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COHERENT GENERATION OF VISIBLE RADIATION BY RELATIVISTIC
ELECTRON BEAMS IN A SOLID SPACE-PERIODIC TARGET

I. Dubovskaya
Abstract: ,
The possibility of observing the coherent visible radiation generation by using the particle
beam at Lawrence Berkeley Laboratory, which passes through a solid space-periodic target, is
considered. The estimations for parameters of such a system and the geometry of a possible

experiment is analyzed.

1. Introduction.
Cerenkov radiation, which is characterized by a high intensity and a wide spectrum of
radiation, is well-known in optical region of frequencies. The condition of this radiation existence,

in a target with a refractive index no, is written in the following form:

1-PVey-sin20 =1-Pnocos 6=0, (1)

where g is the dielectric constant of the medium, 6 is the radiation angle, B = u/c, u is the electron
speed. W assume the electron velocity to be directed perpendicular to the target surface and along
the Z-axis.

The radiation picture essentially changes if the target is a space-periodic medium which can
be an optical grating for radiation emitted by electron beams. Such optical grating can be formed,
for example, by a periodic set of plates with different refractive indices which are cemented
together, or by 2 homogeneous medium with a refractive index modulated by the holography
method. In this case, we can represent the refractive index as n = ng + Mng = ng + An, where N =
Aq/ng is the modulation depth, An = a sin (I_(.gg), a is the modulation amplitude, K¢ = 2n/d, d is

. . . . . —) . . . 3 3
the modulation period in the direction of a vector &. Obviously, it is possible to construct, in such



a way, the periodic structure with the reciprocal lattice vector directed in any direction.

In [1] the optical radiation by particles uniformly moving through infinite medium, formed
by a periodic set of plates with different refractive indices and placed perpendicular to the particle
velocity, was considered. It was shown that Cerenkov radiation, in this situation, essentially
modifies and the authors referred to this new radiation as parametric radiation. The possibility of
parametric (quasi-Cerenkov) radiation in the X-ray region was predicted in [2] and experimentally
confirmed in [3]. The detailed investigation of optical spontaneous parametric (quasi-Cerenkov)
radiation was performed in [4,5] for liquid crystals and in [6] for arbitrary finite space-periodic
target. It was obtained that the spectral-angular characteristics of radiation modify when diffraction
conditions are fulfilled for photons emitted by a particle uniformly movir,g through a periodic
medium. Near the Bragg condition the dielectric properties of tﬁe medium change and, as a
consequence, the formation condition of Cerenkov radiation also changes. In [6] the characteistics
of parametric (quasi-Cerenkov) radiation were considered in the framework of dynamical
diffraction for the case of the excitation of two strong waves with the wave vectors K and
K:=K+7,where 7 is the reciprocal lattice vector describing the optical grating. It was obtained

that the analogy of Cerenkov condition for a periodic medium can be written in the form [2]:

1 - Beos 8 - B&1,2 (o)) =0 2

where 81 2(0(w)) are the magnitudes of dielectric susceptibility of a medium under diffraction.
These magnitudes depend on the deviation from the exact Bragg condition o) = [2% K+ 12]/1(2.
Obviously, the medium is now characterized by two refractive indices and, consequently, by two
thresholds of quasi-Cerenkov radiation. It means that the radiation distribution, in this case, is
characterized by two Cerenkov angles and looks like two rings. The difference between these two

