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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



Polarized Nature of Synchrotron Radiation* 

Kwang-Je Kim 

Lawrence Berkeley Laboratory 

University of California 

Berkeley, CA 94720 

LBL-31242 

ESG Note-153 

Invited Paper Presented at SPIE's 36th Annual International Symposium 

"Production and Analysis of Polarized X-Rays" 

San Diego 

July 21-26, 1991 

* This work was supported by the Director, Office of Energy Research, Office of Basic Energy 

Sciences, Materials Sciences Division, of the U.S. Department of Energy under Contract No. 

DE-AC03-76F00098. 



Polarized nature of synchrotron radiation· 

Kwang-Ie Kim 

Accelerator & Fusion Research Division, Lawrence Berkeley Laboratory 
University of California, Berkeley, CA 94720 

ABSTRACT 

Synchrotron radiation is inherently ~ghly polarized, and this !act ma!ces. sync~~on radia~on 
useful for probing the directional and/or helical ~~ of the IJl3ltteI' VIa polarizatto~ se~slttve expe~~nt 
Here we snmmarize briefly the nature of the polarizatton expenments and the polanzatton charactensttcs of 
synchrotron radiation. -

1. EXPERIMENT WITH PARIIALL Y POLARIZED RADIATION 

Partially polarized radiation is characterized by the Stoke's vector S = (SO, St. S2, S3), where 
So is the total intensity, St. S2 are respectively the partial intensities polarized linearly along the x-direction 
(the propagation direction is assumed to be in the z-direction) and along the direction 45° from the x­
direction in the x-y plane, and S3 is the partial intensity with circular polarization.1 The quantities 
(PI, P2, P3) = (S l/SO, S71So, S3ISO) are some times refened to as the degree of the polarization in the 
respective directions. In general, P12 + Pr + P32 S 1. 

A general light scattering experiment can be thought of as a study of the transformation of the 
Stoke's vector from the initial value S to the final value S'; 

S' =MS 
; -

Here M is a 4x4 matrix known as the Mueller matrix, which is the properties of the sample. An 
experiment leading to a determination of every element Mij of the Mueller matrix (there are ten independent 
elements2) may be termed as the "complete" experiment. An example of the simpler experiment is to 
measure the final intensity 

The element Mo3 represents the helical characteristics of the sample, and can be determined by measuring 
the final intensities S'()± corresponding to the incident radiation of opposite helicities, S3 = ± P3 SO. This 
type of experiment is called the circular intensity differential scattering (eIDS). 

These discussions show that a determination of the Mueller matrix requires, in general, the ability 
to modulate the polarization. 3 In particular, to determine the helical properties it is necessary to have 
circularly polarized light which can be modulated between opposite helicities. Synchrotron radiation 
provides such capabilities in wavelength regions not available with conventional lasers. 

·This work was supported by the Director. Office of Energy Research, Office of Basic Energy Sciences. Materials Sciences 
Division, of the U.S. Department of Energy under Contract No. DE-AC03-76SF00098. 



2. POLARIZATION CHARAcrnRISITCS OF BENDING MAGNET SOURCES 

The radiation froin a bending magnet is of the form 

where Ex (By) is the field amplitude in the horizontal (vertical) direction, yis the electron's kinetic energy 

in unit of the rest energy, 'If is the vertical angle, K's are the modified Bessel functions, and 

11 = b%J (1 + ('Y'I'fr12, Cal = radiation frequency and Calc: = the critical frequency. We see from this 

that, when 'If ~ 0 , the vertical component is non-vanishing and is 900 out of phase with respect to the 
horizontal axis. This implies that the radiation is elliptically polarized, the ratio between the minor and the 

major axis of the polarization ellipse being given by r = EyflEx. The corresponding Stoke's vector is 

The fact that P2 = 0 implies that the polarization ellipse lies along the horizontal direction. The sign 
. of r, and hence P3, can be reversed by reversing the sign of 'If. Therefore the circular polarization can be 
modulated by collecting the radiation alternately from above and below with re~ect to the orbit plane. 
However, the sign of the linear polarization PI can not be reversed since 0 < r2 < 1. 

The double-headed Dragon monochronometer developed by C. T. Chen4 provides an efficient way 
to utilize the bending magnet polarization. 

