Nuclear Instruments and Methods in Physics Research A 358 (1995) 508-511

NH NUCLEAR
¢ INSTRUMENTS
Eﬁ% 8 METHODS
;ﬁ IN PHYSICS
RESEARCH
ELSEVIER Section A
Visible surface quasi-Cherenkov FEL
V.G. Baryshevsky, K.G. Batrakov, I.Ya. Dubovskaya *, S. Sytova
Institute of Nuclear Problems, 11 Bobruiskaya St., 220050 Minsk, Belarus
Abstract

A parametric quasi-Cherenkov free electron laser with surface diffraction distributed feedback is studied when an
electron beam moves over the target surface. The parameters of such a device using the Los Alamos Advanced Free Electron

Laser (AFEL) linac are given.

1. Introduction

As shown in Refs. [1,2] induced radiation from a
relativistic particle beam can be obtained in a wide spectral
region on the basis of parametric (quasi-Cherenkov) radia-
tion (parametric quasi-Cherenkov FEL). Both volume [1]
and surface [3] versions of such X-ray FELs were consid-
ered. We pointed out that a reduction in the destructive
action on the generation process by multiple scattering of
the particle beam by atoms can be achieved by transiting
to the surface scheme for the FEL, where a particle beam
moves over a periodic target at a distance d < Ay (A is the
photon wavelength, y is the Lorentz factor) or at a small
angle relative to this target W < | x, | "> (xo=¢€,— 1, €
is the medium dielectric constant).

In this case radiation is formed along the whole particle
trajectory in vacuum with no multiple scattering. However,
even in the best situation the beam current density neces-
sary for achieving the oscillation threshold level in the
X-ray spectral region is very high. On the other hand, in
the visible spectral region the system parameters consid-
ered are available and the analysis shows that a parametric
surface visible quasi-Cherenkov FEL can be constructed
on the basis of existing accelerators. The basic physical
processes for a quasi-Cherenkov X-ray FEL could be
modeled with a visible one if an optical grating with
| xo | <1 were chosen.

This report is devoted to the consideration of a scheme
of a parametric optical quasi-Cherenkov FEL with x,/x,
> 1 (x, is the Fourier component of the dielectric sus-
ceptibility of the periodic medium), determined by the
depth of modulation of a holographic optical diffraction
grating.

" Corresponding author.

2. Generation equation of the quasi-Cherenkov FEL

Let us consider the scheme of an FEL as shown in Fig.
1. h is the distance between a particle beam and a target
surface, & is the transverse size of a particle beam, the axis
X is chosen along the direction of motion of the beam, the
axis Z is a normal to the target surface, and d is the width
of the dielectric target. a, b and c are mirrors for the
accumulation of energy radiated during the macropulse of
an accelerator particle beam. Distributed feedback is
formed by dynamical diffraction from an optical holo-
graphic diffraction grating. The reciprocal lattice vector
characterizing diffraction in this case (r=Q2mwn,/a,
2mn,/b, 2mny/c)) is directed at an angle relative to the
particle velocity and to the target surface. The generated
radiation frequency is determined by the diffraction pro-
cess.

The electromagnetic field excited in the system shown
in Fig. 1 can be represented in the form:

E =a exp(iko,r) + b exp(ik{r), (1a)
E =aexp(iky,r) + c exp(ik,r) +d exp(ik{'r),

(1b)
E =aexp(iky, r) + f exp(ikyr) + g exp(ik§™'r),

(1c)

E= Y ¢ exp(ik;r)(1+s, exp(itr)) +c, exp(ik' " 'r)

i=1
+d, exp(ikir), (1d)
E =c, exp(ikyr) +d, exp(ik! 'r), (1e)
where ky=(k,. ky,), ko.=ky+ 7, ko, =(0?/c* —
K2V 2R, k), k) and kY, are related to the waves
reflected from the target surface, while k(' =(k ,

