


1 Introduction

Nowadays when free electron lasers have come a long way from the first experimental
demonstration [1] to thexr wide apphcatlons in various reglons ‘of sc1ence and 1ndustry, the
problem to increase an efficiency of FEL devices becomes a central oné for free eléctron
laser physics and technique: o e T R ‘

‘The efficiency of a FEL amplifier with homogeneous undulator is of an order of the ratio
of the undulator period A, to the gain length I, and for the FEL amplifiers of infrared
and visible wavelength ranges it is of an order of percent. A reliable method to increase
the FEL amplifier efficiency was proposed more than ten years'ago [2, 3]. The main idea of
this approach is to sustain the synchronism of the electrons with empliﬁed electromagnetic
wave by‘mea.n's of undulator tapering; At first this idea has been confirmed by the results
of numierical simulations [4, 5] and later it has been demonstrated experimentally, an
efficiency n ~ 34% was achieved [6]. As a result, now there exists a good consent étmong
the physical community that the method to increase the FEL amplxﬁer efﬁaency by the
undulator tapering is the most optimal one.

On the other hand, the problem to increase a FEL oscillator efficiency has appeared
to be . more complicated. First, the efficiency of the FEL oscillator with a homogeneous
undulator is rather small, 5 > 0.29/N, where N is the number of the undulator periods
[7, 8]. Usually N is about several tens which results in the FEL efficiency 7 less than one
percent. Second, undulator tapering does not gitre such excellent results with respect to
the FEL amplifier, it enables one to increase the FEL oscillator efficiency by a factor of
2 or 3. Using additional possibilities, such as a‘prebuncher, one increases the efficiency
additionally by a factor of two [9]. In any case the maximal FEL osc111a.tor efﬁc1ency does
not exceed a value of several percent. ‘

- Such a significant difféerence in the efficiency between the FEL amplifier and FEL
oscillator oonﬂgura.tlons was ‘analyzed in detail in ref. [10]. It was shown that there
is principal difference between these two FEL configurations when undulator tapering is
used. In the case of the FEL amplifier, the frequency of the'a.r-npliﬁed wave is determined .
by a master osc1lla.tor, the initial conditions ‘at the undula.tor entrance are fixed, the
process of the field amplification develops' in space, and as a result spatial tapering -
of the undulator parameters enables one to trap a significant fraction-of the electrons
in the fegime of coherent deceleration.” Contrary to this, the lasing frequency of the
FEL osc1lla.tor depends on the value of the ‘undulator’ tapering depth and is deﬁned by
the condition of the maxxmum of the small- sxgnal gain in the linear mode of operatxon
Another difference is that the initial conditions at the undulator entrance depend on txme

due to the dependence on time of the field stored in the resonator. As a result the
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dependence of the FEL osclllator efﬁclency on the tapering depth is nonmonotonous a.nd
breakmg and the ﬁnal FEL oscxllator efficiency does not increase s1gn1ﬁcantly with respect
to the case of homogeneous undulator (10].

So, it seems 1mposs1ble to achleve a lugh efliclency in the FEL oscrllator usmg the

conventlona.l approach of undulator tapermg On the other ha.nd ‘one should remember

the h1story of the acceleratlon tech‘

’e development In the m1d—1940s 1t wa.s a.n 1dea

smular to that proposed by Mchl 1 and Veksler may solve the problem to construct the "

hrgh-efﬁclency FEL osclllators For the ﬁrst t1me such an approach to mcrea.se the FEL

! :__ectrons (whlch
\ _ eflicrency), the a.uthors of ref [13] proposed to use a prebuncher together
w1th a homogeneous undulator Numerxca.l estlmatxons presented in refs. 13, 14] have

shown that an efﬁclency of about several tens percent can be achieved in such modification
of the FEL oscrlla.tor .

' There is another way to reahze the idea of tlme-dependent var1at10n of the FEL osc1l-'
lator parameters toi mcrea.se the efﬁc1ency It was proposed to change in time the magnetic
ﬁeld of 'he :undulator ra.ther than to mtroduce the a.cceleratmg field into the 1nteractxon
reglon [15Y 16]. The fea.srblhty of tlns method has been conﬁrmed by the results of numer-

[ ¢ Aas}{i';ontmuous mode may be constructed at the present level of
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Figure 1: Scheme A: Accelerating structure combined with the main undulator

the proposed FEL schemes and obtain simple physical formulae for maximal attainable
efficiency. Then, in sections 3 — 5 we perform a more detailed study using results of
numerical simulations in the framework’ of one—d1mens1onal FEL ‘model. :The: analysis
performed takes into account such effects as energy spread:of. electrons in the beam,
dependence of the electron-oscillation angle on the electron energy; change of the optical
field amplitude and RF field amplitude along the undulator axis, etc. RS

A common feature of three proposed schemes A, B and C is that their magnetic systems

consist of a prebuncher and the main undulator spaced by the drift (or d1spersxon) section

.and time-dependent RF fields are introduced-inside the location of the main undulator.

Scheme A, considered in section 3, is close to‘that considered in papers [13, 14] The
only difference is that we propose another way for technical realization of this scheme. We
propose to use the-conventional undulator and RF technology by placing inside the gap
of the undulator (for instance; a permanent magnet one) of an iris-loaded waveguide (one
or-more sections) which is fed by a'RF power supply operatlng at a harmonic frequency
of the driving accelerator (see Fig.1). A choice of a RF band is defined by the ‘following
technical limitations. First, to minimize a value of the undulator gap, one should minimize
transverse dimensions of the waveguide by choosing as short RF wavelength as possible:
On the other hand, there should exist well developed RF amplifiers providing the necessary
RF power-level to achieve the required accelerating rate. ‘Analysis of the present-day
situation with RF sources shows that the most appropriate RF band for this purpose is
the X-band one. -
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Figure 2: Scheme B: Sectional main undulator with separated accelerating cavities

~«In section 4 we proceed. the consideration with scheme B. Peculiar feature of this
scheme is that the main undulator is divided into pieces and short RF cavities with time-
dependent RF fields are placed between them:(see Fig.2). In this scheme the electron
acceleration is performed discretely and processes of electron acceleration by the RF field
and deceleration by-the optical field are separated in space. This results in some decrease
of the final efficiency with respect to the scheme A, nevertheless, as we will show be]ew

with numerical example, a high efficiency may be achieved, too. Moreover, this scheme is

more preferable from technical point of view. There are no limitations.on the undulator.

