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Transition free-electron laser (amplifier) driven by an electron bunch
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A theory of transition free-electron laséfEL) driven by an electron bunch of finite longitudinal length is
presented. It is shown that one can introduce concepts of a long, a short, and a very short bunch depending on
the degree of correlation between the bunch effective length and the transition radiation formation length. It is
obtained that a long Gaussian bunch produces an electromagnetic pulse with a double-exponent-type envelope
exgexp( )], whereas in the short bunch case the latter has an oscillating nature. Both analytic and numerical
studies show that the long bunch compression into the short one improves the bunch-field coupling and results
in the enhancement of the logarithm of a gain at the pulse center by nearly one order. The further bunch
compression leads to the gain vanishing. It is noted that a similar picture is probably possible for an undulator
FEL. The results are generalized for a bunch trg81.063-651X%99)06103-9

PACS numbd(s): 41.60.Cr

Electromagnetic waves produced by the passage of an the fact that the wave vectors of photons, which take part
charged particle through the interface between two medién the radiation and absorption proces&esd, as a result, the
with different dielectric constants are known as transitioncorresponding photon numbgrare differen{7]. By varying
radiation(TR) [1]. In contrast to the Cherenkov effdethen ~ an electron beam velocity, one can reach the wave vector
the radiated frequenciesare limited byn(w)>1 conditior] region where the probability of a photon-stimulated emission
and to the Comptofor undulatoy effect(where the frequen- dominates over the probability of its stimulated absorption,
cies are bounded both by the wavelength of a pump wavke., where the device operates in the laser regime.
and by the energf of an electron beajnin the device there (Of course, there is a difference between this amplification
are no restrictions on frequency values course, except for mechanism and an inversion population concept in ordinary
an obvious conditioiw<E—mc?). Hence the transition [13] and free-electrorj14] lasers) Since in our device a
radiation seems to be a very suitable source for a tunablgource of energy is the free electron, one can then speak
free-electron laser(FEL). An analysis of single-particle about a transition FEL operating in the amplifier regime.
spontaneous TR has been done in a great number of both In all the papers quoted above, it has been presumed that
theoretical and experimental works and generalized in monge beams are spatially uniform. However, real beams always
graphs[2—4]. Coherent TR, produced by an electron bunchhave a certain finite length. In this paper, we consider opera-
(e bunch with a lengthl, which is of the order of or smaller tion regimes of a TL driven by aebunch of arbitrary length
than the emission wavelengi) was studied ir{5]. Refer- | The concepts of a long, a short, and a very short bunch are
ence[6] marked the beginning of studies of the stimulatedintroduced. It is shown that a long-bunch-length decreasing
transition effect. A number of both linear and nonlinear ef-improves the bunch-field coupling and, as a result, the TL
fects considered in our papefiscluding a charged particle gain is enhanced at the electromagnetic pulse center. It
acceleration, ae beam modulation and polarization, and anreaches its maximum in the short bunch case and vanishes
electromagnetic wave amplification, for such configurationgapidly when the bunch length vanishes. Thus there is a pos-
as a single interface, a dielectric plate, a resonant mediunsgibility to optimize the TL operation.
were summarized in Ref7], Sec. Ill. Here one can find a Let a linear polarized monochromatic wave fall normally
number of references in the field as well. Our analysison the vacuum-dielectric interface. For the sake of simplicity
showed[7] that a notable gain in a transition las€FL) we assume that the dielectric refractive indexiis1+ An,
driven by an ordinarye beam could be achieved in a low- where An<1. In this case one can write the wave vector
frequency range. Interesting ways of the FEL gain increasingpotential in the following approximate form:
in a high-frequency range have been discussé8,8i. Note

that there is a well-known approach for the transition effect 1 ©
increasing based on a resonant med{@3]. The possibili- Ay~ 5 A exp{ iwt—i —n(z)z) +c.c.
ties for such a device application for the ultraviolet and x-ray 2 N

FEL were considered inl0-12. 1

As was shown ir{7], in a space-heterogeneous medium = —Aof Fo(g)expliwt—igz)dg+c.c., 1)
one may consider a monochromatic amplified signal as a 2
superposition of plane waves which have the same fre-

quency, but different wave vectofsee Egs.(1) and (18  \here the Fourier-transformed function
below]. The amplification mechanism for such fields is based

B (iw/2wc)(n—1)

" k—a)(ko—q) (13
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The refractive indexn(z)=n;=1 in the z<0 range and inthez>0 one. HereA,;=Aq (z= — =) is the initial ampli-
n(z)=n,=n in the z>0 one, the wave vectdt,= wn, /c, tude of the amplified field1), a function

and the subscript=1,2. Let ane bunch cross the same

interface. We adopt that every portion of the bunch with the Ri(z,t)=(4ml/iwnAg)jyexplik,z—iwt).

