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A new physical effect is theoretically predicted, namely intense spontaneous emission of y photons by 
relativistic channeled particles. The theory of this phenomenon is developed by the method of quantum 
electrodynamics and classical mechanics. Both approaches give practically the same results. In the 
quantum approach, the radiation is due to the transitions between different levels formed in the potential 
of the atomic planes and chains. At particle energies -0.1-10 GeV, the radiation is most intense in the 
band from 0.1 to several dozen MeV. Although the total radiation intensity is less than the 
bremsstrahlung intensity, the spectral density in the region of the maximum of the radiation can greatly 
exceed the bremsstrahlung density. The effective cross section for the photoabsorption on the nuclear 
transitions in this region is larger by several orders of magnitude for the radiation of the channeled 
particles than for the bremsstrahlung, thus uncovering, in principle, new possibilities in nuclear physics. It 
is shown than the radiation has several fundamental attributes that distinguish it from the ordinary types. 
The feasibility of observing this effect in experiment is discussed. 

PACS numbers: 61.80.Mk 

INTRODUCTION 

The channeling effect has been the subject of a large 
number of investigations (see, e. g., Gemmel's re-  
view). "' In this article we consider mainly channeling 
of light particles, positrons and electrons. According 
to Lindhard's predictionsc21 it  has turned out that with 
increasing energy the treatment of channeling by clas- 
sical mechanics becomes more and more correct. Cs-53 

The angular distributions and the different possible 
states of the particles were thoroughly measured and 
calculated. C6-11 

The behavior of relativistic positrons turned out to  be 
close to the behavior of protons, and to explain electron 
channeling along an atomic chain, the "reseton" model 
has been proposed. C12' The electron turns out in this 
case in a bound state in the potential well of the chain 
and moves around the chain. It was shown experimen- 
tallyc1s1 and t h e ~ r e t i c a l l ~ ' ' ~ '  that when positrons a re  
channeled the bremsstrahlung is substantially suppressed 
because the contribution of the short-range collisions 
decreases. At the same time, the bremsstrahlung in- 
creases in the case of electron channeling. '''] 

Kalashnikov et al. have shown that for nonrelativis- 
tic particles there is produced in the channel one level. 
In this case, naturally, radiation is then possible. A 
situation is possible, however, 'I5' in which the wave 

function of the particle entering the crystal differs from 
the ground state, s o  that radiation becomes possible by 
a transition to the ground state. Even earlier, Thomp- 

had suggested the possibility of stimulated emis- 
sion by protons in transitions to different states that a re  
formed in the channel. This stimulated emission, in 
Thompson's opinion, lies in the infrared region and is 
due to particle scattering by phonons. 

In this paper we consider a new type of radiation, 
which is possible when particles a r e  channeled. It is 
kn~wn''~' that a large number of levels is produced when 
the energy of the particles in a channel i s  increased. 
Spontaneous emission becomes possible, in principle, 
a s  a result of transitions between these levels. The 
relativistic electrons and positrons emit in this case 
hard y rays. The possible existence of this effect was 
proposed inCIB1. This effect can also be interpreted on 
the basis of classical mechanics. The radiation power 
in the frequency region in which i t  takes place, turns 
out to be unusually large, exceeding by approximately 
two orders of magnitude the bremsstrahlung and by 6- 
9 orders  of magnitude the radiation power of modern 
synchrotrons. 

In the construction of the theory, no account was taken 
of certain secondary processes, such a s  dechanneling 
(see, e. g., C19411 on this subject), the effect of the radi- 
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ation itself on the trajectory, etc, . These processes 
can be additionally taken into account in the interpreta- 
tion of the experiments. 

I. RADIATION IN  PLANAR CHANNELING OF 
ELECTRONS. CLASSICAL CALCULATIONS 

At high electron velocities, the concepts of classical 
mechanics are applicable to channeling. The reason is 
that the number of produced levels becomes in this case 
much larger than unity. According to ~haderton~"] and 
Andersen et al. C31 the number of levels in a planar chan- 
nel i s  equal to 

where y = (1 - V ~ / C ~ ) - ' ~ '  is the relativistic factor. For- 
mula (1.1) was obtained under the assumption that the 
distance between the planes is approximately equal to 
5 Bohr radii. It is seen from (1.1) that n;> 1 in the rel- 
ativistic case. For the calculations that follow we shall 
use the potential Y(y) introduced by ~ indhard '~]  for the 
atomic plane: 

Y ( y )  =ZnZ,Z,e?Nd, [ (y'+C?a2) '::- y 1, (1.2) 

where y is measured from the plane, d, is the width of 
the channel, N i s  the density of the atoms, Zle and Z2e 
are respectively the charges of the particle and of the 
atoms of the target, C = 43, and a is the screening pa- 
rameter in the Thomas-Fermi model of the atom. For 
the electrons, the potential (1.2) is attracting (i. e., the 
right-hand side of (1.2) should be taken with a minus 
sign). The electrons are captured in the potential well 
and move towards the atomic plane, cross it, are then 
again returned by attraction, etc., until they become 
dechanneled. Thus, the electron oscillates near the 
plane and its trajectory recalls a sinusoid in first-order 
approximation. 

