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ABSTRACT

We report picosecond bunch length measurements, using an interferometric method, for a 3 MeV
electron beam having bunch charge ranging from 1 to 14 pC. The method senses the single-cycle
sub-terahertz (THz) pulse emitted by each electron bunch as coherent transition radiation, which
in turn is analyzed using Michelson-type interferometer, forming an interferogram that is then
processed to yield the nominal electron bunch length. This sub-THz coherent radiation intensity
was measured using a quasi-optical detector (QOD) operating at room temperature. This
experiment was quite challenging since the divergence angle of the sub-THz pulse emitted by the
low-energy electron bunch exceeds £10°, and its pulse energy at the entrance to the detector was
as low as a 100 picojoules. When compared to a conventional helium-cooled silicon composite
bolometer designed for frequencies above 0.5 THz, the QOD provided much better signal-to-noise
ratio in the ~80 GHz frequency range, which was critical for the successful measurement of the

bunch length.

I. INTRODUCTION
Mega-electron-volt ultrafast-electron-diffraction (MeV-UED) takes advantage of the

strong Coulomb interaction between electrons and the distribution of charges in matter, as well as
mitigation of some space charge effects!®. Compared to 10 keV X-rays, which are typically
produced in synchrotron light sources, 3 MeV electrons have a 350-fold shorter wavelength and
thus can resolve much finer structural details. When the probing electrons are packed in a very
short bunch, single-shot MeV-UED enables one to determine the instantaneous positions of atoms,
and multiple shots with various delays can be used to follow atomic motion, making molecular
movies of ultrafast chemical reactions’s. This has led to increasing interest in the development of
single-shot MeV-UED facilities. At Brookhaven National Laboratory (BNL), we demonstrated
that one can focus the transverse size of a 3 MeV 14 pC electron beam down to 40 um using a
broadly tunable electromagnetic quadrupole lens system’. This focusing system significantly

improves the MeV-UED instrument, and it is a step closer to achieving the electron beam quality



required for single-shot UED by providing the brightness several orders of magnitude higher than
current technology!'%-'4,

Single-shot UED requires an electron beam with a high charge and high brightness
simultaneously. Characterizing the brightness of an electron beam in 6D phase space requires
measurements of the transverse beam size and divergence, as well as the bunch length and energy
spread!>!%!7_ The bunch length measurement becomes critically important for understanding the
intensity-dependent bunch lengthening caused by space charge effects. Benchmarking the
measured data with numerical simulations via the General Particle Tracer (GPT) code!® can help
us in developing a virtual diagnostic tool for online monitoring the electron bunch profile. Together
with the Bragg-diffraction method measuring the electron beam divergence, energy, and energy

spread, the interferometric measurement of the bunch length will complete the 6D phase space

diagnostics.

II. MEASUREMENT TECHNIQUE
Several prior techniques have been developed to measure the bunch length of low-energy
and low-charge electron beams. Some methods use the laser-driven THz streaking technique to
sample very short timescales (<107'® s), and ultrafast-laser-pump with electron-beam-probing on
10 s to 10! s timescale were reported'®!®?2. The bunch length could be estimated by
deconvolving all other factors from the measurement results. Compared to this pump-probe
method, the advantages of measuring the bunch length of a 3 MeV electron beam using an
interferometer are:
e The experimental setup is greatly simplified because there is no need for arranging both
laser and electron beam to meet and overlap at a sample location.
e The timing jitter between the laser and electron beams does not contribute any error to
the bunch length measurement.
e The method can be easily extended to a sub-picosecond regime, enabling bunch length
measurement in a much broader timescale from 10'* s to 10! s.
As the radiated pulse energy reaching the detector can be as low as 100 picojoules, applying
the interferometric technique to low-energy (3 MeV) and low-charge (a few pC) electron beams

requires a detector with good signal-to-noise ratio (SNR) for the relevant spectral range.