—ka); KD =(ky, +7, 5 —k,,), ky,, =(0?/c?—(k
+ 7 ,)*)"/2. Obviously the waves reflected from the target
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boundary inside the target (this is the boundary between
the regions (1d) and (le) for the transmitted wave k and
between the regions (1c) and (1d) for the diffracted wave
k.) do not fulfill the diffraction condition for the grating.
Therefore, for these waves we can assume that the dielec-
tric constant is equal to the ordinary dielectric constant of
the medium without diffraction. That is, &'’ =(k ,
~k), K '=(k,, —k,), where k,=((w?/c*)e,—
W2 ok =(w?/c?ey—(k, +7V¥2 W2 k,=(k,,
k), K=k, , —k,), k,,=(w?/c?—k2)'/? is the
solution of the dispersion equation for electromagnetic
radiation modes inside the particle beam moving in vac-
uum and in a magnetic field H directed along the target
surface. This field is needed because the spectrum of
photon emission coincides with the spectrum of photon
absorption by an electron beam in vacuum. The dispersion
equation determining these modes is:

kot — o' —i(kic* - 0*)o=0, 2)
where

o
o= —

iy} (w—k,U)’

for the limit of ‘“‘cold’” beam and

for the limit of “‘hot’’ beam.

Here w_ is the Langmuir frequency of the electron beam,
x'=(w—kuw) /(Y2 8,); 63 =(kW2+ KW} + kW),
¥, = Au,;/u is the velocity spread of the electrons in the
beam relative to the x,y,z axes, respectively.

k;=(k,, k) where k,, are the solutions of the
diffraction dispersion equation (see Ref. [3]), i =1, 2 for
the case of | xo | > | x,|. k,,=k;+7,a, b, ¢, d, f, g,
¢, s, C., d,, ¢, d, are the amplitudes of waves excited in
the system under consideration. We assume that the syn-
chronism condition is fulfilled only for the wave with k.
Consequently, we can consider that the particle beam does
not affect the diffracted wave with k{™’ and this wave is
not refracted and not reflected by the particle beam. The
reflection coefficient for the wave k; is included in the
magnitude of f# 1. We will assume below for simplicity
that k, and 7, are equal to zero.

The boundary conditions for the electromagnetic field
(1) are written as

z=—H,

b exp(iky,H) = c exp{ ~ik,, H) + d exp(ik,, H),

—b exp(iky.H) = (ko./k.,)(c exp(—ik,,H)
—d exp(ik,,H));

z= —h,,

c exp(—ik,,h) +d exp(ik,,h)
= f exp( —iky.h) + g exp(ik,,h),
(kau/k o) xp(~ ik, ) = d exp(ik. )]
= f exp( —iko.h) — g exp(iky.h);
z=0,
ftg=c +c,+c,,
f-g=kh.i/€ky:lc; tcr—c.],
a=s.¢, ts,0;+d,,
a=(k_/€eky ) sic, +5:0.—4d.];
z=d,,
oy eyl +cl =c, exp(ik,.d),
(k,/epko ) e/l + by —c, 1] =c, exp(iky,d),
sl + 5,0, +d 1 =d, exp(iky.d),
(u/ ko ss6h +53cly = d, 1,
= —d, exp( —ik,y,,d); 3)

where [, = explik,;d), | =exp(—ik.d), [, =

exp( — ik, d); in the spirit of the present approximation we
can assume k,; = k_, if a multiplier of the wave amplitude.

Solving the above linear system of equations we can
derive the generation (dispersion) equation in the follow-
ing form:

L=(1+apA)/(A+ap), 4)

where

kZ kZ -
ap=|ko,— — | ko, + — s
€ €y

. k., k)"
ap = k()zr - :_ k027 + _€_ ’
0 0

Sz(lz_ 012)717)11 -5l — agJY)lz

sl —ap, 1) — 52(12 - ‘112)717) ’

A= ap exp(ik,d)