gap value and RF cavities may operate-at the frequency of the driving accelerator (as a
rule, at L- or S-band frequency) pr0v1dmg a high acceleration rate of the order of several
tens MV/m. : S

The above mentioned schemes A and B:need RF supplies for their operation.- In
section 5 we propose quite a novel scheme C which operates without a RF power supply.
The main undulator. of this scheme is fabricated ‘with deep tapering (for instance, with
decreasing magnetic field at fixed period, or with decreasing period at fixed' undulator
parameter). A tunabl»e‘decelera‘ting‘ RF structure is installed inside the main undulator
gap (see Fig.3). Initially it is tuned in such a way-that the RF field, induced inside,it‘by
the electron beam; decelerates the electron beam keeping the resonance of electrons with
the small optical field in the resonator along the undulator length.: As a result, the optical

field in the resonator begins to grow.. To keep the resonance condition at higher values

)

Accclerating

structure Planar undulator

(-
Uomoooo o T hf'_"'_”_”_“y-_"_"yyL"_“lld _ T
—.r‘z—nn—uﬁﬁﬁunnnu &_r‘_‘u D D O DO IR Y e

Phasc ) [ . B = !) _]

“'shifter

(or attcnuator)

Figure 3: Scheme C: Tapered undulator with tunable decelerating RF structure

of the optical field, the decelerating RF stricture is tuned in t1me in such a wa,y that‘
the induced RF fields are decreasing while the optical field in the resonator is increasing.
Finally, the stationary mode of operation with high efficiency is settled when the mduced
RF fic!d is small and deceleration of electrons is performed ma.mly by the optlcal field.
Here we should note that the chosen value of the undulator tapenng depth should provxde
the resonance condition of electrons w1th the optical field correspondmg to this statlouary ‘
mode of operation.

To realize the proposed scheme C, one should prov1de a change of resonance properties
of the decelerating RF structure within a macropulse of the driving accelerator. One
possible way of the technical realization, based on the travelling wave resonator technique,
is considered in section 5. Here we should note oul); that this scheine seems to be extremely
attractive, so as it does not require a RF- power 'supply for its operation. RF structures
operating at a shorter wavelength band, such as Ky—, K— or K.-band may be used
giving a possibility to decrease.the undulator gap. As a result, the FEL scheme with the
tunable decelerating RF structure reveals a possibility to construct high efficiency FEL

oscillators of visible range.

2 Qualltatlve con51derat10n

Basic assumptlons The preseut treatment is based on a one—dlmenswnal FEL os-

cillator model. We assume an electron current pulse duration to be long and do not take



into account longitudidal modes compet1t10n effects. Despite its simplicity such a model
reveals main features of the FEL oscillator concerning the problem to increase efficiency.
It enables one to take into account many factors influencing the FEL oscillator operation,
which is illustrated in sections 3 - 5. In the present section we slrail describe only basic
features of the consrdered method and shall snmphfy a situation- srgmﬁca.ntly

An electron beam moves along the z axis of the planar undulator with the magnetlc
field B = &Bcos(xyz)." The amplitude of the electron oscillation angle in the main
undulator is equal to @ = Q/v, where Q = eB/k,mc? is the undulator‘:para,meter, v =
E/mc?, £ is the electron energy and —e and m are the charge and mass of the electron,
respectively. It is a.ssumed that 6% < 1 and the longitudinal electron velocity v, is close to
the velocity of hght ¢. The amplitude of the electric field of the optical wave synchronous
with the electron beam is of the form:

E= E,,E expliw(z/c—t)]+C.C.,

where the lasing frequency w is defined by the condition of maximum galn in the small-
signal mode of opera.tlon The partlcle motion is described by energy‘phase variables
with energy £ as canonical momentum and phase ¢ = Kwz+w(z/c—t) as canonically con-
- jugated coordinate. In this representation the longltudxnal coordinate z is an 1ndependent
variable (see e.g., refs. (17, 18]). To study the nonlinear mode of FEL oscillator operation
we use the macroparticle method. We choose M macroparticles over a modula.tlon density
period, i.e. in phase interval from 0 to 2x. The equations of motion (averaged over the
undulator period) may be written in the following reduced form [18] (k= 1,..., M):

dPyy/ds = ¢ cos(Ppy + ¥s) + P2y - : (1a)

7 l dzp(,,)/dz = P(k) + C ; . L ‘ : (lb)

where 2 = z/Iw, w 1s the length of the main undulator, P =PlgE,, P=(E-E)is
the energy deviation from the nominal value &,; g = v4¢/wly = (4xNy)™!, N, is the

number of the main undulator periods, ¢ = [JJ]olup/2g€, is the reduced amplitude of the:

effective potential of the electron interaction with the optical field, p exp(iy,) = —el, B,
6, = Q./7. is the electron oscillation angle, @, = eB,/x,mc? is the undulator parameter
at 2 =0, v =172+ 62/2, [JJ)o = Jo(vo) — J1 (o) and v, = Q2/4(1 + Q?/2). The term
. = —eE.l, /g€, in the right-hand side of equation;(la) takes into account the action
of the slowly cha.ngmg amplitude of the external longltudmal RF field E;, = E.(z; t)
which' is:introduced into the-interaction region (£, < 0). The term C=C,=1[r)—
w(1 + Q2/2)/2¢92)l,, in the right-hand side of equation (13) is the detuning parameter of
particle with the nominal energy £, from resonance at z = 0. When undulator tapering is
performed by decreasing the magnetic field with [B, — B(2)]/B, = £z, then the detuning
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parameter C depends on z as C = [kw — w(1 + Q*2)/2)/2¢v )l = é" + €2 , where
£ = €1.Q/29(1 + Q2/2) and C, is defined by the condition of maximum gain in the

small-signal mode of operation. In this section we consider the simplified situation when

" the efficiency is increased significantly with respect to the conventional FEL oscillator

scheme, but still remains much less than unity. It follows from this assumption that we
can neglect the quadratic terms in the expression for the detuning parameter and - the
dependence on energy of @ and 7 in amplitude factors. -

From Maxwell’s wave equation we get the-reduced equations for the amplitude ¢ and

the phase ¢, of the effective potential of interaction:

. M : L
dplds = ~26M™ S cos(iby + i)y (@)
k=1
dx/),/dz = —ZﬁM’1 51 stn(x/)(k) + ¢,), . (2‘b);
k=1

where
B= 7"02]‘*’13 Vo201

is the gain parameter, j is-the beam current density and In = mé®le = 17 KA. When
calculating the beam current density j, entering into the expression for the gain parameter
B, we assume that transverse dimensions of the electron beam are much. less than the
gaussian beam waist size w,. As a result, in one-dimensional equations we substitute the
beam current density by the effective value j = 277 w; ~2], where [ is the beam current.
Here we do not take into account variation of the amplitude and the phase of the gaussian
optical mode along the undulator axis. . '

