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The quantum theory of spontaneous and induced radiation by channeled relativistic particles is developed. 
Formulas are obtained under various conditions of channeling for the spectral and angular characteristics 
of the radiation. A comparison is made with synchrotron radiation and important advantages of the 
radiation from channeled particles for a number of applications are shown. The possible existence of 
enhancement of induced radiation under channeling conditions is predicted theoretically. On this basis a 
laser operating over a wide wavelength range including the x-ray region is proposed. The basic 
mechanisms of line broadening due to multiple scattering, beam nonmonochromaticity, and lattice 
periodicity are discussed. 

PACS numbers: 61.80.Mk 

1. INTRODUCTION 
q (r, t )  = (' ) 

In a ser ies  of recent articles n-31 we have shown that X 

in channeling of relativistic particles an intense radia- 
tion of quanta in the x-ray and y-ray regions occurs. Using Eq. (2) we can express one two-component func- 

The spectral density of this radiation in the region of tion in terms of the other: 

the maximum substantially exceeds the density of brem- CG 
sstrahlung, which may result in important applications = E - c + ~ ~ c ~  cp 
in physics. The radiation has a high degree of mono- 
chromaticity and polarization. This effect can be con- and substitute into Pq. (1). We obtain 
sidered both classically and in quantum mechanics. In 
the previous studies a-31 we calculated the principal 
parameters of this radiation by various means for en- (E-U-m,c')cp- (4) c' 

E-U+rnpcZ (6) v. 
ergetic quanta (refractive index n =I) .  

In the present article we shall use the quantum ap- The following relation is valid for the Pauli matrices: 
proach for a rigorous calculation of the spectral and 
angular characteristics of spontaneous radiation over a (aa) (ab) =ab+ia. a X b  
wide wavelength range including the optical region. In (6 ) 

addition, we shall give for the first  time the quantum Multiplying Eq. (5) by E - U +n2,C2, we obtain with ac- 
theory of induced (stimulated) radiation in the case of curacy to terms U/E 
channeling. It i s  shown that it i s  possible in principle 
to obtain enhancement of this radiation in a beam of (E'-2EU-mOzc4) cp=-czhaAcp. (7) 
channeled particles. A laser model based on this effect Separating variables in this equation, we obtain 
over a wide wavelength range is  discussed. 

i 
2. DERIVATION OF FORMULAS FOR INTENSITY cp=cp(x) lexp(ik,z+ik,y), (8) 

OF RADIATION 
where p ,  = E k ,  and p ,  =Ak, a r e  the momentum compo- 

Neglecting secondary processes such a s  dechanneling nents parallel to the atomic plane, the plane waves 
and energy loss, we shall discuss the passage of a having been normalized in a box with sides L along the 
channeled particle through a single crystal as  motion in z and Y axes, and rp@) satisfies the Schrodinger equa- 
the averaged potential of atomic strings o r  planes. A tion 
relativistic particle with spin 1/2 in an electrostatic . 

potential U is  described by the Dirac wave equation in (E2-2ELr-c$,Z-cap,"-m;ca) cp(z) --c'AJ d='(~) -. 
&a 

(9 
the two-component form: 

Dividing it by 2E =2mc2, we obtain 

where 
where E i s  the particle energy, cp, x a r e  two-compo- 
nent functions, = - ihV is  the momentum operator, 8 = [ E = - n t , Z c ' - ~ ' ( ~ , Z + ~ , 2 )  ] /2E.  
m, i s  the res t  mass of the particle, and the four-com- 
ponent wave function in this case is  described by the and is the relativistic mass. Since E2 =m,,'c4 +p2c2, 
formula where P is the momentum, we have 
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~=c'(p'-p,'-p,2)/2~---~-c(m,c~+~.~+~,~)'~~ . 
In order that the wave function 

be normalized in accordance with the condition 

we shall take the spin functions u to satisfy the usual 
normalization condition: 

(Here we have taken into account that I ~ 1 ~ = @ k . 2  +Pky2. )  

To simplify the formulas we discuss here a single 
potential well. The effect of periodicity of the poten- 
tial, i.e., of the band structure of the resulting levels, 
will be discussed below. 

