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Abstract 

Software for simulation of different characteristic of 

spontaneous electromagnetic radiation, generated by a 

relativistic electron beam in external magnetic field, is 

presented. It consists of different computer codes, which 

are in consistent with each other. These codes calculate 

spatial distributions of electromagnetic radiation spectral 

densities, spatial distributions of radiation power, electron 

beam emittance effects. The set of input parameters al-
lows including the real geometry of experiment into simu-

lations. For example, the near-field effects are taken into 

account. The electron beam emittance is simulated by 

numerical convolution of the Gaussian electron distribu-

tion in a beam with the spatial distribution of the electro-

magnetic radiation, generated by one electron.  

INTRODUCTION 

It can be assumed that the undulator has a perfect si-

nusoidal magnetic field, such as the planar or helical [1], 

elliptical [2], two-harmonic [3] and figura-8 [4] undula-

tors. In this case, the spectral-angular density of undulator 

radiation in the far-field region involves a series of Bessel 

functions. This method is used in the computer codes 

SMUT [5], URGENT [6], and US, which is incorporated 

into the software toolkit XOP [7]. This approach has a 

high speed of computation as their main advantage. At the 

same time, they cannot work with imperfect magnetic 

fields, near-field effects also cannot be taken into account. 
Some computer codes are able to use a real magnetic 

field map and compute the Fourier transformation of the 

radiation field numerically. One of three ways can be 

used. The spectral integrals may be evaluated by the sad-

dle point method [8]. This approach uses the formulae for 

standard synchrotron radiation and is applicable to inser-

tion devices with strong magnetic fields [9, 10]. This 

method is used in the computer code RADID [9, 11].  

The second method involves the calculation of the radi-

ation field in the time domain followed by the Fourier 

analysis in order to find the radiation spectrum. Such 
method is used in the codes B2E [12], UR [13], YAUP 

[14], and SPECTRA [15] and is also integrated in the 

code RADID [9, 11, 16, 17]. It gives direct insight into 

the physics of radiation emitting process and enables the 

calculation of radiation spectra in a wide range simulta-

neously, while requiring huge amount of memory for 

angular distribution computation [14].  

The Lienard-Wiechert retarded potentials can be inte-

grated in the frequency domain. This method is used in 

the codes SpontLight [18], SRW [19], WAVE [20], 

SPUR [21] and in a number of others programs [12, 22-

26]. The main problem of this approach comes from the 

fast oscillating factor in the integrand, requiring the use of 

extreme care in integration routines. Comparative studies 

of these algorithms can be found in [9, 27, 28].  

Emittance effects are usually simulated by the Monte 

Carlo method or by using the off-axis approximation [5], 

also known as the shift-invariant property of the radiation 

pattern [23]. The Monte Carlo method, generally consid-

ered to be the most accurate, is employed in a number of 
computer codes, such as RADID [9, 11, 16, 17], UR [13], 

SpontLight [18], see also papers [22, 25]. The problem 

with this approach is that the large number of individual 

computations for single-electron radiation can sometimes 

be too time consuming and impractical [17, 22, 29]. 

The off-axis approximation method is based on the 

concept that spatial distributions of radiation from differ-

ent electrons are identical in form and are related to each 

other by the angle shifts arising due to angular and spatial 

electrons spread. If this is so, there is no need to compute 

the radiation for each electron separately and the compu-
tational task is simplified considerably. As we know, this 

idea was first proposed in the paper [30]. Owing to com-

putational speed, this method is widely used in a number 

of computer codes such as SMUT [5], URGENT [6], B2E 

[12], YAUP [14], US [7], SRW [19], SPECTRA [15], see 

also [23, 24, 26]. It was believed for a long time that the 

off-axis approximation is valid in the far-field region only 

[5, 23], since the equations controlling the pattern of 

radiation in the near-field region are rather cumbersome. 

It was rigorously proven in [31] that the electromagnetic 

radiation, generated by a relativistic electron in an exter-

nal magnetic field, has the shift-scale invariance property. 
This proves the applicability of the off-axis approxima-

tion in the near-field region.  

