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We propose a crossed undulator configuration for a high-gain free-electron laser to allow

versatile polarization control. This conf@ration consists of a long (saturation length)

planar undulator, a dispersive section, and a short (a few gain lengths) planar undulator

oriented perpendicular to the first one. In the fwst undulator, a radiation component

Iinearl y polarized in the xdirection is arnplit3ed to saturation. In the second undti~ator, the

x-polarized component propagates freely, while a new component, polarized in the y-

direction, is generated and reaches saturation in a few gain lengths. By adjusting the

strength of the dispersive section, the relative phase of two radiation components can be

adjusted to obtain a suitable pohu-ization for the total radiation fieM, incIuding the circular

polarization. The operating principle of the high-gain crossed undulator, which is quite

different from that of the crossed undulator for spontaneous radiation, is illustrated in terms
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1. Introduction

Among several possible designs for the next generation of light sources, the most exciting is the one

based on self-amplified spontaneous emission (SASE) [1], SASE is intense, coherent radiation generated

by amplifying the initial spontaneous emission via an extremely high free-electron laser @’EL)gain process

[2],[3]. The Linac Coherent Light Source (LCLS) is a proof-of-principle demonstration project for

production and use of a 1-~ SASE based on the SLAC linac [4]. The R&D preparing for the conceptual

design of the LCLS is underway as a multi-laboratory collaboration in the U.S. In Europe, a next-

generation light +.ource facility based on a

by the DESY group [5].

The discussion of x-ray SASE has

continuous wave (CW) superconducting linac is being pursued

been usually based on planar undulatory producing linearly

poku-ized x-rays. However, it is anticipated that the demand for circular polarization or arbitrarily

adjustable polarization will be significant in the future. Circular polarization could be obtained by

employing a helical undulator. However, switching the polarization between two opposite felicities is

difficult for a helical undulator.

In this paper, we propose an undulator configuration for high-gain FELs that allows easy control of

polarization.

2. The Principle

The configuration is based on a pair of planar undulatory in a crossed position, as illustrated

schematically in Fig. 1. The fust undulator ?4 is sufficiently long such that the SASE process for linearly

polarized radiation in the x-direction is amplified to saturation level. The electron beam develops density

modulation (micro-bunching) with the periodicity of the radiation wavelength.

undulator ~, which is rotated 90 degrees relative to the first undulator, the

component does not interact with the e!ectron beam and thus propagates freely.

In the second planar

x-polarized radiation

However, a new y-

polarized radiation component is generated by the density-modulated electron beam and rapidly reaches

saturation within a few gain lengths. These two radiation components have a definite relative phase, which

is determined by the delay of the electron beam traveling through a dispersive section ‘Clbetween the two



undulatory. The delay, and therefore the net polarization, can be adjusted by adjusting the strength of the

dispersive section. For example, the delay corresponding to a rr/2 (-7TJ2)relative phase will give rise to

right- (left-) circular polarization as indicated in the figure.

Except for the unequal /en@ of the two undulatory (one saturation length for the first and a few gain

lengths for the second undulatory), the scheme discussed here may appear to be similar to the crossed

undulator scheme for spontaneous radiation [6]. However, the operating principles of the two cases are

quite different. In the crossed undulator for spontaneous radiation, each electron generates two radiation

pulses as it passes through the two undulatory in sequence. Since they are separated in time, the two pulses

cannot interfere with each other if left alone. They do interfere, however, after passing through a

monochromator since each radiation pulse is stretched in the monochromator. The monochromator,

therefore, is an important part of the operation of the spontaneous crossed undulator. The degree of

polarization in this case is very sensitive to the electron beam emittance and energy spread, which induce

phase smearing and depolarization.

In the high-gain crossed undulator proposed here, on the other hand, the interference occurs due to the

overlap of two radiation components in the second undulator, and the degree of polarization is nearly 1007o

as long as the slippage (the distance within which a photon travels past an electron) in the dispersive section

is negligible compared to that in the first undulator.