same velocityw has a Gaussian-type shape along the electron

trajectory and is perfectly uniform in the transverse planeOne may determine an unknown functi@(x) from the
Hence one may write the bunch distribution functionfgs condition of continuity of the vector potential tangential
=M (p)f{(r,t), where the first factof (™ describes the components at the interfazg= 0, namely,

bunch momentum spread, whereas the second one

Ay(Zl—O)ZAy(Zl+ O)
N(® F{ (r-n—uvt)?
xq —

fg)s): \/;Sle Since we are interested in the amplified field intengitin
the z—o region, then we must put=«~ andn(z—»)=1

is responsible for its space configuratidd‘® is the total  INto EQ.(6). Finally, one gets
number of electrons$the beam area, the electron velocity,
and the unit vectorn=v/v. Note that a parametep,
=N©//7Slis, actually, the bunch average density. Assume 2 n2 ) . . L
that the bunch-field coupling is weak and that the amplituddVherePo= w“Ag/8mc is the intensity of initial field ; the
A, depends weakly uponandz variables. In order to deter- TR formation(and a signal amplificatigriength, and
mine the laser gain, we make use of the shortened wave and

I 2

P=Pyexp(GLy),

P ; _ Bimiw d w?
kinetic equations GLf=2wp0r0)\2—§ ZRe—|| q?— —|F,F%
¢ E ¢ dg c ol
ﬂAO C 8A0 _ 4’7T 1 ) LW ) 2 q=wlv,
7z th o ik eRigneTiet] @ v

of the TL gain in the natural logarithm scakeirther In gain, for

Z o, (3)  shory; ro=e’/mc” is the electron classical radiug, and

ap mc? are the electron energy and rest energy, respectively,
Re¢ means the real component ¢f F1=F,

of of
—+Vv-—+e

1
it ar E¢t+ E[VX B¢]

where the subscript=1,2 stands for the first and second
media, respectivelyE;=—c 19A/dt, and Bi=rotA. First 1 2

of all, we calculate the bunch distribution function in linear x__— .2 211 _

field approximation. Namely, we write= f,+ f,, where the k2 \/;exp( T )21 e[ 1= R (o)),
first term f, is defined above and the second dneis the

first-order perturbed part of distribution caused by the field

(1). Then, retaining only the oscillating part of the bunch pe=(—1)""1
current, one gets

|
E(kr_Q)lr_T

L . IBZ _(Z_Ct)ﬁ
]y—eJ- nyldp |r—m, T—l—,

20 21~2 2
Pylo7lc™—q )Fof gl(0t—a2 L ¢ o B,=v,lc, B=v/c, andd(7) is the error integral. Note, first,
E(o—quv,~i0)* ° " that in the limiting case of a uniforra beam (—) and in
(4)  the|7|<1 region, the functiofF; —Fg and the formuld?)
coincide with the result{7]. Since the wave vectoq
(here a vanishing term¢ determines the rule of a singular =w/v,, then the first term iny, is directly proportional to
function integration with respect t,). If the beam momen- the parameteg=|(k,— w/v,)|,|=wl/Bc. The latter, actu-
tum spreadAp/p is much less than the field wave vector ally, is the ratio of the bunch effective length| to the
spreadAg/q [the last is determined by the functidf(q)|?, transition radiation formation lengthl,=1/k,— w/v,|
Eq. (1a], then the beam can be regarded as cold. On substi=\ 8,/27r|1—n,3,|, in the first {=1) and secondr(=2)
tuting fgm)= 8(p—po) into Eq. (4) and solving Eq.(2), we  media, respectively2—4]. In other words, the parameter
have describes the dependence of the TL efficiency on a
(bunch length— (amplification length correlation degree. To
z ng c concretize the further analysis, assufiié that the electron
AO(Z’t):AOOeXF{ f_le(E' F( gzt n_lt))dg} 5) velocity dimensionless con)”fponents and energy are, respec-

tively,

B,=1-2An/3, B,=+An/12, E=2mc¥\5An.

c z n, c )
Ap(z,t)=D| z— —t R\é, —| é—z+—t||d L . .
ozt (Z Ny )ex;{ J'o 2(§ c (f z n, ) 4 On substituting these values into EJ) and recalling that
(6) An<1, one gets

1
=§e2cA0f dp | dq

in the z<0 region and
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ﬁeﬁf)of—gg exp(—7)[ ~2 Re(iQ,) + g ReQy],

(8)
where
— Dol o\ 2
(GLp)o=1.8" % (83

is the TL In gain from a spatially uniform electron beam,

2
Q1=§1 (—1) " expRA[1- P (7)1,
1
=/

ol z—ct
= 9

2
Qz=21 (—1)rr2<7r exp(7;)[1—@(7,)]-

c 1

E:(_l)r v 9=

i
§g+T

We say that a bunch is long if the parameger 1 (or if the
valuel>\/27). In this limit the asymptotes of E¢8) can be
written as simple elementary functions, namely,