The probability of a transition from state b to state 
a with emission of quanta with polarization and mo- 
mentum x is given by the following formula of quantum 
electrodynamics [43 : 

where 

ri = w / c , N a ( ~ )  is  the total number of quanta with polari- 
zation A and momentum In. The first  term in the square 
brackets corresponds to induced radiation, and the sec- 
ond to spontaneous radiation. The matrix element 

using Eq. (111, reduces to the form 

a.?. - CJ e-ixrq.+Io(ap)f(ap)oIqb dr. 
2E (15) 

From this, using the relation u(ap) + (op)o =2p, we obtain 

a& = $ j e-lxrcp;)cp.bdr. (16) 

Integration over the variables y and z in Eq. (16) gives 
the laws of conservation of the y and z projections of 
momentum: 

, . 
( a d i  =-!- +x,6kbz.r,, +rz. E - 
(aab),,=+ ~ e ~ p ( - ~ ~ & ) q ~ ~ ~ ~ ~ d x ~ k b ~ ~ ~ ~ ~ . ~ ~ ~ + ~ ~ ~ ~ ~ ~  k e z + x x  (1 7)  

. (a*).= G j  e x p ( - i x s ) q ~ q ~ b d ~ ~ k b z ~ ~ b v a v + ~ v ~ ~ b z . ~ ~ z + ~ ,  . 

Assuming in what follows that these laws a re  satisfied, 
we shall drop the 6 symbols. 

We shall use the dipole approximation, i.e., in Eq. 
(17) we shall expand exp(-ix,x)in series and retain non- 

vanishing terms linear in x in the matrix element. The 
condition for the dipole approximation H.; ( x  ) << 1 in this 
case has the form ( x )  << cy/SZa,, where a,, = d, - &.)/fi 
and y is the relativistic factor. This condition is equiv- 
alent in order of magnitude to 0, y << 1, where 0, is the 
critical channeling angle, well known from Lindhard's 
theory. It i s  satisfied up to energies of several GeV. 
The dipole approximation condition has been investigated 
in more detail recently by Bazylev and Zhevago."' In 
this approximation we obtain 

ihc iRc 
(aab) ,,-- -%.kbyX.g, (an)) i=-F xlkbt.tab3 

E 

To simplify the further calculations we shall assume that 
the axis is  directed along the longitudinal motion, i.e., 
P,, =k,,  =O.  We shall also use the well known relation 
following from the Schrtidinger equation (9): 

Equation (18) then takes the form 

where p,, =cp,,/E is  the ratio of the particle's longitudi- 
nal velocity to the velocity of light. Assuming that the 
energy of the quanta and the transverse energy a re  
much less than the total energy of the particle, Eq. (21) 
can be written approximately with accuracy to terms of 
order ( f i ~ / p ) ~  in the form 

o.b=Q.s+czf,l c o s  0, (22) 

where 8 i s  the angle between x and the z axis, i.e., be- 
tween the direction of radiation and the z axis. 

Taking into account the 6 function in the expression 
for the probability (12) we obtain the Doppler formula 
for the frequency of radiation, 

We take the linear polarization vectors such that 4 lies 
in the x ,  z plane. Then will be perpendicular to this 
plane and will lie in the x ,  y plane. Then, taking into 
account that (aaY,,),, =0, we have . 

where 5 is  the polar angle of the vector n in the x ,  Y 
plane. Using Eqs. (20) and (23), we obtain 

@ , = X , ~ ~ R , , . ~ C - '  COS' ~ ( C O S  0-pI,)'/ ( l-pii c o s  0): 
(24 ) 

~z=x.b'Q.b'~-ZsinZ 5. 
(25) 

From these relations it can be seen that the radiation 
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observed in the x,z plane is linearly polarized in this 
same plane; radiation observed in the y , z  plane, par- 
allel to the channel planes, is linearly polarized perpen- 
dicular to this plane. In the remaining directions the 
radiation is elliptically polarized. In the x ,  z plane in 
the direction 0 =COS'~@~,,  there is  no radiation. 

