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Abstract

The accurate measurement of the arrival time of a hard
x-ray free electron laser (FEL) pulse with respect to a laser
is of utmost importance for pump-probe experiments pro-
posed or carried out at FEL facilities around the world.
This manuscript presents the Photon Arrival and Length
Monitor (PALM), the latest device to meet this challenge,
a THz streak camera, and discusses the challenges in its
design, use, and analysis of results.

INTRODUCTION

Laser pump, x-ray probe experiments performed at FEL
facilities around the world [1, 2, 3, 4, 5] typically want to
use short pulse length and intense coherent x-ray radiation
to perform experiments with sub-picosecond time resolu-
tion. As they go towards improved temporal resolutions,
the experiments require accurate measurements of the arri-
val times of the FEL pulses relative to a laser pump on the
sample they are probing. This measurement must also be
non-invasive, allowing the experimenters the maximum
use of the X-ray beam for their work rather than for diag-
nostics.

Several methods have been proposed and implemented
in the past to meet this diagnostics challenge: transmis-
sion/reflectivity spatial and spectral encoding used for soft
and hard x-rays at FLASH, SACLA, and LCLS [6, 7, 8, 9],
the THz streak camera for soft x-rays at FLASH [10, 11]
and other methods [12, 13, 14]. These methods all have
their advantages and drawbacks, and the only one that has
been attempted for hard x-ray arrival time measurement is
the spatial/spectral encoding setup, which has an arrival
time accuracy of on the order of 10 fs RMS [6, 9]. The
potentially more accurate THz streak camera has not been
attempted for use at hard x-ray sources due to the small
photoionization cross-section of the gas target and the dif-
ficulties in differentiating jitters in the photon energy of the
FEL beam from an arrival time signal of the FEL beam by
electron spectroscopy. The Photon Arrival and Length
Monitor (PALM) prototype chamber [15] developed at the
Paul Scherrer Institute (PSI) for the future SwissFEL facil-
ity mitigates both of these problems, measuring the pulse
length, and the arrival times of hard x-ray FEL pulses rela-
tive to a THz pulse and the laser it is generated from.
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CONCEPTS

The concept of the THz streak camera has been ex-
plained in the past in literature [16, 17, 18], and has shown
itself capable of measuring pulse lengths of high-har-
monic-generation (HHG) soft x-rays in table-top laser la-
boratories. The device can also be used to measure the ar-
rival time of the x-ray relative to the THz pulse.

The THz streak camera uses a gas that is photoionized
by the x-ray light as an electron emitter. The electrons are
then subject to a time-varying vector potential generated by
co-propagating THz radiation, the duration of which is
longer than the pulse length of the x-ray pulse. A shift in
the arrival time of the x-ray pulse translates to a shift in the
kinetic energy gained by the electrons in the vector poten-
tial. The final kinetic energy of the photoelectrons Ky
streaked by the vector potential U, is

Ky = K, + 2U,sin®(@,) + /8K, U,sin(¢y) (1)
where Kj is the initial kinetic energy of the electrons at the
time of ionization, @y is the phase of the vector potential at
the time of the ionization, and

— ezETZ"Hz(t)
Up = et @
Eriz(?) is the (sinusoidal) THz electric field, e is the elec-
tron charge, m. is the mass of the electron, and wr-is the
frequency of the THz f in radians/s.

The time delay between the external THz field and the
FEL pulse is controlled by a translation stage, and time of
flight of the electrons under different time delays ise rec-
orded, forming a two dimensional (2D) streaked spectro-
gram. As shown in Eq.1, the shape of the spectrogram is
determined by the THz frequency, initial electron kinetic
energy and the vector potential. The time-to-energy map
can be extracted by recording the center of mass (COM)
kinetic energy of each time delay and shot-to-shot arrival
time of the FEL pulses related to the THz pulse are re-
trieved by recording the single-shot electron kinetic energy
when the stage is set at the middle of the time-to-energy
slope.

The pulse lengths are measured by looking at the change
in spectral width of the kinetic energy of the electrons. A
longer pulse will give a longer width, as described in [10,
11].