1n=K26X —2Kh—‘—i'_ k, 6
o exp( 0 )‘y3(w—-ka)2f( )

for the limit of “‘cold’” beam,
, iV o}
I,= —«kg exp(—2koh)—=—5x

n ’)’ 3602

xexp(—(x')’) f(k, 8)
for the limit of ‘‘hot’’ beam,
sinh(x,8)
(& + «;7) sinh(«,8) + 2Kk, cosh(x,8)"

Ko = ka/i’ Ken = kzn/i'

f(k, 8) =
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The exact value of the frequency excited in the FEL is
determined by the real part of the solution of Eq. (4)
7y = {b Y NDhvianely thic fraauancy chanld gatiofy hath
w W ‘/> UUVIUUO])’, s 1l\-\.‘u\;ll\-y ’llUulu aauany UUlll
the synchronism condition and the diffraction condition for
a given diffraction geometry characterized by the recipro-
cal lattice vector 7. From Eq. (4) one can obtain for the

magnitude characterizing the growth rate of the electro-

magnetic field over the threshold level:
kd 1- B
N P P N
\ 2y I_ B ut+ 4Br J /
(1" kxpd] (1=8)r=Bar/2x) 1)
X{— — 1+ ; R
Y 2ye, B a® +4Br
(5)

The analysis shows that in the limit of a “*hot’” beam the
process of generating coherent radiation is characierized
by a threshold level while in the “‘cold’’ beam case the
instability has no threshold behavior.

Using these results we consider as an example the
possibility of constructing a surface, quasi-Cherenkov FEL
in the visible spectral range {A = 600 nm) on the basis of
the Los Alamos accelerator (parameters given in Ref. [4]).
The analysis shows that the electron beam [4], with a
transverse size less than 1 mm, should be considered
“hot’”. The surface electromagnetic wave interaction
length can be estimated as Ay =12 pum for y=20 and
A =600 nm. A transverse size of the beam larger than this

leads to a reduction in the efficiency of the interaction. A
leads to a reduction in the elficiency of the interaction. A

beam size of § = 1 mm corresponds to a velocity spread of
A¥,=0.2 mrad. This means that after passing a target
with length L = 0.5 cm, the transverse displacement of an

AZ

electron inside the beam is about 1 wm, less than the
radiation interaction length, and much less than the trans-
verse beam size. Using the parameters from Eg. (4), we
can estimate the growth rate for a solitary microbunch of
the beam (r=10 s, /;, = 0.3 cm). The estimate, made in
the linear approximation according Eq. (5). shows that the
growth rate is = 0.2 at " =2 X 10'°/s. This means that
ine eiCCtl’UIlldgl’lCllL llClU CHHdHLCmCHl is of ihe UI'UCI' of
exp(400) for a 10 ws macrobunch containing 2 X 10°
microbunches. Obviously, in this case we need to use a
system of mirrors to accumulate electromagnetic radiation
emitted by different microbunches of the beam. The dis-
tance between the mirrors should be chosen in such a way
that the time of electromagnetic wave passing between the
mirrors is equal to the interval between the two neighbor-

ing microbunches (for 7, = 4.8 ns, L, = 144 cm).

3. Conclusion

The scheme considered here is, at first sight, very
similar to the Smith—Purcell FEL considered in Refs.
[5—8]. However, there are differences. First, we do not
need two gratings or mirrors to provide feedback. In our
case distributed feedback is formed by the dynamical
diffraction which determines the excited radiation modes.
This means that oscillation is possible without any mirrors.
The two mirrors shown in Fig. 1 are necessary only to

accumulate radiated enerov from different microbunches
accumuiate raciated energy irom giferent micropunct

of the accelerator beam because of the small length of the
microbunches. They do not influence the radiation modes.
In addition, the generated frequency does not depend

Fig. 1. Diagram of the quasi-Cherenkov surface FEL.
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significantly on the particle energy in contrast with the
Smith—Purcell FEL. A comparison between Cherenkov
and diffraction (Smith—Purcell) radiation was made in Ref.
[9]. The present study shows that the suggested scheme
forms the basis for possible construction of a compact FEL
in the visible spectral range.
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