At the BNL UED facility, we successfully measured the bunch length of a 3 MeV
picocoulomb electron beam using a far-infrared Michelson interferometer and a Schottky-based
QOD?. The QOD model ‘3DL-12C-2500LS-A2’ from ACST has the proper frequency bandwidth
from 30 GHz to 1.0 THz (with peak response near 70 GHz). Based on At = 1/27nf, this detector
should be nearly optimal for bunch lengths in the 2 ps range. We compared the QOD response to
sub-THz coherent transition radiation with that of a far-infrared spectroscopy bolometer operating
at T=4.2K. This standard bolometer is optimized for the 0.6 to 18 THz spectral range and uses an
/3.5 Winston cone to control the field-of-view. The cone exit aperture is about 2 mm in diameter
and acts as a high-pass filter starting near 400 GHz. As such, this type of detector works best for
bunch lengths in the 40 fs or shorter regime. This is consistent with our experimental results where
the QOD provided a SNR more than 20 times higher than this conventional spectroscopy
bolometer in the sub-THz frequency range. The QOD has the additional benefit of room
temperature operation as well as a compact package, plus, it is well-matched to the bunch lengths
frequently encountered with low-energy electron beams.

In our experiment, the electron bunch was longer than 1 ps due to the effective lengthening
of the drive laser pulse. The incident angle of the laser pulse to the photocathode is 70° (called
oblique incidence), which causes different parts of the pulse-front to arrive at the photocathode at
different times. This effect makes the electron bunch significantly longer than the laser pulse. This
undesirable lengthening can be corrected by compensation optics, which, however, haven’t been
implemented at the BNL Accelerator Test Facility II (ATF-II). Instead, we adjusted the electron
bunch length by varying the laser spot size on the photocathode. We were able to vary the bunch
length in the range of 1 to 5 ps, which will be described in detail later.

III. RESULTS AND DISCISSION
3.1 Experimental Results

A schematic layout of the bunch length measurement carried out at the BNL UED facility
is shown in Fig. 1. A bunched 3 MeV electron beam is generated by a radiofrequency photoinjector
based on a copper photocathode illuminated with a short laser pulse at 265 nm wavelength as
produced in a frequency-tripled Ti-sapphire laser system. The electron beam travels to an
aluminum (Al) target where a single-cycle sub-nanojoule coherent THz pulse is produced as

coherent transition radiation (CTR)?*. The charge of an electron beam can be varied from 1 to 14



pC by changing the drive laser pulse energy. An electron beam with a kinetic energy of 3 MeV
has a Lorentz factor y equal to 6.87. The far-field radiated intensity from a 3 MeV electron beam
peaks near an angle 8 = 1/y just over 8°. This sub-THz pulse is extracted from the accelerator
vacuum pipe through a 35-mm diameter window made of high-density polyethylene having > 90%
transmission in this spectral frequency range?. The diverging sub-THz radiation is collimated by
a parabolic mirror having an effective focal length /=152 mm to form an approximately collimated
beam entering the far-infrared Michelson interferometer. The angular acceptance of the system is
determined by the ratio of the window radius to the distance from the radiator to the window. In
our case, the acceptance is 17.5° which is about 2 - 1/y. As a result, the system collects about 50%
of the emitted sub-THz radiation. In the interferometer, the sub-THz pulse is split into two by a
50/50 beam splitter (BS), and one pulse is delayed by a variable interval T with respect to the other.
The two pulses are then recombined and detected by the QOD. Only half of the incident energy
goes into the QOD, while the other half is lost in the retroreflected path back to the source. When
the path-length difference exceeds the bunch length, the detected intensity is constant with delay
7, and this constant signal level is called the baseline. If the path-length difference is smaller than
the bunch length, the intensity varies about the baseline. The detected intensity as a function of the
delay 7 is the interferogram. The width of the interferogram peak is used to estimate the bunch

length?6-°. For a Gaussian beam, the root mean square (RMS) bunch length o, is determined by

