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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 proposed or carried out at FEL
facilities around the world. This manuscript presents the latest device to
meet this challenge, a THz streak camera using Xe gas clusters, capable of
pulse arrival time measurements with an estimated accuracy of several
femtoseconds. An experiment performed at SACLA demonstrates the
performance of the device at photon energies between 5 and 10 keV with
variable photon beam parameters.
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1. Introduction

Laser pump, X-ray probe experiments performed at FEL facilities around the world [1-5]
typically make use of short pulse length and intense coherent X-ray radiation to perform
experiments with sub-picosecond time resolution. As they advance towards improved
temporal resolutions, the experiments require accurate measurements of the arrival 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 maximum use of the X-ray beam for the experiment
rather than for diagnostics.

Several methods have been proposed and implemented in the past to meet this diagnostics
challenge: transmission/reflectivity spatial and spectral encoding used for soft and hard X-
rays at FLASH, SACLA, and LCLS [6-9], the THz streak camera for soft X-rays at FLASH
[10,11] as well as other methods [12-14]. All these methods have some advantages but also
drawbacks. Some require extensive infrastructure and dedicated beamlines [12,14]. Others are
not single-shot measurements [13], or are not completely transparent [6-9], causing
degradation of the FEL X-ray beam. The only method 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 difficulties 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 Institut (PSI) for the future SwissFEL facility mitigates both of these problems,
measuring the arrival times of hard X-ray FEL pulses relative to a THz pulse (and the laser it
is generated from) with an estimated accuracy of about 4 fs RMS at 9 keV. The presented
results obtained at SACLA represent the first measurement of its kind.

2. Concepts

The concept of the THz streak camera has been explained in the past in literature [16-18],
and has is capable of measuring pulse lengths of high-harmonic-generation (HHG) soft X-
rays at table-top laser laboratories. The device can also be used to measure the arrival 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 potential. The final kinetic energy of the photoelectrons
K; streaked by the vector potential Uy is
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where Kj is the initial kinetic energy of the electrons at the time of ionization, ¢, is the phase

of the vector potential at the time of the ionization, the + depends on the orientation of the

THz field, and

— ez EW?HZ (t) (2)
4mea1|%Hz

Ern.(t) is the THz electric field, e is the electron charge, m. is the mass of the electron, and
wtH, 1S the angular frequency of the THz field.

The time delay between the external THz field and the FEL pulse was controlled
mechanically by a LTM®60 translation stage, and time of flight of the electrons under different
time delays were recorded, forming a two dimensional (2D) streaked spectrogram. As shown
in Eq. (1), the shape of the spectrogram is determined by the THz frequency, the initial
electron kinetic energy and the vector potential. The time-to-energy map is extracted by
recording the center of mass (COM) kinetic energy of each time delay over several hundred
shots. The shot-to-shot arrival times of the FEL pulses related to the THz pulse are retrieved
by recording the single-shot electron kinetic energy when the delay stage was set at the
middle of the time-to-energy slope. The area of interest, between 2 and 3.5 ps in Fig. 2, is
sinusoidal, justifying the use of Eq. (1).

Since X-ray photoionization cross sections decrease as the X-ray photon energy increases
[19], fewer electrons are thus expected to be generated from single-shot ionization of the
noble gas atoms by hard X-rays. However, the PALM setup counterbalances this effect by
using Xe gas clusters generated by a supersonic pulsed valve [20] that is synchronized to the
FEL pulse, increasing the sample density in the interaction region, while also decreasing the
gas load in the streaking chamber. The setup for Xe had a Hagena parameter [21] of about
6800, for which we expected clusters of several hundred to a thousand atoms [22]. The
clusters are injected into the interaction region only when the X-ray pulses are passing
through, guaranteeing that sufficient electrons are generated for measurement and good
statistics. We estimate that between 50 and 500 electrons were in the peaks used for analysis
for the monochromator, comparable to the data shown in [11], and about an order of
magnitude more without the monochromator.

U

p

3. Experimental setup

The experimental chamber, built out of u-metal and described in [15], was installed at the
BL3 beamline at the SACLA FEL facility [3,23]. As shown in Fig. 1, two ETF20 Kaesdorf
electron 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 measurement is used
to eliminate the photon energy jitter common at FELs from the observed spectra.
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Fig. 1. Schematic drawing of the PALM prototype chamber.

