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ABSTRACT

We demonstrate a noninvasive time-sorting method for ultrafast electron diffraction (UED) experiments with radio frequency (rf)-com-
pressed electron beams. We show that electron beam energy and arrival time at the sample after the rf compression are strongly correlated,
such that the arrival time jitter may be corrected through the measurement of the beam energy. The method requires minimal change to the
infrastructure of most of the UED machines and is applicable to both keV and MeV UED. In our experiment with ~3 MeV beam, the timing
jitter after the rf compression is corrected with a 35-fs root mean square (rms) accuracy, limited by the 3 x 10~ energy stability. For keV
UED with a high energy stability, sub-10 fs accuracy in time-sorting should be readily achievable. This time-sorting technique allows us to
retrieve the 2.5 THz oscillation related to coherent A, phonon in the laser-excited Bismuth film and extends the temporal resolution of UED
to a regime far beyond the 100-200 fs rms jitter limitation.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/4.0000113

I. INTRODUCTION

Ultrafast electron diffraction (UED) has emerged as a powerful
tool with high temporal-spatial resolving power, providing direct
insight into the structural dynamics of matter."” In UED experiments,
the dynamics are initiated by an ultrashort pump laser and probed by
a delayed electron pulse. By recording diffraction patterns at a series of
pump-probe delays, it is possible to retrieve atomic changes following
laser excitation. This approach has been applied to study dynamics in
phase transition,” '’ to reveal transient states,’’'* and to visualize
molecular dynamics.'®"'” With the advent of femtosecond lasers, time
resolution of UED is primarily limited by the pulse width and timing
jitter of the electron bunch. Coulomb repulsion is the main effect that
accounts for lengthening of electron pulse width as the electron beam
propagates from the source to the sample. To circumvent this limita-
tion, many efforts have been made in the past two decades, e.g,
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reducing the propagation distance,”" reducing the bunch charge to
single electron,” ** increasing the electron energy to relativistic
regime,”’ "’ and compressing the beam with an rf buncher,”’ ** a THz
buncher,” "' and a double bend achromat.”**

The most widely used bunch compression method for UED is
velocity bunching with an rf buncher,” * and the shortest bunch
duration is below 10 fs rms with a bunch charge on the order of 10 fC
for MeV beams.”*”® However, previous experiments have shown that
with an rf buncher, the electron beam pulse width is reduced at the
cost of increasing the timing jitter, which is typically measured to be
about 100-200 fs rms.”>***”** The primary cause for this timing jitter
is the phase jitter between the laser oscillator and rf electronics.
Specifically, the phase jitter in the rf cavity leads to beam energy jitter,
which is further converted into timing jitter at the sample after passing

through a drift with longitudinal dispersion. While the timing jitter
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can be measured with a THz deflector,”®**** and very recently, a

THz-streaking-based method’® has been used to correct the jitter, the
method is invasive, and it, nonetheless, introduces changes to the dif-
fraction pattern, which may be difficult to differentiate from those by
laser excitation.

In this paper, we demonstrate a noninvasive time-sorting method
to record the arrival time of an rf-compressed relativistic electron
beam through the measurement of the beam energy of the un-
diffracted beam. Our measurements show that after the rf compres-
sion, the beam arrival time at the sample is strongly correlated with
the beam energy. Because the detector has a central hole to allow the
un-diffracted beam to pass through, it is straightforward to simulta-
neously measure both the diffraction pattern and beam arrival time
with a downstream energy spectrometer. This method has been used
to retrieve the A, phonon oscillation in laser-excited Bismuth. In con-
trast, no oscillation has been observed in the raw data without the jitter
correction. This measure-and-sort method is applicable to both keV
and MeV UED and can be used to correct both the short-term timing
jitter and the long-term timing drift in the rf-compressed UED. In our
experiment, the timing jitter of the rf-compressed beam is corrected
with 35-fs rms accuracy, limited by the energy stability of the electron
beam before the buncher. Since keV UED has high stability in beam
energy, an accuracy of a few femtoseconds should be readily achievable
with this time-sorting method.