angles can be represented as:
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A = cos 0; — cos egslw/[go 1--1 +—QL]2 +4§%
B Bl B P1 3)
where €9 = 1 + g is the mean dielectric constant of the medium, 31 is the asymmetry factor of
 diffraction By = Y1/Y0 » Yo = cos (I_(.'\ﬁ) and v; = cos (I_(: A K), T is the normal to a target surface
directed inside the target, go, gr are defined by a series expansion of dielectric susceptibility in
terms of the reciprocal lattice vectors ?, T characterizes a given diffraction grating, B = u/c.
Besides two Cerenkov rings along the particle movement direction, an additional diffraction
Cerenkov cone appears. The center of this cone is directed along the vector wp n4T and, in its
turn, consists of two rings as well, wg is the Bragg frequency. As the frequency spectrum of
radiation is now restricted by diffraction condition, lo| < go the quasi-Cerenkov radiation
spectrum is not wide but is characterized by a spectral width determined by the diffraction
conditions. It is known that in the case of Bragg diffraction (B1< O) the degeneration of the roots of
the dispersion diffraction equation is possible near the edges of absorption region [7]. According to
(3) the degeneration takes place at oy = go + g0 Iﬂ 1| +2ig4 '\/jﬁ At given parameters of a target
and diffraction geometry, i.e. the magnitude of B;, two radiation angles correspond to the

degeneration condition:
( :t)Z —[ ’ -2 } ’ _
Ot/ =8y-7Y*xledV-B1].g,=Rego. (4)

According to (4), the difference between these two angles 6% can be significant, especially under
asymmetric diffraction ( |Bl | << 1).

So, the periodic medium, under diffraction condition, not only forms the condition of
Cerenkov radiation formation but also is a resonator for radiation in this region. It is therefore
possibile to apply the spontaneous quasi-Cerenkov radiation for the production of coherent optical
radiation generated by a relativistic electron beam passing through a space-periodic medium.

In the papers [8-10] devoted to the consideration of the coherent X-ray gzneration by



intensive relativistic particle beams in natural three-dimensional periodic media (crystals), it was
pointed out to the possibility of generation of coherent optical radiation on the basis of spontaneous
quasi-Cerenkov radiation using artificial periodic targets. The estimations for threshold current
density of a particle beam, v;/hich is necessary to achieve the generation regime, were given both
for the X-ray and optical regions’ of spectrum. It is very important that the periodic medium, being
a resonator, forms a distributed feedback. This allows to reduce considerably the current density of
the particle beam and to decrease the size of a target which is required for the realization of
generation regime. From analysis performed in [8-10], it follows that the most effective interaction
between the particle beam and the radiation takes place near the point of the dégcncration of
dispersion equation roots. At this condition, the equations for generation threshold were obtained
for various regimes of X-ray gain (weak and high gain regimes) and for "cold" and "hot" particie

beams.

2. Generation Regime for Visible Radiation FEL.

The purpose of this report is to analyze the possibility of realization of the optical radiation
generation by existing particle beams moving through a periodic solid target. By using the results
of [10] we will give the estimations and corresponding requirements for the main parametefs of
such possible system.

In the X-ray region, the requirement of the coincidence of Cerenkov synchronism with
degeneration of dispersion equation roots leads to the strong restriction for possible diffraction
geometry, due to g,o < 0. In the visible region of the spectrum there are no such restrictions and the
degeneration of roots and Cerenkov synchronism can be simultaneously realized at definite angles
under the arbitrary geometry of Bragg diffraction.

2.1. Choice of experimental geometry.
So let the relativistic electron beam with the following parameters (E = 56 MeV, g, =

20 mm mrad, I =100 A in a peak, r (beam radius) = 0.5-0.2 mm) be incident on a solid plane-



