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Radiation: energy conservation

0  dVjEThe averaged work of the radiated field 
under the source should be negative 
(the wave electric field should decelerate 
the particle):
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Spontaneous emission from 
a single particle (or a small 
electron bunch)

Induced emission from an ensemble of 
particles (the wave provides the “proper” 
organization of this ensemble)



Спонтанное и индуцированное излучение 
заряженных частиц

Spontaneous emission 
from a single particle.

Induced emission 
from an ensemble of particles.  
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Электронные мазеры и лазеры – индуцированное излучение

0H


Ла́зер (от англ. laser, акроним от light amplification 
by stimulated emissionof radiation «усиление света поср
едством вынужденного излучения»)

0H



Photo-injector e-bunch

Spontaneous emission 
from a single particle.

•Ginzburg, V.L. On radiation of
microradiowaves and their absorption in air.
Akad. Nauk SSSR 1947

•Motz, H. Applications of the radiation from
fast electron beams. J. Appl. Phys. 1951.



Powerful source of THz radiation based on spontaneous coherent emission from a short 
photo-injector  e-bunch

Spontaneous coherent undulator emission from

a short (shorter than radiation wavelength)

“ready-for-use” e-bunch.

1 ps e-bunch

bunch length = 0.3 mmbunch length = 0.3 mm

radiation frequency ~ 1 THz

5 MeV e-bunch

g ~ 10 l u ~ 3 cm

l ~ 0.3 mm f ~ 1 THz
Cyclotron radiation:
l ~ 0.3 mm B= 2-3 T



MOTIVATION: creation of a powerful source of coherent THz radiation
* Very simple system:
- no feedback  system   is required   
- electron bunching  process is not needed   relatively short radiation region

* Fixed phase of the THz signal

* Photo-injector electron source can be easily synchronized with other sources (for instance, sinchronization of 
the THz source and the X-ray FEL in pump-probe experiments can be easily provided) 

* Possibility for changing («chirping») the frequency during a single rf-wave pusle



The number of circles of the radiated wave packet 

(= the number of “operating” undulator periods) 

is limited by the Coulomb repulsion

Formation of ultra-short pulses: Coulomb repulsion



Coulomb repulsion of a photo-injector e-bunch

Elongation:

Energy spread:

cmZ u 104  l
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(2-3 THz)

cmu 5.2l
Estimations:

Numerical simulations:
electric field of the radiated signal, power and spectrum. 

The e-bunch after a 60 cm trip. 
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,  

E-bunch length = 1-2 mm (several ps)

Radiation wavelength – several mm. 

Ve = Vgr



Super-radiation self-compression of a short dense e-bunch
.

Spontaneous undulator radiation of a
long-wavelength (l>Le) wave leads to the
self-compression of the bunch in the field of
the radiated wave.

L = l/4Le= l/4



KARAT simulations: 
transformation of the e-
bunch in the process of the 
undulator emission of the 
compressing wave

,   . ,  

L0 = 0.9 mm (3 ps)

R = 1 mm  
g = 7 (3 MeV)   

Axial distributions of the charge density 
at various moments of the time

g = 7 (3 MeV)   
du = 6 cm   Ku = 0.7

Q= 0.1 nC

Radiated wavelength 
= 1.8 mm

Waveguide diameter
= 6 mm



,  

du = 6 cm  Ve = Vgr du = 5 cm  Ve =  Vgr



Undulator radiation
of ultra-short pulses
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SCR process
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Longitudinal Coulomb field inside a bunch:

• bunch is a set of charged disks.

Electron-wave interaction:

• bunch is a set of macro particles.

I. V. Bandurkin, I. S.
Kurakin, and A. V.
Savilov,
“Compression of a
photoinjector
electron bunch in the
negativemass
undulator,” Phys.
Rev. Accel. Beams,
vol. 20, p. 020704,
2017



SCR process
We consider the radiation of the bunch with

- initial duration 1.2 p*
- transverse size 4 mm
- total bunch charge is 0.5 nC
- energy 5 MeV (𝛾=11)

In the undulator with
- undulator parameter K=0.7
- period of 10 cm.

Optimal waveguide radius 3.25 mm.