This paper describes the development of a set of com-

puter codes for modeling of spontaneous electromagnetic 

radiation, generated by a relativistic electron beam in 

external three-dimensional magnetic field. It consists of 

three main computer programs. The first program com-

putes the distributions of spontaneous radiation spectral 

density from one electron. The second program computes 

the distributions of spontaneous electromagnetic radiation 

power. The last program simulates the electron beam 
emittance effects. 

ANALYTICAL EXPRESSIONS 

For definitenesss, we will consider here the case of un-

dulator magnetic field. It is assumed that the electron does 

not lose any kinetic energy due to emission of radiation in 

the magnetic field. Let the X-axis of the right-hand Carte-

sian coordinate system is directed horizontally, the Y-axis 
is directed upwards and the Z-axis is aligned with the 

undulator axis. The magnetic field is presumed to be 
 _________________________________________  

†   smolyakovnv@mail.ru 

Proceedings of RuPAC2018, Protvino, Russia TUPSA16

Synchrotron radiation sources and free electron lasers
ISBN 978-3-95450-197-7

181 Co
py

rig
ht

©
20

18
CC

-B
Y-

3.
0

an
d

by
th

er
es

pe
ct

iv
ea

ut
ho

rs



homogeneous in the transversal (XOY) plane and the 

longitudinal component of the field is also dropped, so 

that the undulator focusing properties are ignored. At the 

same time, there are no additional assumptions about the 
field profile so that its transversal components may in-

clude the correction fields and magnetic field errors, if 

necessary. In the vicinity of the undulator axis, the mag-

netic field can be described as }0),(),({)(, zBzBzB yxxy  . 

The equations of motion give the following Eqs. (1) and 

(2) for the electron trajectory:  
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where c is the speed of light, e, m, сȕ, Ȗ>>1, r


 are the 

electron charge, mass, velocity, reduced energy and tra-

jectory, respectively. Equation (1) is exact, while Eq. (2) 

implies the paraxial approximation, i.e. the angles of the 

electron deflection are small. The electron’s trajectory is 

calculated using Eqs. (1) and (2) step by step along the 

undulator axis. We use cubic spline interpolation of mag-
netic field data, which should be described in the input 

file. Since at every interval the magnetic field is described 

by the cubic polynomial, we can integrate this polynomial 

analytically. This method increases considerably the cal-

culation speed.  

The electrical component of the radiation field )(E


 is 

given by the following exact expression:  

3223 )1(

)(

)1(

])[(
)( 




 










n

n

R

e

n

nn

cR

e
E ,    (3) 

where )()( 0 trXtR
   with absolute value )(tR  repre-

sents the distance between the emission point and the 

observation point 0X


, the unit vector )()()( tRtRtn

   

points from the instantaneous position of the electron to 

the observer. The quantities )(tn


, )(t , )(t  and )(tR  

on the right-hand side of Eq. (3) are to be evaluated at the 

retarded time t which must obey the equation:  

)(tRctc  .    (4) 

The spectral density of radiation intensity with wave-

length   is proportional to the square of the Fourier 

transform of the field:  
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By using the relationship dtttnd ))]()((1[     and 

substituting Eq. (4) into Eq. (5), we can change the inte-

gration in Eq. (5) with respect to retarded time t. More 

detailed theoretical description of the calculation method 

used in the computer code can be found in [31].  
The computer code calculates the spectrum of radiation 

into a rectangular aperture. The aperture is defined by the 

user giving the longitudinal distance from the beginning 

of the undulator field to the aperture, its horizontal and 

vertical sizes in two transverse directions and the number 

of points within the aperture to be calculated. Clearly, it is 

possible to calculate the spectrum at single observation 

point. The spectral range and the number of spectral 

points are also defined by the user.  
The spatial distribution of radiation power is propor-

tional to the square of the electric component of the emit-

ted wave. It can be easily deduced from Eq. (3) that:  
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The reduced acceleration )(t  is defined by the equa-

tions of electron motion in the magnetic field. The com-

puter code for simulation of radiation power distribution 

integrates numerically Eq. (6) over the undulator length. 

Electron trajectory is computed by using Eqs. (1) and (2). 

The geometry for simulation is similar to the previous 

case. The power distribution is calculated into a rectangu-

lar aperture, which is defined by the user, giving the lon-

gitudinal distance from the beginning of the undulator 

field to the aperture, its sizes in two transverse directions 

and the number of points within the aperture.  