The prebuncher is a short plane undulator with a number of periods N, and is placed
in front of the main undulater. As a rule, the magnetic field of the prebuncher undulator
should be less than that of the main undulator. When choosing the prebuncher undulator

parameters, the following condition should be fulfilled:
M1+ Q3/2) = A(1 4+ Q3/2),

where X\, = 27 /K, is the period of the main undulator, Xy = 2r/k, is the period of
the prebuncher undulator, @; = eB,/x,mc* and B, is the prebuncher magnetic field:
When writing down the equations for the prebuncher, it is convenient to perform their
normalization to the parameters of the main.undulator (the prebuncher reduced length is

equal to | = [,/1,):

dPyy/dz = bip cos(r) + i)y (3a)
dpyldi =bo(Pwy +C), ' (3b)
7



d<p/dz = -28M"'h Z cos(thry + ¥, (4a)

k=1
A, )di = —ZﬁM“ 5~1b, zsm(zp(k, + 1), (4b)
=1

where o :
b= QI I/ QoI Iy ba=(14+Q5/2)/(1+Q3/2),
[JI], = Jo(vp) — 1 (vy), = Q2/4(1 + Q%/2).
The prebuncher and the main undulator are separated with the drift space (or dispersion
section). The change of the electron phase in the drift space is given with the following
expression:
Dy = (Co+ P(k))i) + 5, e

where D'= D/(1+Q2/2)l,, D is the length of the drift section. The term 6 = =27 N, D
takes into account the fact that the electron beam sllppage length is not multiple to the
radiation wavelength.

So, equations (1) - (5) enable one to calculate the field amplification G = A@/p per
one pass of the undulator (in this section we assume G < 1). To take into account the
resonator losses we use a phenomenological approach introducing the field da.mping factor
K per one resonator round-trip (K is approximately equal to one half of the resonator
power losses). The lasing takes place when the amplification in the small-signal mode of
operation is greater than the dumping factor, G, > K, and saturation takes place when
G becomes equal to K. :

If there is 1io external accelerating (or decelerating) RF field in the interaction region,
the FEL efficiency is given with the expression n = ec | EAE | /xjE,. It is convenient
for the further representation to introduce the reduced efﬁcrency 4 = nlg = G&*/2,
where G = G/B. One can easily show that the conservation energy law takes place and
the reduced FEL efficiency is equal to the averaged value of the reduced electron energy
losses: j = — < P >. At the saturation we obtain:

7= K¢*/2,

where K = I/f. It is useful to note that for a conventional scheme of the FEL oscillator
with the homogeneous undulator, the maximal reduced FEL ) is achieved at the optimal

value of the reduced resonator losses K. = l‘(op, =0.028 [7, 8]
iy =362 Ko =008 ' (6)

In_the presence of external RF field in the interaction region, the above definition of
the efficiency becomes nonstrict (in fact, it may exceed the value of 100%). But such
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efficiency is given by the expression 7y

a definition with normalization‘to the initial energy of electron is somewhat convenient
wlien comparing the efficiency increase due to the introducing of the RF field with that of
conventional FEL configuration. Thus, below we shall use this definition for the efficiency
denoting it as fey (initial energy) and remembering that the strict “definition of the
= ce | EAE | [7j(E, + AE), where AE is
the. electron energy increase due to the interaction with the external RF field. At a
constant gradient of the accelerating RF field, the reduced values corresponding to these

two definitions of the efficiency are connected with the simple relation:

,ﬁu) = ge/(1+ géz)- ‘

'Now using the above mentioned assumptions, let us perform a brief qualrta.tlve study of

the proposed FEL schemes A, B and C.
“Scheme A: Accelerating structure’ combined with the main undulator. Let
us consider ‘a model situation when the electron beam density after the prebuncher can
be approximated by a sequence of the § - functions with the period A = 2rcf/w. The
bunches are fed into the main undulator in an optimal decelerating phase of the effective
potential (i.e. in equations (1) and (2) we let Yy =~ m, ¥, ~ 0 and"M = 1). The main
undulator is untapered one (é = 0) and the detuning parameter C,is set equal to zero. It
follows from equations (1) that the external RF field should be changed proportionally to
the optical field value, 3.(t) = Sp(t), where S = 1, to keep the resonance condition. In
this case there is no phase motion of the bunches‘and we find from equation (2a) that the
optical field increment per one undulator pass is equal to A@~ 20 which corresponds to
the field amplification coefficient G- = A@/p = 23/p. The growth of the optical field is
ceased at the stationary regime when the field amplification coefficient becomes equal to -
the field damping factor K. In the stationary regime, the optical field amplitude is equal
top~20/K = 2/K, the RF field amplitude is equal to @, ~2/K and the expressions
for the FEL reduced efficiency are given by e

ey = 2K Ay = 2K + 29)' (7

and the expressions for plysical efficiency by:

N(ie) = (27er1;')_1, Ny = (27I'N.,,1;' + 1)—1.

Remembering that usually damping factor K is much less than unity, and that the reduced
efficiency of the conventional FEL oscillator scheme is equal to fis) = 3.62, (see expression
(6)), we conclude that there may be a significant increase in the FEL efﬁcrency when

using the proposed FEL scheme.



To verify this qualitative cousideration, we have performed a set of numerical simu-
lations with a large number of macroparticles (M = 100) using equations (1) -1(5). The
optimization of the overall parameters has been performed to maximize the value of 7).
These experiments have confirmed the validity of the parametric dependence fj;) o K™

but have resulted in a smaller proportionality factor:
» At 2 0.8K7Y, iy = 0.8(K + )", 8)
and for physical values:
Nie) e (57r1,vw1'f{)-‘, " :"0.8(41er1‘( +1)7L.

