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Fundamentals of X-ray Matter Interaction 1

Sang-Kil Son
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Sang-Kil Son

10 #9A 2566
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XFEL Tour

XFEL Staffs

15 @9AN 2566
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Students
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Lecture Program
Please attend)

* The lecturs program cansists of lectures
providing intraductions and averdews on
selected key topics ol DESY. researcn in
Particle and Astie-Particle Physics, Photon
Seionce, as well as N ACGRlerators. The e | e ionse
lestures eover both experiment o
aspects.

- btipsifindice desy de/event39610)
+ Please chieck Indico for chariges of lime
and venie

+ Everybody should attend all comman
[ectures and the respective lectures for

Pragram A or 8.
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1. e are produced and acoelerated
ina LINAG

2. erare dccelerated to nominal
energy (GeV) in the booster
accelerator

3. e bunches travel in the storage
fing in a wids circular path,
emitling lightas they changs
directions
X-tay Tight, emitted towards
‘beamlines”
3 experiments

R T
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Analysis of ultra-short XUV FEL pulses
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Abstract

A free-electron laser in Hamburg (FLASH) can generate a femtosecond pulse with an ultra-
short wavelength in the extreme ultraviolet (XUV) range. In the nature of light radiation, the duration
profile fluctuates from shot to shot due to the fluctuation in electron bunches, which is difficult to
characterize. A well-established technique is THz streaking, which has a powerful diagnostic that
enables the shot-to-shot characterization of the temporal duration of self-amplified spontaneous
emission-based free electron lasers (SASE-FELs) pulses. In this work, we employ a method to
generate the complex temporal structure of the FEL pulse using the partial coherence simulation
method to calculate the temporal duration of the pulse generated by the simulation and summarize the
temporal duration from the many runs time of the FLAH’s beamtime. This approach makes it possible
to know the temporal profile of the pulse and adjust this value for specific experiments, such as the
pump-probe experiment.
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1. Introduction

1.1 The Free electron LASer in Hamburg (FLASH)

FLASH is the first extreme ultraviolet (XUV) and soft X-ray free-electron laser in the
world [1]. Self-amped spontaneous emission (SASE), a technique for laser amplification
without mirrors, involves a single electron passing through an undulator. As shown in figure
1, a laser-driven photoinjector based on an RF-gun is used to produce electron bunches,
which are then accelerated using a superconducting linear accelerator to energies ranging
from 0.35 to as high as 1.25 GeV. The peak current for lasing increases with bunch
compression. FLASH1's undulator system consists of 6 undulators with a period of 27 mm
and a fixed gap of 12 mm, whereas FLASH2's undulator system consists of 12 variable-gap
undulators with a period of 31 mm. These undulators produce coherent microbubbles that
result in ultra-short femtosecond laser pulses [1, 2].

RF Stations Accelerating Structures Xseed FLASH1 Di:hﬁ;‘;‘ms
v _ B — ! o B v v FixedGap Undulators . THz 9

RF Gun Bunch Compressors g

Lasers Variable Gap CHER o

5 MeV 150 MeV 550 MeV 1350 MeV hd

. =
FLASHForwary Kal Siegbaty,
FEL Experiments

315m
Figure 1: The schematic layout of FLASH [1]

The FL21 beamline is in the FLASH2 experimental hall (follow figure 2). The FEL
beam was divided by a cutting mirror (CM) into the THz streaking beamline. The beam goes
to the streaking interaction chamber for testing the functionality of a temporal diagnostics

experiment those measures accurately while causing a minimum of disturbance to the FEL
beam at the end of FL21 beamline [2].
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Figure 2: FL21 beamline at FLASH2 [2]
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1.2 Self-amplified spontaneous emission (SASE)

The electron bunches are accelerated to relativistic energies and sent through undulators
[3]. The magnetic field deflects them and forces them on an oscillating curve, which leads to
radiation being emitted at the beginning of the undulator. Emission at the resonant
wavelength follows [2]:

PR CURL S
(A 2]/2 2 Yo« |

£Bolu  is the dimensionless undulator parameter, B, is the peak magnetic field on

where K =
2TmecC

the undulator axis, A, is the undulator period, y is the Lorentz factor and ¢ is the observation

angle to the undulator z-axis. The emitted radiation can be tuned by changing the gap of

undulators by adjusting the magnetic field. The radiation emitted in the forward direction:

A K? 2mc
/11=/1r(q0=0)=2—;2<1+7>: o
T

where w, is the fundamental undulator frequency. The emitted radiation at the beginning of
the undulator overlaps with the electron bunch, leading to a density modulation
(microbunching), as shown in figure 2, where the electrons in each microbunching emit
radiation in phase, which enhances the power and coherence of the radiation to the
downstream part [4]. The fluctuation of the initial spontaneous radiation leads to a fluctuation
of all pulse parameters [3]. The behaviour of a SASE FEL in the one-dimensional (1D) limit
can be well characterized by the FEL Pierce parameter.