3. Analysis

We will now use the 1-D FEL theory in linear approximation as formulated in Ref. [2] to analyze the

physical process in a high-gain crossed undulator. Consider the electric field amplitudes AX(Z)and AY(z),

where x and y are the polarization indices, as functions of z, the distance along the undulator axis. We also

consider perturbation in the electrons’ distribution function F(8,z). Here 8 is the scaled variable for

momentum:

/j= P-Po (1)
POP ‘

where p = electron momentum. pO= reference momentum, and p = the Pierce parameter of FEL interaction

[1]. The function F(&z) is the microbunch distribution in the momentum space



The coupled Maxwell-Vlasov equation for z 2 z] can be solved given the initial functions AX(Z1)and

F(&zl). The solution is especially simple after a distance of a few gain lengths, i.e.,

2kUpA1(z-zl)>l. (2)

Here ~ is the imaginary part of & which is the solution, with the largest imaginary part, of the dispersion

relation

Here V(3) is the unperturbed momentum distribution function and V’ = dV/d&

The solution is

(3)

(4)

F(/5,z)=-
KiAx(Z)V’(8)

(X+6)

In the above, Iq = 2*, L = undulator period, Kis a constant and

(5)

D’=~=1-j’d5
v’(i5)

(L+ay “

Let z = Obe the entrance of the first undulator, where AX(0)= O. At the exit of the first undulator z = L,

(6)

F(5 O)
AX(L)= -~e-2kUkpL ~dafi,

AY(L)= O,

F(6,L)=-tiAx:’’(’) .

In the above, F(6,0) is the bunching present in the discrete noise of the initial electron

The length of the f~st undulator L should be chosen to be the saturation length

maximum radiation power. Therefore, Eq. (6), which was derived using the

(7)

(8)

(9)

beam.

in order to obtain the

linear theory, is an

approximate expression. However, the approximation is adequate for the purpose of illustrating the

principle of the high-gain cross undulator device.

In passing through the dispersion section of length d

AX(L+d)= AX(L), (lo)



where

AY(Lid) = O,

F(i5,L+d) = F@,L) ei(AW=),
.

(11)

(12)

‘e’-(kud)[’~~l-!(13)

!2Z=2pkUd(l+KD2 /2](l+K2/2), (14)

(15)

In the above, K is the undulator deflection parameter, e = electron charge, m = electron mass, c = speed of

light, and B(z) is the magnetic field strength in the dispersive region.

In the second undulator, the field component Ax remains unchanged. However, the field component

AYwill grow as in Eq. (4) but AXis replaced by AY. At the end of the second undulator z = ~ we find

AX(ZJ= AX(L), (16)

AY(zJ = < AX(zJ, (17)

–2ik”@/+iA8 i%

<=-e ~, jd~v’(b)e .
(A+5)’

(18)

In the above, I is the length of the second undulator.

Equations (17) and (18) are the basic design equation for the high-gain crossed undulator. For

example, circular polarization will result if

1;1=1, (19)

Arg(g) = * 7r/2. (20)

The condition (19) can be satisfied by a proper choice of t. Since the factors in Eq. (18) are all of order

unity, the length of the second undulator 1 need only be a few gain lengths. The phase of ~ can clearly be

adjusted by changing the phase AO,or by varying the strength of the dispersion magnet B.

For an illustration, consider the case of the vanishing momentum spread V(X)= 3(x). In this case, D(X)

= ).+ 1/12, the imaginary part of the leading eigenvalue is LI = fi/2, D’(L)= 3, and Eq. (19) becomes

f = ln(l .5)/2 kUXIp . (Strictly speaking, since the resulting 1 is less than a gain length, the approximation

.
.

A.



.

of retaining the leading eigenvalue is not accurate. However, it is straightforward to generalize the

derivation to take into other eigenvalues.)

4. Generalization

The high-gain crossed

configurations. For example,

undulator configuration discussed here can be generalized to other

a helical device for the first undulator and another helical device of opposite

helicity for the second will give rise to linearly pokwized radiation whose polarization direction could be

arbitrarily adjusted.

It is also possible to bend the electron beam out of the radiation path after the fwst undulator, as shown

in Fig. 2. In this case, the fimction of the first undulator is to induce microbunching, and the second

undulator can be tailored to produce any desired radiation characteristics. Since the second undulator needs

to be only a few gain lengths, the system is quite versatile. However, an additional complication is the fact

that the bend must be isochronous to preserve the bunching.
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Figure 1. Operating principle of a high-gain crossed undulator.



UM (a)

Isochronous bend

Figure 2. A buncher-radiator concept. The electron beam is bunched in the main

undulator %&. The radiation properties at (b) are entireIy determined by the short

undulator %&.