The simulations have shown that 'in the real situation the electron bunches have finite
phase extent, their optimal phase at the entrance into the main undulator is less than 7
and coefficient S is less than unity. , ,

i Scheme B: Sectional main undulator w1th separated acclerating cavities. In
this scheme the main undulator is divided into some number of pieces and short RF cavi-
ties are installed between them. Due to a variety of possible configurations, it is extremely
difficult to obtain universal qualitative formulae for the efficiency calculation. Neverthe-
less, expressions (8) may be considered as an‘uppervlimit for the maximal attainable
efficiency. . ‘ ‘

Scheme C: Tapered main undulator with tunable deceleratmg RF structure.
This scheme uses the main undulator withthe tapered parameters.’ For simlicity, let us
consider the case of the linear undulator. tapering when the detuning parameter is changed
according to the law: € = C, + 2 . The parameters of the RF structure are chosen in
such a way that at the initial moment of time the decelerating RF field induced by the
electron beam results in ¢,, ~ -—f. In this case the phase motion of electrons is small
and resonance of electrons with the optical fields takes place along the main undulator
length. In the same way as has been mentioned above, we consider a model situation with
the ideally bunched electron beam at the main undulator entrance. But contrary to the
scheme A, we should decrease the value of the decelerating RF field during the process of
the optical field growth: ; ’

Pa(t) =~ "é + S(t),
where S o~ 1. It is seen from equations (1) that the resonance of electrons with the optical
field will be maintained during the process of the optical field growth up to the value
¢ ~ £ when the RF field becomes equal to zero. When all the parameters are chosen to
be optimal, i.e. at £ ~ 2K!, all the considerations performed for the scheme A are valid
here, too. The only difference is that in the case under study the values fiie) and fj(s) are
equal: ey = fiep) 2K ~1, because the induced RF field vanishes in the stationary mode
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of operatxon More precise relations given by the numenca.l s1mulatlon are still va.hd too
fige) = iy = 0.8K 1. o .

In conclusion of this section we would hke to emphaswe that a.ll the proposed schemes .
use the prebuncher with fixed parameters. Simulations have shown that though the
electron bunching in the prebuncher and the drift space depends on the\emp’htude of
the radiation field stored in the resonator, the parameters of the prebuncher and the
drift space may be chosen to be fixed to provide optimal bunching in the strong optical
field corresponding to the stationary regime. Of course, at a small field amplitude in the
resona.t,or such a choice leads to nonoptimal bunching but this does not stop the optical
field growth. . . , C o .

Simulations also have shown that the proposed FEL schemes provide a rehable oper—
ation in the presence of the finite initial energy spread of electrons in the bea.m It takes
place when, operating in the sta.tlonary regime, the prebuncher provides such a value of
the energy modulation in the beam which is much larger than the initial energy spread,
and is less than the trap depth of the ponderomotive well in the ma.m undulator _The re-
sults of numerical simulations have shown that in real situations, when the energy spread
is about some fraction of percent and the damping factor Kis rather small, the efﬁcrency
does not decrease significantly with respect to the case of the "cold” electron beam. The
influence of the initial energy spread and other factors decreasing the efficiency with re-
spect to the values given by relation (8), are taken into account in the next sections where

realistic numerical examples are presented.

3 Scheme A: Accelerating structure comblned with
the main undulator

This scheme is similar to that proposed in refs. {13, 14]. The only difference is that
we propose a more realistic way to realize this scheme which is totally based on standard
undulator and RF structure technology. We propose to use a standard undulator (for
instance, a permanent magnet or hybrid one) with a conventional iris-loaded weveguide
installed in its gap (see Fig.1). This accelerating structure is fed by the RF power source
operating at a harmonic frequency of the driving accelerator and is synchronized with the
RF power system of the latter. Successful operation of this scheme takes place when the
accelerating rate in the accelerating structure is proportional to the optical field amplitude
in the resonator. It may be achieved, for instance, by introducing of the feedback from
the optical field detector to the RF power supply. v

Another important problem is that of the choice of optimal RF band. Flrst to min-
imize the size of the undulator gap, one should minimize the transverse dimensions of
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Table 1. Scheme A: Acceleratlng structure combined w1th the main
undulator

-Electron ‘béam*” -

" Energy, &, - B e T 50 MeV

Peak current, T ' 110 A
- Average macropulse current, I, 200mA -
Micropulse duration =~ - © - Bps
-Energy spread, o/, - o 05 %
Magnetic system
: Prebuncher
Per]od )‘ o h o "9em
Magnetu: field, B, o . 049kG
' 'Number of ﬁeriods;in R
7 ’Lengtli of dr’lft space, D 77 7 39em ,
" Mam undulator R ] , o .
Perlod A Lo L . ﬁ,é,m
Magnetlc ﬂeld B . R 2”,1(.G -
) Number of perxods, N, ’ - 30
Opt1cal resonator L
Wavelength, A 5 pm
Raylelgh length, z5 .. o - ...90 cm
“Total power losses A 2 %

Reaccelerating system

RF frequency. - .. . .. 8 GHz

Number of sections . - . -4
Section length, 1, . , -40 cm

. Structure type o _ w[2,

~ Iris aperture radius, a . 4mm .
Cell radius, b ‘ v -13.3 mm
-Reduced shunt 1mpedance, R, .94 MQ/m

, Attenuatlon constant, a 074 m™!

‘ Group veloc1ty, vg/c o L 0.021
RF power per section . 1 MW, _
Maximal accelerating gradient, | Exl| ‘ . 11.8MV/m
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‘the waveguide by choosing as short RF wavelength as possible. On the other hand, there

should exist high peak power RF amplifiers (with output power Wy = 1 MW) with

a sufficiently long pulse duration (several rnieroseconds or more) corresponding to that’
of the driving accelerator. Analysis of the present-day situation with RF sources shows

that the most appropriate band for this purpose is the X-band. For instance, the Varian

X3030 klystron operates in a CW mode at 8 GHz. frequency with an output power ~ 1

MW. Below, when con51dermg a numerlca.l example, we w1]l use the parameters of this

klystron. o ' 7 )

During the last years there are significant achievements in the development of the
X-band accelerating structure technology. This brancli of accelefathlg t‘echjnique R&D
has been developed intensively due to the needs of future generation linear colliders and
now there is no problems to fabricate travelling wave X-band structure with transverse
dimensions of about 3 cm. Though these dimensions are rather large, resulting in a choice
of a large undulator period (and in a larger radiation wavelength at a fixed electron beam

energ&) the scheme proposed seems to be extremely attractlve prov1dmg the high FEL

_efficiency.

Let us now proceed with numerical example (see Table 1). TheARF structure is a
conventional iris-loaded wa.vegulde of outer diameter 2b ~ 2.7 cm. To provxde its cooling,
the size of the undulator gap is chosen to be- 3 cm. The chosen value of the peak
magnetic field is slightly less than that given by the Halbach formula for hybrxd SmCo
magnets [19]. Each of the four accelerating sections is fed by the Varian X3030 klystron.

