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"
kvolution of Loung Pulses in a Taperel Wiggler Free Electron lLaser

John C. Goldstein

University of California
Los Alamos National Laboratcry,
P. O. Box 1663, X-1, MS-E531, Los Alamos, Nev Mexlco 37545

Abstract

The avolution of a long pulse (pulse length wuch greater than the slippage distance) in a
tapered wiggler free electron laser oscillator is studied by numerical solution nf the one
dimensional theoreticsl model for a realistic set of magnet, electron beam, and optical
resonator parameter values. Single pass gain curves are calculated for lowv and high light
intensities. It 1s fouod that an initial, low amplitude, incoherent pulse growve into a
coherent pulse whose growth rate sgrees with the celculated emall signal gain curve. Thae
transient evolution of coherent pulsee is ca“culated for several different cavity length
detuninge, and a quasi-steady-stata desynchronism curve ie obtained. Various pulea features
for two pointe along the desyachroniem curve are given. The frequency changing behavior
("chirping”) of the optical pulse during trsnsient evolution is examined.

Introduction

Several different one-dimensional theoretical models have been devaloped tu tyegt cthe
eavolution of temporally-finite pulses in a free electron laser (FEL) oscillator.
Cowparisons of the results of numerical evaluations of these theoreticsl models with data
from the SEggford University uniform viggler FEL experiment seem tc show semiquantitative

agregs nt. The theoretical models have baen slightly extended to trqag tapered wiggler
FELs '~ and predictions of the performance of ,such PELs have been made. In this wvork, wve
use another slight modification of the theory for plane polarised wigglers to predict the
performance of & tapered wiggler oscillator driven by a long electron puls-. That ‘s, the

length of the electron pulse is much longer than the slippage disetance that characteriraes
the amount by which electrons slip behind a point on the snvelope of the optical pulse as
they make one transit through the wiggler.

Optical Propertiaes

We assume a typical linear mccelarator driven Cornpion regime FEL oscillator in which the
linsc produces short pulses of alectrons which are magneticslly guided down the axis of an
optical regonator contsining a coaxial plane polarired tapered wigglar magnet. After fnter-
acting with the optical pulse during thair passage through the wiggler, the elactrons arse
magnetically guided out of the device and 2 new pulee of electrons from rthe linac entars in
tine to meet the optical pulee on its next passage through the wiggler region. The condi-
tion ¢f axact eynchroniem occurs when the interval between successive electron pulses froa
the linac equals the round trip time of light in the :esonator. Usually the time betwveen
electrorn pulses is fixad so that the deviation of the resonator length from that at exact
syachronism strroogly determsines the propertias of this t7pe of laser.

We ohall calculate the properties of the systen specifiad Sy the parameter values givan
in Tabl!a 1. The wiggler magnet {s 100 cn leong wicth an 11T taper in wavelength. The precise
variation of the wavelength and magnetic field amplitude aslong the wiggler’s axis is shown
ir Fig. (1). The synchronous particle .sould decrease iu energy by 7.332 {n this magnet.
The optical resonator hae s Reyleigh range of 62.35 cm and the mirror losses are taken to be
71. _The electron beam is taken to be monoencrgetic with a peak current of 40 A {n a 30 p»
(FfWe "y pulse. The difference betveen the vaelocity of light and the elections” axisl
velority in the wiggler of Fig. (1) implies that the electrons slip a distance of C.038 cm
relative to a point on the envelope of the optical pulse oo earh transit through the
wiggler. This distunce f{s about AX of the electron puise length; the corresponding figure
for the Btsuford experiments iy about 48X.

The one dimensional theoretical model of Ref. (8), modified to include the axisl varia-
tione of the wigglar shown in PFig. (1), yielde the CW (L{.0., for long pulses, neglecting
elippage) eingle pass gain curves shawn in Fig. (2). Note the difference bdetveen the
vavelength of maximum emall signal gain, 10.33 um from rig. (2a), and the wavelength of max-
imum large signel gain, 10.7 um from Pig. (2b). This behavior requires that tue optical
pulse change ite spectrum during the course of ite evolution from lowv intensity to high
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intensity. The way in which this “"chirping” occurs is addressed below. Fig. (2c) 1s a
vlotof the maximus single pass CW gain (at vhatever wavelength it ozcurs) versus
1ntonoi6y.!ro! this plot one might guess that the optical pulse will reach an intensity of
3 x 10 w/ca® in order for the saturated gain to equal the 2% cavity losses.