Figure (1) shows the degree of circular polarization, P3, for the bending magnet radiation 
for several values of the ratio £I£C, where £ and £C are respectively the photon energy and the critical photon 
energy (£c(ke V) = 0.665 Be fGe V] B[T] as a function of the vertical angle 'Y'I'. The corresponding angular 
density of the flux is shown in Fig. (2). For £I£C = 0.1, the radiation collected at 'Y'I' = 1.5 will provide a 
high degree of polarization, P3 = 0.9, without a significant reduction in the flux density. For £I£C = 1 (3), 
the angle 'Y'I' = 1(0.5) corresponds to P3 = 0.9 (0.7) and an angular density of flux reduced by a factor 3.5 
(2.5) from the peak density at 'If = 0. . 

3. SPECIAL DEVICES FOR ENHANCED POLARIZATION CAPABILITIES 
. 

Recently, several novel types of synchrotron radiation sources have been developed for higher flux 
and for more versatile polarization control. Table 1 gives a list of operating devices. The devices are 
classified according to the usual classification scheme; bending magnet, wigglers and undulators. In the 
following, these devices are discussed briefly, referring to the literaturell for more details. 

. Each devi~e ~ the Tabl~ has cru:f~nt merits. Thus the wiggler type of the devices will produce 
mtense flux of elliptically polarized radiation over a broad spectral range. However, in wiggler type 

2 

r 

f" 
i 



"I 

0.4 

l/I 
// I 

I 

-- £/£=0.1 c 

i 
I. 0~---+~--~-~--~~--~--~---4----+ 

o 0.5 1 1.5 2 

'Y'I' 
2.5 3 3.5 

Fig. 1. Degree of Circular Polarization of Bending Magnet Radiation 
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devices the direction of the linear component of the polarization can not be modulated, being fixed in the 
horizontal direction. This could be a drawback for some experiments aiming for a complete determination 
of the Mueller matrix. . 

Table 1 

Operational Synchrotron Radiation Devices Producing Variable/Circular Polarization 

Devices 

Bending magnet 
off-plane obseIVation 

Wiggler 
Asymmetric Wiggler [5] 
Elliptical Wiggler [6] 

Undulator 
Based on helical field 

Crossed-Overlapped Undulator [7] 
Planar-Helical Undulator [8] 

Based on interference effect 
Crossed Undulator [9], [10] 

Institute 

BESSY, NSLS 

HASYLAB, LURE 
Photon Factory 

ElL 
ESRF 

BESSY 

A versatile version of the wiggler type device is the modified elliptical wiggler,12 similar to the 
elliptical wiggler> except that the horizontal field component is generated by an a.c. electromagnet The 
polarization of an elliptical wi~gler can be determined from Fig .. (1) by replacing the vertic~ angle by . 
'Y'I' ~ Kx = 0.934 Av,; r anl Bx/. T] , where Aw and Bx are the penod length and the peak honzontal magnetIc 
field. The flux is 2 x number of 1?eriods times that determined by Fig. (2). 

The undulator type of devices will provide higher brightness (in a small phase space area). The 
spectrum is concentrated in narrow peaks, but the peaks can be tuned by changing the magnet gaps. The 
undulator devices can be further classified into two groups; those based on the helical field (helical 
undulators) and the crossed undulator based on the interference principle. 

The Stoke's vector for the undulator type of devices listed in Table 1 is of the form 

P1 =0, P2 = P cos a, P3 = P sin a. 

Here P is the degree of the polarization and a is the polarization phase determined by the relative position 
of the magnets in the case of helical undulators and by the modulator current level in the case of the 
crossed undulator. Note that the sign of either P2 or P3 can be reversed by changing a; thus both the 
linear and the circular polarization can be modulated. Undulators based on helical field produce a high 
degree of polarization (P - 1). A clever scheme for a helical undulator due to P. Elleaume8 is to separate 
the magnet producing the vertical and the horizontal field on two different (top and bottom) jaws, making it 
possible to accommodate a conventional flat vacuum chamber. 

For a crossed undulator, there is some reduction in the degree of polarization P due to the angular 
smearing from the electron beam emittance and the opening angle of the pinhole. However, it turns out 
that the crossed undulator produces a significant amount of polarization even at very high photon energies 
where the angular effect is expected to be maximum. Figure 3 shows the performance of the crossed 
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undulator in the limiting case of the vanishing photon wavelength and a large angular opening, assuming 
that N is large and that the effect of the modulator section can be neglected. See the Appendix for 
calculational details. 

