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Abstract 

Ultrafast Electron Diffraction (UED) is a powerful tool 
to investigate the dynamic structure with temporal scale of 
100 femtoseconds and spatial scale of atomic length. To 
achieve high quality diffraction patterns, the transverse 
emittance and the longitudinal length of electron bunches 
should be reduced. MeV UED, using photocathode RF gun 
instead of traditional DC gun, is being developed to pro-
duce high quality electron bunches with lower emittance 
and shorter length. We are developing a MeV UED facility 
based on a 1.4 cell photocathode RF gun that can provide 
higher acceleration gradient at Huazhong University of 
Science and Technology. In this paper, the conceptual de-
sign of the MeV UED is proposed with typical parameters 
of the system, as well as the ASTRA simulation results of 
optimization. 

INTRODUTION 
Ultrafast Electron Diffraction (UED) has the potential to 

probe structural dynamics with temporal scale of 100 
femtosecond and spatial scale of atomic length (sub-1 Å). 
This may significantly contribute to the research into ultra-
fast phenomena, especially in the field of biology, physics 
and chemistry.  

UED is a typical pump-probe device, which uses a 
femtosecond pump laser to activate samples and a pre-
cisely controlled electron bunch to probe dynamic process. 

Conventional UED is driven by DC gun, which can only 
provide the electrons of the energy of keV level (commonly 
below 100 keV). Due to the low energy, keV electron 
bunches suffer from strong space charge force that seri-
ously broadens transverse and longitudinal phase space 
during propagation [1]. To get a sub-ps electron beam, keV 
UED has to reduce the number of electrons, typically few 
thousands of electrons per bunch, which unavoidably re-
duce the signal to noise ratio (SNR) of diffraction patterns. 

 To overcome the space charge effects, mega-electron 
volt ultrafast electron diffraction (MeV UED) was pro-
posed [2], which employed photocathode radio frequency 
(RF) gun instead of DC gun. Photocathode RF gun can pro-
vide higher accelerating gradient and increase electron en-
ergy to MeV level, so the space charge effect is remarkably 
suppressed. Relativistic electrons can significantly sup-
press the space charge effect because the transverse and 
longitudinal space charge effect respectively scale as ͳ/�ଶ�ଷ and ͳ/�ଶ�ହ [3], where � is the relativistic veloc-
ity and � is the electron energy. Theoretically, RF gun can 
deliver up to ͳͲ଻~ͳͲ଼ electrons in a single 100-fs bunch 

[4]. The brightness of beam generated by an RF gun is at 
least four orders of magnitude larger than that of a DC gun, 
which makes the single-shot diffraction possible.  

Another crucial advantage of RF gun is lower velocity 
mismatch. Electrons emitted from the photocathode will be 
accelerated to the speed of light in the gun quickly, greatly 
suppressing the velocity mismatch between probe elec-
trons and pump laser. In addition, the elastic mean free path 
(MFP) length is larger that means thicker samples can be 
researched. 

In this paper, we present a conceptual design of the MeV 
Ultrafast electron diffraction at Huazhong University of 
Science and Technology (HUST), including main layout of 
the facility, as well as the typical system parameters.  We 
also approach the use of 1.4 cell photocathode RF gun due 
to its higher accelerating gradient at the photocathode. 

LAYOUT OF THE MEV UED 
Figure 1 is the schematic diagram of the MeV ultrafast 

electron diffraction facility at HUST. The ~100 fs electron 
bunch is generated from the photocathode by a femtosec-
ond laser pulse and accelerated in an S-band 1.4 cell RF 
gun. The beam is focused by a solenoid to control emit-
tance. A RF deflector is placed downstream of the sample 
chamber. Moreover, a phosphor screen and an EMCCD are 
used to detect diffraction patterns. 

Figure 1: Schematic diagram of the MeV ultrafast electron 
diffraction at HUST. 

RF Gun and Solenoid

The photoinjector uses an S-band 1.4 cell photocathode 
RF gun specifically designed for the MeV UED. The ac-
celerating gradient is 75 MV/m, allowing electron energy 
to 5 MeV. RF gun is driven by a 5 MW klystron. A low 
level RF (LLRF) system is designed to guarantee the high 
stability of RF power source for the control of the pump-
probe timing jitter.  

In order to obtain low emittance beams, a solenoid mag-
net is placed at the exit of the RF gun that provide 0.2684T 
magnetic field to compensate for the transverse emittance 
growth caused by space charge effect during the transport 
beamline. Beams are focused to phosphor screen for high 
quality diffraction patterns.  ___________________________________________  
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An alterable-size collimator with 1 mm/0.6 mm/0.4 mm 
diameter is located 0.72 m downstream from the cathode, 
aiming for electron beams with small beam size and high 
brightness. Another function of the collimator is a block to 
ineluctable dark current to improve the SNR of diffraction 
patterns. 

Two pairs of steering coils are respectively placed up-
stream and downstream the sample chamber in order to 
rectify the misalignment of the installation and tune parti-
cle trajectory. The first steering magnet focus the beam 
onto the collimator centre, while the second steering mag-
net focus the beam onto the screen centre. 

