]

ECOL-BCM signals and «two-detector» method results (time-frame 2) PSI
6r o 8 o © N 2 o 1

» average of ECOL-BCM signals (and charge signal)
] over 10 subsequent RF shots (~54000)

1 » bunch-length determination from “two-detector”
1 BCM method applied to the 10-shot-sequence

BCM-signal [Arb. Units]

] £ & o ? | » absolute bunch-length estimate (G,,,.), 10 pC
O O . .
i 8 8 ’ “Cristallina” FEL user set-up:
o 0 1050 2060 3o<;o 40(;0 5060 6000 " 0 1050 2060 3o<;o 40(;0 5060 6000
10-shot batch sequence 10-shot batch sequence

) ) = (0.71+/-0.21) fs spect. w.l. band (0.9-2.5)um (*)
bunch-length and spectrometer signal (0.9-2.5)um ECOL-BCM, "two-detector" method
2 ‘ ‘ ‘ ‘ ’ ‘ ‘ ‘ ‘ = (0.62+/-0.19)fs spect.w.l. band (0.9-2.3)um

+ bunch-length

* spect-signal

| » beam-dynamics model prediction of the bunch-
length (o

rms):

= (0.51+/-0.03) fs [30% systematic error]

bunch-length [fs]

(") the effect on the bunch-length of the low

| frequency diffractive cut-off of the spectrogram is
! . . mitigated by restricting the effective spectrometer

0 1o.i°ﬁit-batch3§fquence 10-shot-batch sequence wavelength band from (0.9-2.5)um to (0.9-2.3)um
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ECOL-BCM signals and «two-detector» method results (time-frame 2)
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relative variation w.r.t. mean [Arb. Units]

> left plot: full sequence of 10-shot-batch over ~54000 shots
» right plot: zoom on small fraction of the 10-shot-batch sequences

bunch-length and spectrometer signal (0.9-2.5)um

+
*

bunch-length

spect-signal

10-shot-batch sequence
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Conclusions and Outlook (1/2)

» Experimental test of the BCM “two-detector” method at the ECOL-BCM in SwissFEL, outcomes:

A method for the absolute and non-invasive characterization of the electron bunch-length at the sub-
fs scale has been successfully tested and implemented in SwissFEL during 10 pC operations

Bunch-length measurements are in a good agreement with the beam-dynamics prediction at the
ECOL-BCM

New perspectives and potentialities of a BCM in a FEL can be envisaged: a compression feedback of

a FEL driven by the absolute measurement of the bunch-length instead of a bunch-length dependent
signal of a BCM

» Test and possible implementation of the “two-detector” method to improve the potentialities of a BCM
based bunch-compression feedback during FEL operations is in the list of future plans

17
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Conclusions and Outlook (2/2)

» BCM “two-detector” method, relevant features:

= the processing of the relative statistical fluctuations of the BCM detector signals (Al/l),., , mitigates
the sensitivity of the data analysis on systematic sources of uncertainty such as the non-uniformity
of the single particle spectrum or the diffractive low-frequency cut-off of the radiation energy
spectrum

= the proposed method shows as an absolute determination of a physical quantity (bunch-length)
can be obtained from the analysis of the bunch-length induced relative statistical fluctuations of a
detector signal

18 G.L. Orlandi, Paul Scherrer Institute PSI 09.09.2024
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