Il. PRINCIPLE OF BUNCH COMPRESSION AND SOURCE
OF TIMING JITTER

In this section, we briefly discuss the physics behind the time-
sorting technique. For simplicity, we consider a MeV electron beam
with a negligible energy chirp (correlation between an electron’s
energy and longitudinal position). In the most common velocity
bunching scheme, the beam is sent through an rf buncher cavity at the
zero-crossing phase. Because the bunch head is decelerated and the
bunch tail is accelerated, the beam ends up with a negative energy
chirp (bunch head has lower energy than bunch tail) at the exit of the
buncher. The energy chirp can be calculated as

do 2nV
h="C= 2
dz EA

where E is the beam energy, V and / are the voltage and wavelength of
the rf buncher, respectively. The longitudinal dispersion of a drift with
length L is Rss = cdt/dd ~ —L/y?, where y is the Lorentz factor of
the electron. By matching the longitudinal dispersion with the beam
energy chirp such that hRss = 1, the beam will be fully compressed
after a drift. In this case, the electrons with a higher energy at the
bunch tail exactly catch up with the lower energy electrons at the
bunch head after the drift.

Ideally, the electron beam passes through the buncher at zero-
crossing phase, such that the energy chirp is imprinted without chang-
ing the beam centroid energy. In realistic cases, the phase jitter of the
rf field leads to change of the beam centroid energy. Taken the phase
seen by the electron beam to be A¢ (much smaller than 1), at the
buncher exit, the change of beam centroid energy is Ad =~ (V/E)A¢.
After the drift, this energy change will result in a time-of-flight change
of At = AdRsg/c. Under the full compression condition, the time-of-
flight change is simplified to At = —A¢,, where Ap, = A¢/(kc) is
the normalized phase jitter that has the same unit as time, k is the
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wave number of the rf, and c is speed of light. From discussions above,
one can see that the timing jitter is correlated with the energy jitter
with the coefficient being the longitudinal dispersion of the drift.
Therefore, the timing jitter may be determined by measuring the beam
energy after the rf compression. It is worth mentioning that because
the energy change in the buncher is much smaller than the initial
beam energy, the amplitude jitter of the buncher has a negligibly small
effect on the beam energy as well as the timing jitter at the sample.

Simulation with a General Particle Tracer code”” is used to verify
this dependence and to also take into account the effect of rf amplitude
and phase jitter in both the photocathode rf gun and buncher cavity.
Following our experimental setup, in this simulation, the electron
beam is produced in a 1.6 cell s-band (2856 MHz) photocathode rf
gun and compressed in a five cell c-band (5712 MHz) buncher.
The accelerating gradient and launching phase in the gun are set to
58 MV/m and 38°, respectively. The phase is chosen to minimize the
timing jitter at the entrance to the buncher.*’ The buncher is located
at 0.7 m downstream of the gun, and the bunching voltage is set to
0.9 MV, which resulted in full compression after a drift of 1.0 m. The
amplitude jitter and phase jitter in the two rf cavities are both set to
0.03% and 150 fs, respectively. In the simulation, the kinetic energy of
the electron beam is 2.56 MeV, and the corresponding Rs¢ from the
exit of the rf buncher to the sample is —2.77 cm (or —92.3 ps).

10000 runs of simulation with a single electron are performed,
and the electron’s arrival time and energy at the sample are shown in
Fig. 1(a) (blue dots), where one can see that the arrival time of the elec-
trons is linearly correlated with their energy. The coefficient is equal to
the longitudinal dispersion of the drift. The rms timing jitter is about
160 fs rms, as shown in Fig. 1(b). After removing the linear term, the
residual timing jitter (magenta dots) that cannot be corrected by mea-
suring the beam energy is about 30 fs rms. Analysis shows that the
residual jitter is comparable to the beam timing jitter at the entrance
to the rf buncher, which strongly depends on rf amplitude jitter in the
gun. The simulation was repeated by reducing the rf amplitude jitter
in the gun to 0.01% while keeping other parameters unchanged, and
the simulation results are shown in Figs. 1(c) and 1(d), where one can
see that the residual jitter is similarly reduced by three times to about
10 fs rms. In keV UED with a DC electron gun, relative ripple of the
accelerating voltage is typically less than 107>, and the beam arrival
time should be determined with an accuracy well below 10 fs using
this method.