For simple estimates, we expand the potential (1.2) 
in a series about the point y =0, confining ourselves to 
the second term of the expansion, i. e., we assume that 
the electron is  captured in a parabolic well. Of course, 
this approximation i s  not very exact and is used here 
only to simplify the calculations. " 

We direct the z axis along the longitudinal velocity of 
the electron, i. e., along the atomic plane. The equa- 
tion of motion in a parabolic potential is given by 

where Vo =2nZ1Zz e2~d,/Ca; v, =dy/dt and v, =dz/dt are  
the velocities in the directions of y and z.  In the case 
of channeling v, << v,. The solution of (1.3) is 

y ( t )  =y, sin at, (1.4) 

y, is the initial amplitude. 

Since the particle trajectory i s  bent by the action of 

the potential of the plane, radiation should be produced. 
The power of the radiation of a relativistic particle 
(v,= C) moving along a circle with radius R is 

where R2 is the square of the curvature radius, and E is 
the particle energy. Let us find R' for our case. When 
the particle moves with acceleration, the instantaneous 
curvature radius is 

where z f  is the change of the transverse velocity. In 
our case 6, = - w 2y: sinzt, i. e., on the average R' 
= 2c */5 4y:. Therefore the power is on the average 

Since the gradients of the fields of the atomic chains and 
planes are - 10""~ e ~ / c m ,  the average curvature radius 
in the case of channeling i s  very small. Therefore the 
power turns out to be very large, higher by approxi- 
mately 6-9 orders of magnitude than in modern syn- 
chrotrons. 

Table I shows a comparison of some of the radiation 
parameters in channeling and in bremsstrahlung. The 
bremsstrahlung was calculated under the assumption 
that there i s  no channeling. The number of photons was 
calculated in the radiation-frequency interval 0. lu ,  
c w c w,, where w, = (1 +vJc)zy2 is the maximum radi- 
ation frequency in channeling. It is seen that although 
the total intensity of the bremsstrahlung i s  much larger 
than the channeling radiation, however, since the spec- 
tral density of the radiation in channeling at w = w, i s  
much larger than that of the bremsstrahlung, the num- 
ber of photons is greater by more than one order of 
magnitude in the case of channeling than the number of 
bremsstrahlung y photons. Thus, for example, at 
E = 1 GeV, in the (110) channel in the Si crystal, the 
value of the spectral density at w =om is approximately 
40 times larger than the corresponding value for the 
bremsstrahlung photons (for more details see Sec. 6 
below and Fig. 1). 

2. RADIATION IN THE CASE OF PLANAR 
CHANNELING OF ELECTRONS. QUANTUM 
CALCULATION 

In our case the electron moves with relativistic veloc- 
ity along the plane and executes at the same time non- 

TABLE I. comparison of the energy dependence of the radia- 
tion parameters in the case of channeling (I) of positrons in 
silicon in the (110) channel and bremsstrahlung* (m. 

Radiation power, W .Maximum radiation 
Energy, frequency, 1 0 a 2  set- Number of quanta, cm-' 

 h he bremsstrahlung was calculated for a non-oriented target. 
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relativistic transverse motion. Therefore the longitudi- 
nal motion can be described by the Dirac equation, and 
the transverse motion by the Schrbdinger equation. 

This expression takes into account the fact that the solu- 
tion must describe an electron with spin both up and 
down. 

From (2. lb) we can obtain an expression for  q,, ne- 
glecting Y(y) in comparison with E: 

We start with the Dirac equation in the two-component 
form 

(2. la)  

(2. lb) where p = - B V  is the momentum operator. 

