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Abstract 
A real-time non-destructive technique to monitor Bragg-

diffracted electron beam energy, energy-spread, and spa-
tial-pointing jitter by analysis of the mega-electron-volt ul-
trafast electron diffraction pattern, is experimentally veri-
fied. The shot-to-shot fluctuation of the diffraction pattern 
is decomposed into two basic modes, i.e., the distance be-
tween the Bragg peaks as well as its variation (radial mode) 
and the overall lateral shift of the whole pattern (drift 
mode). Since these two modes are completely decoupled, 
the Bragg-diffraction method can simultaneously measure 
the shot-to-shot energy fluctuation with 2 ∙ 10ିସ precision 
and spatial-pointing jitter in the wide range from 10ିସ to 10ିଵ. The key advantage of this method is the possibility 
to extract the electron beam energy spread concurrently 
with the ongoing experiment. This enables the online opti-
mization of the electron beam, especially for future high-
charge single-shot ultrafast electron diffraction (UED) and 
ultrafast electron microscopy (UEM) experiments. Fur-
thermore, the real-time energy measurement enables filter-
ing out off-energy shots, improving the resolution of time-
resolved UED. As a result, this method can be applied to 
the entire UED user community, beyond the traditional 
electron beam diagnostics used by accelerator physicists.   

INTRODUCTION 
In recent years, there has been a growing interest in de-

veloping single-shot mega-electron-volt (MeV) ultra-fast 
electron diffraction (UED) systems [1-12]. Comparing to 
the commonly used electron diffraction in the 100 keV en-
ergy range, the main advantages of relativistic electron dif-
fraction are reduced space charge effects and the higher 
penetration depth. The UED can also resolve much finer 
structural details compared to X-rays due to the hundreds-
fold shorter wavelength of electrons in the required sub-
picosecond timescale. However, single-shot imaging with 
high spatial resolution and small beam size on the sample 
is a significant challenge and it requires much brighter 
electron sources. For instance, the RF gun needs to be three 
orders of magnitude brighter than the present state-of-the-
art guns to outrun beam-induced damage of the sample in 
biomolecular single-particle imaging, achieving “diffrac-
tion-before-destruction” [13]. On the other hand, the multi-
shot operation requires significantly reduced beam bright-
ness, but with much lower tolerances to the shot-to-shot 
energy and spatial-pointing fluctuation. To meet these re-
quirements, we need a real-time non-destructive monitor 

of the electron beam energy and spatial-pointing jitter to 
characterize the shot-to-shot energy fluctuation and energy 
spread of the electron beam. 

Here we report our proof-of-principle experiment of 
characterizing the shot-to-shot energy jitter, spatial-point-
ing jitter, and energy spread of the electron beam for UED 
and UEM using a novel Bragg-diffraction method (BDM). 
The experiment was carried out on the existing high-charge 
high-brightness low-energy electron source developed at 
Brookhaven National Laboratory (BNL) with the capabil-
ity of generating 3.3 MeV electron bunches with 10 pC 
charge (0.62·108 electrons) and 0.1 to 1 ps bunch length 
[10,11]. We were able to measure simultaneously the shot-
to-shot energy fluctuation and spatial-pointing jitter of the 
electron beam in real-time via eigen-decomposing the var-
iation of the diffraction pattern to two decoupled modes 
(radial and transverse) and obtain the dispersion of the 
beamline optics at the detector. Beyond tracking changes 
of the intensity, position, and width of diffraction patterns 
[14], we applied the dispersion and Bragg-diffraction (BD) 
peak width to extract the beam energy spread. The meas-
ured beam energy spread agrees reasonably well with Im-
pact-T simulations [15] and with the direct beam-size 
measurement without crystal diffraction. The non-destruc-
tive measurement of the electron beam parameters and 
beamline optics opens a possibility of online minimization 
of the shot-to-shot energy jitter, spatial-pointing jitter, and 
energy spread, which is impossible with the conventional 
dipole-based diagnostic tools. We have experimentally 
demonstrated the BDM can provide a nearly complete set 
of beam-based diagnostic information for online optimiza-
tion of the RF system stability and minimization of the dis-
persion at the detector. This is crucial for the future devel-
opment of single-shot UED and UEM facilities with high-
charge electron beam. 