parallel target with the length of L. Here € is the normalized emittance, r is the beam radius. In the
- general case, while considering the generation in an optical range of frequencies we should take
into account the waves reflected by target boundaries, because of a large magnitude of a refractive
index, and the possibility of the beam synchronism with diffracted wave. However, if we restrict
ourselves the consideration of the medium with dielectric susceptibility which is 5-10 times less
than the unity, all parameters, which has been used for the expansion in a series or for
approximations in the theory of X-ray generation, will be true also in the optical region of
frequencies. New features are the possibility of generation at two radiation angles 6% and
coincidence of Cerenkov synchronism with degeneration of roots under arbitrary geometry of
diffraction. Taking into account these circumstances, let us consider a possible geometry of
generation process and the parameters of such system. It should be noted that the gain of quasi-
Cerenkov radiation strongly depends on the beam quality, as in the case of the ordinary FEL, on
the basis of undulators. It was shown in {10], that the generation condition for the “cold" particle
beam, when the angular épread of particles in a beam can be neglected, essentially distinguish from
the generation condition of a "hot" electron beam. A particle beam can be considered as "cold" if
the following inequality is fulfilled 6(y, + v, )<< T, where @ is the radiation angle, y; and |
are the transverse and longitudinal angular divergence of electrons in a beam (\4/" =Avyy = Ae/€Y3),
I" is the quantity characterizing the width of the gain curve. Obviously, in the case of a solid target,
the raultiple scattering of electrons by atoms and nuclei of a target strongly affects the particle beam
rguality and transforms even the initially "cold" beam to the "hot" one. This, in its turn, destroys the
Cerenkov synchronism condition and, consequently, the generation condition. This influence is the
strongest for electron beams with moderate energies, because the mean square angle of multiple
scattering is inversely proportional to the particle energy, i.e. EE: E%E? 'L/L,, where Eg = 21
meV, L is the target length, Ly is the radiation length of an electron in the medium. It can be easily

seen that €= V62 =1.2:10"1 rad at y=102 and L; = 10 cm even at the target length of L ~ 10-2

cm. The reduction of multiple scattering is possible, for example, by decreasing the target length.



But in this case the quality of the radiation resonator deteriorates. That leads, in its turn, to the
sharp increase of the current density of the particle beam which is necessary to the achievement of
the generation regime. The reduction of multiple scattering is also possible by using particle beams
with higher energies. |

In order to make possible the application of particle beams with moderate energies for the
generation process inside a solid target, let us recall that the process of emission photon with a

wave vector K and the wave length A by a particle with the energy 7y, moving at a distancé of p<
Ay from the target boundary, is developing as the same process in the mediurn and is characterized
by the dielectric constant of this medium. It is well-known, for example, the possibility of
Cerenkov radiation by a particle ;noving over the target surface at a distance of p S, Ay [11].
Consequently, if the radiation of photons takes place inside a channel of the diameter bf p =1y,
which is made in a solid target, the photons will perceive such target as an ordinary homogeneous
medium with the corresponding dielectric constant. As a result, the diffraction process \;vill also be

the same one as inside an ordinary solid target. On the other side, the multiple scattering of a

particle beam moving inside such a channel will be suppressed. For example, at Y= 1.12-102 and
A = 6000 A , the size of the channel is about p = 67 pm. Under the generation of the softer
radiation the requirement to the channel size is not so rigid, but, for example, in the infrared region
of spectrum, the absorption of photons inside the solid target becomes very strong. This leads to
the decrease of the possible target length and, as a consequence, to the deterioration of conditions
for threshold generation. These circumstances make the process of the generation of infrared
radiation in a solid target impossible because of its strong absorption inside the medium. Thzse
facts restrict the wave length of the possible process under consideration by a seft part of visible
radiation, that is the radiation with rather large wave length and the weak absorption in the
medium.

For the choice of the optimal geometry of the example under consideration, it is important
that the process of radiation amplification and, consequently, the generation threshold are

asymmetric relative to the azimuthal angle on the plane perpendicular to the particle motion



direction. The threshold condition for generation in the case of weak amplification is given by the

following equation [10]:

- 32—32— (%—)2 K2 L2 0% (0% +7 2) sin F(y) = G =

=(Z°_)3 16 (1) n%n2 ve 1 1)2 , 5

B) (KigdlPKL ' |V-p;

(2y + mn)sin y - y(y + mn)cos y
y3 (y + o)’

F(y) =siny

where of = 4ntnge2/me, ng is the mean density of electrons in a beam, n = 1,2,... is a number of
radiation harmonic, eg is the imaginary part of the mean dielectric constant of the medium, which
determines the radiation absorption inside the target, 8,f is the effective angle of radiation, y is
expressed through the root of dispersion equation (see [10]). The function F(y) determines the
width of the amplification spectral line. The gain coefficient G is defined such that the single pass
field amplification is given by exp (KGL).