To calculate the radiation power I we use the quantum 
theory of where u =  (o,, u,, u,) a re  Pauli matrices; from (2. lb) and 

(2. la)  we obtain for J I ,  

tic E - Y ( y )  -ntc- 

(") c(E-Y ( y )  +mcz)  
(~V' )v~- i  $.=O. 

hc 
(2.2) 

Recognizing that Here 

no =x/I H l is a unit vector and x is the wave vector of 
the emitted photon. i t  follows from (2.2) that 

The matrix element is equal to d?$. + E2-m2c"-ti2c'(k.2+k,?) -2EY ( y )  qn=O, - 
dy2 R'c' 

(2.3) 

Formula (2.3) is the Schrbdinger equation for the 
transverse motion: 

u a r e  Pauli matrices and x, ,, = (El, - E,)/Ec, i. e., we 
a r e  considering a spontaneous transition from the state 
Ell to the state El. It is seen from (2.7) that 

It must be borne in mind that for the transverse mo- 
tion the potential Y(y) is a periodic function with period 
d,. In the general case, therefore, to solve the wave 
equation it is necessary to introduce the Bloch condi- 
tion 

If the calculation i s  carried out for the potential Y 
= V, y2, then we obtain in the dipole approximation (i. e. , 
exp(- i x, y) = 1) an intensity value 

where k is the quasimomentum. We, however, a re  in- 
terested primarily in well-channeled particles with low- 
lying levels. In this case, a s  shown by estimates, we 
can confine ourselves to the solution of the equation in 
one potential well. For particles with transverse en- 
ergy close to the potential barr ier  allowance for the 
Bloch condition leads to the formation of a band struc- 
ture. We propose to deal with this interesting problem 
in a different paper. 

where n is the principal quantum number; in this case 
the selection rule is An =* 1 (dipole transition in a har- 
monic well). As p,- 1 we obtain from (2.11) with the 

- 2  2 aid of the relation E & = 3 m,,, w y, 

i. e., a calculation based on the use of quantum electro- 
dynamics confirms the simples classical estimate. 

From (2.4) we obtain the eigenvalues for the trans- 
verse motion: 

3. RADIATION IN AXIAL CHANNELING OF 
POSITRONS 

The potential U, in the axial channel is the sum of the 
potentials of the nearest atomic chains: 

where n runs through integer values. The solution of 
(2.4) for a harmonic potential is expressed in terms of 
Hermite polynomials. The solution of (2.3) now takes 
the form 

where Ui is the potential of the i-th atomic chain; for 
the standard Lindhard we have 
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where d is the distance between the atoms in the chain, 
bi i s  the distance from the i-th chain to the center of the 
channel, and r is measured from the center of the chan- 
nel. The potential (3.2) can be expanded in a Taylor 
ser ies  about r =0, assuming azimuthal symmetry. In 
this case 

Z,Z,ez (Ca) ' n 
L', (r) = -- 

d [b2+ (Ca)']' '" 

In the calculation of (3.3) i t  assumed that the number of 
the nearest chains is equal to n and that all  a r e  located 
at a distance b from the center. 

For the potential (3.3) the formula obtained for the 
intensity is similar to (1.8) with y, replaced by the ini- 
tial amplitude r ,  of the particle in the channel; in addi- 
tion we have in this case 

We see therefore that in axial channeling the radiation 
is harder than in planar channeling. 

The quantum analysis shows that 

The energy levels in a two-dimensional harmonic well 
a re  given byh4] 

wheren=IMl +2n,. Herem=O, i l ,  i 2 ;  n,=O, 1, 2. 
The selection rules for the radiation a r e  in our case 

In the case of planar channeling of positrons, the as- 
sumption of a harmonic well near the midpoint of the 
channel is a fair approximation. The formula for the 
power i s  then similar to (1.8), except that 

0.35 8nNZ,Z,ezl a2 = - (i-pzl)' . 
m be" (3.8) 

where I =d, /2  is half the distance between planes, and 
b =O. 3/a. In the derivation of (3.8) we used a Thomas- 
Fermi potential in the Moliere approximation. The 
selection rules a r e  An = i 1, where n is the principal 
quantum number. 

4. RADIATION PRODUCED BY AXIALLY 
CHANNELED ELECTRONS 

Axially channeled electrons can execute motion of the 
rosette type. To simplify the calculations we shall 
assume that the trajectory is a helix that winds around 
the atomic chain. 

From the requirement that the angular momentum L 
and the transverse energy E, be conserved we can ob- 

tain in the ultrarelativistic approximation 8,- 1 the 
curvature radius 

where U is the Lindard potential of the continuous atomic 
chain. This potential can be chosen in the formCg1 

where parameter Cis chosen such that U agrees best 
with the standard Linhard potential. The average 
curvature radius is then 

where f is the mean squared radius of the helix around 
the atomic chain. Substituting (4.3) in (1.6) we obtain 
the value of the intensity. 

In the quantum approach, the radiation is due to the 
change of the quantum number L. The selection rules 
a re  

5. SPECTRAL AND THE POLARIZATION 
PROPERTIES OF THE RADIATION 

As seen from the foregoing, in the ultrarelativistic 
limits the classical and quantum approaches yield close 
results. Classical electrodyanmics can therefore be 
used to cast light on certain properties of the radiation. 
Moreover, many results of the theory of ondulatory 

can be transferred to  our case, the only 
difference being that the oscillation frequency in the 
channel depends on the relativistic factor y, i. e., on 
the energy. 

