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ABSTRACT

A novel method of operation for a transverse optical klystron (TOK) is

proposed. The TOK is a device in which a relativistic electron beam produces

tunable coherent radiation at short wavelengths by interacting with a powerful

external laser and an undulator field. Here we show that by selecting the ex-

ternal laser wavelengths to be one of the harmonics in the undulator radiation

spectrum, excellent output at short wavelength can be realized with

significantly reduced performance requirements for the undulator magnet and the

storage ring providing the electron beam.

XXX

An optical klystron is a device in which a relativistic electron beam pro-

duces coherent radiation by interacting with an external laser beam in an undu-

lator magnetic field. This device is the relativistic generalizaton of the

microwave klystron . In this case, however, because the energy exchange be-

tween the electrons and the light is due to the transverse electric field of

the laser, the device is called a Transverse Optical Klystron (TOK). The ex-

citement in this concept lies beyond studying the fundamentals of the dynamics

of relativistic electrons under the combined influence of laser light and undu—

lator fields: since radiation is produced at the harmonics as well as the fun-

damental of the input laser frequency, the TOK can be used to produce tunable,
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coherent radiation in regions of the spectrum where no lasers are available.
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Many authors have discussed the concept of a TOK , and several propo-

sals for demonstrating TOK action have been published . Within the past

year, at least two experimental demonstrations of the TOK principle have

been achieved . While these initial demonstrations proved that coherent radi-

ation at the harmonics of the fundamental is produced by the TOK, they did

not attempt to explore the optimization of the design for either maximum

efficiency or highest harmonic production.

Several of us have been involved in a project to design a TOK for the

NSLS VUV storage ring at Brookhaven National Lab . In the course of this

design study we were led to the conclusion that an "optimized" undulator

magnet for a storage ring TOK, operated in the conventional manner (i.e.,

the laser wavelength coincident with the undulator's fundamental spontaneous

radiation spectrum), would be prohibitively expensive. It is the purpose of

this paper to suggest an alternative scheme for driving ihe TOK which allevi-

ates many design constraints, and may find application in free electron laser

(FEL) design as well6.

The TOK is shown schematically in Fig. 1. The external laser overlaps

the macro bunch of electrons from the storage ring in the field of an undula-

tor magnet. For the appropriate laser wavelength (see below), the electrons

receive energy modulation due to the coupling of the transverse electric field

of the laser with the transverse velocity induced by the undulator. The elec-

tron beam drifts in the undulator magnet, converting energy modulation into

spatial bunching at the laser wavelength. At some distance along the
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undulator magnet, the electrons achieve optimal bunching, and radiate

coherently at the fundamental and the harmonics of the laser.

The spontaneous radiation fundamental wavelength, X, and the undulator

period Xo
 a r e related by

where ymc2 is the electron energy and K, the undulator parameter or dimen-

sionless vector potential, is given by

K ( 2 )

with Bo being the peak undulator field. For an ideal undulator magnet with N

periods, when K«l, the spontaneous output spectrum consists of a single

peak centered at X, with spectral width VN. As K is increased, odd harmon-

ics appear (for on-axis radiation). In the conventional method cf pumping a

TOK, the input laser wavelength is made equal to X.

The difficulties with this are due to several engineering constraints:

1. K, through Bo. ' s related to the magnet gap g, and wavelength of an

optimized permanent magnet undulator by the empirical formula :

BQ(Tesla) = 3.33exp - { - ^ - ( 5 . 4 7 - 1 . 8 ^ - ) ) . (3)

2. The coherent output peak power is proportional to N2K2\0
2/y2, and the

energy modulation imposed by the laser is proportional to EoK/y, where

Eo is fhe peak electric field of the laser. In order to radiate effectively,
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the energy modulated beam must bunch optimally somewhere along the

length of the undulator; thus the dispersion, proportional to K2/y2, must

be large enough to insure optimal bunching.

3. All of this is subject to the resonance condition (Equation (1)), so

Xo£2/-y2 it a constant set by the input laser's wavelength (large K has

been assumed, consistent with good harmonic output). Thus, an optim-

ized TOK must have an undulator with small Xo and large K.

4. Such an undulator requires a small value of g, by (3). This causes diffi-

culties in the operation of an electron storage ring, especially at low

values of *y. For optimal TOK performance in the conventional pumping

scheme, the value of g is small enough that an elaborate moveable

vacuum manifold must be constructed that allows the gap to open during

storage ring injection, then close for TOK operation. In addition, the

construction tolerances and physical support requirements for an undula-

tor with large K and small Xo are severe, significantly increasing con-

struction costs.