The crossed undulator can be operated at higher harmonics iIi contrast to the helical undulators. 
'I This is an important feature to reach high photon energies with low energy electron machines. Also, the 

polarization of the crossed undulators can be modulated electromagnetically by modulating the current in 
the modulator magnet between two planar undulators,10 while the modulation is mechanical for the helical 
undulators. 
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Fig. 3. Crossed Undulator (N+N) Performance in the Short Wavelength Limit 
(angular opening » (A/L)lfl) 

4. APPENDIX: CALCULATION LEADING TO FIGURE (3) 

We consider an idealized crossed undulation consisting of two identical N-period undulators, one 
in the x-direction and one in the y-direction. We assume that the effect of the modulator on the degree of 
the polarization is negligible. The angle dependent part of the radiation amplitudes in the x- and y­
directions when N is large are, respectively, 

Ax = sin (N <1>/2) 

N <1>12 

Ay = A eiNcI> x , 

where <I> = 21t (~v + n¥e
2/...1 + ~2!2)) ,~v = (co - nco1Ycol , COl = fundamental harmonic frequency, 

e = angle from the forward direcnon, K = the deflection parameter. Here we are assuming that the 
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frequency is near one of the harmonic, COn = nrol. The coherency matrix when the radiation is observed 
through an angular ape~ (pinhole) is given by 

J =const 

f A~AxcUl , f A~A,.cID , 

f A~xd1l , f A~,.cID , 

where the integration dO = 1t d92 is over the angular aperture. The degree of polarization is determined 
from the following relation: 

J = const ({ A~ Ax dO) . [ 1.' V Pe-Ia, 

Peia 

1 

where a is the polarization phase. An explicit expression for P is 

~l = 21tNL1v, ~2 = 21t [NL1v +(L1912crNf] , 

crN = -JAn/2 LN , 

In the above L19 is the radius of the angular aperture, An is the wavelength corresponding to nrolt and LN 
is the length of the N-undulator. Figure (3) corresponds to the case L19/2crN -+ 00. The polarization 
property of this case should be the same as that of the large emittance case. 

5. REFERENCES 

1. M. Born and E. Wolf, "Principles of Optics", Pergamon Press, Oxford, 1980. 

2. H.C. Van de Hulst, "Light Scattering by Small Particles", Dover Publications, New York, 1981 

3. For further discussions see the articles in "Applications of Circularly Polarized Radiation Using 
Synchrotron and Ordinary Sources", F. Allen and C. Bustamente, eds, Plenum Press, New York, 
1985. 

4. C.T. Chen, F. Sette, Y. Ma, S~ Modesti, Phys. Rev. B, Vol. 42, 7262 (1990). 

5. J. Goulon, P. Elleaume and D. Rauox, Nucl. Instr. Meth. A 254. 192 (1987). 

6 

(. 
I 



/ 

'. , 

6. S. Yamamoto and H. Kitamura, Japanese J. Of Appl. Phys. 22, L1613 (1987). 

7. H. Onuki, Nucl. InstI'. Meth. A22.L 371 (1990). 

8. P. Elleaume, Nucl. InStI'. Meth. A22.L 371 (1990). 

9. M. Moissev, M. Nikitin and F. Fedorov, Sov. Phys. J. 2l. 332 (1978). 

10. K.-J. Kim, Nucl. InstI'. Meth.lli, 425 (1984). 

11. K-J. Kim, "Survey of Synchrotron Radiation Devices Producing Circular and Variable 
Polarizations", in SPIE proc. Vol.1345, "Advanced X-ray/EUV Radiation Sources and 
Applications" page 116 (1990). 

P. Elleaume, "New Developments on the Generation of Arbitrary Polarized Radiation from Insertion 
Devices: in Proceedings of 1991 Particle Accelerator Conference. 

12. C. Poloni, R. Bracco, B. Diviacco, R.P. Walker and D. Zangrando, Proc. 1991 Particle Accelerator 
Conference. ' 

7 



",",' .. - -~ 

LAWRENCE BERKELEY LABORATORY 
UNIVERSITY OF CALIFORNIA 

INFORMATION RESOURCES DEPARTMENT 
BERKELEY, CALIFORNIA 94720 

..•.• :-.. ~ 