Since x-ray photoionization cross sections decrease as
the x-ray photon energy increases [19], fewer electrons are
thus expected to generate from single-shot ionization of the
noble gas atoms for hard x-rays. However, the PALM setup
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counterbalanced this effect by using gas from a supersonic
pulsed valve [20] that is synchronized to the FEL pulse that
increases the sample density in the interaction region,
while in the other hand decrease the gas load in the streak-
ing chamber.

SETUP CONSIDERATIONS

The flight path of electrons, and especially low-kinetic-
energy electrons, can be affected by magnetic fields, yield-
ing flight times inconsistent with their real kinetic energy.
To counteract this issue, the chamber was built out of p-
metal and described in [15]. Two ETF20 Kaesdorf elec-
tron time-of-flight (eTOF) spectrometers measured the
strength of the streak induced on the photoelectrons by the
vector potential of the THz field. This tandem measure-
ment is used to eliminate the photon energy jitter common
at FELs from the observed spectra. Furthermore, a third
eTOF was placed upstream of the interaction region to
measure the non-streaked spectra for single-shot data eval-
uation of the pulse length. The pressure near the sensor
element of the eTOFs, the multi-channel plates (MCPs)
should not be on the order of 10® mbar to prevent sparking
and damage to the MCPs. Small pumps are attached to the
eTOFs to keep the drift tube under low pressure despite a
higher gas load in the chamber. Despite this precaution,
the pressure in the main chamber is limited by the tolerance
of the MCPs, and should always be checked before the de-
vice is started.

The two e-TOF spectrometers in the streaking region,
positioned opposite each other, measure exact opposite
streaking effects, but measure the same electron kinetic en-
ergy shift due to photon energy jitter. The resolution of the
eTOFs over the dynamic range of the measurement is con-
trolled by adjusting their drift tube and electrostatic lens
settings. By subtracting the average of the two mean kinetic
energies from each individual measurement, the photon en-
ergy jitter contribution is eliminated, leaving only the clean
measurement of the FEL relative pulse arrival time. This
calculation can also be achieved by subtracting either of
the two streaked eTOFs from the non-streaked eTOF meas-
urement.

The Xe gas is injected into the interaction region by a
LaserLab Amsterdam piezo cantilever valve [21] synchro-
nously with the FEL repetition rate. The valve has a 40°
conical nozzle with a diameter of 150 um with a backing
pressure of about 3.5 bar above atmospheric pressure. The
valve was placed 10 to 12 mm away from the center of the
interaction region to deliver the largest amount of gas in
the smallest volume possible while not interfering with the
flight path of either the THz beam or the FEL pulse. The
estimated diameter of the gas target in the interaction re-
gion was between 1.2 and 1.5 mm rms. The average pres-
sure in the chamber while the valve was working was 1.1
x 107 mbar, with a background pressure of about 3 x 1077
mbar.

The THz radiation has thus far been generated in a
LiNbOs crystal via the tilted pulse-front pumping method
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[22] optimized for a high-energy pump [23] by 800 nm la-
ser 5-10 mJ system outside of the chamber and then intro-
duced into vacuum through a z-cut quartz window. The
laser intensity should be monitored on a shot-to-shot basis
to compensate for the change in the THz field’s power in
the data analysis. A three inch parabolic mirror focuses the
THz radiation 150 mm downstream. Its long focusing dis-
tance minimizes the Gouy phase shift [24] effects across
the diameter of the gas target. The unfocused x-ray FEL
pulses are transmitted though the 3-5 mm hole in the mid-
dle of the parabolic mirror and co-propagate with the THz
field. High humidity or temperature variations can have an
effect on the laser power or the strength of the THz field,
so utmost care should be taken to stabilize both in the room
the PALM is placed in. A steeper streaking slope gives
better results and time resolution.

The setup of the device requires a calibration of the
eTOFs to find an accurate electron flight-time to kinetic
energy scale. This is best done by either scanning the pho-
ton energy of the FEL beam over several hundred electron
volts. This process is fairly quick and painless if performed
at an FEL with variable gap undulators which can quickly
switch to different energies within a few hundred eV of the
target energy.