The energy dE radiated by a particle into a solid angle 
element d in the interval d61 is given in the theory of 
ondulatory by the formula 

where A, is a vector proportional to the Fourier compo- 
nents of the electric field intensity: 

where n is a unit vector in the direction of the emitted 
y photon, @= v/c, v is the total velocity, and r(t) is 
specified by the particle trajectory. 

As seen from (5.2), the radiation spectrum is formed 
on the entire particle trajectory. It is therefore con- 
venient to use the averaged spectral radiation intensity, 
defined as the ratio of the energy radiated by the par- 
ticle over the entire length X, of the crystal into a unit 
solid angle and a unit frequency interval to the travel 
time: 
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d l  v,  dE -- 
do dS1 I ,  do dB' 

We assume here that the longitudinal particle velocity 
v, remains unchanged. To calculate the spectral dis- 
tribution we now consider by way of example planar 
channeling of positrons. We direct the z axis along the 
plane and the x axis across the channel. In aharmonic 
well x = x ,  sinwt, z = v2t, y = 0 we then have 

Formula (5.4) specifies the particle trajectory ~ ( t ) .  
Substituting (5.4) in (5.2) and (5.3) we can calculate the 
emission spectrum in the same manner a s  for the ondu- 
latory radiation. C27*281 

The result can be obtained in simpler fashion by using 
the formula for the radiation intensity: 

which follows from the Maxwell-Lorentz equation; here 
j is the current-density vector (j* = j) and E is the elec- 
t r i c  field vector. In our case, obviously, the charge 
and current densities a r e  respectively equal to 

p=-e6 (x-x,, sin at)  6 (z-vJ) 6 (Y), 

j=vp/c. 

To solve the wave equation for the radiation-field po- 
tential we use a series expansion of the functions that 
enter in the equation and a Fourier integral of the fol- 
lowing type (for details see, e. g., '=I): 

It turns out that 

where G is the Green's function: 

c1,=\.13 +c,k,. 

The radiation can then be expressed in the form 

where GI and Go a r e  the singular and nonsingular parts 
of the Green's function 

In the ultrarelativistic limit, when v,/c - 1, we obtain 
from (5.10) the following angular distribution in the 
dipole approximation: 

the z axis. This formula differs from the ondulator 
formula because in our case w depends on the relativis- 
t i c  factor y, whereas in the case of the ondulator there 
is no such dependence. 

In the dipole approximation, when radiation on the 
f i rs t  harmonic is considered (the intensities of the re- 
maining harmonics a r e  negligibly small), it is custo- 
mary to useL2'] a spectral distribution normalized to 
unity: 

An analysis of (5.10) with allowance for the f a d  that 
for the f i rs t  harmonic we have 

shows that in the ultrarelativistic limit 

where I is given by (1.8). The value of w in I is given 
by (3.9) in the case of planar channeling of positrons. 

In the case of planar channeling, just a s  for an ondula- 
tor  with sinusoidal trajectory, C271 we have linear polar- 
ization. Let the projection of the radiation vector k on - 
the xy plane make an angle cp with the z axis (the vector 
itself makes an angle 9 with the z axis). We introduce 
a unit polarization vector i parallel to the electric field 
(see (5.8)). In the ultrarelativistic limit we then have 

i. 1 ~ - ~ - 0 '  
- m Z I - - -  
i, 2 sin0 sincp 

It is obvious therefore that a t  cp = O  and cp = 7r/2 the vector 
i lies in the plane of the orbit, i. e., in the xz plane. 

6. EFFECTIVE ABSORPTION CROSS SECTION. 
COMPARISON WITH OTHER TYPES OF RADIATION 

We consider a certain state of the nucleus with a life- 
time T = ~ / r ,  where I' is the width of the level under con- 
sideration. The cross  section for resonant scattering 
o r  absorption of y photons is given in this case by the 
Breit-Wigner formula. Of practical interest is the ef- 
fective cross section, which is obtained by averaging 
the resonant cross section over the spectral distribution 
of the radiation in question. 

The effective bremsstrahlung cross section a:,, isL293 

where Eli, is the maximum value of the y-photon energy, 
Eli, =E, and o,, is the resonant cross section. 

In our case, when the distribution (5.13) is used, we 
obtain 

where 0 is the angle between the radiation direction and 
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FIG. l. Spectral distribution of radiation of channeled posi- 
trons with energy 1 GeV in the planar channel (110) of silicon 
(curve 1) and the bremsstrahlung spectrum (curve 2). 