1
_ [AR KA )P 1
p= 16ml,y3 |7 ¢ epw,
where N, is the number of cooperating electrons, y is the relativistic factor, j, is the beam

3
current density, I, = % ~ 17 kA, K is the rms undulator parameter. The coupling factor is

A;; = 1 for a helical undulator, and 4;; = [Jo(Q) — J1(Q)] with Q = for a planar

KZ
[2(1+K?)]
undulator, J, and J; are the Bressel function, I is the electron bunch current and w, = =—is

the frequency of the amplified wave. The radiation power grows exponentially with the
distance z along the undulator, as follows:

2z
P(z) = Py A exp <—>
Zg

where z, is the field gain length, P, is the affective input power and A = é in one-dimensional

FEL theory with an ideal electron beam [2,4]. The exponential growth continues until the
energy of the electron bunch is decreased to saturation length as:

Ay In(N,)
Zsat = H(B + \/§ ,
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The initial modulation of the electron beam is defined by the shot noise, which has a
white spectrum, and the high-gain FEL amplifier cuts and amplifies only a narrow frequency
band of the initial spectrum. Also, a single-shot spectrum of the pulse having duration (T)
should contain spikes with a typical width about 1/T and the number of spikes should be
about pw, T [5].

L=

Log(radiation power) =

a)
Undulator A{EL pulse
g

Electronl INEAINUININRRNRNRRRRNRGHNYNN]

bunch

Electron
dump

Undulator distance

Incohérue‘nt' :sﬁnission Coherent emission
Figure 3: (a) The schematic of a high-gain SASE FEL. (b) The growth of radiation power
and evolution of the microbunching within the electron bunch as a function of the undulator
distance [2].

2 Simulation

2.1 Partial coherence method

The partial coherence method is a numerical top-down approach for generating a non-saturated
SASE FEL pulse that exactly matches the measured spectrum without using accelerator-specific
parameters [9]. Consider the electric fields as:

Ey(w) = Ap(w) eXp(i<P0(w))

where ¢, (w) is a discrete random spectral phase independent random number between —2m and 21

at each sampled frequency and Ay(w;) = +/I(w;) is a discrete spectral amplitude function at
sampling intervals |w; — w;;1| <K 27/t with T given by the average FEL pulse duration. The initial
temporal electric filed Ey(t) is infinitely long (Nyquist limited) calculate from taking Fourier
transform (FT). Using the average pulse duration of the FEL for Gaussian temporal amplitude
filtering function Fy(t) multiply with the initial temporal electric field E,(t). The final temporal field
is:

Ep(t) = Eo(t)Fo(t)
The temporal filtering will be different for each random of the initial phase function. So, the final field
in frequency domain is:

B () = Ar () exp (i@ () = FTH[Ep(£)]
The spectral phase @ is bounded in time, implying partial spectral coherence, which is a

characteristic property of SASE FEL. The pulse energies (P) observed for a set of FEL shot in the
SASE process follow by a gamma distribution:

M M-1
v® = tan(m) mew (M)

Py .
is the number of modes.

where M = B!
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2.2 SASE Pulse simulation

The SASE process begins with shot noise in the electron bunch. As a result, the photon pulses
indicate characteristic spectral and temporal intensity profiles consisting of multiple random spikes
with random phase fluctuations between each spike [10]. Four parameters (the central energy, the
energy bandwidth for calculating the full width at half maximum of the energy spectral (unstreak
pulse), the full width at half maximum of the average temporal spectral, and the broadening factor for
the streak pulse) require initial input to generate the energy spectral of the SASE FEL pulse. The
photon energy is then calculated using the Gaussian envelope with the information from the parameter
input and multiplied by the exponential of the random phase in the imaginary part. Then, taking the
Fourier transform of the photon energy multiplied by the filtering Gaussian function, which contains
information for the FWHM of the average temporal spectrum, constructs the amplitude in the time
domain. The reference's amplitude in the frequency domain is received by taking the inverse Fourier
transform of the amplitude in the time domain. The same method is used to determine the amplitude
of the streak pulse in the frequency domain at the same time, with the FWHM of the photon energy
being larger than that of the unstreak pulse and both pulses having the same integral area under the
energy pulse. The next step is to determine the temporal duration of the FEL pulse, which is around
1000 pulses, by applying the algorithm shown in Figure 4 and the relevant parameters found using the
1D Gaussian fit, such as the amplitude, center frequency, and FWHM of the pulse.

