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Abstract 
We have measured the THz near-field in order to inform 

the design of improved THz-frequency accelerating struc-
tures. THz-frequency accelerating structures could provide 
the accelerating gradients needed for next generation par-
ticle accelerators with compact, GV/m-scale devices. One 
of the most promising THz generation techniques for ac-
celerator applications is optical rectification in LiNbO3  
(LN) using the tilted pulse front method. However, accel-
erator applications are limited by significant losses during 
transport of THz radiation from the generating nonlinear 
crystal to the acceleration structure. In addition, the spec-
tral properties of high-field THz sources make it difficult 
to couple THz radiation into accelerating structures. A bet-
ter understanding of the THz near-field source properties 
is necessary for the optimization of THz transport and cou-
pling. We have developed a technique for detailed meas-
urement of the THz near-fields and used it to reconstruct 
the full temporal 3D THz near-field close to the LN emis-
sion face. Analysis of the results from this measurement 
will inform designs of novel structures for use in THz par-
ticle acceleration.  

MOTIVIATION 
THz frequency radiation is useful for many particle ac-

celeration and beam manipulation applications [1-4]. Opti-
cal rectification in LiNbO3 using the tilted pulse front 
method is routinely used to generate THz pulses with en-
ergies in the tens of micro-joules and field strengths above 
1 MV/cm [5]. Despite these strong fields, current THz ac-
celeration methods are limited by significant losses during 
THz transport and coupling into the accelerating structure. 
Using the THz near-field for particle acceleration would 
significantly decrease losses due to beam transport. This 
approach requires the design of a novel structure that 
would generate THz radiation and use it for acceleration 
immediately. Designing an accelerating structure half out 
of LN would allow THz to be generated by optical rectifi-
cation and used for electron acceleration without the need 
for THz transport. This approach would remove the THz 
losses incurred by beam transport, and allow for a longer 
THz interaction length. In addition, it would allow the 
structure to be constructed out of dielectrics, which would 
facilitate the implementation of advanced machining meth-
ods, such as femtosecond laser microfabrication, that can 

create complex geometries. These geometries can be opti-
mized by simulation and optimization programs to maxim-
ize accelerating gradient. Preliminary simulations of half 
LN half silicon accelerator structures have been carried out 
using an electromagnetic simulation and automatic differ-
entiation package Ceviche [6-8]. These simulations 
yielded a highly optimized structure geometry that is man-
ufacturable using available machining methods, see Fig. 1. 
Updated shunt impedance calculations found a shunt im-
pedance value of 1.3×107 Ω/m.  

 
Figure 1: Final optimized geometry of a 5 period dielectric 
accelerator structure (a). Electric fields produced by the 
structures in Figure 3 by a 0.5 THz continuous wave source 
incident from the left (b). THz would be generated on the 
left side by optical rectification in LN. The other half of the 
structure would be constructed out of a material like sili-
con, which would act as a mirror. 

 
A precise and robust understanding of the THz near field 

is needed in order to design this integrated THz generation 
and electron acceleration structure. We have conducted a 
measurement of the THz near-field from a tilted pulse front 
LN source in order to inform these designs, and help to de-
velop better THz transport and coupling methods. 
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METHODS 
THz generation was carried out using optical rectifica-

tion of 800 nm Ti:Sapphire laser pulses (2 mJ per pulse 
operating at 1 kHz) using the tilted pulse front method in a 
LN crystal, and measured using electro-optic sampling 
(EOS) in a 10 mm × 10 mm × 0.5 mm GaP crystal [9]. The 
GaP crystal was coated with highly reflective coating on 
one side and anti-reflective coating on the other, both at 
wavelength 800 nm. The GaP crystal was placed parallel 
to the exit plane of the LN with the highly reflective coat-
ing facing towards the LN and positioned within the near-
field of THz radiation, as shown in Fig. 1. Standard EOS 
detection was used to detect the THz near-field [10]. The 
probe beam was timed to arrive over a range of times when 
the THz pulse was exiting the LN, allowing the full tem-
poral evolution of the THz pulse to be captured. A 10 cm 
focal length plano-convex lens mounted on a 2D transla-
tion stage was used to raster the probe beam across the face 
of the GaP crystal in a grid pattern collecting 2D images at 
each arrival time. To investigate the observed relationship 
between the temporal delay in the emission of the THz 
pulse and the diffraction grating angle in the tilted pulse 
front setup we carried out a series of measurements at dif-
ferent diffraction grating angles. The setup was re-opti-
mized and then measurements were carried out varying the 
diffraction grating angle by ±1° from the ideal angle 𝜃𝜃 ob-
tained through experimental optimization of pulse energy. 
A series of 1D images were taken at each angle keeping all 
other parameters the same. 