The calibration scan should also record the measured
spectral width as a function of the photon energy. The
eTOF lensing and retardation systems are usually opti-
mized around one energy—Ilarge variations from this sweet
spot cause de-focusing effects from the electrostatic lenses,
yielding larger measured electron kinetic energy spectral
widths than what the FEL delivered. This effect can be
corrected for by measuring the response of the spectral
width as a function of electron kinetic energy at one photon
energy, and then accounted for in analysis later. It is easi-
est for single-shot evaluations, however, if the sweet spot
of the eTOF measurements was made large enough to al-
low direct comparisons between the streaked and non-
streaked spectrum without the need for this additional step.
However, since this setup may take a long time, and beam-
time at FELs is limited, one must decide whether spending
more time on the setup or more time on the data analysis is
the best option.

Further tests need to be done to check the accuracy of
measurement of the mean kinetic energy of a peak, per-
formed by having to eTOFs measure the same beam at the
same time without the THz streak and comparing the vari-
ations of the kinetic energies they measure. This measure-
ment is typically accurate to about 0.3-1% of the retarded
kinetic energy of the electrons.

ANALYSIS CONSIDERATIONS

There are several effects that have to be accounted for
when evaluating the data from a THz streak camera meas-
urement. Some of the most important ones are listed be-
low, along with some suggestions mitigate them.

Spectral width drift and jitter is the tendency of the FEL
beam to change the width of its spectrum with time or on a
shot-to-shot basis. If a calibration measurement was done
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with one spectral width, and the beam changes this width,
the final evaluation for pulse length can be erroneous. The
addition of another e-TOF that would measure the non-
streaked beam would rectify this problem, seeing any drifts
or jitters in the on a shot-by-shot basis.

Space charge is generated in the interaction region as the
thousands or millions of atoms are photoionized by the
FEL beam. The effect is most easily observed for electrons
of low kinetic energies, where even a small space charge
can retard the flight of an electron to a measurable degree.
High energy electrons, however, are much less sensitive to
the space-charge effect, and the few-eV space charge con-
tribution to the streaking strength of a multi-keV electron
is negligible.

A large number of electrons flying together through the
drift tube of the eTOF have mutual Coulomb repulsions
which could distort the original imprint the FEL pulse cre-
ated at the time of photoionization. This can cause the per-
ceived spectral width to be larger than the real one. How-
ever, simulations done with SimION have shown that the
contribution from such repulsions for 1000-2000 high-KE
electrons flying simultaneously through the drift tube, a
number that is typical for a single peak observed by the
eTOFs, is small, on the level of a percent or less of the
spectral width. The effect is noticeable for low kinetic en-
ergy electrons (few eV-10s of eV) since they have more
time to separate themselves in the drift tube.

The algorithms for the analysis have to be carefully con-
sidered as well. While the measurement of the arrival time
is fairly simple, and can be performed by looking at the
mean peak energy and its shift from the non-streaked spec-
tra, the width evaluations can be affected by strange timing
or spectral features of the FEL pulse. If the FEL pulse is
not spectrally Gaussian for some reason, a Gaussian fit be-
comes very hard. In this case, one can consider using a
straight rms evaluation of the data, though one must be
very careful in choosing the peak area where the data is
evaluated. The area has to be consistent for both the
streaked and non-streaked cases, which may be hard as the
streaked spectrum is typically broader and lower than the
non-streaked one. Typically, this process involves the pro-
gramming of the algorithm to find minima on either side of
the peak that are still above the noise threshold, and then
the evaluation of the rms distribution between these two
points.
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CONCLUSIONS

The PSI-developed PALM device will measure the arri-
val time and pulse length of hard x-rays at SwissFEL. Be-
cause it is a gas-based measurement method, it is also less
intrusive than most other methods and allows for the use of
the FEL pulse for experiments further downstream with a
minimal loss of intensity or wavefront distortion.
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