interferogram FWHM
V2m )
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FIG. 1. Schematic of the bunch length measurement setup. HDPE represents high density polyethylene.
We numerically studied whether the QOD frequency response distorted the interferogram.
In the experimental setup, either a QOD or a bolometer can be installed as the detector to measure
the signal of the interferogram. The QOD frequency response provided by the manufacturer is
shown as the reference (red curves) in the right graphs of Fig. 2. The left graphs of Fig. 2 show the
interferograms calculated with two different values of RMS bunch length: 1.8 ps (top) and 4.5 ps
(bottom). For a certain bunch length and the frequency response of a detector, the convolution of
the bunch current profile and its replica with a variable time delay t forms the interferogram.
Assuming a Gaussian current profile, we multiply the Fourier transform of the interferogram by
the detector frequency response and then apply the inverse Fourier transform to obtain the
interferograms shown in Fig. 2. For every bunch length, the interferograms were calculated with
two different conditions, the QOD frequency response (blue curves in the left graphs) and the flat

response of a bolometer (red curves in the left column). The interferograms shown in Fig. 2
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correspond to the lower and upper limits of the measured bunch length, so we can conclude the

QOD frequency response does not affect the measurement results in our case.
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FIG. 2. Simulated interferograms (left graphs) and their Fourier spectra (blue curves in the right graphs) at
two different bunch lengths in RMS: 1.8 ps (top graphs) and 4.5 ps (bottom graphs). For each bunch length,
the interferograms with the QOD frequency response (blue) and with the flat response of a bolometer (red)
are plotted. The QOD frequency response is plotted as the red curve in the right column as the reference.
We experimentally compared the signal-to-noise ratio of the bolometer and the QOD. The
bolometer used is a commercial liquid-helium cooled composite silicon detector from INFRARED
LABORATORIES?!, operating at 4.2 K. For this type of detector, the noise typically comes from
thermal fluctuations of the T=295K environment. For the beam charge of 10 pC and bunch length
of 4.0 ps, the peak signal measured by the bolometer was 25 mV (Fig. 3a) and the signal measured
by the QOD was 500 mV (Fig. 3b). To take the detector response time into account, the sample
rate of the oscilloscope (Keysight Infiniium 9040A) was set to 400 MHz for the bolometer and 20
GHz for the QOD. The noise level for both detectors was similar, about 5 mV (note different scales
in Figs. 3a and 3b). We determined that the bolometer doesn’t have an adequate SNR to measure

the interferogram as the required SNR should be > 6 (details in the Discussion section), therefore



a minimum signal of 30 mV (peak) is needed. Compared to a conventional bolometer, the
significantly improved sensitivity of a QOD enables the interferometric measurement of the bunch
length for a low energy (3 MeV) and low charge (1 pC) electron beam. The stepper motor moving
the mirror with a sub-um precision contributes an error of few femtoseconds, which is quite small
considering the measured bunch lengths of a few picoseconds. Separately, the motor was
repositioned to the reference position with a sub-um precision, after each scan of the interferogram.
The minimum step size for the movable mirror is 2 pm, which limits the resolution of the bunch
length measurement to 13 fs. In the experiment, a step size of 10 pm was used, every step was
confirmed by the position readback from the encoder. The oscilloscope was triggered after every
step to record the QOD signal. The measurement time of one interferogram was about 20 minutes

at a repetition rate of 5 Hz.
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FIG. 3. (a) For the charge of 10 pC and bunch length 4.0 ps case, Bolometer signal is plotted as the black
curve. (b) For the same case, the QOD signal is plotted as the red curve.

To take advantage of varying the electron bunch length via changing the laser size on the
photocathode, we measured the bunch length at two different laser sizes X, in full-width half

maximum (FWHM): 707 um and 289 um. The effective FWHM laser pulse length is

2, Xsinf
Zt,laser =" /C .