The shift – scale invariance of electromagnetic radia-
tion was proven in [31]. This property establishes that it is 

suffice to compute the relevant single-electron radiation 

distribution for a number of different wavelengths   and 

at different observer points with coordinates 0X  and 0Y . 

With knowledge of this single electron distribution, the 

electron beam emittance effects, its energy spread and 

finite width the spectral device may be included into 

simulation via the numerical convolution. To include all 

these effects, we should perform the three-dimensional 
integration as a maximum. This method was realized 

numerically in the computer code, which evaluate through 

a convolution the electron beaml emittance effects. The 

electron beam is assumed to have Gaussian distributions 

in angular and spatial spreads.  

NUMERICAL SIMULATIONS 

Electromagnetic edge radiation (ER) is produced by a 
relativistic charged particle in its passage through the 

fringe fields at the bending magnet edges. In long-

wavelength spectral range (at radiation wavelengths much 

longer than synchrotron radiation critical wavelength) its 

intensity is much higher than corresponding intensity of 

synchrotron radiation from uniform magnetic field of the 

same bending magnet.  

The pole of each bending magnet of Siberia-2 storage 

ring is divided into two parts: the long one with the main 

field 7.1B  T (bending radii of 490.54 cm) and a short-
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er one with a quarter field B/4=0.425 T. The shorter part 

of the magnetic pole with quarter field adjoins to the long 

straight section. The distance between the down- and 

upstream edges of the bending magnets is 5340 mm. 
Synchrotron radiation with 7.2 keV critical energy from 

the homogeneous 1.7 T field is extracted by 10x10 mrad2 

beam lines. The radiation distributions were calculated at 

the following beam parameters: electron beam energy 2.5 

GeV, electron beam current 100 mA, 72.0
x

  mm, 

11.0x
  mrad, 014.0

z
  mm, 056.0z

  mrad. 

Since 0  port has a mask with entrance aperture 44 mm 

hor.   16 mm vert. which is installed at 1580 mm down-

stream from the straight section, ER distributions were 

calculated in the plane of this mask. 
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Figure 1: Horizontal distributions of edge radiation. 

Figure 1 shows the computed flux density in the Sibe-

ria-2 median plane 1580 mm downstream of a straight 

section. The flux density with 0.1 eV photon energy is 
plotted versus horizontal angle. The calculations were 

carried out for the electron beam with zero and nonzero 

electron beam emittance. One can readily see that the 

nonzero emittance effects smooth out the fine interference 

oscillations. The distributions are substantially asymmet-

ric about the straight section axis because of the relatively 

short distance from the screen to the straight section. The 

radiation distribution tends to the correspondent SR inten-

sity as the distance from the straight section axis in the 

median plane increases.  
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Figure 2: Wiggler radiation power distribution. 

Figure 2 shows vertical distribution of radiation power 

(Watt/mm2), generated by 7.5 Tesla superconducting 

wiggler. This wiggler is installed at Siberia-2 storage ring. 

It has 19 main poles (9.5 periods) and 2 half-field poles. 
Maximum magnetic field amplitude is equal to 7.5 Tesla. 

Electron beam energy 2.5 GeV, electron beam current 

300 mA, distance to the screen 6816 mm.  

REFERENCES 

[1] D. F. Alferov, Yu. A. Bashmakov, and E. G. Bessonov, 
“Undulator radiation”, in Proc. of the P.N. Lebedev Phys-

ics Institute, Consultants Bureau, New York, vol. 80, pp. 
97-123, 1976.  

[2] S. Yamamoto and H. Kitamura, “Generation of quasi-
circularly polarized undulator radiation with higher har-
monics”, Jap. Journ. of Applied Physics, vol. 26, no. 10, 

pp. L1613-L1615, 1987, doi:10.1143/JJAP.26.L1613 

[3] G. Dattoli and G. Voykov, “Spectral properties of two-
harmonic undulator radiation”, Phys. Rev. E, vol. 48, no. 4, 
pp. 3030-3039, 1993, doi:10.1103/PhysRevE.48.3030 

[4] T. Tanaka and H. Kitamura, “Figure-8 undulator as an 
insertion device with linear polarization and low on-axis 
power density”, Nucl. Instr. Meth. Phys. Res. A, vol. 364, 
pp.368-373, 1995, doi:10.1016/0168-9002(95)00462-9 

[5] H. Rarback, C. Jacobsen, J. Kirz, and I. McNulty, “The 
performance of the NSLS mini-undulator”, Nucl. Instr. 