Let us consider f i rs t  spontaneous radiation. Replac- 
ing the summation by integration in accordance with the 
well known rule in Eq. (12), we obtain 

ce' a(o.t.-o) 
w.L==--p 2nh 

where @ =@, +@, is the sum over the polarizations: 

2.b'Q.b' m, = -- [co.' f ( we-pfl )'+ 
c- I-$llcos 0 

Making use of Eq. (22), we obtain the angular distribu- 
tion of the spontaneous radiation: 

dwd ekC&'I (1-pn cos 0)'- (I-$$)sin2 0 cos' f) -- 
dS2 2nhc1(1-@, cos 0)' (28) 

The intensity distribution of the spontaneous radiation 
is then 

eZzd'Q.fI (i-$$ cos 0)'- (l-p,,2)sin' 0 cos' 6 )  -- 
dS2 Znc'(1-$, cos 0)' (29) 

The total intensity of spontaneous radiation I,, and the 
probability A,, a re  found after integration over do: 

The intensity differs from the usual dipole radiation 
formula by the presence of the relativistic factor p. 
However, the energy levels 6, and 6, and consequently 
also nab depend on energy and therefore the dependence 
of the intensity on y is found to be weaker. Similarly, 
by integrating over angles in Eq. (26), we obtain the 
frequency distribution of the probability w,, and inten- 
sity I,,: 

dl& 31.t.0 - = -- 
d o  om' 

where w, =a,, / ( I -  fill ) i s  the maximal frequency of 
radiation. The probability distribution has the form of 
a parabola symmetric about the minimum, which occurs 
at the point w,/(l + pll ) = w,/2. The probability is maxi- 
mal at w = O  and w=w, is equal to 31,,/@wm2 at  pIl-l ,  
while a t  the point of the minimum it is smaller by a 
factor of two. The intensity also has a maximum at 
w = w, and an inflection point at w = s,/3. 

One goes over to the classical formulas from Eqs. 
(29) and (30) in the usual mannerLB1 by replacement of 
the dipole matrix element 4 ~ 2 , ~ -  d2, and of the frequency 
nab- a,, where d, and w, a r e  the amplitude and fre- 
quency of harmonic oscillation of the particle. Here we 
obtain expressions for the intensity which coincide with 
the results of Refs. 1-3. 

The expressions obtained also coincide with the form- 
ulas for radiation of a moving o s ~ i l l a t o r . ~ ~  The 
quasiclassical nature of the problem in this case i s  due, 
a s  usual, to the condition Ew <<E. Equation (30) can be 
written in the form 

where 0, =nab/(1 - @,12)1/2 i s  the frequency in the moving 
reference frame. It i s  usually assumed that the latter 
does not depend on the motion of the reference frame. 
Then the intensity I,, does not depend on the longitudi- 
nal motion of the oscillator, since the transverse dipole 
moment does not depend on the velocity. In the case of 
channeling, however, in the transition to the moving 
reference frame the potential of the atomic planes in- 
creases by a factor y. For a harmonic potential the 
frequency increases by a factor y1j2, i.e., 0, - y1l2, 
~ , , - l / y ' ~ ,  and correspondingly lab -y2.  a-31 This i s  
valid for channeling of positrons, since in this case the 
potential i s  close to harmonic (at least near the center 
of the channel). The transition probability in the moving 
frame 

in this case i s  proportional to y3I2, and the fixed frame 
we have A,,mylh. These conclusions may change when 
refraction of light in the crystal i s  taken into account. 
For a refracting medium it is  necessary to use the 
dispersion relation x =nw/c, i.e., to replace the veloc- 
ity of light c by c/n, where n is  the refractive index.@] 
In this case the Doppler formula, a s  usual, is  replaced 
by 

o-Q,d(l-$lln cos 0), (34) 

and the formula for the spontaneous radiation intensity 
becomes the following (c2 in the denominator is  due to 
the relativistic motion of the particle, s o  that it is  not 
replaced by c2/n2): 

dld e2Qd'za2n{(l-$, n cos 0)'- (i-pl,%') sin2 0 cos' b} 
-= 

dB 2nc'li-npU cos 01' (35 

Hence the total power i s  

and the probability i s  

The last two formulas a re  valid only for np, < 1. In the 
region of velocities greater than the velocity of light in 
the medium, i.e., for np,, >1, it i s  necessary in obtain- 
ing similar formulas to take into account the dispersion 
of the medium in integration over angles or frequencies, 
where the denominator in Eq. (35) goes to zero (i.e., 
near the eerenkov radiation angle). We do not give 
these formulas, since they a re  very cumbersome. Note. 
however, that Eq. (35) remains valid in this case; it is  
sufficient to take into account in it the dependence n(w) .  

