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Optical Guiding in a Free-Electron Laser
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By use of two-dimensional approximations for the equations that describe a high-gain free-
electron laser (FEL) amplifier, and the properties of optical fibers, it is shown that the coherent in-
teraction between the light and the electron beam in an FEL can optically guide the light. In the
exponential-gain regime, the FEL performance in the presence of strong diffraction can be simply
described by a cubic equation for the complex gain and the dispersion relation for an optical fiber.
The phenomenon of optical guiding is illustrated with two-dimensional numerical simulations. The
phenomenon has applications to short-wavelength FEL's, to directing of intense light, and to bend-
ing of x rays.

PACS numbers: 41.70.+ t, 42.55.—f, 42.80sLt, 52.60.+h

It has long been known that the coherent interaction
between the light and the electron beam in a free-
electron laser (FEL) produces a phase shift of the
light, and that the sign of the effect can be such that
the light is refracted toward the electron beam. ' The
electron beam in a high-gain FEL bunches on an opti-
cal wavelength; because of the bunching, the beam has
an effective index of refraction greater than unity.
This is in sharp contrast to the behavior of an unmag-
netized (and unbunched) plasma, and is the basis for
the optical guiding effects described here. The effect
occurs even if there is negligible growth in light inten-
sity and can be important in many situations.

The usual analysis of step-profile optical fibers as-
sumes that the fiber consists of a central core of radius
a and index of refraction n, and a cladding of index n, &.

In our treatment, the core is the electron beam and the
cladding is free space, and so n,&= l. We can make the
assumption that the fiber is weakly guiding:

/n —I( «1.
This inequality is quite good for all cases of interest,
and is consistent with the assumption of a slowly vary-
ing phase @ of the optical field,

(2)d @/dz «k = to/c,

familiar from FEL theory.
Following Marcuse, we consider guided modes with

only one transverse electric field component E„(but
both magnetic and electric longitudinal components),
so that E„varies as J„(ter) inside the fiber and as
0„' (yr) outside, where J„and FE„' are Bessel func-
tions and Hankel functions of the first kind, respec-
tively. The arguments of the functions are
= (n k p')' y—= (p —k )' and the field is as-
sumed to vary as exp[i(pz —tot)]. Continuity of B,

and E, at the fiber edge yields the dispersion relation:

J„+t(Ka)
J„(Ka )

(3)

with

(~'+ y')a'= V'(n' —1)k'a'. (4)

d'cs—Im(n) =
ke, dz

2ereje„sing;
~mc ke, y;

The quantity V is called the "fiber parameter. "
The condition for mode cutoff in a fiber is y Q.

While formally there is no cutoff for the mode LPO~
(the first index labels the Bessel function, the second
labels the zeros), which is the dominant mode for FEL
amplification, it is incorrect to think of the mode as
bound by the fiber for all V ) 0 since it extends far
outside the beam for V (( 1. For the mode LPO& to
be considered guided, we somewhat arbitrarily require
that the 1/e point of E„be within 5 times the fiber ra-
dius. This condition corresponds to demanding that
p'2 ) 1

The analysis can be extended to a fiber with gain (or
loss) by permitting n to be complex. The dispersion
relation, Eq. (3), is unchanged, but tr and y can now
also be complex. From numerical solution of the com-
plex dispersion relation, we find that the above cri-
terion generalizes to

Re( V ) + ~im(V ) ~/2. 4 & 1.

The index of refraction of an optically bunched
beam comes from the FEL equations as formulated by
Prosnitz, Szoke, and Neil4:

2ereje„( eosp;
~

Re(n —1 =—
k dz
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TABLE I. Simulation parameters.

Current (I)
Electron beam radius in

the wiggler (a)
Electron Lorentz factor (yp)
Fractional electron energy

spread (by/y)
Laser wavelength (2m/k)
Rayleigh length (z, )
Dimensionless rms wiggler

vector potential (a )
Wiggler length (L)
Wiggler period (2n./k„)
Input laser power (P;)
Output laser power (Po)

270 A

0.01 cm
2000

1.2X 10
2500 A
50 cm

4.35
30 m
10 cm
30 Mw

585 MW

In Eqs. (6) an, e, aj d (7) nd a are the normalized rms
~ ~=e ~E ~/J2mc (for a linear wiggler),amplitudes, e, =e „m

~B )/42k„mc, where k„ is the wiggwi lerand a„=e „m
mber. The wave number of the optica 1 field is

k, the current density is j, P; is the p ase
tron in t e pon eh deromotive potential well, an y; is its

r. The angular brackets denote an aver-
age over the electron distribution. We use aussia

Numerical simulations were performed with the
two-dimensional (2D) FEL code FRED.~ The code fol-

t 1 ser beam around an electronlows an axisymmetric aser
~ ~

that bunches longitudinally (in P). Axisym-
metric diffraction effects are fully includ ed via the
paraxia wave appproximation; refractive an gain ef-
fects are inc u e1 ded through the local source terms pro-

arameters of onevided by the electron beam. The parameters o one

2 ts some details of the simulation.
n e

' '
we can o further inIn the exponential-gain regime we can g

the analysis y ex enb t ding the linear analysis of Bonifa-
ofd N rducci to include the effects ocio, Pellegrini, an ar u

'
n. To do so, we write the usual longitudina

electron equations derived by ro, o
Rosenbluth' in complex form. The particle motion
equations are unc ange,h nged but the complex field equa-
tion has a transverse gradient term added:

Be,
t) Z

i'7~e,
2k

2miea„J e (8)fa
mc ~ yJ

where e, is now a complex field amp
'

litude. The total
number o electrons iss N and fB is the difference of

200:

E3

0)
c

~ ~

lO

100:
{m)

0.1 0.2
r {cm)

wi ler for case I. Note that the laser profile is near-er intensity vs I and z inside the wiggler for case . oFIG. l. -A three-dimensional plot of laser in en
ly constant for 60 Rayleigh lengths.
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tral energy of the electron beam, and

2meJ a~fa2 2

mc

is the dimensionless parameter that measures coupling
between the electron beam and the light.