Meth. Phys. Res. A, vol. 266, no. 1-3, pp. 96-105, 1988, 
doi:10.1016/0168-9002(88)90366-X 

[6] R. P. Walker and B. Diviacco, “URGENT – A computer 
program for calculating undulator radiation spectral, angu-
lar, polarization, and power density properties”, Rev. Sci. 

Instr., vol. 63, no. 1, pp. 392-395, 1992,   
doi:10.1063/1.1142766 

[7] Manuel Sanchez del Rio, R. J. Dejus, “XOP: recent devel-
opments” Proc. SPIE, vol. 3448, pp. 340-345, 1998,   
doi:10.1117/12.332522 

[8] C. Leubner and H. Ritsch, “Accurate emission spectra from 
planar strong field wigglers with arbitrary field variation”, 
Nucl. Instr. Meth. Phys. Res. A, vol. 246, no. 1-3, pp. 45-

49, 1986, doi:10.1016/0168-9002(86)90042-2 

[9] C. Wang and Y. Jin, “Undulator properties calculated with 
RADID”, in Proc. International Conf. on Synchrotron Ra-

diation Sources, Indore, India, pp. 264-269, 1992.  

[10] R. P. Walker, “Interference effects in undulator and wiggler 
radiation sources” Nucl. Instr. Meth. Phys. Res. A, vol. 335, 
no. 1-2, pp. 328-337, 1993,   
doi:10.1016/0168-9002(93)90288-S 

[11] C. Wang and D. Xian, “Radid: A software for insertion 
device radiation calculation”, Nucl. Instr. Meth. Phys. Res. 

A, vol. 288, no. 2-3, pp. 649-658, 1990,  
doi:10.1016/0168-9002(90)90164-2 

[12] P. Elleaume and X. Marechal, “B2E: A software to compute 
synchrotron radiation from magnetic field data” Internal 
Report European Synchrotron Radiation Facility ESRF-
SR/ID-91-54, 1997, 48 pages.  

[13] R. J. Dejus and A. Luccio, “Program UR: General purpose 
code for synchrotron radiation calculations”, Nucl. Instr. 

Meth. Phys. Res. A, vol. 347, no.1-3, pp. 61-66, 1994, 
doi:10.1016/0168-9002(94)91855-4 

[14] B. I. Boyanov, G. Bunker, J. M. Lee, and T. I. Morrison, 
“Numerical modeling of tapered undulator”, Nucl. Instr. 

Proceedings of RuPAC2018, Protvino, Russia TUPSA16

Synchrotron radiation sources and free electron lasers
ISBN 978-3-95450-197-7

183 Co
py

rig
ht

©
20

18
CC

-B
Y-

3.
0

an
d

by
th

er
es

pe
ct

iv
ea

ut
ho

rs



Meth. Phys. Res. A, vol. 339, no. 3, pp. 596-603, 1994, 
doi:10.1016/0168-9002(94)90199-6 

[15] T. Tanaka and H. Kitamura, “SPECTRA: a synchrotron 
radiation calculating code”, J. Synchrotron Rad., vol. 8, 
pp. 1221-1228, 2001, doi:10.1107/S090904950101425X 

[16] C. Wang, Y. Xiao, “On algorithms for undulator radiation 
calculation”, Proc. International Conference on Synchro-

tron Radiation Sources, Indore, India, pp. 270-277, 1992. 

[17] C. Wang, “Monte Carlo calculation of multi-electron ef-

fects on synchrotron radiation” Proc. SPIE, vol. 2013, pp. 
126-137, 1993, doi:10.1117/12.164793 

[18] A. Geisler, M. Ridder, T. Schmidt, “SpontLight: A package 
for synchrotron radiation calculations”, DELTA Internal 
Report 94-7, University of Dortmund, Institute for Accel-
eratorphysics, 44221 Dortmund, Germany,1994, 79 pages. 