We see that without taking into account dispersion for 
n < 1 the intensity depends on energy a s  y2/[n2 + J! 
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(1 -n2)I2, i.e., it increases for n > 1  and decreases for 
n < 1 ,  y>n/(l -n2)"2. In thecase Blln>l it is necessary to 
take into account dispersion and the dependence on ener- 
gy becomes still more complicated. In the x-ray and 
y-ray regions, in which the particles begin to radiate 
a t  energies of the order of tens of meV, Eq. (30) is  
valid, i.e., the intensity increases a s  9. 

When dispersion is taken into account, the Doppler ef- 
fect becomes complicated. This question has been dis- 
cussed in detail in papers by Frankm1 and Ginzburgml 
and recently in papers by ~ a r ~ s h e v s k i i .  Ool The radia- 
tion of the anomalous Doppler branch, for which 

cos8> 1, occurs mainly in the optical region, where 
n > 1,  and in a narrow frequency region near the x-ray 
absorption edges (as follows from Eq. (34), in this case 
51,,<0, i.e., the transverse energy increases). The 
radiation in the normal Doppler branch (nPII cos 8< 1) is  
most interesting in the high-frequency region where 
n =l, since the intensity, as  follows from Eqs. (36) and 
(37), will then increase with energy. 

We now consider induced radiation under the influence 
of a monochromatic wave with wave vector x and polari- 
zation A. From Eq. (12) we find 

Taking into account that N , / L ~  =Ix /c ,  where I, i s  the 
photon flux intensity, we obtain the cross section for 
induced radiation: 

Let us see  in what directions the maximum of the in- 
duced radiation will occur. It follows from Eq. (24) that 
the maximum of radiation polarized in the n,z plane 
lies at 0=0. However, the frequency depends on 8. For 
a fixed 0 the maximal radiation will be in the y ,z  plane, 
i.e., parallel to the atomic planes of the channel, and 
will be polarized perpendicular to them. For a level of 
finite width I' it i s  necessary in Eq. (39) to make the 
substitution 

For radiation in the y,z plane we obtain 

Expressing x:, by means of Eq. (31) in terms of A,, , we 
obtain 

At resonance (w = u,,, i.e., the Doppler condition (23) i s  
satisfied) 

where w, = 29,, y2. Equation (43) can be rewritten in a 
form suitable for use in a medium with n # 1 : 

where A,, =nc/y2S2,, . The enhancement coefficient G 
will be equal to ,e,hN,, or 

3 A, 
G = - L a , ,  AN. - 

n r ' 

where AN, is  the population inversion of the levels of 
the transverse energy of the beam. It follows from this 
that i t  is  necessary to take the minimal particle energy 
a t  which it is possible to obtain radiation of a given fre- 
quency o (at an angle 8 ~ 0 ) .  With increase of the ener- 
gy, this wavelength will be radiated a t  a larger and lar-  
ger  angle, while Amin will be decreased. However, the 
ratio A,,/I' depends on energy. In radiation of energet- 
ic quanta (n = 1)  it will increase with energy. The proba- 
bility of a spontaneous transition increases a s  $I2 with 
energy. The level width I' i s  due to ionizing collisions 
and radiation loss. The frequency of Coulomb colli- 
sions falls off a s  l/y, while the radiative width i s  ap- 
proximately constant. Therefore up to energies 
800(2 +1) MeV the value of I' drops, and beyond this it 
remains constant. Further analysis of the possibilities 
of the use of induced radiation will be carried out in the 
next section. 

In conclusion we mention briefly the difference of Eq. 
(43) from the well known formula for the cross  section 
for induced radiationLub 

If we set  pll =0, y = l ,  then it follows from Eq. (43) that 

The difference is due to the definite orientation of the 
dipole and the polarization. Averaging over polariza- 
tions and directions of Eq. (39) gives immediately a 
factor 1/3. 