 
Figure 2: Images of (a) front, (b) side, and (c) top view of 
EOS setup showing GaP crystal, LN crystal, THz genera-
tion pump beam, EOS probe beam, and coordinate system 
used in Fig. 2. Light blue oval in (a) indicates approximate 
region of THz emission. (d) Full experimental setup show-
ing THz generation with tilted pulse fronts, lens used for 
spatial rastering of the EOS probe beam, and delay stage 
used to vary the time of arrival of the EOS probe beam. 

RESULTS 
Our results show a temporal delay in the emission of the 

pulse as a function of lateral delay on the LN surface. This 
delay can be seen as movement of the THz pulse peak in 
the x direction of the plots in Fig. 3 [11]. Results from 
measurements varying the diffraction grating were ana-
lyzed to determine the effect on the maximum pulse ampli-
tude and central frequency (Fig 4). The results were also 
analyzed to determine the change in speed of the lateral 
motion of the pulse (Table 1). These results show that the 
lateral delay of the pulse can be tuned by varying the dif-
fraction grating angle, and that it is possible to control the 
amplitude and frequency of the near-field. Tuning of the 
observed temporal delay of THz emission could allow syn-
chronous electron acceleration. Manipulation of the ampli-
tude and central frequency could be optimized for different 
electron acceleration and beam manipulation applications.  

 
Figure 3: 2D images of the THz near-field taken 0.2 mm 
from the exit of the LN. Images were taken with 8 mm × 
2 mm spatial grid size, 0.1 mm spatial resolution, 2 ps time 
range, and 0.1 ps time resolution. 5 representative images 
are shown at different time of arrival values.  

 
Figure 4: Diffraction grating angle was varied over a series 
of 2 mm lateral (x direction on Fig. 2) line measurements 
with 0.1 mm resolution located at approximately y = 
4.5  mm in the plots in Fig. 3. The GaP crystal was place 
0.3 mm from the exit of the LN. Data was taken over a 6 ps 
time range with 0.1 ps resolution. Plots above show the 
maximum THz amplitude and central frequency collected.  
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Table 1: Change in Temporal Delay of THz Pulse 

Diffraction 
Grating Angle 

Lateral Speed 
[mm/ps] 

𝜃𝜃-1 0.73± 0.06 
𝜃𝜃 
𝜃𝜃+1 

0.85±0.04 
0.99± 0.05 

 

CONCLUSION 
We have conducted measurements of the THz near-field 

generated via optical rectification in LiNbO3 with excellent 
spatial and temporal resolution. We show a temporal delay 
in the emission of the pulse as a function of lateral position 
on the LN surface. The relation between the temporal delay 
and diffraction grating angle was characterized, showing 
that the temporal delay could be tuned by varying the dif-
fraction grating angle. These results show that The THz 
near-field from a tilted pulse front LN source is highly ap-
plicable to integrated THz generation and electron acceler-
ation. The temporal delay of the THz pulse could be tuned 
for synchronous electron acceleration, yielding significant 
gains in electron acceleration. In addition, the THz pulse 
amplitude and central frequency can be changed for differ-
ent beam manipulation applications. These results motivate 
the design of an integrated THz generation and electron ac-
celeration structure which could take advantage of the THz 
near-field. These measurements will inform updated simu-
lations, and aid in improving methods of beam transport 
and coupling. 
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