Table 1: System Parameters

WIGGLER
Length 100 cm
Field Strength 0.3 T
Wavelength Range 2.73 = 2.43 cm
Energy Teaper 7.352
RESONATOR
Rayleigh Range 2.5 cm
Filling Pactor 0.78
Design Resonant Wavelength 10.59 microns
Round Trip Intensity Loss 22 '
ELECTRON BEAM
Peak Current 40 A
Pulse Length 0.9 cm
Bean Diameter 0.18 cm
Slippage Distaance 0.038 ca
Initial Energy 20.85 MeV

The theoretical model used hare to calculate pulse evolution sesumes coheren: light.
Initially, light is eniiLtad spontaneously by the first pulse of electrouns to transit thae
wiggler and fs in fact incoherent. A detailed treatment of the ;rovgh of 1i{ght from spon-
taneous emission in & uniform wiggler FEL has been given by Georges. While ve have not
repeatad that calculaticn for tlie tspered wiggler of Pig. (1), we have calculated the evolu-
tion of a very low intensity, {initielly incoherent, pulse. Such a pulse has zero average
slectric field but nonzero average intensity. Choosing the amplitude and phase randonly
using Gausslan statistics produces & pulse wvith an approximsiely constant spectrum (white
niise). We have observed that such a pulse will grov from 2n intensity equal to the spon-
taneous emission level iato a coherent pulse. By “coherent pulse” we mean that after 100 to
150 pusses the spectrum is narrow and centered about the small signal gain point of
10.35 wo, and the rste of growth of the pulse is equal to that given in Fig. (2a), nanmely
sbout 15X per pass (minue the cavity losses). Hence, we have sone confidence that the laser
systen specified in Table 1 will gtart up from spontanecus emission. However, we emphasize
that these rasults do not constitute a rigornusly correct modeling of the startup problem
for a tapered wiggler; rather, they indicate that one should add perhaps 150 vasses to the
time evolution curves to be presented below to account for growth from spontaaesous emisuion.

Pulse Evolution

Figure (3) shovwe the evolution of the energy of a coherent optical pulse which initially
has s small amplitude (which ie nevertheless 4 or 5 orders of magnitude abova the spon-
taneous eaisesion intensity) aud a wavelength corresponding to the peak smull signal gain of
Fig. (24). The different curves correspond to cavity lengths shorter by the indicated
amounts than the length for exact eynchronism with successive electron pulses from the
linac. Por the shortest cevity lengthe, the light intensity builde up to a relatively low
valua and resches a steady state., PFor emall values of cavity length change, the optical
pulse rises to high intensity in about 1300 pasees. A t ue eteady state is not reached
vithin 2000 passes for these cases as the pulesse continue to evolve slowly, as evidenced by
the oscillatione ¢f thceir energies. Wc¢ refar to such oscillatory states as quasi-steady-
stataes.

Figure (4) sumnarizes the opticsl pulse energies versus cavity length dnatuning for the
quasi-steady-staten achieved after 1750 passes. One expects the laoer output to fall
quickly to zero at positive values of cavity length detuning (cavity length increases) eo
that thie PEL eystem is expectad to have appreciable output only over about 20 sicrone of
2avity detuning. The maximus ensrgy extraction efficiency from the electrons, currasponding
to the peak of the curve of rig. (4), 1is 2.6%.

Pigure (5) comparen apecific pulse characteristice after 17350 passes for two dilferent
datunings: =18 um and =-..,5 um. Pigures (34) and (5b) ehow the intensity profiles at the end
of the wiggler, Note that the abrupt terminetion of the intensity in Fig. (3a) is an ar-
tifauct of the calculatton: the pulse should have an cxponcntlnll; decreasing leading edge
which varies se exp(~-((1 = 2)/28L)(s = 8_)) where 6L = 1.8 x 10 en, L = .02, and g_ «
101.16 em. The light ahuad of = (2 > 5_) never overlaps any electrons and thereford ex-
periences only cavity losses. 1?4 nc.?octod to simplify the numerical calculations. Note



further that the intensity of the 8L = ~1.5 um case is strongly modulgted and much higher
than that for 6L = =18 ym. The nptical spectra of these two pulses are showa in Pigs. (5¢)
and (5d) where one observes that the lowv intensity pulse”s spectrum is at the wavelength of
peak small signal gain, while the high intensity pulse has a complicated spectrum wvhose peak
is shifted to adbout 10.9 um. The corresponding electron snergy cpectra are shown in

