
Lawrence Berkeley National Laboratory
Recent Work

Title
Generation of Harmonic Radiation Using the Multi-Cavity Free-Electron Laser

Permalink
https://escholarship.org/uc/item/9q59b1qr

Authors
Krishnagopal, S.
Sessler, Andrew M.

Publication Date
1993-08-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9q59b1qr
https://escholarship.org
http://www.cdlib.org/


.. 

LBL-34015 
UC-414 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

Accelerator & Fusion 
Research Division 

Presented at the Fifteen International Free Electron Laser Conference, 
The Hague, The Netherlands, August 23-27, 1993, 
and to be published in the Proceedings 

Generation of Harmonic Radiation Using the 
Multi-Cavity Free-Electron Laser 

S. Krishnagopal and A.M. Sessler 

August 1993 

. , 
\ \ 

. 
f 

L ,/ 
/// . 

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098 

U1 
tSl 

r ..... 
o-, 
IIJ , 
'<: . 

r 
ID 
r 

C"') I 
0 w 
"0 .J)ao 

'<: tSl .... .... U1 



DISCLAIMER 

This document was prepared as an account of work sponsored by the 
United States Government. Neither the United States Government 
nor any agency thereof, nor The Regents of the University of Califor
nia, nor any of their employees, makes any warranty, express or im
plied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, 
or process disclosed, or represents that its use would not infringe pri
vately owned rights. Reference herein to any specific commercial 
product, process, or service by its trade name, trademark, manufac
turer, or otherwise, does not necessarily constitute or imply its en
dorsement, recommendation, or favoring by the United States Gov
ernment 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 
and shall not be used for advertising or product endorsement pur
poses. 

Lawrence Berkeley Laboratory is an equal opportunity employer. 



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. 



Generation of Harmonic Radiation 

Using the Multi-Cavity Free-Electron Laser• 

Srinivas Krishnagopal . 

Centre for Advanced Technology, Indore 452013, India 

and 

Andrew M. Sessler 

LBL-34015 
CBP-026 
UC-414 

Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720 

August 18, 1993 

• Work .supported in part by the Director, Office of Energy Research, Office of High Energy and 
Nuclear Physics, Division of High Energy Physics, of the U.S. Department of Energy under 
Contract No. DE-AC03-76SF00098 . . 





Generation of Harmonic Radiation Using the Multi-Cavity 

·Free-Electron Laser 

Srinivas Krishnagopal 

Centre for Advanced Technology, Indore ../52013, India 

Andrew M. Sessler 

Lawrence Berkeley Laborotory, University of California, Berkeley CA 94720, USA 

August 18, 1993 

An FEL provides a convenient method of reaching short wavelengths by resonat

ing with an input source at the fundamental wavelength while providing bunching 

at a harmonic of the funda~ental. Recently schemes have been proposed that use 

two wiggler segments, one resonant at the fund~mental to pre-bunch the beam, the 

other lasing at the desired (third) harmonic. A similar effect, with some advantages 

and some disadvantages, can be achieved using the Multi-Cavity FEL (M~/FEL). 

The MC/FEL employs several short cavities, operating in an oscillator-like manner, 

to achieve high output power. In this paper we consider the use of the MC/FEL as 

a means of generating harmonics. We investigate the competitiveness of this option 

in comparison with other harmonic generation schemes, in terms of the total wiggler 

length needed, the saturated power achieved; and the restrictions imposed by mirror 

refl.ecti vi ty. 
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I. INTRODUCTION 

The essentially nonlinear nature of the FEL interaction makes it possible for electrons 

to radiate, on-axis, at odd harmonics of the fundamental frequency that is determined 
J 

by the resonance condition. Operation in this mode is of interest because it allows one 

to push towards shorter wavelengths, and it has already been demonstrated experimen

tally[l, 2]. The disadvantage of this approach lies in the fact that the comparatively weak 

harmonic signal has to be detected and extracted in the presence of the much stronger 

fundamental signal. 