When considering this scheme one should take into account poss1b]e diffraction losses
due to the small size of the waveglude iris aperture. In tl1e example considered the F resnel
number is equal to Np = a*/Al, = 1.8 and diffraction losses may be neglected. Second,
electron l)lll](‘ll sllppage with respect to the optlcal bunch Ny = 0.15 mm is mich ]ess
tllan the electron bunch length, so tlns effects is negllglble, too Another harmful effect
may be connected with the finite phase extent of tlle electron buncl] w1t11 respect to the
RF wavelength used in the reaccelerating RF structure. In the examp]e considered the
energy deviation due to this effect is much less than the initial ‘energy spread of electrons
in the beam. A ’ .

To be more strict, here we perform a more detailed a.ua.]ys1s than that presented
in sectlon 2 takmg into account the axial variation of the amplitude and phase of the
gauss1an TEMoo of the optical resouator, axm.l mllomogenelty of the RF accelerating
field, etc. So, equations (3) and ( ) describing the particle motion and field amplification

in the prebuncher are written in the following form:

dl3(k)/d2 = fabi@ cos(by + s — fu), _ : (9a)

13



dpy/dz = bz(P(k) + éo); ’ (9b)

M .
dp/dz = —28M" f4b, Z cos(Pry + s ~ fu) (10a)

. d‘/’s/dz = _2ﬂM—l ‘—lfAbl ESIH(¢(k) + ¢s fll’)? (IOb)

where functxons fa(2) and fo(®) reﬂect the change of the amplltude and the phase of
the gaussian TEMm of the optical resonator and the other notations are similar to those
'mtroduced in section 2. ) o
The change of the electron phase i in the dnft Space, ie at 2z = i,, is given with
expression (5).
Equations (1) and (2) descnbmg the partxcle motion and field amphﬁcatlon in the

main undulator are written in the followmg form :

dPyy/dz = (1+ gPuy) ™ fap cos(dpr) + s — fu) + &2y (11a)

‘ dt/)(k)/dﬁ = é,, + (1 + gﬁ(k))—zls(k)(l + O.Sgﬁ(k)),, ‘ (116)
.M .

| dpfdz = —ZﬂM“” Ia 2(1‘ + gl_’(k))" cos(Yy + ¥, = fuh ,(12a)

dz/),/dz —‘—-2ﬂM -1 “"fA Z(l + gP(,.)) Slll(t/)(k) + z/), f.,,) ’ (128)

et
In the accepted notations 3 = I, and 2; = (I, + 1) are the coordinates of the main undu-
lator entrance and exit, respectively. Factor (1 + gf’(k)) = £ /ED' reflects the dependence
of the electron oscillation angle’d on energy (see, e.g., ref. [18]). The gaussian beam
- waist is assumed to be placed in the middle of the main undulator at i,, + 0.5 and the
Rayleigh leng'th: is assumed to be equal to the main undulator half-length 3p = 0.5. So,
the amplitude and phase functions of the gaussian optxcal mode f4(2) and Jo(2), entermg

into equatlons (9) (12) are given with the expressmus
Ja=[L+ B/, gy =

where Az = ~(i, +0 5— z) for the main undulator and Az = —[[,+0.5— 3+ D(14+Q2/2)]
for the prebuncher '

arctg(Az/zg),

" When performmg simulations, we have taken into account that there should be tech-
nical clearance between the sections equal to Az = 6.6 cm (or in normalized notations
Az = 0.03). In addition, the algorithm used takes into account the dependence on the
axial coordinate of the RF accelerating field due to the waveguide losses and electron

beam load:

E.(z,t) = Exo(t) expl—a(z — ;)] + L R.{1 — exp[—a(z — z})]},

14

1.0
0.8+
= 5
of i _ ’
\ 0.6 s
<o ] ' : " .
¥4 0.4 r\ \ \\ :
<S.E ! 2 ; . ‘
~ .
<9 0.2F
0.‘0 -,4(4v. ‘; /. 1 ) i .W . ‘LALVJ ,‘,: '. " P
0.0 0.2 0.4 0.6 0.8 1.0
,\ A
: 1

Figure 4: Stationary mode of operatxon (scheme A) (1) - relative dlstrlbutlons of optical
field and (2) - accelerating RF field along the main undulator axis

where z; is the coordinate of the j-th section (E'zo < 0 and I, > 0). As a result, the
expression for the ‘normalized value of the RF field in the Jj- th accelerating sectxon takes
the form (z_, <21z z_, +0.22): ’ i

@2 = Poo(t) exp[—a(2 — %) + @i{l - eXP[—a(z -z} : (13)

where

(,ozo = —41rN eE,ol,,,/So, i = —41rN el R, /f,'a,

Pro > 0, Pi<0,a= al and the coordinates of the RF sectxons z, take the followmg :

values: ...

5y =1,4003, 3 =I[,+028, 'z3_1+053 ,-24=1‘?+o78

In the process of simulations the followmg relatxon ha.s been mamtamed (p,o(t) = S(p(t)
Fig.4 shows relative axial distributions of the RF and optical fields along the main undu-
lator axis. « , , ;

The energy spread at the prebuncher entrance is a.ssumed to be a Gaussmn thh the
distribution function , .
' F(P) = (2x0®)"}/? exp(~P*[20)
which corresponds to the distribution function over reduced energy deviation

F(P) = (2nA3)™ exp(~ P J2A%),
where Ar = 41N, 0 /€, is the energy spread parameter.
15
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Figure 5: Scheme A: (1) - electron energy increment AE/E, due to the action of RF field
and (2) - the FEL efficiency’ q(,e) versus the number of resonator round-trips )

Usmg the above mentloned notatlons and physwa] parameters from Tab]e 1, we ﬁnd
that the correspondmg reduced parameters are as follows: g = 5. 8 g 2.65 x 1073, '
K =17x10"3, Az = 3.55, [, = 0.15, b, = 0.4, b, = 0.67, D =0.3, & =—-0.2,C, =59,
S = 0.485, ¢; = —25.4. The initial detuning C, is defined by the condltlon of maximal
small-signal gain when there is no external RF field. .

The presented FEL oscillator scheme operates as follows. At the initial moment of
time ¢ = 0 the RF power supply is turned off and the optical field is growing in time as
it ‘occurs in'the conventional FEL oscillator configuration. Then, as far as optical field
is growing, the amplitude of the RF accelerating field is increasing proportionally to'the
optical one. When the optical field amplification becomes equal to resonator losses, the
stationary regime of operation with lngh efficiency is settled.