From (6.1) and (6.2) we get 

chan 

where = 2Vo/m i s  the natural frequency of the particle 
oscillation in the channel (without allowance for the rel- 
ativistic factor). It is seen from (6.3) that at E-  100 
MeV and no- 1016 sec" (a typical case) we have 

chan b 
aeff /a.ff > iOS.  

Thus, the effectiveness of the action of the radiation 
produced by channeling on the nuclear transition is high- 
e r  by several orders of magnitude than the effective- 
ness of the bremsstrahlung. The reason is that the 
bremsstrahlung spectrum is close to a constant quantity 
that extends from 0 to E,,,, and therefore the fraction 
of the photons used for resonance i s  small (of the order 
of - r/E,,,). In the case of channeling, the spectrum 
has a good degree of monochromaticity and therefore 
a::? i s  quite large. 

As an absolute measure of the effectiveness of the 
action of the radiation on a certain nuclear transition we 
can use the spectral density of the radiation in the cor- 
responding frequency band. Figure 1 shows the results 
of the calculation of the spectral density for positrons 
at E = 1 GeV in silicon for the (110) channel, and also 
the results of the calculation for the bremsstrahlung. 
The spectral distribution f or the case of channeling was 
calculated from the formulas 

As seen from the figure, when w = w, (om =3.58 10'' 
sec) the spectral density of the radiation i s  approxi- 
mately 40 times larger in the case of channeling than 
the bremsstrahlung density. We note that with further 
increase of the particle energy, this ratio becomes 
even larger. 

In the calculation of the bremsstrahlung spectrum it 
was assumed that the beam i s  so oriented that no chan- 
neling appears. From the experimental point of view, 

however, it is important to know also the background of 
the bremsstrahlung radiation in the case of channeling. 
It is that usually the positron bremsstrahlung 
i s  substantially suppressed (by a factor of 5-10) in the 
case of channeling. This means that the spectral den- 
sity of the radiation of the channeled particles at w = w, 
exceeds by more than two orders of magnitude the den- 
sity of the accompanying bremsstrahlung at E-  1 GeV, 
i. e., the effect should be easily observed. 

Figure 2 shows the results of the calculation of the 
number of y photons emitted on 1 cm of path in a unit 
frequency interval. This number, for the case of chan- 
neling, was calculated from the formula 

The same number for bremsstrahlung was calculated 
from the approximate formula 

d'N 4 1 1  
dxdo 3 o R  

where R [cm] is the radiation length. 

Comparison with synchrotron radiation also shows 
that the monochromaticity of the radiation is substan- 
tially better in channeling. In addition, i t  must be borne 
in mind that the minimum wavelengths obtained with 
modern synchrotrons a re  close to 0.1 A (i. e., Aw- 100 
keV); the beam energies are  in this case of the order of 
1-10 GeV. 

In the case of channeling one can obtain at these en- 
ergies values of Ew on the order of several dozen MeV, 
i. e., it is possible in practice to investigate all the nu- 
clear transitions, and since the effective cross sections 
are  large in this case, it is clear that the radiation of 
the channeled particles uncovers in principle new pos- 
sibilities in nuclearphysics. In the case when the an- 
gular divergence of the beam i s  less than l/y (a readily 
attainable value), one harmonic is emitted at a given 
angle, with a line width 

FIG. 2. Number of y photons emitted per cm of length in a 
unit frequency interval by channeled electrons with E = 1 GeV 
in silicon in the channel (110) (curve 1). Curve 2-the same 
for bremsstrahlung. 
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TABLE 11. Comparison of certain characteristics of various types of radiation. 

where $is the number of waves spanned by the entire 
trajectory of the channeled particles; the wavelength is 
S 1 pm for a particle with E - 0.1-1 GeV. The wave- 
length i s  defined here a s  the spatial periodicity of the 
particle trajectory. The attainable value of .T is lo3. 
Therefore a t  Aw" 100 keV we have Aw - 100 eV, i. e., 
when radiation at a given angle is considered, a high 
degree of monochromaticity can be attained. It turns 
out here that 

Mass dependence 
of the intensity 

Energy dependence 
of the intensity 

Energy dependence 
of the maximum 
frequency 

Mass dependence 
of the maximum 
frequency 

Presence of radia- 
tion threshold 

It is clear that in this case the intensity decreases, 
since we "cut out" a small angle when radiation is de- 
tected at a given angle. At 3 >> 1 the radiation frequency 
is uniquely connected with the emission direction by the 
relation (at n = 1) 

where Sit = 2Vo/m. It is seen from (6.10) that, gener- 
ally speaking, the emission line width is determined by 
the cut-out angle a t  which the radiation is observed 

Cerenkov 
radiation 

No depen- 
dence 

No depen- 
dence for 
relativistic 
particles 

. 