The two e-TOF spectrometers, positioned opposite each other, measure exact opposite
streaking effects, but observe the same electron kinetic energy shift due to photon energy
jitter. The resolution of the eTOFs over the dynamic range of the measurement is controlled
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 energy jitter
contribution is eliminated, leaving only the clean measurement of the FEL relative pulse
arrival time.

The Xe clusters were injected into the interaction region by a LaserLab Amsterdam piezo
cantilever valve [20] synchronously with the 30 Hz SACLA repetition rate. The valve had a
40° conical nozzle with a diameter of 150 um and 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
FWHM diameter of the gas target in the interaction region was about 2.5 mm, and the valve
opening time was about 30 us. The average pressure in the chamber while the valve was
working was 1.1 x 10™° mbar, with a background pressure of about 3 x 10~" mbar.

SACLA has a 30fs, 800 nm, 7 mJ laser system [23] that was used for the experiment. The
THz radiation was generated in a LiNbO; crystal via the tilted pulse-front pumping method
[24] optimized for a high-energy pump [25,26] outside of the chamber and then introduced
into vacuum through a z-cut quartz window. The laser intensity was monitored on a shot-to-
shot basis to compensate for the change in the THz field’s power in the data analysis. The
THz beam had a maximum electric field of about 50 kV/cm in the interaction region, and an
average frequency of 0.52 THz. A three inch parabolic mirror focused the THz radiation 170
mm downstream, 20 mm behind the interaction region to avoid Gouy phase shift [27] effects
across the diameter of the gas target. The 100-200 um RMS diameter unfocused X-ray FEL
pulses were transmitted though the 5 mm hole in the middle of the parabolic mirror and co-
propagated with the THz field. The SACLA staff estimated that the laser timing jitter was
about 150 fs RMS.

4. Results

The FEL pulse arrival time with respect to the THz pulse was measured at photon energies of
5,6,7, 8,9, and 10 keV with pink (non-monochromatized) FEL pulses with a bandwidth
between 0.3- 0.5%. The FEL pulse energy was between 150 and 250 pJ during the run. We
observed the streaking effect on the Xe 2ps, photoelectron peak for 6-10 keV and Xe 3ds,
peak for the 5 keV photon energy. We also measured the streaking effect at 6, 7, 8, and 9 keV
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with a Si 111 monochromator, which improves the bandwidth of the photon pulses to about
0.01% at the cost of lowering beam intensity by a factor of about 50. The measurement
procedure for every FEL beam setup was the same: after a time-to-energy calibration of the
eTOFs, we scanned the high-precision THz delay stage to map out the vector potential,
correcting for photon energy jitter as described in section 3, and as shown for 10 keV in Fig.
2. Each time-step measured 100 spectra that fitted the appropriate peaks with a Gaussian
function to find the COM kinetic energy of the electrons after retardation. An example of
these measurements is shown in Fig. 3. An example of a simultaneous streaked single-shot
measurement on both eTOFs is shown in Fig. 4. The eTOF settings were changed for every
new setup to ensure the best resolution possible over the whole range of the streaking effect.
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Fig. 2. THz delay scan at 10 keV, raw data (left), and corrected for photon energy jitter and

normalized (right). The raw Kinetic energies are relative to the retardation and lens settings of
the eTOF spectrometers.
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Fig. 4. Example of single-shot streaked spectra taken at 8 keV with the monochromator for the
same FEL pulse. The red filled circles are from eTOF1, and the blue hollow circles on the right
are from eTOF2, as shown in Fig. 1. The Gaussian fits are representative of the fits we used for
our COM estimates.

The THz delay stage was then set in the middle of the leading edge of the streak rise, like
the middle of the positive slope of eTOF2 in Fig. 2, to maximize the dynamic range of the
arrival time measurements. This gave us a range of about 600 fs in which we could map an
arrival time of the FEL beam to a unique kinetic energy of the photoelectron. Figure 5 shows
one such arrival time distribution.
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Fig. 5. FEL vs. THz arrival time distribution at 10 keV photon energy with pink beam.