--In the numerical example considered all the paprameters are chosen in such a way that
the final value of the accelerating RF field is achieved at maximal level of the klystron
output power. Flg 5 presents the dependencies on the number of resonator round-trips of
electron energy increment AE /€, due to the action of the RF field and of the FEL efficiency

f(ie)- In the stationary regime of operation we obtain nNgie) = 26% and 55y ~ 20%: One
.can find that these values for the FEL efficiéncy, obtained with taking into account many
factors decreasing the efficiency, are visibly less than those given by qualitative estimations
(8)- Nevertheless, even in such a situation, a significant fraction of electrons is trap}aed
in the regime of coherent deceleration resulting in a high efficiency.

16

In conclusion of this section we should note that a higher efficiency may be-achieved
using a more powerful kiystron , a longef undulator and a greater number of acceleratiug
sections. In the example considered we have chosen a re]atlvely moderate value of the
average beam current. Increasing of the value of the average beam current will lead
to a significant increase of axial mhomogenelty of the RF field which will result in the
efficiency decrease. To overcome this problem, standing wave accelerator sections may be
used rather than travelling wave ones, or a greater number of shorter RF sections may be

installed.

-4  Scheme B: Sectional main undulator ,wivt‘h; ,j ’

separated accelerating cavities

It was shown in the previouq section that the approach to increase the FEL oscillator
efficiency by introducing acceleratmg RF fields into the interaction reglon, has limited
possibilities due to severe techmcal limitations. The main problem is that of reducmg the
value of the undulator gap, so as peak field at the undulator axis depends exponentlally
on the gap value. As a result, it requires a necessity to develop novel type< of undulator
and RF structures [13, 14, 20], or to use accelerating RF structures ope{raﬂtmg at a small
RF wavelength (see section 2), ‘

In this section we consider another possibility to overcome this prob]em We propose
to use sectional main undulator and to install RF cavities between the undulator sections
(see Fig.2). So as there is no limitation on transverse dimensions of the ‘accelerating
cavities, they may operate at the same frequency as the driving accelerator (L- or S-band)
and provide a high accelerating gradient of about several tens MV/m. Of course, such a
separation in space of the electron beam acceleration in the RF field and deceleration in
the optical field possesses some disadvantages with respect-to the scheme with combined
functions. First, due to the finite energy spread of electrons in.the beam, additional phase
debunching takes place in the space between the undulator sections. Second, phase shift
of electrons in the space between the undulator sections with respect to optical field phase,
and phase motion of electrons trapped into the ponderomotive well are changed while the
RF field amplitude is changed. These effects lead to detrapping of electrons and result
‘in efficiency decrease. Nevertheless, the results of numerical simulations have shown that
this. scheme may provide the efficiency of about 10 = 20% which is much higher than
that of the conventional FEL oscillator configuration. This scheme seems to be extre.mely
attractive, so as it may be realized at the present level acceleration technique R&D.

Let us illustrate with a numerical example the possibilities of the proposed schieme



: [
' Table 2. Scheme B: Sectional main undulator with separated
: ’ acceleratmg cavmes

. Electron beam

-Energy, & . 35 MeV
" Peak current, [ - . - : 35 A
Energy spread, o /€, 0.2 %
Magnetic system
Prebuncher -
Period, ), BERR 9.2 cm
Magpnetic field, B, SRR 0.44 kG
Number of periods, N, ' : 3
Length of drift space, D : 36 cm
Main' undula.tor ‘
Penod PV ‘ ~ 5cm
Magnetic field, B,, 3 kG
Number of sections v . 5
Spacing between sections 10 cm
Number of periods, N,, 50
Optical resonator
Wavelength, A 10 pm
‘Rayleigh length, zg - 145 cm
~ Total power losses o 2%

Reaccelerating system

Number of cavities . 4
maximal energy increment per cavity 1.9 MeV
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(see Table 2). The chosen parameters of the RF cavities and RF power supply are in
the limits of the present possibilities of acceleration technique and we will not discuss
them here. We should note only that the chosen axial size of the RF cavity I = 10 ¢m
provides the phase slippage =~ 2 of the opﬁca.l wave with respect to the electron beam.
When performing numerical simulations, we use equatidﬁs (5) and (9) - (12) w1th the
only exception that the term ¢, is excluded in the right-hand side of equation (llﬁ). To
describe pa.rtlcle motion in the cavities, we use the following equations:
AP(k) = (p,d . (14a)
Aty = (Co + PE)d + 69 +0. 5%.2’ (148)
where AI:’(k) P(k) P((,:;'), P((,:;‘ and P((:)“ ) are reduced energy deviations: at the
cavity entrance and exit, respectively, d = d/(l + Q2/2)l, is reduced cavity length
6 = —2xN,d, 1, is total undulator length (excluding spaces for cavxtles),vcp,(t) =
—4x Ny e E.(8)l, (1 +Q2%/2)/E., . > 0. The accelerating RF field in the cavities is assumed
to be independent of axial coordinate and its amplitude grows in time proportionally to
the optical field amplitude: $,(t) = S@(t). The amplitude and phase functions of the

gaussian optical mode f4(Z) and f./,(z), entering equations (9) - (12) are calculated takmg
into account the finite length of a.ccelera.tmg cavities.
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Figure 6: Scheme B: (1) — electron energy increment AE/E, due to the action of RF field
and (2) - the FEL efficiency #(;) versus the number of resonator round-trips

The reduced parameters, corresponding to the physical pa.rafneters from Table 2, are
as follows: =17, ¢ = 1.6 x 10=3, K = 1.43 x 1073, AZ = 1.58, I, = 0.11, b, = 0.31,
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b, = 0.54, D = 0.073, &y = 2.1, d = 0.02, C, = 4 and § = 4.9. Fig.6 presents the
deplendencies on the number of resonator round-trips of the electron energy increment
Af,'/f,' due to the action of the RF field and of the FEL efficiency 7). In the stat1onary
reglme of operation we obtain 7e) = 16% and ) 13%.

