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|. FEL BASED ON THE MSU RACE-TRACK  (ex.ey,e,) are coordinate ortsgk21vAg, Ao - undulator period.
MICROTRON Injected particles withinitial velocity w=Bgc acquires a
transverse speed/ig=VopAg/Ag in the undulator field.

The possibility of creation of a source of coherentriggering circularly polarisedight wave with the electric
shortwave radiation othe basis of the RM dfloscowState field Esi=Eqi[e,cos(usit-Ksiz)-eySin(wsit-ksiz)] wherewy; is the
University (MSU) facility was consideredThe RM is frequency, k is initial wave number (@ =ckg) travels
designed to obtain accelerated electrons with a variatiieough the lasecavity in the same direction as electrons.
energy of 7-180 MeV athigh quality of beam: the Electromagnetiavave isamplified by the oscillatindgpeam of
homogeneity of energy is 0.000the beam emittance is not particles. Effective energy exchange requiresthat the
higher than 0.01 mm.mrad. Theamcurrent is a continuous longitudinalvelocity of electronshould be equalled to phase
sequence of electron pulses withe duration of 3-4 psspeed of the ponderomotive wave: gy=vpri=wy(Ksitko).
following at a frequency &.45GHz and theaverage current particles-wave interaction leadsttee bunching obeam and
of 100 mkA [1]. A special operation modetbe acceleration then to the capturing ofelectrons to "traps" of the
is provided for dutycycle decreasing by 100 - 300 times an@onderomotive potential UzAJ(mc2), where A is vector
the amplitude of current pulses 1-10 A. potential of EMR. Naturally, the trapped electrons have a

Two operation regimes of the FEL apessible. At the speedB,c=[v2-v2]1/2<By,c, because of,<yo, Interaction of
standard undulator parameters ( length and number of perigisrons with EMR usually takes place dhe beam

aret_ 2.|5|cm t"’r‘]”_d 1302'3:5 "Gt‘t?' “”qu""?tortga‘:t‘_’r ils K:Ot',Sl'l’travelling length ng=10:20/Im(ky, that is 1.5 m with
optical leng IS o- m))OSI ive gain In € single-particie beam Currentbl~100 A1 KA.

regime is realised in the 5-170 mkm band [2]. ; - :

Low emitance pemis o povdare colecive | EEL 3108 e uteeny exendngysenies o
amplification regime of FEL with channelling radiation [3].% undulator in z=0 a.nﬂuxes of particlesand EMRyru* out
In this case the positive gain may be achieved on th(% N par :

) rom the capture area z=Zquilibrium equations for the

wavelength region ofs< 1 mkm. . " .
averagdlows of energyandpulselinear densities of particles
(My and G) andEMR (g and G) through the transverse

Il. ESTIMATION OF HIGH-CURRENT FEL TOP __ iion of beam are:

EFFICIENCY
Mpl=0={ Myt Up=z
High-current FEL areised forthe exciting oshortwave (1)
electromagnetic radiation (EMR). It operates dallective Gplb=~{Gp+Gg} =y

stimulated EMR regime. Due tthe bunchingrocess the

efficiency of output radiation is significantly increased. Top  The contribution 0EMR wave tathe general energetic

efficiency evaluation is obviously acquires remarkable equilibrium on the beginning stage is assumed slight.

interest. N _ _ _ Besides, no flows of beaparticlesand EMR pasghrough
FEL limiting efficiency is defined bythe nonlinear the sides ofsystem. Taking into consideration the ratio

saturation of EMR exciting proces$he basis stabilisationr, g =cG, the equilibrium equations permit to make an

process irthis case isthe capture dbeam particles bglow important formula to limiting efficiency [4]:

wave of electromagnetic systermamed as thewave of

ponderomotive potentlgl. In a result veIocmes_ of electron N=(N0)[MolYo-LI=YoBor B(Vo-1)(€GYN<B)] (2)
beam and ponderomotive waveare synchronised:hen

energy exchange between beam partieles EMR hasonly where magnitudeyg-1)Mp/yp is flow density ofstart kinetic

oscillating character. Therefore, analysis of equilibriumner of electron. Value . is equalled to Pointingector
condition of particles-wave system allows to estimate tREeray : S 9 y

magnitude of FEL top efficiency. and G is equalled to field stress tensoy, T4].Depended on