Another approach to reaching shorter wavelengths is that of the so-called Coherent 

Harmonic Generation in two-stage devices[3, 4]. Here one takes advantage of the fact 

that the bunching of the electrons has all higher harmonic frequencies. An electron beam 

is run through an optical klystron-like set-up, where the first wiggler section defines a 

fundamental frequency !R and acts to bunch the beam. The second wiggler section, 

however, is designed for a harmonic frequency, say 3fR· The electrons come pre-bunched 

into this section, and may therefore be expected to radiate copiously. An experiment 

using this scheme is to be implemented at Brookhaven[5, 6]. 

In this paper we consider a related approach, using the Multi-cavity Free-electron 

Laser (MC/FEL) that we have discussed earlier[7, 8]. In the next section we review the 

MC/FEL and explain how we plan to generate coherent harmonic radiation using it. In 

Section 3 we present the results of one-dimensional numerical simulations to show that 

harmonic generation is indeed possible at infrared wavelengths. In Section 4 we consider 

the viability of operation in the ultraviolet regime, where mirror reflectivities are low. 

We end with a discussion of the viability of this scheme and on future directions. 

II. THE CONCEPT 

The MC/FEL consists of a number of short optical cavities, each with a length less 
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than the slippage distance between the electrons and the radiation[7]. Electrons ·are 

allowed to pass from cavity to cavity through a small hole drilled at the centre; however 

the radiation in a given cavity largely remains trapped within that cavity. Radiation is 

extracted only from the last cavity. Because the cavity is short, the length of the optical 

pulse is small; because the electron beam enters the last cavity substantially bunched, it 

can radiate appreciably. Thus the MC/FEL produces brief, inten~e pulses of radiation. 

For the present application, the cavities are divided into two sets. In the first set of -

cavities, which we call the fundamenta! cavities, the_electrons radiate at a fundamental 

frequency fR, and at the same time get bunched. These bunched electrons then enter the 

second set of cavities, the harmonic cavities, for which the wiggler wavelength (or field) 

is adjusted to make the resonant frequency 3fR· Because the bunching of the electrons 

also has a component at this frequency, for this set of cavities they come pre-bunched, 

and therefore radiate quite. substantially at the frequency 3fR· As before, radiation is 

. extracted only from the last cavity. 

Clearly, this scheme operates the FEL in the oscillator mode, as opposed to the 

amplifier configuration of Ref.[3]. The advantage we gain here, besides the original one 

of getting short pulses, is of having a lesser length of wiggler since, as we will show' a few 

short wiggler segments are all we need. The disadvantage, on the other hand, is that at 

very short wavelengths, where mirror reflectivities are low, this ·scheme may be difficult 

to implement. 

III. OPERATION AT INFRARED WAVELENGTHS 

We employed the one-dimensional, time-independent FEL code described in Ref. [7] 

with suitable modifications. In each cavity the motion was described by the usual non

linear equations which, in the notation of Bonifacio, Pellegrini and Narducci[9] are: 
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( ~:) =wo (t -lhfl?) + 2~t X [JJ] [aexp (iOi) +c. c.] (1) 

( dd'Yi) = ~e~K [JJ] [aexp(-iBi) + c.c.} 
t · 2mc li 

(2) 

1 da K ( e-iBi) 
--= 211"n0 - -- • 
c dt E li 

(3) 

Here a is the complex amplitude of the electric field, Oi is the phase of the Ph electron 

relative to the electromagnetic field, and li is its energy in units of mc2 • The wiggler 

frequency is w0 , the wiggler parameter is K, and ..\ is the wavelength of the radiation field. 

The resonant energy is [R, the electron density is n0 and E is the effective transverse 

cross-section of the beam, describing the overlap of the beam with the radiation. The 

average( ... ) is carried out over all electrons in the bunch. [J J] is the usual Bessel function 

factor that is unity for helical wigglers. 

Lasing was allowed in two sets of cavities, the second set lasing at some harmonic 

of the first, defined through an input parameter Nh. This was achieved, in the code, 

by increasing the input wiggler wave-number and the radiation frequency by this factor 

(thus keeping the beam energy fixed). In addition, ·the lengths of the harmonic cavities 

were also reduced by the same factor, so that in every cavity the electron beam saw the 

same number of wiggler periods. It was confirmed that with Nh ~ 1, the results were 

identical with the earlier code that allowed for only one set of cavities. 