Present 

Therefore, in order for relation (6. 8), meaning also 
(6.9), to be valid if 

The maximum radiation frequency and the intensity in,  
one and the same crystal depend on the orientation and 
on whether the channeling is axial o r  planar. There- 
fore, in one and the same crystal (at a fixed beam en- 
ergy) the radiation frequency can be varied by a factor 
3-4, and the intensity by approximately two orders of 
magnitude. If the target is changed, then the frequency 
can be varied by one order of magnitude and the inten- 
sity by approkmately four orders. 

Brems- 
strahlung 

M ; ~  

E  

E 

Absent 

The maximum frequency w, depends on the potential 
of the channel, so that by measuring this potential i t  is 
possible to obtain information on the lattice potential. 
In addition, it is possible here to obtain also informa- 
tion on the initial energy of the beam. By exciting a 
fully defined nuclear transition with a known line width, 
i t  is possible to measure w, quite accurately, meaning 
also the energy of the primary particle beam. Inciden- 
tally, this method of exciting nuclei can be used to ob- 
serve the radiation effect itself. 

Table 11 shows a comparison of this radiation with 
other types of radiation. It is seen that the radiation 
produced by channeling differs in i ts  properties from 
the known types of radiation. It is closest to ondulatory 
radiation. We therefore consider in greater detail the 
difference between the two. 

Synchrotron 
radiation 

M i 2  

E~ 

E 

M i 1  

Absent 

7. RELATION BETWEEN THE RADIATION OF A 
CHANNELED PARTICLE AND RADIATION IN AN 
ONDU LATOR 

To demonstrate more clearly the difference between 
the radiation in a lattice channel and the ondulator radia- 
tion, we recall the derivation of the maximum radiation 
frequency w,. From the derivation (see (1.8)) i t  is 
seen that the equation of the particle oscillation in the 
channel is of the form 

Ondulator 

No depen- 
dence 

E 

E~ 

Nodepen- 
dence 

Absent 

where 5 = 2vo/m y, and Sj  is the particle oscillation fre- 
quency in the laboratory frame. Equation (7.1) de- 
scribes the natural oscillations of the particle. 

Radiation in 
channeling 

M i 2  

E 

E3/ 2 

M ; ' / ~  

Present 

The ondulator idea is due to V. L. Ginzburg. c311 The 
Ginzburg ondulator equation isC2'' 

where E = Eo coswot is the external field. Equation (7.2) 
describes forced oscillations. 

The difference between the solution (7.2) and the solu- 
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With the aid of (8.2) we easily estimate the influence of 
the anharmonicity on the spectrum-see Fig. 3. This 
figure shows the spectrum for positrons with E = 1 GeV 
in silicon in the (110) channel. The quantities I and w, 
a r e  given by 

I I I I , i I ,  
0 o,q fl* I. ,_ ( 2  where I is the half-width of the channel. In this case 

w/w,  
F=0.03 W and w , = 1 . 4 2 5 ~ 1 0 ~ ~  sec-'. It is seen that the 

FIG. 3. Positron emission spectrum in silicon: 1-harmonic anharmonicity leads to a small broadening of the spec- 
case; 2-anharmonic case. 

trum. 

tion (7.1) lies in the fact that in our case w depends on 
Y (i. e., on the energy), while in the ondulator the oscil- 
lation frequency is specified beforehand and i s  equal to 
o,. In the ondulator, the external field drags the par- 
ticles, and in our case, owing to the relativistic in- 
crease of the particle mass with increasing energy of 
the particle, Sj  decreases. This physical difference 
leads in final analysis to w , ~  ySf2  in our case and w, 
a y2 in the ondulator, i. e., the ondulator is a more ef- 
fective frequency converter (and this is i t s  principal 
function). 

However, the minimal wavelengths in modern ondu- 
lators a re  - 10 A, whereas in our case - lo4 is at- 
tainable, i. e., the radiation produced by channeling is 
much harder than in the ondulator. The difference be- 
tween these two types of radiation manifests itself most 
strongly in the quantum analysis of the radiation due to 
channeling. The channeling radiation, generally speak- 
ing, is a pure quantum effect (a spontaneous transition 
between levels). Indeed, according to formula (1. I), 
when the particle energy decreases and its velocity is 
nonrelativistic, the number of levels drops to one. In 
this case, naturally, the radiation considered by us van- 
ishes. 

To observe in experiment the channeling-radiation ef- 
fect, the y-photon spectrometer must be placed strictly 
behind an oriented target and tuned to the emission fre- 
quency w- om. It is also possible to use the polariza- 
tion properties, as well as install a special monchro- 
mator that separates the required line. 