lll. ELECTRON BEAM COMPRESSION AND
CHARACTERIZATION

The schematic of our experiment to demonstrate the noninvasive
time-sorting is shown in Fig. 2. For producing electron bunches with a
sufficient charge to generate high-quality single shot diffraction pat-
terns, a set of ®BBO (barium borate) crystals are used to shape the
temporal profile of the UV pulse from about 50 fs Gaussian distribu-
tion to ~2 ps FWHM flat-top distribution. The ~2.6 MeV electron
beam is compressed by a C-band (5712 MHz) rf buncher cavity. The
pulse duration and arrival time jitter of the electron beam at the sam-
ple is characterized by a THz deflector."”

The THz pulse is generated through optical rectification in
LiNbO; crystal.’w An off axis parabolic (OAP) mirror collects and
focuses the THz radiation with a vertical polarization into a dielectric-
lined waveguide (DLW), where HEMI11 mode is excited.”” The
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FIG. 2. (a) Schematic of the experimental setup. The 800 nm laser is split into three pulses with first pulse for producing the electron beam, the second pulse to excite the
dynamics in the sample, and the third pulse for producing the THz radiation. The electron beam with about 100 fC charge is compressed with an rf buncher. The pulse duration
and time jitter are measured with a THz streaking in a dielectric-lined waveguide. The diffraction pattern is measured using screen P1 that has a hole to allow the un-diffracted
beam to pass through. The distance between the sample and screen P1 is about 1.8 m. A dipole magnet downstream of P1 is used to measure the energy of the un-diffracted
beam at screen P2. BS refers to beam splitter.
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electron beam in the THz deflector receives a vertical time-dependent
angular streaking, which maps its time information into spatial distri-
bution on screen P1.

We first measured the streaking deflectogram with a short elec-
tron beam (~100 fs rms) by removing the BBO crystals. After both
the spatial and temporal overlap between the THz and electron beam
are optimized, the beam deflectogram [Fig. 3(a)] is measured with the
timing of the THz beam varied in 30 fs step. The maximal streaking
ramp [around t=2.4 ps region in Fig. 3(a)] is found to be about 6.0
urad/fs. The dynamic range of this measurement where the rate of
angular change is approximately linear is about 400 fs. The accuracy of
the arrival time measurement is mainly affected by the fluctuation of
the centroid divergence of the electron beam, leading to temporal
offset in the measurement. In this experiment, the beam centroid fluc-
tuation on P1 with THz off is measured to be about 9.0 yrad, corre-
sponding to an accuracy of about 1.5 fs for the jitter determination.
The transverse beam size at screen P1 was measured to be about
190 um with the THz off [Fig. 3(b)], and the temporal resolution in
beam temporal profile measurement is estimated to be about 18 fs.

After the streaking deflectogram is obtained, the BBO crystals are
then inserted back to produce a 2-ps flat-top UV pulse, and in this

4

N

/
...... " ‘K = 6.0 prad/fs /ﬂ

o

!
%
%

Deflection(mrad)

(b)

- = THz off |
—©—THz on

—
S
®
has
2
% 0.5
c
(]
L
£

FIG. 3. (a) Streaking deflectogram with a maximal streaking rate of 6.0 pradffs. (b)
Raw distribution of the electron beam with the THz off. Panels (c) and (d) are distri-
butions of streaked beam before (c) and after (d) the rf compression. (e) Fit to the
experimental trace to estimate the bunch length at full compression.

