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Abstract

The existence has been shown of the effect of automodula-
tion of the electron beam passing through an ondulator which
is due to the cnlleﬁti?e interactien via radiation fields. The
conditions on the beam parameters have been obtained under which
the radiative instability in question takes place. The possibili-
ty is discussed to construct a source of coherent radiation, bas-
ed on this princiﬁle. The mumerical examples are given for the

‘sources of submillimeter and infrared range radiationm.



1. In recent years there has appeared a tendency to con-
struct the sources of coherent radiation in which electrons
moving along a periodically curved trajectory are used. The so-
called free-electron laser (FEL) belongs to such a type of de-
vices, The relativistic electron beam in this laser is passged
tThrough an ondulator (a periodic transverse ﬁagnatic field) lo-
cated in an open optic resonator /1/.

In this work we study a simpler situation when the electron
beam passes through an ondulator and unlike FEL, a resonator is
absent. We investigate the problem of radiative instability in
the beam in an ondulator., With certain restrictions on the beam
parameters the harmonice of density whose wavelength at a given

energy resonates with ondulstor period become unstable. General

ly spesaking, for the instability %o be revealed, some initial
level of density oscillations (or of the current) is required
at the entrance of the ondulator. At any rate, the statistical
density fluctuations can play a role of the initial excitation,
At & sufficient length of the ondulator the resonant harmonics
of density fluctuations become so larger during a pass that it
is the modulated beam that radiates from a definite section of
the ondulator. In this case, modulation of the beam density and
its deceleratien take place only due to the intermal particle
interactien via radiation fields. Such a scheme can be used as
an Independent source of coherent radiation, or as an amplifier
if the current flows to the entrance ef the ondulator which is
previously modulated by means of some source. It should be not-
ed that a similar source has the capability to retune the oper-
ating wavelength of radiatien neralf by variatien ef the beam

snergy.




2, Let us dwell in .brief upon the theory of developing
.the longitudinal modulation of the eleciron beam in an ondula-
tor., Consider first a continuous beam of the électfnnﬂ moving
with the same velocity ?} . Let the beam pass through a helic-
al +|:z~:|:u1ulaau1.:«1:1-1:l whose periocd is )\0= 2.7?}'\5 27 EEHf . The trans-
verse magnetic field of the ondulator is written in the form
H(g): Hx*’:H.-':: Hﬂex/b(.f-gg) where H,= const and g, is
the coordinate along the ondulator asxis. For the beam motion in
this ondulator to be stable, an additional longitudinal magnetic
field i should be introduced.If H"ia much larger than the
intrinsic longltudinal field of the ondulator H, % H,6/4, (© is
the transverse dimension of the beam) which occurs at traﬁwerae
deviation from the ondulator center, the forced rotation will be
the same for all electirons. For the sake of clearness, we restrict
ourselves to the case when the rotation amplitude is independent
of the gquantity H” -.(GJE=EH#/TH1 << ) . Then we have: 2=
=Y+ = Uexpliey), V=/ri-jy2=omst, U=
=€ H,}\J?‘!REW/? ; 3"=1/W . The radius of electron
rotation in a plane (x,z) is Z, =X, U (in the following we shall
assume that H—‘v"ffff and, therefore, we shall take ¥ =1
everywhere possible).

Let us study the dynamics of beam modulation under the radi-
ation field (in this case, we neglect the action of a Coulomb
field), As the transverse motion of elecirons is given by ex-
ternal fields, the radiation can result in changing of the lon-

gitudinal motion only. If one proceeds to canonically conjugated

1) In this study we consider a helical onlulator wherein
the beam radiation is circularly polarized. Note that the choice
of such a gpecific ondulator is not principal and we use it only
for simplicity.

variables 5‘-—'5’-\"'[! and P= g-é,:_ (& '-éﬂ stands for energy

&2
deviation) and expasnds J~ over small deviation, one gets the

following Hamiltonian 3{(5? S)g) (it is convenient to use the
longitudinal coordinate as a time) describing a relative motion

of electrons under the radiation:

= o) eres: wia N7}
‘eﬂzé | dl R (1)

‘where = {/%{Ty’i‘ - ;1. is the vector potential of the radia=-

tion field, This po‘tential is produced by the curx;ant &enﬁityé?:i-
:P(:%,; S g ) which is expressed in the variables S:-_ and S, g,
1 is the transverse {:uoxﬁin&te of electrons. The dependence

of E) on S{, characterizes a slow variation of the modulation _

amplitude which takes place on wavelengthe highly exceeding fhe
ondulator period.