(1)
Here, 8 = 70° is the incident angle of the laser pulse to the photocathode and c is the speed of
light. The laser spot sizes of 707 um and 289 um correspond to the effective FWHM laser pulse
lengths of 2.21 ps (Fig. 4) and 0.902 ps (Fig. 5), respectively. Compared to the original laser pulse
duration of 100 fs, the effective laser pulse length is dominated by the lengthening caused by
oblique incidence. The beam charge was varied within the routine operation range of the UED
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experiments, from 1 to 14 pC. The charge is measured by a Faraday Cup with an estimated
accuracy of 0.1 pC. The minimum RMS bunch length of 1.8 ps was obtained with the laser spot
size of 707 um on the photocathode and the beam charge of 1 pC. The interferogram is shown in
Figs. 4a. Figs. 4b and 4c show the corresponding interferograms for the beam charge of 2 pC and
14 pC, respectively. For the case with a laser spot size of 289 um, the corresponding graphs are

shown in Fig. 5 in the same order.
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FIG. 4. In the case with a laser size of 707 um on the photocathode, the measured field autocorrelation of
sub-THz radiation for the charge 1pC (a), 2pC (b), and 14pC (c). In each plot, the dashed line represents

the smoothed curve via moving average.
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FIG. 5. In the case with a laser size of 289 um, the measured field autocorrelation of sub-THz radiation for
the charge 2.8 pC (a), 5.6 pC (b), and 7.6 pC (¢). In each plot, the dashed line represents the smoothed curve

via moving average.

3.2 Comparing Simulation with Experiment

Since the particle tracking code GPT takes the 3D space charge effect into account, and
has been benchmarked with well-established simulation codes, such as ASTRA and PARMELA*-
35, we consider a GPT model as a valid representation of the UED instrument. To build a model
via the GPT code, we simulated two different configurations: 1) the beam charge of 14 pC at the
effective laser pulse length of 0.942 ps (RMS) and 2) the beam charge of 7.6 pC at the effective

laser pulse length of 0.385 ps (RMS). For both configurations, Fig. 6 shows the simulated bunch



lengths (red and black curves) in a reasonably good agreements with the measured bunch lengths
(red square and black circle) at the position of the Al target (radiator), z = 2.2 m from the
photocathode. Since the bunch length measurement can only be performed at the radiator position,
the GPT model can be extremely useful for building a virtual diagnostic tool, which can make fast
predictions of the electron bunch length®® anywhere along the UED beamline. This tool can be
useful for real-time optimization of the bunch length at the sample position to achieve high

temporal resolution®’.
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FIG. 6. Bunch lengths in the UED beamline at two different configurations: the charge of 14 pC (red) with
the effective laser pulse length of 0.942 ps (RMS) and the charge of 7.6 pC (black) with the effective laser
pulse length of 0.385 ps (RMS). The simulated bunch lengths (red and black curves) agree reasonably well
with the measured bunch lengths at z = 2.2 m (red square and black circle), respectively.

Bunch length measurements consist of 4.3 ps for 14 pC and 4.5 ps for 7.6 pC. The bunch
length of the low-energy electron beam is primarily dominated by the space charge effect.
Increasing the laser spot size on the photocathode reduces the charge density and mitigates the
space charge effects. Therefore, we observed smaller bunch lengthening in the case of 707 um
laser size and 14 pC charge compared to the case of 289 um laser size and 7.6 pC charge. These
results can be applied to calibrate the GPT model, building a virtual diagnostic tool of the
longitudinal electron bunch profile monitor. Detailed studies of electron beam dynamics are
beyond the scope of our paper.

Fig. 7a shows the measured bunch length as a function of the beam charge for two different

laser sizes on the photocathode: the large size of 707 um (black dots) and the small size of 289 pm
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(red dots). The bunch lengths predicted by the GPT model are also plotted as cyan (large size) and
green (small size) dots. Subtracting the effective bunch length at zero beam charge from all the
data points in Fig. 7a provides the relative bunch lengthening Ag;, shown in Fig. 7b. Here, the
effective bunch length at zero charge is estimated via Eq. (1), mainly due to the oblique incidence.
The large and small laser sizes, 707 um and 289 pum, contribute to the effective bunch lengths of
0.942 ps and 0.385 ps in RMS, respectively. Then, the zero-charge bunch length is estimated via
convoluting the effective bunch length with the duration of the drive laser pulse, 0.1 ps in RMS;
the results are 0.948 ps and 0.398 ps. A steeper dependency of the bunch lengthening with the
charge appears in the small laser spot size case compared to the large laser spot size case, shown
as the red (289 pm) and black (707 um) dashed lines in Fig. 7b, respectively. According to the GPT
simulation results shown in Fig. 6, the bunch lengthening with the charge could also depend on
the longitudinal position where the measurement is performed; the calibrated GPT model can help