Struct. Dyn. 8, 044303 (2021); doi: 10.1063/4.0000113
© Author(s) 2021

case, an electron bunch with a similar pulse width is produced. With
the rf buncher off, the streaked beam has a double-horn distribution
[Fig. 3(c)], indicating that the electron pulse extends over at least half
of the period of the THz streaking field. We then turned on the
C-band buncher for compressing the beam. The buncher voltage is
varied until the smallest streaked beam size on screen P1 is obtained.
In this case, the beam reaches shortest bunch length at the sample, and
the streaked beam is shown in Fig. 3(d).

The bunch length at full compression can be estimated by an
analysis of the vertical projections with and without a THz streaking.
The red circles and blue dash curve in Fig. 3(e) are the profiles of the
compressed beam with and without a THz streaking, respectively. By
fitting the raw streaked distribution with a Gaussian function (black),
the bunch length is estimated to be about 30 fs rms. After subtracting
the contribution from the intrinsic beam size, the bunch length after
the deconvolution is estimated to be 25 fs rms.

IV. TIMING JITTER MEASUREMENT

Because of the 100-200 fs rf phase jitter, the electron beam is
compressed at the cost of increasing the timing jitter to a similar level.
Under the full compression condition, 50 consecutive measurements
of THz-streaked beam profiles are shown in Fig. 4(a). For comparison,
we also included consecutive measurements of the beam profile with a
THz off (the first ten shots). The arrival time of the electron beam at
the sample is determined from the centroid of the streaked profile.
The timing jitter at full compression collected over 2500 shots is esti-
mated to be about 140 fs (rms), as shown in Fig. 4(b).

Since the path length from the buncher to the sample is fixed, the
change in time-of-flight is essentially related to the change of velocity,
which strongly depends on beam energy. In order to show the correla-
tion between the beam energy and arrival time and estimate the preci-
sion of the proposed time-sorting method, we conducted a separate
measurement at screen P2 downstream of the energy spectrometer.
Because the electron beam is bent in horizontal direction by the energy
spectrometer and streaked in vertical direction by the THz deflector,
the horizontal axis on screen P2 becomes the energy axis, and the ver-
tical axis becomes the time axis. This allows us to measure both the
arrival time and beam energy simultaneously. The accuracy of the rela-
tive energy measured by the spectrometer is mainly limited by the sta-
bility of the power supply and the pointing stability of the electron
beam. The stability of the power supply is measured to be about
0.01%. The pointing stability at the detector of the spectrometer is
measured to be 15 um. With the dispersion of the spectrometer being
about 1.0 m, the accuracy of the relative energy measurement is about
0.01%. The measured correlation between the arrival time and cen-
troid energy of the beam is shown in Fig. 4(c) (blue dots), where one
can see that the beam timing jitter is, indeed, linearly correlated with
the beam energy jitter, i.e., At=R x A E/E, with an R determined to be
about —93 ps, in good agreement with the value of the longitudinal
dispersion of the drift. After removing the linear term, the residual
timing jitter that limits the accuracy of jitter correction is about 35 fs
rms, as shown in Fig. 4(d). With this jitter correction, the temporal res-
olution in this rf-compressed UED has been improved from about 150
fs to about 50 fs rms, comparable to that achieved in a state-of-the-art
double-bend achromat-based UED, " yet with a greatly simplified
infrastructure. The accuracy in jitter correction is mainly limited by
the rf amplitude stability of the photocathode rf gun, and the sub-10 fs
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correction accuracy should be readily achievable for keV UED with a
greatly improved beam energy stability.

V. NONINVASIVE JITTER CORRECTION IN UED

The feasibility of this noninvasive time-sorting technique is dem-
onstrated in a pump-probe experiment to measure the A;, phonon
dynamics of Bismuth excited by an 800 nm laser. For pump-probe
experiment, after the full compression condition is achieved at the
sample, the OAP and DLW are removed from the beam path with an
in-vacuum stage, and the sample is inserted into the beam path. A
pump laser pulse is used to excite the ultrafast structural dynamics in
the sample. The diffraction pattern and beam energy of the unscat-
tered beam are synchronously recorded on screens P1 and P2, respec-
tively. It should be noted that screen P1 has a 2-mm-diameter hole in
the center to let the un-diffracted beam to pass through.