5 Scheme C: Tapered undulator with tunable
decelerating RF structure

In this section we study a novel scheme to increase the FEL oscillator efficiency ex-
ploitlng the timé—dependent RF field technique. The proposed scheme consists of the
prebuncher, the main undulator with tapered parameters and one or more tunable decel-
erating RF structures placed inside the gap of the main undulator (see Fig.3). A peculiar
feature of the RF structure used is that it decelerates the electron beam by the self-
induced RF field. Initially it is tuned in such a way to prov1de deceleratlon of electrons in
accordance with the undulator tapermg and exact resonance of electrons with the optical
field takes place along the total undulator length. While the optical ﬁeld is increasing,
the RF structure is detuned to decrease the induced RF field and to sustain the resonance
condition. Finally, when the optical field gain becomes equal to the resonator losses, the
stationary regime with high efficiency is settled. The induced RF field is small in the

stationary regime.

The advantage of the scheme with the tapered undulator and tunable decelerating’

RF structure is evident. It does not require RF power supply, so 4 shorter RF band
may be chosen (K,—, K- or I{4-band) giving a possibility to place the RF structure in a
smaller undulator gap.” As a result, a shorter undulator period may be used to generate
the radiation with a shorter wavelength. |

The key problem of the proposed scheme design is the problem of tuning the RF struc-
ture: its resonant properties should change significantly within the macropulse duration
of the driving accelerator. There are several technical solutions and here we study in
detail one of them, namely that using the travelling wave resonator teelmique (see, e.g.,
refs. [21, 22]). 1t is arranged as follows: The decelerating RF structure is a conventional
iris-loaded waveguide. Its exit and entrance are connected with the homogeneous waveg-
uide (transmitting waveguide). Thus, such a configuration forms a so called travelling
wave resonant ring. When chmic losses in the waveguides are small and phase shift of the
RF wave per one round-trip is multiple to 27, the energy losses of the electron beam in
the-iris-loaded waveguide may be increased significantly. The ekpression for decelerating

RF field in the iris-loaded waveguide is of the form:

E, = I,R,[[1 — exp(—az)] + s exp(—az)[1 — exp(—al,)]/[1 — 6 exp(—ad,)]], (15)
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where I, is the average beam current R, is the shunt 1mpedance, a 1s : the attenuatlon ‘
constant and I, is the length of the iris-loaded waveguide. Parameter § i is the transmlssxon

coefficient describing the feedback from the exit to the entrance of the iris- -loaded wa.veg- )
uide and takes ifito account RF power losses, phase shift in the transmitting wa.veguxde :
and steering elements. At exact resonance § is a real number less than “unity. When §is
a complex number, it means that frequency detunmg takes place. Steermg the a.mplltude"l
and phase of the transmission coefﬁment 6, makes it possible to change the deceleratmg

RF ﬁeld in the iris-loaded wavegmde

Phasc shifter

Waveguide

A, PR

Figure 7: Scheme C: Phase shifter on the base of phased array‘antenna -

There are several possibilities to provide such a steering. Here we consider one of
them using technique of an array of fast phase shifters with reactive power divider of
optical type. This technique is widely used to construct phased array antennas [23].
Usually p— i — n diodes are used as phase shifters. In this scheme, the transmitting
waveguide is divided into two parts and each half of the waveguide is matched with a
horn (transmitting and receiving) to reduce the RF power flux (see Fig.7). At the exit
of the transmitting horn, a feed-through array is installed which consists of receiving and
transmitting radiating elements connected by phase shifters. Transverse dimensions of
the phase shifters must be less than A,/ /2 x A,;/2 which enables one to place them inside
each antenna element The.wave radiated by the phased array is received by the second
horn which is placed next to the latter. The number of phase slnfters in the plased array
is defined by the maximal permissible value of the peak RF power for one diode and the
total power c1rculatmg in the resonator. For instance, when these values are 100 W and .

1 MW respectively, 10 diodes should be installed in the phased array. As a result, at
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Ars = 1 cm transverse dithensions of the phased array w1ll be about 50 % 50 c¢m and power
losses due to the dlode shifters W1ll be about 0.3 dB per one resonator round-trip.

"In this scheme the phased array performs two 1mportant functlons First, it steers
the phase shlft of the wave in the transmlttmg wavegunde (and transmlttmg coefﬁment
8). Second 1t matches the transmlttmg and recexvmg horns, thus ellmmatmg RF power
losses durmg the steermg process.

of course, there may exist other ways to steer the transmlssmn coefﬁment 8. For
instance, the émplltude of § may be steered by the gas discharger [24] fast mechanical
tuning may be used, etc. Here a peculiar feature of the travelling wave resonator may
be used: when reflections in the resonator are greater than attenuation in the iris-loaded
waveguide, the quality factor @ of the resonatoxf depends significantly on the value of the
reflections [22].

Let us now proceed with numerical example (see Table 3). One can easily obtain
that all the requirements on the electron bunch length wavegunde iris aperture, etc., are
in the limits of the model accepted (see section 3) RF deceleration system consists of
8 iris-loaded waveguides with parameters close to those accepted in the CLIC (CERN
LInear Collider) project [25]. When using such a wavegmde, the undulator gap may be
chosen to be equal to 14 mm. The chosen value of the peak magnetic field is slightly less
than that given by the Halbach formula for hybrid SmCo magnets [19] and the tapering
of the main undulator is performed by decreasing the magnetic field at a fixed undulator
period.

To describe the self-consistent process of amplification in the prebuncher and drift
space, equations (9), (10) and (5).are used. Taking into account the undulator tapering,

we rewrite the equations for. the main undulator in the form [18}:
dPyyldz = (1 + gPuy) ™ (1 ~ bT) f15fap cos(Pey + e — fo) + B ,

 dpg/ds = Cot (1 + gP) [Pyl + 059 P) + T(1 — 0.55T)],
, ; iy
dgfdz = =28M (1= 65T) f35fa ) (1 + 9P )™ COS('/’(I:)‘ + 1, — fy)s

k=1
dip,[d2 = =28M 17 (1 = 0T) fyafa D (1 + gPwy) ™ sin(¥iuy + s — fo)-
k=1

where b3 = 2g9(1 + Q2/2)/Q2, Q, is the undulator parameter at the undulator entrance.
All the notations are similar to those taken 1in section 3 with the following exceptions.
The term f;; = [JJ]/[JJ]o takes into account the change of the factor [JJ] due to the
tapering. The term T = T(2) describes the undulator tapering. We have chosen the
parabolic law of tapering : T(2) = €i(5 — 2,) 4 &(3 = 2,)?, where 3, = I, is the axial

RF structure

7 Electron beam

Energy, 8,,
Peak current, |
Average macropulse current, I,-
Micropulse duration
. Energy spréa.d, g€
Magnetic systeni
Prebuncher
Period, A,
Magnetic field,’ B,
Number of penods N
Length of drift space, D
Main undulator
Period, A, :
Magnetic field, B,

< Number of periods, N,,
Tapering depth (parabolic), AB/B,

Optical resonator

Wavelength, X
Rayleigh length, zp
Total power losses

~ Decelerating system

RF fredﬁency

Number of sections

Section length, [,

Structure t);pé '

Iris aperture radius, a

“Cell radius, b

Reduced shunt impedance, R,
Attenuation constant, o
Groub velocity, v,/c
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Table 3. Scheme C: Tapered undulator with tunable deceleratmg

120 MeV-

55 A
200 mA -
1 ps

02%

6.3 cm
0.94 kG
4
70 cm

3.5 ¢m
4.5 kG
80
1%

0.65 pm

- 140 cm -
2%

_30GHz . .