It should be emphasized here that within each cavity the process of radiation genera

tion is described by Eqs. 1-3, and is therefore at a single frequency. The term 'harmonic' 

is applied to the second set of cavities only because they are designed to lase at a fre

quency that is a multiple of the frequency in the first set of cavities. This usage is justified 

because it is the existence of harmonics in the bunching of the electrons that makes this 

scheme possible. 

Parameters used in the results reported here are given in Table 1. In addition, all the 
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mirrors were assumed to have a reflectivity of R = 0.98, except for the last, out-coupling 

mirror, for which R = 0.95. Eight hundred test particles were used and 40 longitudinal 

integrations steps wer~ performed. ·Figure 1a shows plots of the power and bunching in 

the last harmonic cavity, i.e. the last overall cavity, as a function of bunch number. We 

see that the power saturates at around 10 MW, and that the bunching factor is large, 

though the electrons are not yet over-bunched. Note that this power level is achieved 

with a total wiggler length of only 40 ern! 

The reason for. this impressive performance has, of course, to do with the fact that the 

electrons entering the harmonic cavities, designed for a resonant wavelength of 3fn, have 

been pre-bunched. The fact that this pre-hunching is achieved at a lower frequency is 

what gives life to this option, because the small-signal gain is higher at lower frequencies. 

Thus, by using two different sets of cavities, we are able to run the first set at a lower 

frequency in order to take advantage of the larger small-signal gain. In the second set, 

though .the gain is smaller, the electrons enter pre-bunched; this makes the effective 

length of the second set of cavities greater. 

To demonstrate that this is indeed the case, Figure 1 b shows the power and bunching 

in the last {sixth) cavity when all cavities are run at the higher frequency. Essentially, 

we are now pre-bunching the beam directly at the higher frequency, and we can see that 

the power level attained is much lower. 

IV. OPERATION AT ULTRAVIOLET WAVELENGTHS 

The more exciting application for schemes of coherent harmonic generation is to push 

back the short-wavelength frontier. The shortest wavelength at which lasing has been 

achieved in a free-electron laser is at 240 nrn, at the storage-ring FEL at Novosibirsk[lO]. 

Clearly, it is of considerable interest to use the MC/FEL to lase at some harmonic of this 

frequency - say the third, i.e. at 80 nm. 
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·The main problem in this effort is that as the wavelength decreases, mirror reflec

tivities decrease dramatically, making oscillator schemes unviable. Still, it seems that at 
I 

80 nm, using a clean aluminum surface placed in ultra-high vacuum, it may be possible 

to achieve reflectivities of R = 0.80 [11]. Using this number, we therefore attempted 

to simulate such a system, along the lines of the work in Ref. [3). For most purposes, 

therefore, we stuck to their parameters; the full list of parameters is given in Table 2. 

The fundamental cavities were assumed to have a reflectivity of R = 0.95 (which is a 

realistic number), and the harmonic cavities of R = 0.80, except for the out-coupling 

mirror, for which R = 0. 75 was assumed. 

Figure 2 summarizes the results in terms of the power and the bunching factor in 

'the last cavity. It can qe seen that the power in the cavity saturates at about 50MW, 

which is considerable. Note that th1s is achieved with a total wiggler length of only 

(3 x 2.4) + (3 X 0.8) = 9.6 m. We also checked that lasing at the harmonic continued to 

occur as the reflectivity was reduced from 0.80 down to around 0._65. We thus conclude . 

that the MC/FEL harmonic generation scheme is viable even at short wavelengths . 

. V. DISCUSSION 

In the preceding sections we have shown that one can generate harmonic radiation 

using the MC/FEL. A few points need emphasis. 

First, unlike the scheme of Ref (3] which operates the FEL in the amplifier configQ.

ration, this scheme operates it as ari oscillator. The advantage we gain by this is that, 

since the power can be built up slowly over several passes, the gain within a cavity need 

only be modest, and consequently the wiggler segments can be short. Further, because 

the eleCtron beam is considerably pre-bunched before entering the last wiggler, it can 

be expected to radiate substantially, even with a comparatively short length of wiggler. 