3. RADIATION IN AXIAL CHANNELING 

In the case of motion of particles in a two-dimensional 
string potential having axial symmetry, the wave func- 
tion q ( r )  satisfies a two-dimensional Schradinger equa- 
tion analogous to (9) (well channeled particles a re  con- 
sidered). Separating variables, i t  is  easy to show that 
cp(r), where q is the azimuthal angle and 1 i s  the orbit- 
a l  quantum number. In this case for A1 = *1 we obtain 

(crab).---iQ,rdZc, r* - j q.,' (r) vb (r)rz dr, 

For  right-handed and left-handed circular polarization 
the quantity a, has the respective form 

where no is the unit vector specifying the direction of the 
radiation. The sum over polarizations is  
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and obviously is the sum of two expressions (27) for os- 
cillations along the x and Y axes with x:, =y:, . For cir-  
cular polarization j we have 

Expression (51) can be rewritten in the form 

Qe're'((l-$n cos 9)'-(1-pt)sin2 8/21 
Q,= 

l ( i - p l  w s  8 ) l  (53) 

From this, substituting (53) into (26), we obtain the 
probability 

dw.9 e'r.b2Q.r'( (1-0,: cos 9 ) 2 -  (1-$u2)sin1 9/21 -= 
dQ 2nhcf(l-pn cos 9)' 

and intensity of spontaneous radiation in the axial case, 

dl., e2Z2.r'r.b'{(1-p,, cos 9 ) 2 -  (1-$,')sin2 8/21 -= 
dQ 2nc3(l-t), cos 8)" 

As can be seen from (52), circularly polarized waves 
a r e  radiated forward and backward and the direction of 
polarization is determined by the sign of AL, i.e., by 
the change in orbital angular momentum. 

The last formula for the angular distribution of the in- 
tensity, after appropriate substitutions, also coincides, 
naturally, with the classical formula for dipole radia- 
tion of a particle on motion along a helical t r a j e ~ t o r y . ~ ~ ]  

Discussion of the axial channeling of positrons re- 
quires in the general case use of an axially asymmetric 
potential, but from comparison of (28) and (54) it is  
clear that in the most general case 

An e r r o r  made by other authorsn3' 14] i s  apparently that 
they do not consider the longitudinal current (aab), but 
se t  *, =51,,c-'1 r,,fiXI2, which in this case is valid only 
if there i s  no longitudinal motion, i.e., PI, -0. However, 
here there is  also no channeling. 

Terhune and PantellUs1 in a recent article also dis- 
cuss this radiation and have confirmed our earlier re- 
s u l t ~ . ~ - ~ ~  They state that ~ c h i f f ~ ~ ]  discussed similar 
radiation. However, analysis of Schiff's work shows 
that he discussed the inapplicability of the Born approxi- 
mation in the theory of coherent bremsstrahlung. Co- 
herent bremsstrahlung differs substantially from the 
radiation of a channeled p a r t i ~ l e . ~ - ~ I  The properties 
of coherent radiation were investigated more than twen- 
ty years ago. U7'211 Walker et ~ 1 . ~ ~ ~  and Tomesasu 
et al.a31 also discuss the results from the point of view 
of the theory of coherent radiation. However, it must 
be added that introduction of the concept of channeling 
and observation of this effect occurred after the publi- 
cation of Schiff's work. 

The main results obtained by us differ fundamentally 
from those of Vorob'ev et al.a3*141 In the f i rs t  place, 
they assert  that the intensity of radiation decreases a s  
the square of the relativistic mass of the electrons 
and this condition limits the radiation of high energy 
electrons. In the second place, they also state that the 
radiated frequency decreases with increase of the par- 
ticle energy. The angular distribution i s  assumed 
equal to the distribution of a stationary dipole. It is 
also assumed that positrons cannot radiate. The fact i s  
that the intensity of radiation in the optical region de- 
pends in a complicated way on the energy (see the text 
of our article after Eq. (37)). In the very interesting 
case of radiation in the x-ray and y-ray regions the in- 
tensity increases a s  the square of the energy, i.e., in 
our calculations i t  i s  higher by a factor P. This gives 
a difference, for example, for E =1 GeV of thirteen or- 
ders  of magnitude. The mistake made by these authors 
is apparently explained by the fact that in using for their 
intensity calculation the formula for a stationary dipole 
(see Eq. (3) in Ref. 13) they assumed a decrease in the 
frequency of oscillation a s  the result of the relativistic 
mass increase. In that case the intensity falls off a s  
ym2. 