Hamiltonian (1) may be transformed into the following fnmzl
by means of a formula for retarding potentials:
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where '}i’-i";'z‘/(g‘-g*)h (3.-3)* . The dependence of 3L oo .§I
ie included parametrically ( &, = 0). As seen from (2), radia-
» tion resonates with the harmomic of beam density which is modu-

lated in the longitudimal direction with the period A=A.(1-V).
An equation which describes the variation of particle den-
gities in the ondulator may be derived by the kinetic eqﬁatinn

for a function of particle distribution £ (P, S, ¥) :
- BB H Of e svie
TR ENS T e
Y 5P =

2) We ignore the radiation propsgating in the direction o
posite to motion of the beam.




In a linear-over-modulation-amplitude approximation it is not
difficult to derive from the latter equation the following
gimple equation for P jfd'.? 2
? y *H
e (55000

where ﬁ,(SJ_ is the beam dannit.;r at the entrance of the on-
dulator (at 5 = 0).

Represent j) in the form

p=p +al,s, Y)exp(-ixs) + @ s Y )erp(iKS),

where the strong dependence of £ on S ( K=2&/{-V)) is
obvious. After simple calculations, with the help of eq.(2)

JZ-F)= (4=y) + [5- 5% 2(4-y)] " ) we obtain from (3) the

following equations for the amplitude of modulation of the con-

(3)

tinuous beam if the distribution in the transverse cross section

15 causstan ( P (S)=pizexp (- §/26% ) T

the limit of the wide ' beam we obtain the equation

'3‘61 BT P e ' ) /
agz —{ET,;!)NZJQIEKL& jﬂ(ﬁ, S+(t-vI(Y-y), 3{)5{‘? . (4)

In the 1limit of the nnmw beam the equation has the form:

_ NZJulK* a(i $+(- ud(g-g)g)
E}g‘ 270 S g'j +(kG* J (5)

. s 2
where eﬂf:EVI:PO{S_,_ is the beam current, ?e=€/ﬂ! . The cha-

racteristic quantity s? distinguishes these two limiting cases

and is equal to Gy = (T,:k/ttwﬂ’&/f

et us solve eqs.(4) and (5) for the resonant amplitude of
modulation. Let & be independent of S . The initial condi-
tions for @G in the case when all the electrons in the beam
have the same initial velocity 2-)'- will be the following:

a‘?,; @’a/dg%,, =() . Por the wide beam we obtain

dg{)z .j.{EXP(ﬂfg)'*exP(’AJ‘y) L e-"PM;g) ) where /13 —A EXP!I‘B =
= AIQXPE%’C: [ [Miﬁ:'_z H-C.'E&'ﬁ] "3 . Hence, the amplitude
of modulation grows expomentially, The characteristic length on
which the amplitude becomes e times larger (at El’/DMC"i >> 1) isg')

V3 Vannee K22 p |

For the narrow beam the corresponding expression for

f: Ke A”!  satisfies the relation ohtginad from eq.(5):
N UK
_A = 2;/3«5 [fﬁ,ﬂk’ﬁ'ﬁ.) - 058+ ] (7)

Equations (4) and (5) also enables ome to find a characterist-
je width of the spectrum of density harmonice which can be uﬁutah—'
le., A relative width of the resonance 4K/ K is approxximately
equal to }\, /Z

3., Let us write down the restrictions on the beam and on-
dulator parameters at which the obtained results are valid.

Radiation fields will play the dominant role in thé dynamics
of density modulation if the periodical part of the projection
of Coulomb field ? onte tﬁe particle velocity ie mnall com-
pared to the radiation field projection: E e E_ << M H{’“M{ .

3) Note that the instability increment may be slso fnund
by solution of the diapeminﬁ equation. This approach has been
used in the just published paper /2/ whose authors study a par-
ticular case of instability resuliing from thﬁ interaction between
the infinitely wide electron beam (G —> ©© ) and the colliding
weak laser wave (U <<1 ). In the case of G-roe , the diapar-—
gion equation coinciﬂea with the well studied equatian for B runn-
ing wave lamp. The increment expression in Raf /2f agrees (if the.
equivalent replacement of a laser wave by an ondulator 1s made)

with the expressiol (6) of the present study.
) : : e :




Hence, we obtain.the fuiluwihg conditions:
2 X : n :
H>>min (We/f | /Wy %) : 5% oK

which should be fulfilled.

Transverse components of the Coulomb field leads to adiabat-

ic extension of the beam. However, as the analysis shows, an in-

fluence of the extension effect on the development of radiative

instability is eliminated, for example, by a longitudinal magnetic

field magnetizing the transverse motion of electrons.