This makes our scheme economically more viable. 
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Another advantage in our scheme is that frequency selection is not a problem, be

cause the fundamental and 'harmonic' radiation are in different cavities. An incidental 

advantage is that one could perhaps get radiation at both frequencies, !R and 3/R, by 

simply arranging to extract the radiation from the last fundamental cavity also. 

Further, since the harmonics are in the bunching of the electrons, and not in the 
I 

frequency of the emitted radiation, it is possible to lase at all harmonics of the funda-

mental, and not at just the odd harmonics. Lasing occurs at all harmonics; the higher 

the harmonic number the lesser the saturated power, and the dependence is roughly ex

ponential. Specifically, using parameters for the fundamental cavities from Table 1, we 

find that the saturated power in the last harmonic cavity reduces from 40MW for the 

second harmonic to 5MW for the fourth harmonic. 

The major drawback, of course, is that the need to have mirrors limits the usefulness 

of this scheme at very short wavelengths. Nonetheless, as we have shown in Section 4, 

with present mirror technology the scheme is still viable down to around 80 nm (see 

Ref. [11] for details). For even shorter wavelengths it may be possible to employ a hybrid 

scheme in which one employs a MC/FEL at longer wavelengths, to pre-bunch the electron 

beam efficiently, and a long amplifier s~ction to generate coherent radiation at the shorter 

wavelength. 

VI. CONCLUSION 

We have shown, using one-dimensional simulations, that the MC /FEL can viably 

be used to produce harmonic radiation at both, infrared and ultraviolet wavelengths. 

The power leyels achieved are substantial, and the total length of wiggler required is 

relatively small. The scheme warrants further study, especially of the mode structure of 

the electromagnetic beam, using three-dimensional simulations. 
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TABLES 

TABLE I. Parameters used in the simulations of Section 3 (infrared wavelengths). 

Parameter Value 

Wiggler parameter ( aw) 1.5 

Current (I) 30 A 

Energy ( 1mc2) 7.5 MeV 

Pulse length 20 nsec 

Initial optical power (Pi~) 100 w 

Fundamental Cavities 

Number of cavities 3 

Wiggler length ( L) 10 em 
/ 

Wiggler period (.Xw) 2cm 

Optical wavelength 100 J.LID 

Reflectivity (R) 0.98 

Harmonic Cavities 

Harmonic Number (Nh) 3 

Number of cavities 3 

Wiggler length ( L) 3.33 em 

Wiggler period ( Aw) 0.667 em 

Optical wavelength 33.3 J.LID 

Reflectivity (R) 0.98 

Out-coupling Reflectivity (Rout) 0.95 
.., 
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TABLE II. Parameters used in the simulations of Section 4 (ultraviolet wavelengths). 

Parameter 

Wiggler parameter ( aw) 

Current(/) 

Energy ( "(mc2 ) 

Pulse length 

Initial optical power (Pin) 

Fundamental Cavities 

Number of cavities 

Wiggler length ( L) 

Wiggler period (>.w) 

Optical wavelength 

Reflectivity (R) 

Harmonic Cavities 

Harmonic Numbe~ (Nh) 

Number of cavities 

Wiggler length ( L) 

Wiggler period (>.w) 

Optical wavelength 

Reflectivity (R) 

Out-coupling Reflectivity (Rout) 

11 

Value 

1.5 

300 A 

186 MeV 

267 nsec 

lOOW 

3 

2.4 m 

3cm 

240 nm 

0.95 

3 

3 

0.8 m 

lcm 

80 nm 

0.80 

0.75 



FIGURES 

FIG. 1. Plots of power and bunching factor in the last (sixth) cavity, which lases at 

33.3JLm, when the first three cavities pre-bunch the beam, (a) at lOOJLm, and (b) directly at 

33.3JLm. Details in Section 3. 

FIG. 2. Plots of power and bunching factor in the last (sixth) cavity, which las·es at 80 nm, 

when the first three cavities pre-bunch the b~am at 240 nm. Details in Section 4. 
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