8. EFFECT OF ANHARMONICITY OF THE POTENTIAL 
ON THE FREQUENCY SPECTRUM OF THE RADIATION 

Let us estimate the influence of the anharmonicity in 
planar channeling of positrons. In the case of an anhar- 
monic potential, the equation of motion of the particles 
in the channel is 

Here o! is the anharmonicity parameter; usually a x 2  
<< 1. C211 The first-order approximation of the solution 
of this equation is 

CONCLUSION 

It is seen from the foregoing analysis that an experi- 
mental observation of the effect entails no substantial 
difficulties. At the same time, if the calculated emis- 
sion parameters a r e  experimentally confirmed, then 
this uncovers in principle new possibilities in nuclear 
physics, for in this case the experimenters a r e  provided 
with a tool that is capable of acting much more effec- 
tively on the nuclear transitions than the presently known 
types of radiation. 

In conclusion, I wish to t h e  V. S. Vavilov, E. P. 
Velikhov, E. A. Romanovskii, I. B. Teplov, and 0. B. 
Firsov for useful discussions and for interest in the 
work. 

I thank V. B. ~eloshitsk; and particularly R. Wedel 
for help with the work. 

')At the same time, in the case of planar channeling of posi- 
trons. the approximation of a parabolic well near the mid- 
point of two planes is quite correct. The intensity is cal- 
culated here in the same manner as  for electrons. The in- 
fluence of the anharmonicity can be taken into account s e p  
arately (see below). 

'B. S. Gemmel, Rev. Mod. Phys. 46, 129 11974). 
2 ~ .  Lindhard, Mat. Fyz. Medd. Dan. Vid. Selsk. 34, (No. 14) 

(1965). 
3 ~ .  U. Andersen, W. M. Augustnyiak, and E. ~ggerhdj ,  Phys. 

Rev. 3B, 705 (1971). 
4 ~ .  J. Pedersen, J. U. Andersen, and W. M. Augustnyiak, 

Radiat. Eff. 12, 47 (1972). 
%. K. Andersen, F. Bell, F. Frandsen, and E. Uggerhdj, 

Phys. Rev. 8B, 4913 (1973). 
6 ~ .  J. Bobudaev, V. V. Kaplin, and S. A. Vorobev, Phys. 

Lett. A45, 71 (1973). 
7 ~ .  Schiebel, A. Neufert, and G. Glasnitzer, Phys. Lett. 

A42, 45 (1972). 
8 ~ .  Komaki and F. Fujimoto, Phys. Lett. A49, 445 (1974). 
OA. Tamura and T. Kawamura, Phys. Status Solidi B 73, 391 

(1976). 
'OH. Kumm, F. Bell, R. Sizmann, and H. J. Kreiner, Radiat. 

Eff. 12, 53 (1972). 
"A. Tamura and Y. N. Ohtsuki, Phys. Status Solidi B, 62, 

477 (1974). 
1 2 ~ .  J. Kreiner, F. Bell, R. Sizmann, D. Harder, and W. 

Huttle, Phys. Lett. A33, 135 (1970). 
"G. L. Bochek, I. A. Grishaev, G. D. Kovalenko, and B. I. 

Shramenko, Proc. 6th All-Union Conf. on the Physics of the 
Interaction of Charged Particles with Single Crystals, Mos- 
cow, Univ. Press, 1975, p. 256. 

1 4 ~ .  N. Kalashnikov. Proc. 5th All-Union Conf. on the Physics 

788 Sov. Phys. JETP 45(4), Apr. 1977 M. A. Kurnakhov 788 



of the Interaction of Charged Particles with Single Crystals, 
Moscow Univ. Press ,  1974, p. 233. 

I%. P. Kalashnikov, E. A. Kortelov, and M. I. Riazanov, 
in: Atomic Collisions in Solids 2, ed. S. Datz, New York, 
1975, p. 523. 

"M. W. Thompson, Contemp. Phys. 9, 375 (1968) . 
"L. T. Chadderton, in: Channeling: Theory, Observations 

and Applications, North Holland Publ. Co., Amsterdam, 
1973. 

"M. A. Kumakho~,~Phys .  Lett. 57A, 17 (1976). 
'9. V. Beloshitskii and M. A. Kumakhov, Zh. Eksp. Teor. 

Fiz. 62, 1144 (1972) [Sov. Phys. J E T P  35, 605 (1972)l. 
'OYU. Kagan and Yu. V. Kononets, Zh. Eksp. Teor. Fiz. 64, 

1042 (1973) [Sov. Phys. J E T P  37, 530 (1973)l. 
'lM. A. Kumakhov, Usp. Fiz. Nauk 115, 427 (1975) [Sov. 