us to understand this dependence.
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FIG. 7. (a) The measured RMS bunch lengths as a function of charge of the electron beam at two different
laser sizes on the photocathode: 707 pm (black dots) and 289 um (red dots). GPT simulation: cyan and
green dots, respectively. The errors are estimated via the RMS deviation of three scans for each
configuration. The contributing factors to the measurement errors are the shot-to-shot energy jitter, the laser
intensity fluctuation, and the uncertainty of the delay t. The errors at the zero-charge condition are inferred
from the variation of the effective bunch length contributed by the measurement error of the laser-spot
size on the photocathode. (b) For the same data set, the relative bunch lengthening Ag, referring to the
bunch length at zero charge are plotted with the similar colors. The black and red dashed lines represent the

slope of bunch lengthening with charge at large (707 pm) and small (289 um) sizes, respectively.

3.3 Discussion

10



Based on the experimental calibration using an electron beam with a charge of 10 pC and
the bunch length of o, = 4.0 ps, the QOD signal at the peak of the interferogram was 500 mV.
The combination of SNR > 6 and the noise level of 5 mV requires the minimum QOD signal of 30
mV. Fig. 8a helps to understand this: a calculated interferogram is shown as the red curve; a
minimum of ten data points (blue circles) largely preserves the shape of the interferogram; the
signals at two sides of the interferogram (light blue areas) should exceed the noise by at least a
factor of two. As the result, the combination of SNR > 6 at the peak of the interferogram and the
number of data points >10 can guarantee the high fidelity of the bunch length measurement.

In most cases, the maximum measurable bunch length is determined by the criteria that the
QOD signal must be larger than 30 mV at the peak of the interferogram. The minimum measurable
bunch length is limited by the step size of the movable mirror and the number of data points
required to resolve the interferogram. The electron bunch profile is assumed to be Gaussian. The
combination of the shortest bunch and lowest charge that can be measured by the QOD detector is
determined by the condition where the maximum and minimum measurable bunch lengths merge,
at the charge of 70 fC and the bunch length of 130 fs. The green area in Fig. 8b covers the region
of the measurable bunch length depending on the charge. The combination of the shortest bunch

and minimum charge is indicated by the red dot.
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FIG. 8. (a) A calculated interferogram is shown as the red curve; limited ten data points covering the whole
interferogram is shown as blue circles. The simulation is done with the RMS bunch length of 1 ps. (b) The

measurable bunch length vs charge via the QOD detector is shown as the light green area. The limit of the
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shortest bunch and minimum charge is shown as the red dot with the charge of 70 fC and the bunch length
of 130 fs.

IV. CONCLUSION

We experimentally demonstrated the bunch length measurement of a 3 MeV electron beam
with picocoulomb charge using the interferometric method. The use of a room-temperature QOD
is critical for this measurement, given its SNR performance, proving to be more than 20 times
higher in the sub-THz frequency range than that of a bolometer, in addition, eliminating the need
for liquid-helium cooling, greatly simplified the experimental setup. In our experiment, the
picosecond bunch length is only limited by the present photocathode drive laser setup and the
distance from the cathode to the radiator. The advantages of using an interferometer compared to
the technique based on ultrafast-laser-pump and electron-beam-probe include: the experimental
setup is simple; no measurement error caused by the timing jitter between the laser and electron
beams; the method can be easily extended to a broader range from sub- to tens- picosecond. In the
future, we plan to build a virtual diagnostic tool based on the GPT model calibrated via the

interferometric method.
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