[19] O. V. Chubar and P. Elleaume, “Accurate and efficient 
computation of synchrotron radiation in the near field re-
gion”, in Proc. EPAC’98, Stockholm, Sweden, June 1998, 
pp. 1177-1179, JACoW-EPAC1998-THP01G 

[20] J. Bahrdt, M. Scheer, G. Wustefeld, “Tracking simulations 
and dynamic multipole shimming for helical undulators”, 
in Proc. EPAC2006, Edinburgh, UK, June 2006, pp. 3562-
3564, JACoW-EPAC2006-THPLS120 

[21] N.C Ryder, S. Reiche, D.J. Scott, “SPUR: a new code for 

the calculation of synchrotron radiation from very long un-
dulator systems”, Proc. EPAC2008, Genoa, Italy, June 
2008, pp. 2305-2307, JACoW-EPAC2006-WEPC128  

[22] R. Tatchyn, A. D. Cox, and S. Qadri, “Undulator spectra: 
Computer simulations and modeling”, Proc. SPIE, vol. 
582, pp. 47-65, 1986, doi:10.1117/12.950912 

[23] K. Chapman, B. Lai, F. Cerrina, and J. Viccaro, “Modelling 
of undulator sources”, Nucl. Instr. Meth. Phys. Res. A, vol. 

283, no. 1, pp. 88-99, 1989,   
doi:10.1016/0168-9002(89)91260-6 

[24] Ch. Wang et al., “Calculation of undulator radiation from 
measured magnetic fields and comparison with measured 
spectra”, in Proc. EPAC’9β, Berlin, Germany, March 1992, 
pp. 928-930, JACoW-EPAC1992_0928 

[25] K. Yagi, M. Yuri, S. Sugiyama, and H. Onuki, “Computer 
simulation study of undulator radiation”, Rev. of Sci. Instr., 
vol. 66, no. 2, pp. 1993-1995, 1995,   

doi:10.1063/1.1145779. 

[26] N. V. Smolyakov, “Shift-scale invariance based computer 

code for wiggler radiation simulation”, Nucl. Instr. Meth. 
Phys. Res. A, vol. 467-468, no. 1, pp. 210-212, 2001,   
doi:10.1016/0168-9002(01)00277-7 

[27] F. Ciocci, G. Dattoli, L. Giannessi, and G.K. Voykov, 

“Numerical and Analytical Computations of Undula-
tor/Wiggler Radiation”, in Proc. EPAC’94, London, UK, 
June 1994, pp. 1241-1243, JACoW-EPAC1994_1241 

[28] G. Dattoli, L. Giannessi, and G. Voikov, “Analytical and 

numerical computation of undulator brightness: a compari-
son”, Computers & Mathematics with Applications, vol. 
27, no. 6, pp. 63-78, 1994,   
doi:10.1016/0898-1221(94)90111-2 

[29] A. Lumpkin, B. Yang, Y. Chung, R. Dejus, G. Voykov,  G. 
Dattoli, “Preliminary calculations on the determination of 
APS particle-beam parameters based on undulator radia-
tion”, Proc. PAC’95, Dallas, US, May 1995, 2598-2600, 
JACoW-PAC1995-TPC03 

[30] M. M. Nikitin, V. Ya. Epp, “Effect of beam parameters on 
undulator radiation”, Soviet Physics: Technical Physics, 
vol. 21, no. 11, pp. 1404-1407, 1976. 

[31] N. V. Smolyakov, “Shift-scale invariance of electromagnet-
ic radiation”, in Electromagnetic radiation, S. O. Bashir, 
Ed. Rijeka Croatia: InTech, 2012, pp. 151-172.   

Available from INTECH: http://www.intechopen.com/  

books/electromagnetic-radiation/shift-scale-invariance-of-
electromagnetic-radiation  

 

 

TUPSA16 Proceedings of RuPAC2018, Protvino, Russia

ISBN 978-3-95450-197-7
184Co

py
rig

ht
©

20
18

CC
-B

Y-
3.

0
an

d
by

th
er

es
pe

ct
iv

ea
ut

ho
rs

Synchrotron radiation sources and free electron lasers