EXPERIMENTAL RESULTS 
 The schematic layout of the UED setup is shown in 

Figure 1a. The peaks of a BD image shown in Fig. 1b are 
formed by the summation of the intensity distribution of all 
diffracted electrons. The diffraction pattern of a single elec-
tron is determined by the constructive interference gov-
erned by Bragg’s law 2𝑑 sin𝜃 = 𝑛𝜆, where θ is the inci-
dent angle, d is the crystal interplanar distance, λ is the de 
Broglie wavelength, n is the order of Bragg reflections. For 
the data analysis, we choose two BD peaks (i and j in 
Fig. 1b) with the largest separation, highest peak intensi-
ties, the same reflection order (ni,j = n) and crystal inter-
planar distance (di,j = d). Before, we compared the result 
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from one BD-peak pair (i and j) to the result from two pairs 
(i and j, k and l) and found them similar. The separation 
between this highest-intensity peak pair (Dij) is determined 
by the interplane distance d, the distance between the sam-
ple and the detector LS2D and the electron beam energy E: 𝐷ሺ𝐸,𝑑ሻ = 𝐿ௌଶ ∙൛tanሾ2𝜃ሺ𝐸,𝑑ሻሿ െ tanൣ2𝜃ሺ𝐸,𝑑ሻ൧ൟ = 𝐿ௌଶ ∙ 2 ∙tan ቂ2sinିଵ ቀ∙ఒሺாሻଶௗ ቁቃ ൎ 𝐿ௌଶ ∙ ଶ∙ఒሺாሻௗ                      (1) 

 
Figure 1: (a) Schematic layout of the UED beamline with 
marked positions of the UED sample chamber, the YAG 
screens, and the detector. All the quadrupoles were turned 
off. (b) Single-shot Bragg diffraction image on the detec-
tor. Miller indexes of the Bragg peaks used in data analysis 
are labelled by yellow colour. 

This separation between two BD peaks i and j can be 
used to measure the electron beam energy and shot-to-shot 
energy jitter: 

௱ೕೕ = ௱ఒఒ = െ௱௲௲ . The center position of a BD 

peak can be fitted with precision about 0.05 pixel, which 
determines the ultimate precision of the energy and energy 
jitter measurement as 10-4. There is no need for the de-
tailed information of the crystal interplanar distance and 
the sample-to-detector distance unless one wants to cali-
brate the absolute beam energy. 

There are two basic components associated with the 
shot-to-shot fluctuation of the BD image. We call the ex-
pansion and contraction of the BD image in the radial di-
rection with respect to the image center as the radial mode, 
and the transverse motion of the whole BD image as the 
transverse mode. The shot-to-shot energy jitter contributes 
to the radial mode only, as shown in Figure 2.  

 
Figure 2: The shot-to-shot energy fluctuation ΔE/E meas-
ured at two different beam energies: 0.216% rms at E0 
(green) and 0.239% rms at 1.06E0. They are similar. 

 The transverse mode includes both the spatial-pointing 
jitter and the dispersive jitter resulted from the combina-
tory effect of the non-zero dispersion at the detector and 
the shot-to-shot beam energy fluctuation. The horizontal ηx 
and vertical ηy dispersion at the detector is caused by the 
steering from the Earth's magnetic field [10, 11], orbit cor-
rectors and the beam off-center at the solenoid. When the 
beam energy fluctuates shot-to-shot, the non-zero disper-
sion at the detector results in the transverse motion 𝛥𝑅 of 
the BD image: 𝑅 ቀ𝜂௫, 𝜂௬, ௱௲௲ ቁ = ඥ𝛥𝑥ଶ  𝛥𝑦ଶ =ටቀ𝜂௫ ∙ ௱௲௲ ቁଶ  ቀ𝜂௬ ∙ ௱௲௲ ቁଶ = ඥ𝜂௫ଶ  𝜂௬ଶ ∙ ௱௲௲                   (2) 

 

 
Figure 3: The shot-to-shot pointing jitter measured at two 
different beam energies: E0 (black) and 1.06E0 (red), the 
energy jitter is comparably small. The results are similar, 
about 10 µrad spatial-pointing jitter in both horizontal (top) 
and vertical (bottom) direction. 

If the shot-to-shot energy jitter is small (<0.3% without 
a slow drift or periodic oscillation), the transverse mode is 
mainly determined by the spatial-pointing jitter of the UED 
system (e.g. shot-to-shot laser pointing jitter at the 
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cathode), as shown in Figure 3. However, the spatial-point-
ing jitter still can be extrapolated from the uncorrelated part 
of the shot-to-shot ‘pointing jitter vs energy jitter’ depend-
ency, even if the shot-to-shot energy jitter is large. Both 
cases give similar results, about 10 µrad in both horizontal 
and vertical directions. 