Evaluate now the restrictions imposed on both the energy
Af /& eand angular _-ﬂ@ spread of the electron beam. Radiative
instability will take place if the particle shifts due to the
spread of longitudinal velocities can be neglected on the wave-
lengths of the order £ : F£AV/V L X . Therefore, we obtain

AT S A /6N, e /PR

Let us find the limiting value of the beam current, based
on the fact that the ondulator field /{, must be dominant com-
pared to the radiation fields acting on the particles inside the

beam. The condition H. }PIE{ (4""-"') sisatie ' that%!
: r et | ;
S e (/o= 1,6 10°A),  ®

4., Thus, the beam, after its passage of A:fﬁz@/ﬁ)
in the ondulater (ﬁ/ﬁ is the initial level of the resonant
harmonic of density), will have the modulation amplitude close
to the total one and will radiate in this state on a length of
the orﬁer £ . The total power of coherent radiation will be

about

W::g"m/f’ip/f,

4) . When fulfilling the condition (8) the growth length

- always exceeds the ondulator period.

As wee see, the value of A, /f determines 8 portion of

the beam energy conversing into radiation.

In the case when the modulation amplitude ig¢ formed from

the spectrum of density fluctuations, the spectral width of ra-

diation line A&/& will be of the order of JX,/£ , and ra-
diation for both the wide and narrow beams will Pe concentrated
within the angle § of the order m . If the initial condi-
tion is prepared with the help of an external mofi0chromatic ra-
diator’), then AW/G = X/f . With the narrow beam the an-
gular divergence of radiation is é:-‘: 1/,{;'2 , with the wide
beam 6 = A o
5, It seems quite promising to apply the deBcribed above

principle of automodulation of the beam for creating a source

in a submillimeter range. Let us consider the ezmpleﬁ_}. Let

T = 3.5, )\, = 2 cm, Hd = 1.7 kG, Hr; = 4 XG» Then the ra-
diation wavelength /\ is 1 mm. For a 5 A beam current the cha-

3
racteristic beam area is 271G = 4 cm®, If the beam area is

0.5 cmz, we get that the growth length £ is 50 cm., The energy

5) It is of interest to note that, as a modtlating radiator,
a source can be used, based on the considered principle wherein
the spectrum width raqﬁired is cut off with the monochromator.
There is also the possibility to create a feed-back source in
which a small fraction of the output radiation i applied again
to the entrance of.'l:he ondulator after monochromatization, The

total length of the ondulator is also reduced in such a scheme.

6) For the indicated parameters the corrections associated
with both the longitudinal field and the Coulomb ©one have been

taken into account.




and angular spreads of the beam should not exceed the follow-
ing values: ﬂg/éé 5*1{}_3, ﬂ9£2*10"2. This heam?) will ra-
diate a power of the erder 50 kW in the ondulator. In the case
when modulation developes from the fluctuation apaatmEJ:
AGJ6) = 5.10_3, é B 2-10'2, whereas in the case of develop-
ment from one harmonic of den&ity the value of 4"-'*)/@2' 3-10-4
is diminished.

Such a method of producing the coherent radiation ensbles
one to use the pulsed electron sources as well, An increase of
the duty factor (with the same power of a source of electrons)
decreases thg characteristic growth length and increases a frac-
tion of the beam energy conversing into radiation. For example,

the following parameters are chuaeng): I = 20, )\.,a 2 cm, 2’&‘52=

7) To produce the electron beam with these parameters, one
can use the eléctruatatical method of acceleration, Currently the
gources of such a kind are in progress in connection with the elec-
tron coeling problem of antiproton beams in storage rings /3/. The
elecirostatical acceleration methed is especially convenient due
to the capability to recuperate, in the simplest way, the energy
of the applied'_ electron beam. -

8) When the modulation developes from the spectrum, the ne-
cessary length of the ondulator is appmxhatelx'aqual to 10
growth lengths of £ .

9) These parameters of the beam may be attained in the exist-
ing high-current accelerators with the pulse current duration of
about 1077 sec (see, e.2., /4/). Note that in our case the local
energy spread in the beam is of importance and it can be less
than the integral one.

10

*

=1em2, eV =104 4, H, =2.5ke, H =10Ke, A=3.3.10"cn,
2.1"15:r - 10°° mz, 28/é 4~ 2'10‘2, Al < 5¢10™>, The growth

A
_ G
length { is 15 om. The beam will radiate at the angle 610

=5
and the degree of non-monochromatization is AL/ 2 .4-10 if

the modulation occurs from one harmonic of demnsity, or
ﬂﬁ/ﬁ}ﬁ 2-10‘2, E‘F" 5»10_3 if it occurs from the spectrum of

fluswkations, Radiagien power will be = 10° V.
We are deeply grateful to Ya.S.Derbenev for valuable dis-
cussions. We are indebted to A.N.Skrinsky for the interest to

this study.
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