Input parameter: Central energy (c), Energy bandwidth (Eb),
FWHM of temporal profile (FWHM _t), broadening factor (b)

Calculate the photon energy in each energy (e)

_2
Eyo(e) = exp (—%+2nai>
2(c

*100(2.355))

Calculate the photon energy in each energy ()

N2
Ey(e) = exp(— e C)Eb Thia 2nai>
2 (b *cx 100(2.355))

a is random number in range 0-1

a is random number in range 0-1

Calculate pulse in time and frequency
domain as the same method for unstreak

Calculate pulse in time domain
£2
A(t) = exp| ————— | * FT(Ey(e
®) p  (FWHMc 2 (Eo(e))
2.355

pulse under condition

[ Aunstreas ) = [ streast

Calculate pulse in frequency domain

A(f) = FT7H(A(®)

Figure 4: Algorithm for generate the SASE pulses
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3 Experiment Method

3.1Terahertz streaking method.

In light-field streak cameras, they are used for probing the temporal properties of the photon pulse
in the energy spectrum of the photoelectrons created by the ultrashort pulse and have single-pulse
capability. The XUV pulse interacts with a noble gas and generates the photoelectron via
photoionization with the same temporal profile as the photon pulse. The kinetic energy of the
photoelectrons is modified by their interaction with the THz electric field, and their final energy is
determined by the instant THz-field vector potential at the moment of ionization. The streaking field
is taken as a linearly polarized THz wave [2, 3, 6-8].

Ernz(t) = Eqcos(wry,t + ¢)
where E is the fields amplitude, t is the time, wry, is the THz frequency and ¢ is the phase. The
final kinetic energy when the momentum changes of the photoelectron due to acceleration in this field

Wy = W,y + 2U,sin*(g;) + /8W0Up sin(¢;)

where W, is the initial kinetic energy without the THz fields, ¢; is its phase at the instant of

22
ionization and U,, = % is the pondermotive potential of the THz filed with e and m, being the
e*'THz

18:

. W, . o
electron charge and mass, respectively. For U, < 70 and observation angle along the polarization

direction (6 = 0). The measured Kinetic energy change upon scanning the time delay between both
pulses is:

2W,
nie

AW () = Wy — Wy = eAry,(t)

where Apy,(t) = ftoo Ery,(t")dt' is the vector potential of the streaking THz field. So can directly

map the vector potential of the THz field by measuring the kinetic energy change of streaked
photoelectrons show in figure 5.

The widths of streaked spectra depend on the sign of the streaking field. Where the delay
between a positively chirped XUV pulse and the THz streaking field is set such that the slope of
Ary,(t) is positive, the slower electron of the pulse will be decelerated, and the faster electron will be
accelerated. This effect leads to the streaked spectrum being broader than the chirped XUV pulse for
the same pulse duration. If the slope of Ay, (t) is negative, the streaked spectrum will be narrower
than the chirped XUV pulse.

g

Momentum distribution

Vector potential

Electric field

Time

S T .

N
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Figure 5: The photoelectron distribution produced via photoionization is probed by the streaking
vector potential [2].

The width of the streaking observation angle along the polarization direction of the streaking
field in the XUV spectrum has a Gaussian shape with a width determined.

In general, XUV pulses have a linear chirp (time dependence of their instantaneous
frequency) and a Gaussian envelope.:

Exuv(t) = EXUV COS(a)t +Ct2)
where Eyyy is the envelop of the pulse, w is the central frequency of the XUV field and c¢ is the
linear chirp parameter. The width of streaking spectrum becomes [2]:

— 2 2 2
Ostreak — \/00 + GXUV(S + 4cs)

a(Aw 2W
@w _ , 2w

where gy is the width of the pulse without streaking field (unstreak), s = 5t - Estrear 18
e

the streaking speed independent of Agt-0qx and the sign + depend on the slope of the vector potential
are positive or negative for an observation direction parallel or antiparallel to the streaking field
respectively. Assuming the linear chirp to be constant, the duration of the XUV pulse can be
calculated:

2 _ 42
Gstreaki 0y

Txuv
s2 4+ 4cs

2 _ 2
Gstreaki 0y

Txuy = S
Therefore, by simultaneously measuring of the streaked and unstreak spectra for two opposite streaks,

can exclude the term containing the chirp (¢ = 0).