The correlation between the transverse motion of the BD 
image and the energy jitter can be applied to measure the 
dispersion. Several sets of data with a large (about 2% 
peak-to-peak) shot-to-shot energy jitters being were col-
lected and analysed. The overall error of the dispersion 
measurement is about 6% estimated as ඥ𝑒ଵଶ  𝑒ଶଶ. Here the 
error e1 = 0.02 is caused by the use of different data analy-
sis methods, and e2 = 0.06 is the statistical error. By fitting 
the pointing jitter vs energy jitter (Fig. 4), we obtain the 
dispersion ηy ≈ 0.0098 from the equation ∆𝑦 = 𝜂௬ ∙ ∆ாா . 
Similarly, we obtain ηx ≈ 0.004 with a 10% error. 

 
Figure 4: Top: energy jitter (blue, left y-axis) and pointing 
jitter in y (orange, right y-axis) vs shot number. Bottom: 
correlation of the pointing jitter and energy jitter. 

Different widths 𝜎௫ and 𝜎௬ of BD peaks are caused by 
the different dispersions ηx and ηy and the non-zero beam 
energy spread δΕ/Ε. With the reasonable assumption 𝜀௫ ൎ𝜀௬ and 𝛽௫ ൎ 𝛽௬ based on the previous experimental result 

[10], we can obtain the beam energy spread ఋ௲௲ = ඨఙమିఙమೣఎమିఎమೣ 
using the dispersion measured by the BDM. We compared 
the energy spread obtained from the measured BD peak 
widths to the direct beam size measurement without crystal 
diffraction. The results are consistent and agree reasonably 
well with Impact-T simulations, as shown in Figure 5. The 
horizontal error bars come mainly from the laser power 
fluctuation. 

 
Figure 5: The beam energy spread measured via the BDM 
(red circles) and direct beam size measurement (green tri-
angles) compared with Impact-T simulations (black 
squares). 

 
Figure 6: Top: normalized electron beam energy (red, left 
y-axis) and RF high voltage amplitude (black, right y-axis). 
Bottom: normalized electron beam energy (red, left y-axis) 
and LLRF modulator amplitude (blue, right y-axis). 

Thus, the BDM can be used to measure the shot-to-shot 
energy fluctuations, the dispersion, the spatial-pointing jit-
ter, and the beam energy spread. Furthermore, the BDM 
can be applied to calibrate the electron beam energy in real-
time with different RF settings. We measured the beam en-
ergy while the RF high-voltage amplitude was varied, the 
results are shown as Fig. 6a. We also modulated the low-
level RF (LLRF) input of the high-voltage amplifier with a 
sine wave and measured the beam energy variation by the 
BD method, the result is shown in Fig. 6b. The reason why 
we chose to vary the beam energy via modulating the am-
plitude of the LLRF drive signal is that this modulation 
varies only the RF amplitude not the phase seen by the 
beam. This feature allows the measurement to be 
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automated because there is no need for the phase correction 
during the measurement. 

CONCLUSION 
It is important to monitor the stability of the electron 

beam non-destructively during the UED experiments. The 
novel BDM provides an in-situ measurement of the elec-
tron beam parameters and beamline optics. Compared to 
the conventional destructive method based on the beam de-
flection by a dipole magnet, the unique combination of 
non-destructiveness and capability of simultaneous meas-
uring the electron beam energy, position and width enables 
the online optimization of the beam parameters. This is es-
pecially important for the future high-charge single-shot 
UED and UEM development. The dispersion can be meas-
ured precisely with a large shot-to-shot energy oscillation.  
However, if the energy fluctuation is small, we can delib-
erately introduce an RF modulation with the desired am-
plitude. The BDM can also be a powerful tool for the RF 
system diagnostics and troubleshooting. As a further devel-
opment, we plan to install a quadrupole quadruplet down-
stream of the mirror reflecting the diffraction pattern to the 
detector. This mirror has a hole in the center allowing the 
core of the non-interacted electron beam to pass through 
and reach the dump. The standard quadrupole scan can pro-
vide missing information of the beam emittance to make 
the online non-destructive diagnostic package complete 
[16]. 
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