The expression for the fiber parameter V of the elec-
tron beam in terms of y is

V = (2ka /z, )(1+y). (12)
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FIG. 2. A cross section (a) of the laser intensity and (b)
the laser phase P at the end of the wiggler. The Gaussian fit
to the intensity decreases by 1/e~ at 0.024 cm. The decrease
of g with increasing r indicates that the light is converging to
a focus 8 cm past the end of the wiggler.

Bessel functions:

2(1+a')a= Jp
2a~

2(1+ a„')

We approximate the transverse gradient term by

V, e,2

2k
e,
zI.

2

+ A. 2hkpz, + (hkpz, ) —4(k„z, )
y0

2

+2k„z, + (Akpz„) —4(k„z, ) z
=0.

yO
(10)

Here 4kp=k„—k/2yp(1+a„) is a parameter that
measures the departure from resonance, yo is the cen-

where z, = 2k/~K
~

with ~ defined before Eq. (3). The
quantity z, is approximately the Rayleigh range of the
light. If we take the electron distribution function as
uniform between yo —Ay and yo+ 4y, to replicate a
warm beam, then the result of linearization is a cubic
in the complex, dimensionless parameter P:

X + X [I+2hkpz, ]

For the parameters of the simulation, the cubic yields
V2 ——1.01 —0.12i, X = 0.01 —0.12i. Our criterion for
guiding Eq. (5) is satisfied, although the laser beam is
somewhat more tightly confined to the electron beam
than

~
V

~

= 1 would predict. In terms of V, the
discrepancy is only about 20%.

The general procedure for evaluating the importance
of the guiding of laser light by an electron beam is
iterative. The cubic, Eq. (10), is solved with an as-
sumed value for ~. From the solution for A. , Eq. (12)
gives V. The value of V determines, through Eqs. (3)
and (4), new values for y and ~. Iteration produces a
consistent solution for the laser beam size and the
growth rate, if a guided solution exists. Thus, in the
exponential growth regime we have a complete analyt-
ic solution of the problem and there is no need to em-
ploy the 2D numerical code.

Because of optical guiding one can contemplate very
long FEL's. In this way, it appears possible to have a
small electron-beam radius and a very long wiggler
(hence a very-high-gain FEL) even in the vacuum ul-
traviolet (vuv) range.

Because of the effect of optical guiding it is possible
to direct and focus the FEL-generated optical beam.
This is of interest for very intense beams, such as are
contemplated for laser inertial fusion, where lenses
and mirrors of conventional materials would be des-
troyed by the light. Use of optical guiding appears to
be relatively straightforward since a simple magnetic
deflection of the electron beam will result in a deflec-
tion of the light.

It should be noted that optical guiding applies, also,
to very-short-wavelength light. Application of this to
the vuv and to soft x rays, which do not interact
coherently with normal material, would appear to
make possible some interesting devices.

Optical guiding will be effective in an inverse free-
electron laser (IFEL) as well as in an FEL,7 and hence
can be important in the operation of an IFEL. Finally,
we note that optical guiding may make possible
resonant ring FEL's.

A more extensive treatment of this topic is given by
Scharlemann, Wurtele, and Sessler. After the com-
pletion of this work our attention was drawn to work
by Moore which nicely complements that presented

ere 'O

1927



VOLUME 54, NUMBER 17 PHYSICAL REVIEW LETTERS 29 APRIL 1985

We are happy to acknowledge useful conversations
with W. M. Fawley, K.-J Kim, G. T. Moore,
D. Prosnitz, and participants at the 1984 Workshop on
Plasmas, Accelerators, and Free-Electron Lasers at the
Aspen Center for Physics. We also thank the Aspen
Center for Physics where part of this work took place.
This work was supported by the U. S. Department of
Energy and the U. S. Department of Defense Ad-
vanced Research Projects Agency.

&'~Present address: Plasma Fusion Center, Massachusetts
Institute of Technology, Cambridge, Mass. 02139.

W. M. Kroll, P. L. Morton, and M. W. Rosenbluth, IEEE
J. Quantum Electron. 17, 1436 (1981).

2C.-M. Tang and P. Sprangle, in Free Electron Generators of
Coherent Radiation, Physics of Quantum Electronics Vol. 9,

edited by Stephen F. Jacobs, Murray Sargent III, and Marian
O. Scully (Addison-Wesley, Reading, Mass. , 1982), p. 627;
D. Prosnitz, R. A. Haas, S. Doss, and R. J. Gelinas, ibid. , p.
1047.

3D. Marcuse, Theory of Dielectric Waveguides (Academic,
New York, 1974).

4D. Prosnitz, A. Szoke, and V. K. Neil, Phys. Rev. A 24,
1436 (1981).

5W. M. Fawley, D. Prosnitz, and E. T. Scharlemann, Phys.
Rev. A 30, 2472 (1984).

R. Bonifacio, C. Pellegrini, and L. M. Narducci, Opt.
Commun. 50, 373 (1984).

7A. Gaupp, private communication.
8J. D. Dawson, private communication.
9E. T. Scharlemann, J. S. Wurtele, and A. M. Sessler, in

Proceedings of the International Workshop on Coherent and
Collective Properties of Electrons and Electron Radiation,
Corno, Italy, 1984, Nucl. Instrum. Methods in Physics, Sec.
A (to be published).

~~G. T. Moore, in Ref. 9.

1928