A 30-nm-thick (110)-oriented Bismuth film is grown by a molec-
ular beam epitaxy on KBr (100) substrate. With femtosecond photoex-
citation of charge carriers, coherent Ay, optical phonon,
corresponding to atomic vibrations parallel to the trigonal axis of the
rhombohedral unit cell of Bismuth is produced.” The atomic vibra-
tion leads to oscillation in diffraction intensity, which has been widely
used to test the temporal resolution of the instrument.”””” To measure
this structural change, the sample is rotated by approximately 37° with
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respect to normal incidence. Representative single shot diffraction pat-
tern obtained with our rf-compressed beam is shown in Fig. 5(a). The
Bragg reflections sensitive to A}, phonon are marked by white dashed
circles. A 800 nm, 25 fs FWHM laser with a fluence of about 1.5 m]J/
cm? is used to excite the dynamics. The time delay of the pump laser
and electron beam is controlled by a delay stage with a step size of 40
fs. Diffraction pattern and energy of the unscattered electron beam are
collected synchronously at 10 Hz, limited by the frame rate of our
CCD camera. In this experiment, 800 diffraction patterns (20 diffrac-
tion patterns for each time step) are collected, and the measured inten-
sity evolution of the highlighted Bragg reflection before and after
correcting the time jitter is shown in Fig. 5(b). The A;4 coherent pho-
non oscillation at about 2.5 THz is clearly resolved after jitter correc-
tion, while no oscillation is observed for the raw data without jitter
correction. Figure 5(c) shows the process of jitter correction for the 20
data points collected at a time delay of 0.5 ps. Before the correction
(blue triangle), the data points have different intensity, but are assigned
with the same delay time. After correcting the jitter based on the mea-
sured beam energy for each data, the corrected data points (red circle)
have different delay times (diffraction intensity for each data is not
changed in the process), and now, the data have a better match to the
Ay, coherent phonon oscillation. Similar procedures are used to
re-sort the data at other delay time, and the final results are shown in

8, 044303-5
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FIG. 5. (a) Single shot diffraction pattern of the single crystal Bismuth. (b) Measured evolution of the Bragg reflection highlighted in (a) white-dashed circle with and without the
correction of the time jitter. (c) 20 selected data points at 0.5 ps time delay before the timing correction (blue triangle) and the corresponding distribution after the timing correc-

tion (red circle).

Fig. 5(b). After the timing jitter correction, the residual spread of the
diffraction intensity is mainly caused by the fluctuation of the bunch
charge and the limited signal to noise ratio of the single shot diffrac-
tion data and may be improved by increasing the bunch charge and
electron detection efficiency.

VI. CONCLUSIONS

In conclusion, we have demonstrated a noninvasive method for
time-stamping of rf-compressed electron beams. The method has been
used in a pump-probe experiment to reveal the coherent oscillation of
the Ayq phonon mode of Bismuth that is, otherwise, smeared out by
timing jitter in the raw data. With this method, the time resolution of
rf-compressed UED is greatly improved. This method requires mini-
mal change (e.g., a bending magnet) to the infrastructure of most of the
UED machines and is applicable to both keV and MeV UED. In our
experiment, the timing jitter after the rf compression is corrected with
35-fs accuracy, limited by the 3 x 10~* stability of the rf amplitude in
the gun. For keV UED with a greatly improved energy stability, sub-10
fs accuracy in time-sorting should be readily achievable. It should be
noted that this time-sorting method has a large dynamic range, and the
picosecond-level jitter may be corrected with a similar accuracy.
Therefore, it may be used to correct the long-term timing drift in the
rf-compressed UED as well. We expect this method to have a strong
impact in the rf-compressed UED, where the enhanced resolution by jit-
ter correction may open up new opportunities in ultrafast science.
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