This discussion, however, is not valid, since, in con- 
trast  to a dipole, a channeled particle moves in an ex- 
ternal field and in the transition to a moving frame 
(where the longitudinal velocity of the particle is equal 
to zero) the potential barrier increases by a factor of 
Y. 

An underestimate of the Doppler effect for the chan- 
neled particle led to erroneous equations (9) and (10) 
in Ref. 13 for  the probability and frequency of radiation 
and to the neglect in that work of the possibility of a 
Doppler shift of frequencies in the x-ray and y-ray re-  
gions a t  high particle energies. 

Vorobiev et ~ 1 . ~ ' ~ ~  measured the radiation of photons 
in the visible region on the passage of 2.26-MeV elec- 
trons through a single crystal of rock salt  under condi- 
tions of channeling. The authors assume that the in- 
crease in radiation intensity in the visible region for 
motion of the beam along the axis i s  due to spontaneous 
transitions of channeled particles and agrees with their 
theoretical predictions. However, the angular distri- 
bution of photons falls off in their case with increase 
of the angle of radiation, while according to our theory 
it should rise,  since the radiation occurs under condi- 
tions of the anomalous Doppler effect (see our formula 
(55)). In addition, for alignment of the direction of 
beam motion along the (100) axis of the single crystal, 

Vorobiev et al. U31 observed a maximum photon inten- 
sity, whereas it is  known from the experiments of these 
same authorsca4] on passage of electrons that under 
these conditions a minimum of channeled electrons is 
observed. Estimates show that under the conditions of 
this experiment the background of Cerenkov radiation 
from 6 electrons was much greater than the intensity of 
spontaneous radiation under conditions of channeling. 
The observed increase in photon intensity under chan- 
neling conditions was due not to the mechanism discus- 
sed by us but, apparently, to the ordinary increase of 
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bremsstrahlung on channeling of electrons, which is 
well known.D51 

4. ESTIMATES OF ENHANCEMENT COEFFICIENT 

For simple estimates the enhancement coefficient can 
be taken in the form G =A2UN, /7~w,  where Aw i s  the 
real width of the line (Amin can be made close to A by 
choice of the particle energy). Let us f i rs t  estimate 
TAW with allowance for broadening. In our case it i s  
due to the following factors: multiple scattering, beam 
nomonochromaticity, and band broadening a s  the result 
of lattice periodicity. The value of T can be estimated 
classically. c31 Here for positrons with E =I00 MeV in a 
(110) channel of silicon we obtain 7=5  XlO-" sec. 

Broadening of a line a s  the result of multiple scatter- 
ing can be estimated from the formula A w = PI, c/xlh, 
where xlh is the length for dechanneling of half of the 
particles. Another estimate of Aw by means of the co- 
efficient'of absorption of particles from the beam due to 
inelastic scattering by electrons, derived by O h t s ~ k i ~ ~ ~ ~  
in complex potential theory, gives similar results. For 
positrons in silicon in this case for E =l  MeV we have 
xlh=(lO-20) p and Aw-IO'~ sec-'. It is  evident from 
this that TAW - lo2 a t  low energies E = l  MeV. However, 
for E = 1 GeV a value x ,  ,+ 2 1 p i s  observed, which gives 
A W  = 10'' sec" and TA w = 1, For electrons with E = 3 
MeV in the (111) direction of tungsten x ,  l2Z 1 p ,  which 
means ~ w - 1 0 ' ~  sec-'. Electrons and heavy crystals 
a re  poorer in this respect a s  the result of more rapid 
dechanneling. Beam nomonochromaticity also produces 
broadening of a line a s  the result of Doppler effect, and 
here ~w =S2,,~y/y. It is  evident from this that for 
Ay/y 2 (which i s  presently achievablec2" ) Aw = lo" 
sec". For transverse energies close to the barrier 
height U,,, for relativistic particles with mass ym, the 
broadening can amount to Pihw= 10-2-10-3 eV. However, 
for well channeled particles with EL<< Urn,, the bands 
degenerate into discrete lines and the broadening a s  the 
result of this factor can be neglected. It can be seen 
from this analysis that the principal mechanism of 
broadening a t  high energies i s  beam nomonochromatic- 
ity, but it is  possible already a t  the present time to ob- 
tain a value TAW = lo2 in the optical region and TAW = 1 
in the x-ray region. Hence it follows that to obtain 
GL> 1, where L is the length of the enhancement zone 
(or the path of the photons before atsorption or scatter- 
ing), is necessary, for A=104-lo3 A, to have AN, 
=1010-108 cm-3 for L = l  cm, i.e., with a current den- 
sity2104A/cm2 it  i s  possible to provide enhanyment 
over a wide region of wavelengths up to A - lo3  A. (In 
the case of channeling the difference in populations can 
amount to about one tenth of the beam density.) 