FPige. (Se} and (5f) where one sees that the low intensity nulse has scarcely modified the
initially monoenergetic electron beam while the high intensity pulse yields the chaiaiacriu-
tic double-peaked energy distribution exrpected for a saturated tapered wiggler FEL. °*

Hence, one has a considerable variation of expected phenomena over the cavity length detun-
ing range of this device.

As noted above ir the discussion of the CW single pass gain curves for this systam, the
wavelength of maximum gain shifts progressively to longer wvaveleungths as the intensity of
the 1izht in creases from small signal values to saturated values. To maintcin maximum
growth rates, the optical pulse’s frequency must change during the evolution tnward steady
state. Pigure (6) shows how the optical specitrum evolves during an early stage of the
chirping process. The spectrum does not move smoothly; rather, a sideband first developes,
as seen in Fig. (6a). The esidedband anplitude grows until it equals the main peak,

Fig. (6b), and finally the main peak decays leaving most of the light at the sideband
wavalength, Pig. (6c). Hence, the spectrum evolves in 3 stepwise fashion, not shifting con-
tinuously but rather through & saries sidebands to progressively longer waveleugths. The
final state of evolution is shown in FPig. (5¢), and the latter stages of evolution are more
complicated than the .nitial stagus shown in Fig. (6). The waveleugth of the gsidetand in
FPig. (6) is shifted by 1‘bout 2.5% from that of the small signal gain pesk of 10.35 um. his
shift is consistent with an electron synchrotron period about aqual to the magnet length , a
condition which implies that thg modulation of the envelope of the optical field is about
equal to the slippage distance. This modulstion is indeed p-esent, and the average inten~
sity of the pulse is spprotimately consistent with a synchrotron period eqial to the magngt
length., This type of sidel'and generation was observed for a uniform wiggler FEL as well.

Sumnary

A tapered wiggler free electron lacer oscillator has teen etudied within the limitations
of a ong-dimensional theoretical model. A realistic set of parameter values for the maguet,
electron beam, and optical resonator where used., CW gain curves were calculated at low and
high light intensity. A low-amplitude {ncoherent pulse was found o develop coherence and
subsequently grow at the expected smsll sigual rate. The growth of a coherent pulse froum
lov amplitude to saturation was calculated for various cavity length detunings. High inten-
sity pulsas wvere observed to resch a quasi-steady-state within 2000 passes through the
resonator. The width nf the corresponding desyachronism curve wvas seen to be adbout 20
microns. A maximum energy extraction erficiancy from the electron besa of 2.6X was obd-
served. The process by which the light adjusted its frequen:y to follow the change of the
gain maximum with increasing light intensity was observed to 2ccur approximately by succes-
sive discrate steps involving the generatiou of eidebands with frequency steps related to
the electron synchrotron fruquancy.
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Figure Captions

FPig. (1) : Wiggler wavelength and field amplitude ve. axial position.

6 vlc-z.

Fig. (2b): CW siogle pass gain at 1010 v/cnz.

Fig. (2a): CW single paes gain at 10

Fig. (2¢): Maximus CW uingle pava gain vs. intensity.

Filg. (3) : Optical pulse energy vs. plll'nulbor for several different cavity lengths.
Fig. (4) 1 Quasi-staady-state optical pulse enargy vs. cavity detuuning.
Fig. (3a): Intensity profile for &L = -18 unm.

Fig. (5b): Intensity profile for &L = -1.5 um.

Fig. (5c):1 Spectrum for &L = -18 wum.

Pig. (5d4): Spectrum for &L = -1.3 uam.

Pig. (5e): Electron spectrum for &L = =18 um.

Fig. (5f): BRlectron spectrus for 8L = -1.5 u-..

Pig. (6a): Spectrus after 775 passes.

Pig. (6b): Spectrum after 850 passes.

Fig. (6c): Spectrum after 925 paswves.
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