According to Eq. 5 (this the formula (27) from [10]), which determines the generation
condition for the "cold" particle beam, the gain is proportional to sin2¢, where @ is the angle
between the projections of a photon and the reciprocal lattice vector on the plane perpendicular to
the particle velocity ¢ = (I—(—J'_ A 1__[). See Fig. (1). Obviously, if we choose the reciprocal lattice
vector, characterizing a set of diffraction planes, on the plane parallel to the XZ plane, the photon
with f{: 1 ﬂ, i.e. with wave vector f (0, Ky, Kz) will be amplified the most effectively. It means
that it is convenient to have a particle beam with minimum angular spread just in the direction of the
photon location, i.e. in the Y-direction. In this case such particle beam can be considered as a
"cold" beam for this radiation. As a consequence, it is beiter to form a particle beam as a "slit"

along the Y-dizection. The transverse size of such beam: can be determined from the requirement of



conservétion of the current density of the particle beam. On the other side, the size along the X-
axis, it is better to make of the order of magnitude of the size of the channel p == Ay. The analysis
shows that, in this geometry of diffraction, it is possible to transfer from a channel with p ~ Ay to
the slit also along the Y-axis. The transverse size of this slit along the X-axis is Ax ~ p. In this case
the effectiveness of the application of the particle beam will be high. The beam size of the Y-
direction, in this case, is Ay = nr2/yA. It means that the beam with the parameters, mentioned -
above, is characterized by the following angular and dimensional sizes: Ay, = 2.9-10-3 rad, Ay
=1.8°10-5 rad and Ayy = 1.1 cm at r; = 0.5 mm and Ay =‘2.9'10'3 rad, Ay = 1.1:10 rad
and Ayg = 1.8 mm at 1 = 0.2 mm.

In this case the direction of the most effective development of gain process corresponds to
the direction of the minimum angular spread of the particle beam. This allows to consider the
existing particle beam as a "cold" one. In the perpendicular direction the electron beam has a small
size and a large angular spread, but the process of radiation umplification is suppressed in this
diréction.

As the reciprocal lattice vector T is now on the plane parallel to the XZ-plane, i.e. T =(Ty,
0, 12), the reflection planes of the artificial grating, corresponding to this reciprocal lattice vector ,
are parallel to the Y-axis and inclined at a definite angle ¢ relative to the ZY-plane. The magnitude
of the angle ¢ will be determined in the future. The analysis of diffraction by such grating shows
that, in this case, the diffraction and, consequently, the distributed feedback, will be effective even
in the presence of a slit along the Y-axis.

Thus, the geometry of the experiment in observation of the optical coherent radiation
generation by a relativistic particle beam uniformly moving through a solid target with the

corresponding optical grating can b~ represented as in Fig.1.
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Fig.1

2.2. Parameters and requirements of possible experimental system.

Let us now estimate the parameters of the considered system in various situations. In the
case of the generation of optical radiation and by taking into account two possible effective
radiation angles (see (4)) we can rewrite the equation of the generation threshold (5) in the

following form:

- 0L (g~ 12 ) s i sinorty) - -

VBT A

(6
_[v)? 16(-[31)1t2n2 “(1 41
(B) (KlgdLf KL +E°( +Itsll) '

Here we also take into account that in the considered situation the inequality of g: << g:, is fulfilled,
because the depth of the refractive index modulation is assumed to be 1% or 2%.