*The bunch length (0.36 mm) is approximately one-fourth part of the
characteristic wavelength of the radiated wave packet determined by
Doppler up-shift of the undulator period.
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Dynamics of the charge density inside the bunch. The
linear charge versus the axial coordinate after the
electron bunch passes Nu undulator periods. Black
curves: only the Coulomb field is taken into account.
Green fills: both the radiated and Coulomb fields are
taken into account.

Super-radiative
self-compression
of the electron bunch

19



Optimization of the radiation process.
System with profiling

profiled system

regular system

Q=0.5 nC

20

Q=2 nC profiled system

regular system



Optimization of the radiation process.
System with profiling

profiled system

wave packet with a 
slightly longer 

wavelength

regular system

wave packet with a 
slightly shorter 

wavelength

21

In the both cases, the electron efficiencies and the shapes
of the radiated wave pulses are very similar at the point
corresponding to the end of the profiled section.
However, beyond this point, the behavior of the radiation
processes becomes different. In the regular system, the
electronic efficiency starts to decrease as the coordinate
grows, whereas in the irregular waveguide, we see the
second stage of the growth of the electron efficiency. As
a result, a significantly more intense wave pulse is
generated in the case, where the profiled section is used.
In the case of using an input section with a smaller
radius, a wave packet with a slightly longer wavelength
is formed.

profiled system regular system



Two-wave process in two undulators
super-radiation of the long-wavelength 
compressing wave
e-bunch self-compression 
short-wavelength radiation

EDITORS' SUGGESTION

compressing wave

E-beam: 3 MeV, 0.1 nC

L = 0.5*l1 = 0.6 mm (2 ps)



Two-wave process in two undulators

long-wavelength super-radiation  
e-bunch self-compression 
short-wavelength radiation
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Positive and negative mass
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Coulomb repulsion of two positive (two 
negative) charges. +q2F1
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Two positive (two negative) 
charges are attracted !!! 



Positive and negative mass

FdVxd 2


Coulomb repulsion, F

m > 0e-bunch

m
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Negative-mass electrons are attracted !!! 

m < 0

Coulomb repulsion, F

e-bunch
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Relativistic electron bunches
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Helical undulator with axial magnetic field
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Negative-mass regime in an undulator with axial magnetic field.      

Velocity of undulator oscillations vs


Oscillator F~exp(iF)
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Velocity of undulator oscillations vs
the electron cyclotron frequency
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Negative-mass regime in an undulator with axial magnetic field.      

Velocity of undulator oscillations vs
0
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EDITORS' SUGGESTION

Compression of an electron bunch 
under the effect of its own Coulomb field

e-bunch V0

z
Coulomb repulsion

g > 0g < 0

Vz>0 Vz<0



Negative-mass compression
of a 0.3 nC 1 mm e-bunch

e-bunch V0

z
Coulomb repulsion

g > 0g < 0

Vz>0 Vz<0



Negative-mass compression of a 0.3 nC 1 mm e-bunch



Negative-mass compression of a 0.3 nC 1 mm e-bunch



Numerical simulations of the negative-mass-undulator THz FEM



Electric field of the radiated signal, power and spectrum. 

The resonant value of the guiding field is В = 5 Т.

The bunch after 
a 60 cm trip (B0=0). 

Positive-mass regime

The resonant value of the guiding field is В = 5 Т.

Negative-mass regime

The bunch after 
a 90 cm trip (B0=8 T). 



Electric field of the wave, power and frequency spectrum. 

Negative-mass undulator emission at various axial magnetic fields
Averaged loss of the electron energy 
(electron efficiency) 
vs the axial coordinate 

The total bunch energy loss after of approximately 1 meter trip in the negative-mass
regime ~10%.

This corresponds to an average power of the order of 10 MW in the 20 ps forward-
radiated THz pulse.

A change in the axial magnetic field (7.5-8.5 T) provides frequency tuning in the range
1.7-2.3 THz.



The electron efficiency stays over 10% at giant (several nC) e-bunch charges!

Negative-mass undulator emission efficiency vs the e-bunch charge



Helical undulator with a strong axial magnetic field

A large guiding magnetic field can be used to obtaining the helical
undulator field. It can be done by insertion of periodic conducting or
magnetic structures into a solenoid.