The solution to these problems lies in pumping the TOK at one of the

harmonics. A relativistic electron in an undulator has a transverse velocity

component given by {Kc/y)sin2ttct/X0. Because energy is constant in the

undulator, there is a longitudinal velocity oscillation at twice the transverse

oscillation frequency. This produces "figure eight" motion when the electron

orbit is viewed from a frame moving at the average forward velocity .

Viewed in the lab frame, there is a phase modulation of the emitted funda-

mental radiation, yielding the odd harmonics in the spectrum. This phase
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modulation also makes possible harmonic pumping of the TOK. Thus, in the

plane wave limit, pumping at harmonic v , the maximum energy modulation

is

I (v 0 _ (v 0 j (4)
K2

Here / is a Bessel function and £ = — . The Bessel function expres-
4 ( 1 + - | - )

sion represents the nth Fourier component of the electron's velocity in "figure

eight" motion. The output at the n'k harmonic of the laser, i.e., the v n'h

harmonic of the undulator radiation spectrum, is proportional to the square of

the acceleration of the electron, and hence contains the factor

Fout(v n) = nh> 2 /vJ L_ i(v n « " Jvn + iiy «01 • (5)

Figure 2 shows the ratio Fin(v )/Fin(v = 1), where Fin is the Bessel func-

tion expression in square brackets in Equation (4). This shows the effect on

the energy modulation of pumping on the magnet's v th harmonic rather than

on the fundamental. For low values of K, the efficiency of v '* harmonic

pumping is substantially decreased, while for large K, the efficiency is

reduced only a factor of ~ 3 , even for large v , due to the strongly anhar-

monic character of the electron's orbit at large K.

Figure 3 shows the ratio Foul(y n)/Fw,(»), i. e. , the output factor for

third harmonic pumping compared with the normal approach. For low values

of K the output is substantially reduced, while for large K it is actually larger
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for the harmonic pumping scheme. It is not surprising that one actually gains

in the output at the higher harmonics for large K, for in this regime the elec-

tron is actually emitting synchrotron radiation in the moving frame. It is well

known that synchrotron radiation increases at the higher harmonics of the

Q

fundmcntal .

In Table I we show the results of a complete three- dimensional calcula-

tion using a focused laser beam. We compare the performance of the TOK

when a 5320A Nd:YAG pulsed laser is used as a fundamental frequency

pump with it's use as a third harmonic pump. These results indicate that the

output performance suffers very little when third harmonic pumping is used.

Pumping on the third harmonic does, however, provide substantial gains

in engineering simplicity For laser wavelength \L, the magnet now must

merely satisfy Eq. (1) for X = 3 \ i . This allows a value of Xo which is three

times larger, and Eq. (3) then determines a value of g which is much larger

for a given K and 7. This value of g is, for all applications of interest, large

enough that a fixed gap undulator may be installed in most storage rings.

Further, the undulator magnet itself is far easier to build, because with large

Xo and increased values of g, the manufacturing tolerances are reduced and

the physical support requirements are relaxed.

As with most solutions, all of the paper advantages do not come without

some potentially serious real-life problems. For example, if one were

interested in, say, the 11 harmonic of the input laser at 5320 A, and operat-

ing on the third harmonic for pumping, then the output at 484 A would be a

coherent enhancement of the magnet's spontaneous output at the 33
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harmonic. There is reason to believe that an undulator with sufficiently tight

tolerances on the magnetic materials and construction to evidence a 33 har-

monic in its output spectrum may be difficult to build . Thus the third har-

monic pumpin scheme replaces the difficulties of undulator/storage ring com-

patibility with a challenge in undulator design and construction.

\
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FIGURE CAPTIONS

Fig. 1. A Schematic representation of the TOK

Fig. 2. The ratio of Fu{v)iFjy - 1). This shows the effect on the energy
modulation of pumping on the magnet's v1* harmonic rather than
on the fundamental

Fig. 3. The ratio of F.Jyn)/Ftm{n), that is the output factor for third
harmonic pumping compared with the normal approach.
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TABLE I
Efficiency for first and third harmonic undulators.

LASER
HARMONIC

1(5320 A)
9 (591 A)

11 (484 A)
13(409A)

VNDULATOR HARMONIC

FUNDAMENTAL
(X,- 6.9cm)

5.8 x lO"7

1.9 x 10-7

6.9 x 10-»

3"
(X0-8.4cm)

7.7 x 10-7

1.4 x 10-T

2.5 x 10-*
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