Let us consider one of the perspective FEL schemes v&ﬁﬁ Coulomb interaction of particles longitudinafield
helical undulator. Magnetic field of undulator is described mponents are neglectable. Therefamly the transverse

vector  potential A=Aqlecos(kz)+e,sin(kiz)l, where omponent of EMRvave isincluded in the equatiorfer Mg



and G . It is noticethat phasevelocity of radiationwave is capturing of the different radial layers of beam. Therefore, the
decreasedfs<=wdk<1. Magnitude off3s is determined by greatestefficiency of particles and EMR interacting are
equality of the velocity of the beam electronsand the provided by electron beam with thebe configuration. Inthis
ponderomotive wavex=[3,¢/(Ks+Ko). casethe density ofthe electrorbeam is derived frorthe ratio
After the capturing of the electron the statesystem is Nb(r)=€1lpd(r-a)/(2ceB,r) (5(r-a) is Dirac function). The
described bythe evolutionary equations . Assuming for thdransverse distribution of tHeMR field is determined by the
vector potential A=Aqo(z)sin(kgdz-wt) and for Furrier second ratio of (3) with the quasi-constaght part € andt
component of the curremtensityj<=Bog jp € sin(kdz-wt-t), changevery _slowlyafter_ trapping).Consequently, solutions of
wheret is slipping phase to relation to equilibrium point of/@ve equation are given by f¥<a)=AiKo(qa)b(qr) and
the ponderomotive potential,e is Furrier coefficient Ao(r>a)=Aglo(qa)Ko(ar), where 4, Ko areBessel functions of

characterising a bunching aaree. i the beam current imaginary values. There is strong channelling structure of
i 9 i 9 agree, Is EMR [6]. In this way the magnitude of the longitudinal
density, we have:

velocity 3, of trapped particles is expressed in terms of the
2ky(5As¢fd2)=(41VC)eBon jb SiN() beam current:

(©) = - / X
A PAL=(ATTC)E B COSE) Ih=[32akd AYo(Boz B (1-B2) 3/ BA€1B)?]

whereAp is the transverse part of Laplasia@+ig2-w?2/c?. It X[(1-BY2+2B1-B,)]-L
is important to emphasis¢hat after the trapping the
magnitude of g remains greater themero because phasenere p=mc¥e=17 kA. Taking into account connection

velocity of wave is decreased. _ between k and k; the ratios (2)and (5) givethe self-
Equations (3) define the alterationswvaflues Ao €, ® consistent evaluation of top efficiency. Ithe first

with the oscillatingprocess of phase . The change of the gpproximation ordp=py,-B, using thecoefficiente;=1.5 of

phase is determined by the equation of particles movinggfe limit bunching, we have:

the field of theponderomotive wave. Somewhat conclusions

(5)

are followed from the physicalaw-governed nature of N=[(1p/(21aa koyo?))2/5)/2 (6)
trapped bunches and EMR interaction.
After integrating on the transversection the equations It is significant that thequation has theame form of

(3) givesthe average ratios in which value @f8MAsgdr  the similar ratio of the lineatheory but it differs from the
appears in lefpart. Thefull beamcurrent |, and average |ater one by the numericabefficient. The efficiency of the
magnitudeg andt are figured in right part. Thep value of collective FEL isnot high and idecreases at more short
Tm corresponds to the capture moment of Beam when wavelength. EMRefficiency of FEL ininfra-red andoptical
electron velocity is equal to phase speetheponderomotive regions do noexceeds one two percent forthe moderated
wave. Phase value=0 conforms withthe beam passingver beam current.
minimum of theponderomotive potentiallhe second ratio in
(3) acquires a simple form: lll. HIGH-CURRENT FEL WITH VARIABLE
PARAMETERS. THE DEVICE OPTIMISATION
02Sa=(4mvc)Bor € cos() (4)
To increase thedevice efficiency it is necessary to
After capturing the electron bunches oscillates wiithange the initiabeam characteristics ¢ne undulatofield
phaset<t,, . From the physical point ofiew it is clearthat parameters in therocess ofthe beam passinghrough the
the process of energy exchange between beah EMR lasercavity [7]. Efficiency estimationsre usually based on
prolongs tor~0. However,the addition to th&€MR energy no the numerical methods. Nevertheless, evaluafimacedure
very appreciable becauske EMR wave orthe phase areafor systemwith tapering parametermay becarried out by
0<t<T, passes electron beam. Besideghim regiom=0 the Means of the method stated above.
electron bunche®ecomeblurred due to theneterogeneous Consider some examplebhe gain magnitude remains
velocities. Formallythis process leads to decreasing of th@nough considerable if the value Bp, differs from the
magnitudee. Qualitative graphic estimation indicatémte(t resonance magnitudg. It is clearthat thesurplus of the
~tm)=1.6-1.8 ancd(1=0)=1.3. In the same time the value o¥elocity &=B;—B,0>0 prolongs the process of electron
cosff) increasesvery small so the values;=ecosf) is deceleratingand delaysthe particles capturing. In thimse
oscillatesrangefrom 1.5 to 1.3 [5]. Thus, analysis of thdh® EMR excitation inthe same range @fequency is
trapped state ofystem allows to evaluatthe practical Provided by the more high level of the triggering field.
efficiency of FEL. The condition of electron trapping
Interaction between space-heterogeneocisannelling
EMR and beam electrons leads e nonsimultaneous BAZ")=wd (kg(z)+ko)c @)