At the present time electron current densities up to 
lo8 A/cm2 with energy -10 MeV are  achieved. However, 
at these particle energies a crystal can withstand 
beams only up to lo8 A /cm2. It is possible by means of 
storage rings to obtain such beam current densities 
even in the energy region of the order 1 GeV. If i t  is 
possible to achieve good beam monochromaticity 
(Ay/y < loe4), then i t  will be possible to obtain enhance- 
ment in the x-ray frequency region a t  currents -10' 

FIG. 1. Diagram of experiment. 

A/cm2. Heating and destruction of the crystal can be 
avoided by rapid scanning of the electron beam. 

An advantage of the lasers  proposed i s  the possibility 
of retuning the generated frequency. This is achieved 
by simple rotation of the crystal  with respect to the 
incident-beam direction (see the figure). Change in 
frequency can be obtained also by change of the cry- 
stallographic channeling direction and by replacement 
of the target ( targets with larger Z correspond to high- 
e r  frequencies). At high currents we have GL>>l, s o  
that it is  possible to work without mirrors.  In order to 
enhance only the radiation forward and to reduce the 
effect of the beam on the crystal, i t  is  necessary to 
scan the beam along crystallographic planes. 

It should be noted that there is a definite analogy be- 
tween enhancement of the radiation of channeled par- 
ticles and the excitation of electrons in a magnetic field. 
The latter mechanism has been discussed in detail by 
Ginzburg and  rank,'^' who showed the instability of the 
motion of electrons in motion faster than the speed of 
light in a medium (the anomalous Doppler effect). In 
the case of channeling the enhancement is, in addition, 
also possible with the normal Doppler effect. 

5. COMPARISON WITH SYNCHROTRON RADIATION 

We shall present quantitative evaluations of the flux 
of spontaneous radiation of a channeled particle and 
compare them with the synchrotron radiation of the 
Pakhra accelerator now being built in the U S S R ~ ~ ]  and 
with the DESY synchrotron in Germany. 

TABLE I. Number of photons radiated at wavelength 

--- - -- 

Pakhra synchrotron 

0.05 Projection mode 
Storage mode with local mature  
of orbit (wiggler) 

DESY synchrotron 

7.5 c e v  I 5300 I. 
Channeling 

1% MeV I lo* I Channeling of electrons in [ I  101 
direction in silicon crystal 
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Consider the probability of radiation of a photon for -  

ward, i.e., at 8=0. F r o m  Eq. (56) we obtain 

The  relat ive width of the spec t ra l  line, which w a s  eval- 
uated in the preceding section, we will take as of the 
o r d e r  Tor a silicon single c r y s t a l  the quantities 
are r, -0.3 Aand Q,, sec". Proceeding f r o m  
these  values and choosing a c r y s t a l  thickness  of the 
o r d e r  of 1 mm, we obtain the values given in the table. 
A s  can be  s e f n  f r o m  th i s  table, for  the same beam cur-  
ren t  at A =1 A we obtain a n  advantage of 5-11 o r d e r s  of 
magnitude, depending on the mode of synchrotron oper- 
ation. Here  we mus t  keep in mind two aspects :  First, 
accelerat ion of the par t i c les  to significantly lower en- 
e r g i e s  is required;  second, it is possible to obtain rad-  
iation of s h o r t e r  wavelengths A <  1 ii with s t i l l  higher 
efficiency (see Eq. (58)), which is completely impossible 
with contemporary synchrotrons. 
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