Simple copper or iron helices can be placed inside a pulsed solenoid
for obtaining a helical undulator field. For example, an iron helix with a
period of 2.5 cm and an inner diameter of 10 mm wound of a wire with a

a) iron wire in the form of helix 
wound on cylindrical copper 
waveguide with outside 
diameter 10 mm and placed 
inside the solenoid with 
strong guiding field, 

b) axial distributions of 
transverse undulator fields

period of 2.5 cm and an inner diameter of 10 mm wound of a wire with a
radius of 3 mm and mounted into the solenoid with a uniform field of 8 T,
provides the needed undulator parameter K=0.45 .



Super-radiation of a short wave pulse

40
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Spontaneous coherent cyclotron radiation

Ve = Vgr



Spontaneous coherent cyclotron radiation

axial coordinate, z
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Undulator radiation

Cyclotron radiation

The repulsion of particles caused by a strong Coulomb field inside the dense electron bunch leads to
the increase in the bunch length.

This problem can be solved by using the cyclotron mechanism of the spontaneous radiation due to
the effect of compensation of the Coulomb repulsion in the 2-D phase space.
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Ve = Vgr

Spontaneous coherent cyclotron radiation

In the case of the
cyclotron maser, Coulomb
repulsion leads to increase of
the axial size of the bunch, and
there is no mechanism
compensating this repulsion.

However, the phase size of
the e-bunch in respect with the
radiated wave stays constant.
Thus, the spontaneous
radiation does not stop.



Spontaneous coherent cyclotron radiation

Electron phase with respect to the wave

Cyclotron radiation
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Frequency = 0.5 THz
E-bunch length = 0.15 mm (l/4)
E-bunch: 6 MeV, 0.1 – 1.0 nC
Magnetic field = 2.7 T

Spontaneous coherent cyclotron radiation

0.1 nC

1.0 nC

Electron bunching factor, =<e-i>E-bunch

E-bunch length

E-bunch



Spontaneous coherent super-radiative emission
Frequency :  400 GHz  (0.75 mm)

Beam Energy 6.MeV (              )
Beam Radius 0.5 mm
Beam Duration 0.25 ps (0.075 mm)
Transverse velocity = 0.06816 
Waveguide: R = 2 mm

Cyclotron radiation Undulator radiation



Spontaneous coherent super-radiative emission

Cyclotron radiation Undulator radiation

maximum of the decelerating wave phase 



Spontaneous coherent cyclotron radiation 
– e-beam formation

? ?
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Spread in initial energy 
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1. Infinite-mass undiulator
kicking: spread in initial energy 
does not lead to the spread in 
the axial velocity 
(“axial cooling”)
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2. Group resonance condition: 
radiation does  not lead to the 
spread in the axial velocity spread in the axial velocity 
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3. Group resonance condition: the 
most effective radiation process 
(super-radiation).

4. Group resonance condition: the 
Coulomb repulsion does not lead to 
an increase in the phase size of the 
e-bunch (see above)



Spontaneous coherent emission if the negative-mass undulator: the total bunch energy
loss after of approximately 1 meter trip in the negative-mass regime ~10%.

Electron bunch motion in the negative-mass undulator can be used also to compress
e-bunch axial length by a factor of 5 (no radiation, just due to the Coulomb repulsion
attraction of electrons).

Radiation frequency = 2 THz:

5.5 keV/ 0.3 nC / 0.1 mm e-bunch
Undulator period = 2.5 cm

Axial magnetic field = 8 T
Radiation: 10 MW, 20 ps, over 10 -4 J.

Radiation frequency = 0.4 THz:

5.5 keV/ 0.3 nC / 0.5 mm e-bunch
Undulator period = 10 cm

Axial magnetic field = 2 T
Radiation: 1.5 MW, 150 ps, 10 -4 J.

Spontaneous coherent cyclotron
emission: the total bunch energy loss after
of 20-40 cm radiation section ~ 5-10%.

Radiation frequency = 0.5 THz:

5.5 keV/ 0.1 nC / 0.3 mm e-bunch

Axial magnetic field = 2.7 T
Radiation: 30-500 MW, 100 ps, ~10 -4 J.

Self-compression of an electron bunch due
to the super-radiation of a long-wavelength
wave:

nC e-bunches can be compressed down to “THz”
lengths, and their axial size can be stabilized at
trip lengths ~ several meters.

No axial magnetic field is required.

However, an additional short-period undulator
is needed to provide the THz radiation with an
efficiency of 10-30 %.