Driven Laser 

A Ti:Sapphire femtosecond laser system operates at the 
frequency of 1 kHz provides UV and pump lasers. UV laser 
at 266 nm is injected on-axis to drive the photocathode for 
electron generation, with 20° injection phase. Pump laser 
is tripled at 800 nm. Laser system is time-synchronized 
with the RF source with a sample-lock technology. Our 
proposal is to limit the timing jitter less than 100 fs.  

Detector 

A Faraday cup is placed downstream the sample cham-
ber to measure bunch charge.  

A RF deflecting cavity is installed to measure the length 
of electron bunch. The rectangle-type single-cell RF de-
flecting cavity is operated at the frequency of 2856 MHz, 
and its temporal resolution is less than 100fs.  

The detector system consists with a phosphor screen, a 
45° mirror and an electron-multiplying CCD (EMCCD). 

The typical parameters of the MeV UED are listed in Ta-
ble 1. 

Table 1: The Typical Parameters of the MeV UED 
Parameter Value 
Accelerating gradient 75 MV/m 
Gun cavity frequency 2856 MHz 
UV pulse duration, FWHM 100 fs 
UV spot size, rms 70 μm 
Laser injection phase 10° 
Bunch charge 1 pC 
Kinetic energy 2.76 MeV 
Collimator diameter 600 μm 
Solenoid field 0.2684 T 
Normalized emittance at sample 60.04 nm rad 
Beam size at sample, rms 0.147 mm 
Bunch length at sample, rms 333 fs 
Energy spread, rms 0.356% 

1.4 CELL PHOTOCATHODE RF GUN 
The spatial resolution can be expressed as 

2 n

e x

s


   .  (1) 

where �௡ ൌ ���௫�௬  is the rms emittance and �௘  is the 
Compton wavelength of electrons [4]. The spatial resolu-
tion is strongly related to transverse emittances. The emit-
tance consists of the initial emittance (thermal emittance) 
and the emittance growth caused by space charge forces. 
Solenoid is used to reduce the beam divergence for com-
pensating for emittance growth. For a given amount of 
charge, an effective method to reduce the initial emittance 
is increasing accelerating gradient at the photocathode due 
to its great effects on the minimum initial beam spot size 
[5]. 

Compared with the 1.6 cell RF gun that originally de-
signed for large charges (~1 nC) in FEL, 1.4 cell RF gun 
can provide higher accelerating field at the photocathode. 

We design a 1.4 cell photocathode RF gun under the 
KEK collaboration. Figure 2 shows the on-axis field of the 
1.4 cell RF gun and a typical 1.6 cell RF gun. We simulate 
the evolution of a given electron bunch under these two RF 
gun with ASTRA code [6]. The simulation results of the 
rms beam sizes are shown in Figure 3, with the distance of 
0.3 mm downstream photocathode. Smaller beam size can 
be achieved by 1.4 cell RF gun. 

Figure 2: On-axis accelerating field of the 1.6 cell and 1.4 
cell RF gun. 

Figure 3: Simulation results of rms beam size under 1.4 cell 
and 1.6 cell RF gun. 
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SIMULATION RESULTS 
In general, the fields of the RF gun and the solenoid mag-

net are calculated by Poisson Superfish. The beam dynamic 
simulations are generated from ASTRA, considering into 
space charge effects, with 100,000 micro-particles used.  

The main target of the optimization for the design of the 
MeV UED facility is to find the optimized parameters of 
the system for high temporal and spatial resolution. At the 
stage of   conceptual design, we do not consider the bunch-
ing cavity. 

Figure 4 shows the simulated rms horizontal beam size 
and rms bunch length during the propagation. The beam 
size is focused by the solenoid and cut off at the collimator. 
At the sample, rms horizontal beam size is 0.147 mm, 
while the bunch length is 333 fs, with the charge of 310 fC. 

Figure 4: Simulated rms horizontal beam size and rms 
bunch length as function of distance from photocathode. 

Figure 5: Simulated RMS horizontal beam size   as a func-
tion of collimator diameter. 

In the UED beamline, electron beam is only focused by 
a solenoid magnet. We use an alterable-size collimator to 
directly control the beam size in front of the sample cham-
ber. Figure 5 shows the rms horizontal beam size as func-
tion of collimator diameter. For 1 pC charge bunch and the 
collimator with a diameter of 1 mm, 0.6 mm, 0.4 mm, the 
amounts of charge after the collimator are respectively 
748fC, 301 fC and 154 fC.  

Simulated rms bunch length as function of bunch charge 
is shown as figure 6. In order to achieve the balance be-
tween temporal solution and bunch charge (it means the 
repeat number for a high quality diffraction pattern), we 
choose 1pC bunch charge and corresponding bunch length 
is 311 fs. 

Figure 6: Simulated rms bunch length as function of bunch 
charge. 

CONCLUSION 
In summary, we have made a conceptual design of a 

MeV ultrafast electron diffraction facility at HUST. High 
brightness electron bunches with the energy of 2.75 MeV 
and the charge of 1 pC are generated from a new designed 
1.4 cell RF gun, which provides much higher accelerating 
field at the photocathode than a 1.6 cell RF gun. To achieve 
sub-100fs electron bunch, a bunching cavity is being de-
signed. 
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