3.2 Experimental

The experiment was performed at FLASH’s plane grating (PG) beamline [2, 7, 8]. The PG
beamline enables the utilization of the zero-diffraction order of the FEL photon beam (at the PGO
beamline branch). The FEL was operated in single bunch mode at 10 Hz, with the electron bunch
charges ranging from 0.08 nC up to 0.44 nC, leading to different XUV pulse durations as well as
XUYV pulse energies ranging from only a few pJ at 7 nm to >100 pJ per pulse at 20 nm. FLASH was
tuned to a wavelength of 6.8 nm (180 eV) and for a second set of measurements to 20 nm (62 eV).
The Ti:sapphire laser produces single-cycle THz pulses with a repetition frequency of 10 THZ via
pulse front tilt optical rectification in a lithium niobate (LiNbO3) crystal, and the pulses have a width
of 100 fs (FWHM) and a pulse energy of 6.5 mJ. The obtained THz pulse energy is around 15 J,
resulting in a THz field strength of up to 300 kV cml. a single-cycle THz pulse with a duration of
around 3 ps, centered at 0.6 THz, and a vector potential linear slope of at least 500 fs. The acceptable
time window is determined by this range of the THz field, which also determines the streaking speed
(s). A UHV interaction chamber (Cube 250 CF) and THz generation and transfer to the interaction
region are also included. The XUV pulse focuses on a noble gas target, ionizing it to produce
photoelectrons. When the gas atoms are ionized by XUV, an electron time-of-flight (TOF) detector
mounted on a 3D manipulator that has a high collection efficiency (Kaesdorf ETF11) and an energy
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resolution of around 1% records the time-of-flight of photoelectrons. Between the contact region and
the entrance cone, the target operates for 3 mm. Neon was selected as the target gas because it has the
2p and 2s photoelectron spectral lines in the desired energy range. 21.7 eV (2p) and 48.5 eV (2s) are
the electron binding energies, respectively. Figure 6 shows an experimental setup in this experimental
measure: a single shot over 2000 pulses for each time in the beamtime.

Figure 6: Schematic of the THz-streaking set up [2].

4 Results & Discussion

4.1 Partial Coherence Method

The generated single-shot SASE XUV pulse is shown in Figure 7 by inputting the parameter as
follows: The central energy is 95.43 eV, the FWHM of the average temporal profile is 30 fs, an
energy bandwidth of 2% can be calculated the FWHM of the unstreak pulse energy is 1.9086 eV. The
broadening factor is 3.5, so the FWHM of the unstreak pulse energy is 6.6501 eV. The spike peak
within the pulse can be determined by the phase fluctuation adjusted by the imaginary part of the
photon energy. If this has a small amount of imaginary part, the spike peak will be less; on the other
hand, if it has a large amount of imaginary part, the spike will be much more, so we can consider the
pulse in two cases: one spike and multiple spikes. Moreover, the unstreak and streak pulses show two
cases where the FWHM of the streak pulse is larger than the unstreak pulse in the same condition and
has the same integral under the pulse; therefore, the amplitude of the streak pulse is less than the
unstreak pulse.
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Figure 7: The FEL pulse from the simulation method for (a) one spike case and (b) multiple spikes
case, and the unstreak and streak pulse for (c) one spike case and (d) multiple spikes case

1D Gaussian was used for fitting with the pulse shown in figure 8; determine the parameter
following Table 1. The central frequency and FWHM of the four pulses from the fitting method are
close to the real value (parameters input). Therefore, this method can be used for exacting the related
parameter of the pulse.

Spectrum Spectrum
(a) —— Unstreaked signal (b) —— Unstreaked signal

0.8 ---- Gaussian fitted 0.8 ---- Gaussian fitted
- Streaked signal > ~ Streaked signal
206 ---- Gaussian fitted %06 ---- Gaussian fitted
] s
= c
T04 To04
0.2 0.2

0.0 — 0.0 -

85.0 90.0 95.0 100.0 105.0 85.0 90.0 95.0 100.0 105.0
Photolectron energy (eV) Photolectron energy (eV)

Figure 8: The gaussian fit with the unstreak and streak pulse for (a) one spike case and (b) multiple
spikes case.

Table 1: The parameters from using Gaussian fit the pulse data.

