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THz-pulse-train Photoinjector

There has been an increased interest in developing 
reliable technologies to generate electron pulses with a 
pulse rate higher than THz frequencies.  This fast electron 
pulse train is potentially useful for applications such as 
producing narrow-line THz electron radiation, and load-
ing or driving a plasma-wave accelerator.  In particular, it is 
well known that, when an electron bunch length is shorter 
than the radiation wavelength, the concentrated electron 
radiation phase allows the radiation fields to build up con-
structively to a large value. 

It has been known since the invention of a photoin-
jector that the electron pulse width from a photoinjector 
is approximately the temporal width of the incident laser 
pulse on the photocathode.  If the energy of the gener-
ated electrons is chirped, it is possible to further compress 
the electron pulse length in an alpha magnet or a chicane 
magnet [1].  Figure 1 illustrates the proposed THz-pulse-
train (TPT) photoinjector.  The photoinjector consists of an 
ordinary photocathode electron gun and an emittance-
compensating solenoid.  A laser beat wave with THz beat 
frequencies is incident on the photocathode to induce 
the emission of a THz electron pulse train.  Tuning the 
electron bunch frequency can be achieved by varying the 
beat frequency of the laser.  This technique of generat-
ing an electron pulse train does not introduce additional 
energy spread to an electron beam or produce coherent 
synchrotron radiation as does an inverse free-electron la-
ser followed by a chicane magnet.  However, if it is desired 
to have an electron bunch frequency higher than the laser 
frequency, it is possible to increase the electron bunch fre-
quency by compressing an energy-chirped electron pulse 
train in a down-stream alpha magnet or chicane magnet. 

The photoinjector in our study is an S-band, 1.6-cell 
photocathode electron gun similar to the one built under 
the BNL/UCLA/SLAC collaboration[2], except that the laser 
illumindating the cathode is a UV beat-wave laser.  This 
photocathode electron gun (shown in the inset of Fig. 1) 
has been fabricated and characterized by NSRRC.  We have 
measured the acceleration field of the gun and the mag-

We study a THz-pulse-train photoinjector that is 
capable of generating periodically bunched MeV 
electrons with a bunching factor larger than 0.1 at 
THz frequencies for a total amount of 1 nC charges in 
a 10-ps time duration. 
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netic field of the emittance-compensating solenoid.  In the 
following we present our simulation study of the accelera-
tion of the periodically bunched electrons in the ASTRA[3] 
code by using the measured acceleration and solenoid 
fields. 

In our simulation study, the electron propagation 
direction is chosen to be along z, the cathode is located at 
z = 0, the gun exit is located at z = 12 cm, and the center of 
the solenoid is at z = 27 cm.  Because we plan to install an 
undulator next to the solenoid to test the pulse-train elec-
tron superradiance, we set the solenoid exit or the undula-
tor entrance at z = 50 cm.  The peak solenoid field is fixed 
at 2.66 kG to provide a beam focus at z = 50 cm.  Radially 
distributed electrons are emitted from the center of the 
cathode with an rms radius of 0.6 mm.  The peak accelera-
tion field is fixed to 100 MV/m.  The acceleration phase is 
set to provide the maximum energy to an axial electron 
emitting at t = 0.  We have assumed a Gaussian envelope 
for the initial electron macro-pulse at the cathode with a 
10-ps FWHM width.  In the electron macropulse, there are 
sinusoidally distributed electron pulses with a pulse rate 
of 2 THz.  Figure 2 shows (a) the solenoid field profile, (b) 
the rms beam radius, (c) the normalized beam emittance, 
and (d) the energy spread versus distance from our simula-
tion. The average output energy of the electrons is 4.6 
MeV (γ = 10).  It is seen that, depsite the use of the com-
pensating coil, the emittance grows from 5 to 8.2 π-mm-

mrad due to the large space-charge force in the low en-
ergy beam.  The solenoid field was not fully optimized to 
reduce the emittance, but was used to provide a beam 
focus at z = 50 cm (the entrance of an undulator).  The 
energy spread also increases slightly over z, due to again 
the space charge force.

The electron bunching can be quantitatively de-
scribed by the Fourier transform of the electron bunch 
profile.  Figure 3 shows the bunching spectra of the 
particles calculated at the cathode (z = 0), at the gun 
exit (z = 12 cm), and at the solenoid exit (z = 50 cm) for 
1 nC charges, and at the solenoid exit for 0.1 nC charges.  
The initial bunching factor is 0.5 at the photocathode.  It is 
seen that the particle acceleration process indeed lowers 
the bunching factor, broadens the bunching spectrum.  
The blue shift of the output bunching spectrum is due to 
velocity bunching during particle acceleration.  The longi-
tudinal pulse compression and thus the blue shift of the 
bunching spectrum are more evident for the 0.1-nC beam, 
in which the longitudinal space charge force is smaller.  For 
the 1-nC beam, it is interesting to see that the drift space 
between z = 12 and 50 cm helps translate some energy 
modulation of the beam into a slightly higher bunching 

Fig. 1: Schematic of the proposed TPT photoinjector. 
A laser beat wave is incident on the photocath-
ode of the electron gun to generate a train of 
electron bunches.  Further enhancement of the 
electron bunch frequency can be achieved by 
compressing an energy-chirped electron pulse 
train in an alpha magnet or a chicane magnet. 
(Inset: the photocathode electron gun fabri-
cated at NSRRC)

Fig. 2: (a) Solenoid field, (b) rms beam radius, (c) nor-
malized emittance, (d) energy spread versus 
axial distance z for 2-THz electron pulses ac-
celerated by a peak field gradient of 100 MV/m 
in the photoinjector.  The average output beam 
energy is 4.6 MeV.  The solenoid compensates 
the emittance growth and focuses the beam at 
z = 50 cm.
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amplitude at 2.3 THz.  In spite of some debunching during  
particle acceleration and propagation, the bunching fac-
tor at the fundamental bunch frequeney is still kept above 
10% for 1-nC acceleration charges. 

In conclusion, we have fabricated an S-band photo-
cathode electron gun and simulated its performance for 
accelerating THz pre-bunched electrons.  With an initial 
bunching frequency of 2 THz, a bunching factor of larger 
than 0.1 nC is achievable at the output of the electron gun 
with nominal input beam parameters.  We are grateful for 
financial supports on this project from both NSRRC and 
NTHU.  

The authors appreciate Lee An-Ping’s technical sup-
port to fabricating the photocathode electron gun. 

Fig. 3: Bunching spectra for particles at z = 0, 12, 50 
cm with 1-nC charges in the beam, and for 
particles at z = 50 cm with 0.1 nC in the beam. 
The blue shift of the bunching spectrum is due 
to velocity bunching during acceleration.  The 
micro-pulses are better retained in a low-charge 
beam.
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