Therefore magnitude of EMBfficiency inthese devices may

is not changed and efficiency is estimated by the ratio: be higherdue to using longer undulator or bigger electron
current.
N=[(BorBAZ"))Bozyol/[(Yo-1)(1B(z")]. 8) Coulomb defocusing ofhe electrorbeam is one of

problems connecting with thieigh-current FEL. Itmay be
The value ofvelocities differencéB,=Bo,B,(z*) at the €eliminated by plasma filling of the_z _Iaseavity. Thi; mef[hod
beamcurrent is defined from theonlinear equatiotthat in Was successfully used #te traditional electronidevices.

case using tube design beam is Plasma at ordinary density,¥10l3 do not brings any
varieties to the resonance conditions of the FEL. Stimulating
3BAOB,-8)3/2=1/Al o, (9) Processes in systeare subjected to more complex influence

of neutral gas filled the laser cavity. In this case the resonance

whereA=27/2akgyo5. If the initial beam energy exceeds by thiteraction of the both fast and slow beam mastepossible.
506 from its resonance value tBMR efficiency ishigher on So FEL with plasma filling requires the serious theoretical

. .. . lysis.
the same magnitude. Braising of theefficiency due to the ana . .
additional part to the initial particlegelocity leads to the Thus the analysis stated above emphastsgisthe high-

significant practical difficultieandmay be realised temall cErretnt FEL”&‘T’“{[. be both more powerfahd more effective
Yo i.€. for the long wave EMR (becauig=dy/y3). shortwave radiating source.

Therefore, other method of thefficiency increasing
presents a great interest. We mean the varying of magnetic
field parameters of the undulatorg(BndAg). Let us consider 1] S.A. Alimov, A.S. Chepurnov, O.V. Chubarov et al.

the case of alteration of the undulator period. This situationyjs, . Race-Track Microtron Preprint INRISU-93, M
enough understandable. The decrease of pénitdollows to (1993) ' T
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10% allows to obtaithe value of th&MR efficiency up to
11% at =200 A and12% at §=600 A {,=30).0n the first
view the FELefficiency weakly depends dhe beamcurrent.
However, the value ofJaqis inversely proportional tg3/5.

Consequently, theigh-current FELmay operates with
high efficiency inthe regime of saturation. Thimnclusion
remains truefor the arbitrarybeam configurations and
different undulator design®lotice that the significanvalue
of the efficiency may be achieved ithe only high-current
systems. For example, in [8] experimental valueftiency
was not exceeded 3% whemndulator parameters was
changed to 12%and beam current was 7 Aand yg=40
(electron energyhad been 20 MeV). Onthe more late
experiments [8] electron currews raised to 100 A without
guantitative beam deterioration. Nevertheless EHiciency
was not achieved to optimal value. Indeed the Rk made
for the single-particle amplifyingnly. For example, when
the undulator lengthwas |,,=100 cm, then the FEL
efficiency appeared to be ~1jkq [2]. For this undulator the
collective regimewith saturatingorocess may be observed in
systems with beam current approximately afew KA.