We measured 10,000 spectra from the two eTOFs without the THz beam, with both eTOF
spectrometers measuring the same FEL pulse and photoionization processes. We repeated this
measurement for every photon energy and eTOF settings to find the RMS accuracy for the
mean electron kinetic energy measurements. We estimated the average single-shot arrival
time accuracy by taking these measurements, which had COM evaluation accuracies between
0.5 to 1.1 eV RMS, and dividing them by the average slopes of the linear, 300 fs long
streaking section of the THz delay scans. The slope values were between 0.11 and 0.32 eV/fs,
depending on the photon energy and eTOF settings. The FEL beam began to be unstable at 10
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keV during the run, preventing monochromator measurements at that photon energy. The
monochromator is also not designed to be used at 5 keV, so no monochromator measurements
were done at that energy.

The final estimates for accuracy and arrival time jitter values are presented in Table 1. We
also took 10,000 spectra at each photon energy and beam mode for our arrival time
measurements, of which at least 60%, and typically over 80%, were suitable for a very good
Gaussian fit, defined as having a signal-to-noise ratio of 20 and better, and having normalized
fit-to-data residuals that were a factor of two or less than the average noise in the spectrum.
Note that the accuracy of the measurement decreases linearly with the slope if the arrival time
falls out of the linear section of the streak. Conversely, the accuracy of the measurement
increases if the arrival time of the FEL falls nearer to the center of the rise slope, in the
middle of the linear region. The relative arrival time jitter measurements with the PALM are
consistent with previous measurements done at SACLA using their timing tool [28].

Table 1. RMS Arrival Time Jitter between the FEL and Pump Laser Pulses during the

Experimental Runs, and Estimated Single-shot Accuracy for the Photon Energies and
Modes we Measured with at SACLA

Photon energy, mode RMS arrival time jitter (fs) Estimated RMS single-shot
accuracy (fs)
5 keV, pink beam 141 6.9
6 keV, pink beam 99 9.5
7 keV, pink beam 121 6.8
8 keV, pink beam 95 5.1
9 keV, pink beam 172 4.0
10 keV, pink beam 119 5.8
6 keV, monochromatic beam 152 4.7
7 keV, monochromatic beam 152 9.5
8 keV, monochromatic beam 91 75
9 keV, monochromatic beam 157 8.0

The estimated RMS accuracy numbers in Table 1 make sense when one considers several
factors. As Fig. 6 shows, the estimated accuracy of the arrival time measurement goes as the
square of the kinetic energy of the ionized electron between 6 and 9 keV with the pink beam,
per Eqg. (1). However, since the COM fits of a Gaussian profile improve with stronger signal
strength in the peak, the 10 keV pink beam accuracy is worse than expected due to the larger
pulse energy instability during that part of our experimental run. We used a different electron
shell for the 5 keV pink beam measurements, resulting in some inaccuracy due to the
difficulties in fitting a Gaussian to the smearing between the Xe 5ds, and Xe 5ds, electrons.

The total signal with the monochromator is significantly reduced compared to the pink
beam, resulting in worse estimated arrival time accuracies. The only exception to this rule is
the 6 keV monochromatic case, which we believe had a higher signal due to the higher
intensity of the SACLA FEL at 6 keV, and a cleaner spectrum after the monochromator when
compared to the pink beam at 6 keV. The 6 keV monochromator measurements were also
taken at the very end of the SACLA run, while the 6 keV pink beam was measured near the
beginning. The additional experience with the experimental and eTOF setup over the course
of the beamtime contributed to a better measurement.
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Fig. 6. : Electron Kkinetic energy vs. estimated RMS arrival time accuracy for the pink beam
with photon energies between 6 and 9 keV. The blue x’s are the kinetic energies, while the
solid red line is the square root function fit to the points.

5. Conclusions

The results presented here demonstrate that the PALM device developed at PSI can measure
the arrival time of hard X-rays to an accuracy not yet reached by any other method. Since the
PALM uses a gas-based measurement method, it is less invasive than most other methods and
allows the use of the FEL pulse for experiments further downstream with a minimal loss of
intensity or wavefront distortion. The device has shown its effectiveness when working at
multiple intensities, being able to measure the arrival time of both the pink and
monochromatized FEL beam. It had functioned for the whole 3.5 day beamtime without any
problems or interruptions, and with great reliability. In short, the experiment successfully
demonstrated that the PALM is a very useful tool for photon diagnostics at hard X-ray FELSs.
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