1. Pulse 2. Parameter 3. One spike 4. Multiple spikes
6. Amplitude 7. 0.9+0.02 8. 0.7 +0.07
5. Unstreak 9. Central 10, 95.40.02 11 954007
frequency
12. FWHM 13. 1.9+0.03 14. 1.9+0.13
15 Streak 16. Amplitude 17. 0.3+0.01 18. 0.2+0.01
) 19. Central 20. 95.4+0.01 21. 95.4 +0.03
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frequency

22. FWHM 23. 6.7£0.02 24. 6.9 £0.06

Figure 9 shows the sigma, or standard deviation, from the parameter in the histogram's
Gaussian function plot for all 1000 pulses. The data behaves similarly in all four pulses as a result of
the normal distribution, which prefers values which are close to the mean and fewer outliers (max and
min value). The integral values and sigma value of the streak pulse should also be taken into
consideration. As seen in figure 10, the data has a lower distribution are concentrated around the mean
or center point. This behavior suggests that the method's error is reduced.
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Figure 9: Histogram of the sigma value from gaussian fit for (a) one spike case and (b) multiple
spikes case.
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Figure 10: The relation between the integral and sigma of the streak pulses for (a) one spike case and
(b) multiple spikes case.

The temporal duration of a single pulse over 1000 pulses can be calculated by using streaking
speed is 0.07 eV.fs! [3] and shown in figure 11. The pulse duration of both cases has a normal
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distribution, with an average pulse duration of 91.45 = 0.34 fs and 91.48 + 0.99 fs for one spike and
multiple spike cases, respectively.
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Figure 11: The temporal duration of (a) one spike case and (b) multiple spikes case show in plot and
histogram distribution.

The relation of input parameters with the temporal duration is shown in figures 12 and 13.
The energy bandwidth has a linear relationship with the temporal duration because the energy
bandwidth depends on the FWHM of the unstreak pulse, and the FWHM of the streak pulse has the
same relationship too.

Figures 12 and 13 show how input parameters relate to temporal duration. The temporal
duration linearly increased when the energy bandwidth increased too, because of the energy
bandwidth's dependence on the FWHM of the unstreak pulse. The relationship between the FWHM of
the streak pulse and the temporal duration as well as the same trend of energy bandwidth. This shows
that the temporal duration depends on the FWHM of both unstreak and streak energy pulses.
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Figure 12: The relation of energy bandwidth and the temporal duration
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Figure 13: The relation of FWHM of the streak pulse energy and the temporal duration

4.2THz Streaking
The experiment's SASE pulse in the beamtime of FLASH, which is shown in Figure 14-15, it
has multiple spikes. Due to streaking fields, the streak pulse has a wider FWHM than the unstreak
pulse, a smaller amplitude, and a shifted peak. For around 2000 pulses, the TOF1 and TOF2
detectors' sigma of unstreak and streak indicates that they have a normal distribution.

Gaussian fit monitor

—— FWHM = 0.817 eV
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Figure 14: The SASE pulse from FLASH
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Figure 15: The sigma of unstreak and streak pulse of TOF1 and TOF2

The temporal duration from the example run time of FLASH’s beamtime is presented in
figure 16 and have a normal distribution for both detectors. TOF1 and TOF2 have average temporal
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durations of 322.6 fs and 94 fs, respectively. The temporal duration of this run time in the FLASH’s
beamtime in the range of 50-350 fs.

TOF1 Pulse duration over shots TOF2 Pulse duration over shots

pulse duration (fs)
pulse duration (fs)
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best energy range ®  Dbest energy range .

7000 7200 7400 7600 7800 8000 7000 7200 7400 7600 7800 8000
shot number +1.71213e9 shot number +1.71213e9
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EED TOF 2 - mean = 94.0 fs

200 300
Pulse duration (fs)

Figure 16: The temporal duration of TOF1 and TOF2

Figure 17 presents the temporal duration's average and standard deviation of many runs time
of the FLASH’s beamtime. The THz streaking field has a positive slope called slope 1, and both
TOF1 and TOF2 have temporal durations of 50-300 fs. The negative slope, called slope 2, has a
temporal duration of 20—400 fs for TOF1 and TOF2.
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Figure 17: The average temporal duration of TOF1 and TOF2 for both slopel and slope2 of many
runs time of the FLASH’s beamtime

5 Conclusion & Outlook

The temporal duration of the simulation depends on the FWHM of both unstreak and streak
pulses. The parameters in the simulation depend on the input parameters (central energy, energy
bandwidth, and broadening factor). This method can calculate the SASE pulse and the exact pulse
duration precisely. The data from many runs time of FLASH’s experiment beamtime show the pulse
duration of XUV FEL is about 50—-400 fs with a fluctuation of around 20%.
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