Restrict ourselves to the consideration of the generation of the first radiation harmonic only,
i.e. n = 1, with the wave length, for example, A = 6000 A, K = 105 cm1. The lehgth of a target is
chosen more than the diffraction extinction length L > Lexc = (Alg4 IB 1|)‘1, in order to supply the

effective distributed feedback. For this photon wave length and the target length the magnitude of



the width of the amplification line approximately is r = A(DQ =104,

[

Let us consider the target with the following parameters: the refractive indices - n; = 1.1
and np = 1.05; the depthsof modulation of the refractive index - N1 = An/n = 1% and N2 = 2%,; the
Ienlgth of target is 2 mm. As the effective radiation angles 6% are distinguished rather strongly, then
the generation process at the angles 6+ and 6~ can be considered separately. Moreover, the optimal
geometry of diffraction can be different for these two angles.

It should be noted that, in the case of the target length of 2 mm, the term, which
corresponds to radiation losses through the target boundaries, is much less than the term,
connected with the radiation absorption inside the target, if E:) > 10-8. Besides, even in the weakly
absorbing medium, where the radiation losses through the target boundaries can become the main
ones, these losses always can be reduced by introducing' additional external mirrors [12]. In the
visible region of spectrum it is not a problem. That is why we will consider the losses of radiation
to be only due to the radiation absorption inside the target.

Although the diffraction geometry in the optical region is not restricted, for its
optimization, it is necessary to know the parameters of a periodic structure (g;), g;, g;, g:). That is
why we consider two opposite cases of diffraction geometry: the symmetric Bragg diffraction -

_+
By = -1 (the waves k and ?t make the angles 6 and 7t — 0 with the normal to the target surface)

12 2
and the case asymmetric Bragg diffraction B = -4 8, /g, (the diffracted wave propagates at a

rather small angle relative to the target surface).

In Tables 1 and 2 the parameters of such system, allowing the achievement of the
generation regime, for both angles of quasi-Cerenkov radiation are given. Because the main
question of this analysis is the possibflity of the realization of the generation regime with the help
of existing particle beams, the estimations have been obtained for the maximum magnitude of the
absorption coefficients which permit to achieve the generation threshold by using these particle
beams. The minimum values of the absorption length, Lapg, are shown. The subscripts I and II

refer respectively to the case y; = 0.5 mm and yj; = 0.2 mm.
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The analysis of the obtained results shows that, for the gencxfation process at the 8~ angle,
the symmcﬁ‘ic diffraction is the optimal one. In this case the reflection planes are perpendicular to
the radiating particle motion direction. However, the interaction of the particle beam with radiation
is the most effective at the angle of 0+, In this case, the symmetric and asymmetric diffraction
geometries give the comparable results, in the case of target parameters chosen by us. But the
analysis of the analytical expression (6) shows that under three-dimcnsional distributed feedback it
is possible to optimize the condition of ihe generation threshold achievement by changing the
parameters of a target and asymmetry factor of diffraction. For the following optimization, it is
necessary to analyze the particular target.

So, on the basis of the obtained results one can conclude that there is a possibility to obtain
the generation regime of coherent optical radiation using the existing particle beams uniformly
moving inside the channel through a periodic artificial target, if the radiation absorption lengths of
these media are more than several centimeters.

It is worthwhile to stress that the increase of the target length, even in several times,
essentially improves the conditions of the threshold achievement (G ~ L2) and allows to realize the
regime of a high gain for the beam with the higher current density (in Tables it is labelled as II ).
This allows, in its turn, to obtain the high intensity of coherent optical radiation after a single
passage of a particle beam through a target. This is very important because the time of particle
flight through u.. target is, in our case, comparable with the particle beam duration (T =20 ps). Let
us estimate the output of coherent radiation for the target with the length, for example, 5 mm, the