- 10
GLi=(GL¢)pexp —72) 1+3—gz(1—272) (10
in the | 7] <g region and
SL=GLes () exg—m|1+ 3 L (g2—2
= f)Ol_Z P exp(—7) +z;(9 -2)
(11

in the| 7| <g region. As one could anticipate, the bunch pro-

at the pulse center regigm| <1A2 [Eq.(10)] and to the gain
decreasing on the pulse winff&qg. (11)]. Note that one can
speak about an electromagnetic wave amplification if th
pulse lengthl, is of the order of or greater than the wave-
length \, i.e., if the parameteg=27x. However, it seems
useful to considerpurely formally the very short bunch
case, i.e., when the valge<2 7 or | <\ /27. In this limit the
In gain asymptotes are defined by E4Jl) in the |7|>1
region and by the equation

=

r

1+5
3

12

— — 1,
GLi=(GLoogg

in the | 7|<g region. Apparently, functiorf(7) with such

asymptotes may achieve, at least, one minimum and one

maximum in ther<<0 and7>0 regions, respectively. There-
fore, one can assert that in the short bunch ¢asg when
g=2m or [=\) the TL In gainGL;(7) has an oscillating
character.

Consider the In gain dependence upon the bunch length,

GL¢(g), at the pulse center=0. As follows from Eqgs(10)
and (12), the In gain curve is peaked around thge-2
point; it vanishes rapidly if the bunch is very short, i.g.,
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FIG. 1. Gain dependence on the length of an electron bunch in
the natural logarithm scale. It is assumed that the bunch average
densitypg is an invariant value; the bunch length is normalized by
the wavelength of the amplified signg#2nl/\.

<1, and reaches a saturation val@a) if the bunch is very
long, g>1. Apparently, the obtained effect can be used for
TL operation improvement.

Assume that now are beam comprisedN,, identical
bunches. An analysis proceeding as before gives

Np-1

— — 1y
GLi=(GLgyg9 2, ex—1)

X[ -2 ReiQy,)+ g ReQy,]. (13

Here the function®,, and7,, are determined by Eq$9)
after the following substitutions:

i+Z_Ct+
29T T T

77r_’77rv:(_1)r+1

In arriving at Eq.(13) it has been presumed that the distance
fetween the two nearest bunches is the same value equal to
b. If this distance is small enough=1/(N,—1), then the In

ain at the pulse centez—ct=0 is GL;=Ny(GLy),.

ence, in this limiting case, all bunches operate coherently.
In the opposite casbé>I, every bunch produces its own
electromagnetic pulse.

Consider these results numerically at the pulse center
=0. Adopt that the bunch average dengiyis an invariant
value equal to X 10**cm™3. Let the dielectric refractive in-
dex be n=1.001, the amplified radiation wavelength

100,

ELf(g)
75

50

25

FIG. 2. Graph of thaf(g) function in the case when the total
electron number of the buncN(®, is an invariant value during the
compression.
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=8mm, and the electron ener@~14.45MeV. (Note that  Fig. 2). The similar bunch compression froga=100o0rl,

the bunch average current is 1 kA/gnsuch a high-current =12.73 cm down ta;=8 orl;=1.019cm(i.e., 12.5 timep
application has a specific characfdr7].) For chosen pa- leads to the In gainGL;), increasing 13.3 times.

rameters the uniform-momentum beam approximation, used In conclusion, consider the possible application of the ef-
by us, holds true if the bunch angular and energy spreatect for a Compton(undulatoy and Cherenkov FEL. As is
widths areA/E<(An/2)(E/mc?)=0.4 andé< An/3=1.8 known, in these devices in a short length operation regime
%1072, respectively{7]. In the case of a very long bunch, [15,16 a gain occurs only out of the corresponding synchro-
go=100 orl,=12.73cm, the In gainﬁf)0=2.042. The hism (or resonant conditions w; —w,—v(ky+k;) =0 and

bunch length decreasing down to 3.82 ong=30) leads to ~ ©__KV=0. Meanwhile, namely, these conditions are the
the In gain increasing up to 2.06. The In gain reaches it rime cause of the spontaneous emission effect in both cases.

. : s far as we know, this dissonance has not been discussed in
maximum equal to 2.8 in the case of a very short bumch, : . . ; oo
-~ - -~ the literature. It is believed that the operation mechanism in
=3.6 orl =0.5cm. In the short bunch cadg=1.019cm or . : . . :
. s such devices is really connected with the stimulated transi-
0,=38, the In gain is 2.166. Thus the curel(g) has a

. o ) tion effect at the entrance and at the exit of the systems, and
peak atg~ 3.6, vanishes rapidly in thg<1 region[see Eq.

) : that the gain enhancement effect considered above is, prob-
(12)_], and tends fco the saturating value 2.042 in thel ably, intrinsic to those FEL's as well.
region(8a) (see Fig. L

An essential effect can be achieved in the case when the This work was supported by the International Science and
bunch total electron numbeX,, is an invariant valugsee Technology Center under Grant No. A87.
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