8
25 cm
27 /3

2mm

435 mm’ ;
110 MQ/m

1m7?

0082



coordinate of the main tindulator entrance and - . ) P .

b=6103201 +Q3/2), b =6l 2001 +Q0/2).
The coefficients & and &, are the linear and quadratic coefficients of the fhagngtic field
tapering, respectively : ’ ’ a

[Ba — B/ Bo = (= — 22) + &alz — 20)%-

In the the example considered, these coefficients are chosen to be’ equa.l to 6‘ 0.62
and § = 0.12, respectively. It should be noted that the parabollc law of the undula.tor

tapering is more preferable with respect to the linear one.

30-. 0.9
- 20 0.6
«Q
o
W
} i
? 10 ‘0.3
0 o )

0 100 .~ - 200 300 400

Figure 8: Scheme C: (1) - electron energy losses AE[E, due to the action of induced RF
field, (2) - the FEL efficiency 5 and (3) - transmission coefficient & versus the number of
resonator round-trips '

When performing simulations, we have taken into account that there should be tech-
nical clearance between the RF seéti_bns equal to Az = 5.7 cm (or in normé,lized notations
A% = 0.02). In addition, the algorithm used takes into account the dependence on the
axial coordinate of the RF dgcélérating field (3 < 2<%+ 0.09,5 =1,...,8):

¢, =@o[l —[1-022 &/(1 - 0.78 6)]exp[ 28(2—2,)]],

Where ¢ P = —ATNyel,R,l,[€,. In the example consxdered <p,0 = —516. The initial va.lue
of the transmission coefficient is equa.l 6 = 0.9 which corresponds to the maximal decel-

erating gré.dient' 16 MV/m_and electron energy losses 3.9 MeV per one section. During
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simulations, the transmittion coefficient was changed to keep at the a}ip’roximatély con-

stant level the total electron energy losses due to the actlou of the induced RF field and

optical ﬁeld S
S8y = [0.9 - S@(t)][] —0.78853(1)]7. -

All the parameters are chosen in such a way. that in the stationary regime with high
efficiency the following relation takes placé S¢ ~0.9. It means that in this case the
transmission coefficient is close to zero and the induced deceleratmg RF field is small.
The reduced parameters, corresponding to the physical parameters from Table 3, are
as follows; g = 11, g—10‘3 K—91x10"" A2 =4, I = 0.09, b = 0.42, b; = 0.56,
by = 1.94 x 10-3, D = 0.12, &0 = 1, &, = 0.6, & = 320, 5,_60 $ =1.5x10-%. Fig8
presents the dependencies on the number of resonator round-trlps of the electron energy
losses AE /E due to the action of the induced RF’ ﬁeld of the FEL efficiency  and of the

transmission coefficient 6. In the statlonary regnne of operatlon we obtain n ~ 17. 5%

6 Conclusion

In the present paper we have performed a detailed study of a possibility to use the
tlme-dependent RF field to increase the FEL oscillator efficiency. The main emphasis was
put on a problem to find such FEL schemes which may be realized at the present level
of acceleration technique R&D. Three novel FEL oscillator schemes have been proposed
wherein three different methods to introduce the'timevtibépen’deut RF field into the inter-
action region are used. Another common feature of the schemes cousidered consists.in
the use of the prebuncher and drift space to increase the FEL oscillator efficiency.

Thorough study of the proposed schemes has been performed in the framework of
one-dimensional FEL oscillator model and similarity laws describing the prill‘lc.iples of
operation of these FEL schemes were obtained.

It was shown that practical realization of the FEL oscillators with an efﬁc1ency of about
20% is quite feasible at the present level of acceleration technique R&D using.standard
undulator and RF structure technology.
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Canpun EJL., ueiinmuanep E.A., FOpkos M.B. E9-93-401
Vicnionp3oBanne 3aBHCAIIEro 0T BpEMEHHN PAHOYACTOTHOTO MOJISL
ais nossimenns KT JICO-reneparopa -

Pa6ora nmocesamena nzyuesunio sosmoxuocty i nopuimenus KITH JIC3-re-
HEpaTopoB ITyTeM BBEACHHS B 00JACTh B3aMMONCHCTBUS YCKOPSIOMIEro (Min
3aMeAIMIOMIET0) PAANOYACTOTHOTO OIS, 3aBHCAIETO OT BpeMeHu. Bee npepgio-
JKEHHbIE CXEMH MOBHINEHHS 3(PdekTuBHOCTH 6a3NPYIOTCS HA CYINECTBYIOMEM
YPOBHE TEXHOJIOTHH M3roToB/eHHsS BU-cTpykTyp 1 oOHAyaTOpOB. Peanuctuy-
HOCTh CXEM WJLTIOCTPHPYETCH Pe3yJIbTaTaMH YHCICHHOrO Moneanposanus., I1o-
Ka3aHO, YTO mpeasaracMelil moaxod nossoiaser cosaasars JICI-renepatopu
uH(pakpacHoro u suanMoro Ananasonos ¢ KI1M mopaaxa 209,.

Pa6ora senonnena s JJaGoparopuu ceepxpricorux suepruit OUAN.
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High-Efficiency FEL Oscillator with Time-Dependent
Microwave Field in Interaction Region

Various schemes of a high-efficiency FEL oscillator with the time-depen-
dent accelerating (or decelerating) microwave field in the interaction region are
proposed. All the schemes are based on standard accelerating structure and
undulator technology. Feasibility of the proposed schemes is confirmed by
results of numerical simulations. Realistic examples of FEL oscillators of
infrared and visible wavelength ranges with an efficiency of about 209, are
presented.

_ Theinvestigation has been performed at the Laboratory of Particle Physics,
JINR,
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