Phys. Usp. 18, 203 (1975)l. 
n ~ .  Heitler, The Quantum Theory of Radiation, Oxford,1954. 

=A. A. Sokolov and I. M. Ternov, Relyativistskii elektron 
(The Relativistic Electron), Fizmatgiz, 1974, 5 18. 

2%. Fluegge, Quantum Mechanics F'roblem [Russ. transl. ] 
Mir, 1974. Sec. 18. 

2 5 ~ .  D. Jackson, Classical Electrodynamics, Wiley, 1975. 
2 6 ~ .  D. Landau and E. M. Lifshitz, Teoriya polya (Field 

Theory) Fizmatgiz, 1960, 177. [Pergamon, 19651. 
2 7 ~ .  F. Alferov, Yu. A. Bashmakov, and E. T. Bessonov, 

in: Tr. Fiz. Inst. Akad. Nauk 80, 108 (1975). 
2 8 ~ .  L. Ginzburg, Teoreticheskaya fizika i astronomiya 

(Theoretical Physics and Astronomy), Nauka, 1975, 
Chap. 6. 

29~h immel ' ,  Rezonans gamma-luchi v kristallakh (Resonance 
of Gamma Rays in Crystals), Nauka. 1969, Chap. 6. 

'9. F. Smitriev and E. V. Shuryak, Zh. Eksp. Teor. Fiz. 
67, 494 (1974) [Sov. Phys. J E T P  40, 244 (1975)l. 

3 1 ~ .  L. Ginzburg, Dokl. Akad. Nauk SSSR 56, 145 (1.947). 

Translated by J. G. Adashko 

Phase diagram of a ferromagnetic plate in an external 
magnetic field 

V. G. Bar'yakhtar and B. A. lvanov 

Donets Physicotechnical Institute, Academy of Sciences, Ukrainian SSR 
(Submitted July 26, 1976) 
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The phase diagram, in coordinates H and I ,  is investigated for a ferromagnetic plate located in an 
external magnetic field parallel to the surface of the plate. It is shown that in the high-anisotropy case, 
P > 4 a ,  the phase transition from the unifonn state to a domain state on change of the plate thickness 
occurs as a second-order phase transition when H >  (P-4w)Mo, and as a first-order transition when 
H <  @-4w)M,. The phase diagram of a plate with large anisotropy, P > 4 r ,  is substantially more 
complicated than in the low-anisotropy case investigated earlier, and it has a number of peculiarities. In 
particular, an equilibrium domain structure exists for an arbitrarily small plate thickness. 

PACS numbers: 75.70.Kw, 75.30.G~ 

A quantitative theory of the domain structure of fer-  
romagnets was f i rs t  developed by Landau and ~ i f s h i t z ~ ' ]  
(see alsoc2]). The domain structure of a ferromagnetic 
plate was investigated in the case in which the thickness 
of the plate greatly exceeds the thickness of the domain 
boundary. A criterion was also formulated for the sin- 
gle-domain state of a ferromagnet: a specimen of fer-  
romagnetic material should be in the uniform state if 
L<< where L is a characteristic dimension of the 
specimen and CY is an exchange constant. Later, do- 
main structures of ferromagnets were extensively stud- 
ied experimentally; this included intensive study of the 

film to a domain state led to a number of theoretical 
studies.[451 It was that in ferromagnetic 
films with small anisotropy (PC 4n, where P is an anisot- 
ropy constant), the state with a stripe domain structure 
occurs in consequence of an instability of the uniform 
state of the film, in which the magnetization lies in the 
plane of the film, with respect to  small inhomogenous 
perturbations. A phase diagram, in coordinates H and 
1, was given for a ferromagnetic film with small anisot- 
ropy, P< 4n .L5' The stability regions of the uniform 
phase a,, and the nonuniform (domain) phase a, were 
separated by a line of second-order phase transitions 
H =H,(I). 

properties of thin ferromagnetic films (those with pa- The form of, the domain structure in the vicinity of 
rameters close to the single-domain criterion). For  the curve ~ ~ ( 1 )  has been investigated. The variation 
films with the axis of easiest magnetization perpendicu- of the parameters of the magnetization distribution (am- 
l a r  to the surface, the so-called stripe domain structure plitude, period, etc.) was found, and also an analytical 
was (see, for [31)9 expression for ~ ~ ( 1 )  was for large thick- 
and also a transition from the uniform state of a film to nesses: 
a state with a stripe domain structure upon change of 
the plate thickness 1 (or of the external magnetic field 
H applied in the plane of the film). The experimental 4n" 

discovery of the transition from the uniform state of a M, 
(1) 
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