" absorption coefficient 8’0 =107, n = 1.1, = 2%, |[3| =0.2and = 0", In this case, according to
Ex. (6), the generation threshold is overcome in the high-gain regime for the particle beam with the
higher current density (with the radius rjp). It means that the output of coherent radiation can be,
approximately, represented as I = [pekl{G-Gu), where Ip is the intensity of spontaneous quasi-
Cerenkov radiation, Gy, is the gain corresponding to the fulfillment of the generation threshold

condition for the considered target.
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It should be pointed out that in the high-gain regime, the width of spectral and angular
amplification line is determined by the magnitude of gain, which doesn't now depend on the target

length. We can obtain the magnitude of spectral and angular divergence of a coherent photon beam
from the synchronism condition, that is A(-‘()&l ~5.10-4, ABp ~ 5-10 and Agp ~ 102 rad, for the

parameters of the particle beam and target, pointed above. To obtiin the total number of photons

that is possible to be observed by the detector with the angular size of ABp-A¢p, we should

gstimate the number of spontaneous quasi-Cerenkov photons emitted within this angular interval:

’ 2
2 ’
Ngp = —SKBL on] ABp-Agp ~ 107 yle , 82t = 12 + g,
16nsin20p  Oef

where wp is the frequency of a photon, radiated at the angle of 8 = 8* and satisfying the Bragg

condition and Oy is the Bragg angle. Transition radiation is directed at the angle 6 ~ % << 6" and

the number of photons emitted within the angular interval A@p - A@p is 102 times smaller than the
number of quasi-Cerenkov photons. As a result, the total number of photons, emitted by a particle

beam bunch containing Ne ~ 1010 electrons, can be represented as
N = Ngpe(G-Gukl = 103e(G-GekL = R.103 y/bunch .

The calculation of a gain in the high-gain regime [10] gives the amplification factor R ~ 103 + 104
for the parameters pointrd above. It means that we can observe Ny ~ 106+ 107 photons per
particle beam bunch.

In conclusion, it should be stressed that the advantage of three-dimensional geometry of
distributed feedback manifests itself first of all in weak-absorbing media.

I should like to express my gratitude to Dr. K-J. Kim for useful discussions and his

initiative of this work and also Professor V.G. Baryshevsky and Dr. K.G. Batrakov for their help.
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Table 1
for(0*f =g +-B —y2
" VB
12 4 2
parameters lBll =4g /g0 |[31| =1
n =1.1 n=1.1 np=105 | np=1.05 n =1.1 ny = 1.05
n=1% N2=2% | N1=1% N2=2% m=1% | m=1%
Ocsr 34° 34° 23° 23° 28°40’ 20°30’
G 2.10-5 2:10-5 5.10-6 5.10-6 105 3.10°6
L I > 7 cm 3cm 12cm 4cm 2cm 7 cm
abs
Go 1.4.10-4 | 1.4104 | 3.3.105 | 3.3.10°5 | 7:.10-5 2:10-5
L II lcm 0.2cm 1.5cm lcm 0.5 cm 2cm
abs >
d 4100 A 3820 A 3960 A 3220A 3140 A 3140 A
o 43°30’ 47° 48°3(0/ 65°20’ 90° 90°
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for(O')2 = g;) ——§5——7'2
v-By
'2 '2
parameters By| =4 g /g, By =-1
np=1.1 n =1.1 ny = 1.05 ny = 1.05 n;=1.1 n2 = 1.05
m=1% | 12=2% | m=1% | M=2% | m=1% | m=1%
Oeff 18°30’ 18°30’ 12°40’ 12°40’ 25030’ 16°10’
G 2.5-10-6 | 2.5.106 | 5.7.10-7 | 5.7-10-7 7.10-6 1.3-10-6
ugs S 1m 40 cm 180 cm 80 cm 6cm 30 cm
Gn 1.510-5 | 1.5.10-5 | 3.6-10-6 | 3.6-10-6 5.10-5 9.10-6
LH 20cm 6cm 30 cm 13cm cm Scm
abs >
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