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Coherent (Cerenkov and transition) radiation of a charged particle moving through a bounded medium
with resonantly scattering nuclei is considered. It is shown that an essential role in the formation of
radiation in the y-resonance frequency region is played by allowance for the smallness of the radiation-
absorption length in the medium, and that the interference between the Cerenkov and transition radiations
in the vacuum must be taken into account without fail. Attention is called to the existence of a region of
emission frequencies and angles in which the waves from the sections of particle motion in the medium and
in the vacuum are in phase. The possible quantum yields of coherent emission in the ¢ band are presented

for media containing the Massbauer isotopes >'Fe, '°Sn, and "*Ge.

PACS numbers: 79.90.+b, 76.80.+y

1. Itisknown that resonant scattering of y quanta by nuc-
lei exerts an appreciable influence on the character of the
frequency dispersion and on the refractive index of the me-
dium atfrequencies close to the resonant frequency of the
nucleus, since the coherent amplitude of forward nuclear
scattering can be comparable and may even exceed the
electronic scattering amplitude. It therefore becomes
possible to obtain Cerenkov radiationf>*! and to in-
crease the transition radiation!’*3? (in an inhomogeneous
medium) in the ¥ band in the case of a fast charged par-
ticles moving in a medium containing resonantly scat-
tering nuclei.

The estimates of the intensity of the Cerenkov radia-
tion in Refs. 2 and 4 pertain to an unbounded medium
and describe the additional contribution made to the
energy losses of the fast charged particle in the reson-
antly scattering medium, whereas practical interest
attaches to coherent radiation emitted into vacuum (or
into atéther weakly absorbing medium).

For such an analysis it becomes important to con-
sider the following singularities of the case in question:
the short absorption length in the y-resonance frequen-
cy region, and the fact that the coherence lengths in
vacuum and in the medium are comparable. Account
must therefore be taken of the limited region in which
the Cerenkov radiation is formed in the medium, and
the interference between this radiation and the transi-
tion radiation in the vacuum.

Allowance for these circumstances, and the conse-
quences ensuing from such an analysis, are in fact
the subject of the present paper.

2. The refractive index of a medium at frequencies
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close to the y-transition frequency in the nucleus can
be expressed in the form!s: 6!
n={+8n, +06nmyc

on, =—Zr.NAY/2n, bn, =—4aA/(A*+1) +i-4a/ (A% + 1); (1)
a=N (2j+1) fAY/32x(2j+1) (1+a),

where 6nq is the characteristic part of the refractive
index,Y Ongyc is the nuclear component of the refractive
index, 7, is the classical radius of the electron, N is
the number of atoms per unit volume, A(w) is the wave-
length (frequency) of the ¥ quantum, Z, is the atomic
number, j’ and j are respectively the spins of the ex-
cited and ground states of the nucleus, f is the Lamb-
Mbssbauer factor (assumed hereafter equal to unity),
a, is the internal conversion coefficient, w, is the fre-
quency of the resonant level of the nucleus, T is the
total width of the nuclear level, and &= 2(w - w,)/T.

According to (1), for example, for a medium of 5'Fe
(nuclear-transition energy E,=14.4 keV,I'=4.67x10"°
eV) we have

Ony =—7.5-10"°, a=3.37-107°,
for ''°Sn (E,=23.9 keV, I'=2.47x 10% V)

Sny =—1.71-10"°, a=4.61-10"°

and for Ge (E, = 67.03 keV,'=2.45 X 107" eV)
Bng =—2.16-10~", a=9.2-10~".

To calculate a we used the data of Ref. 7 on the Mdss-
bauer isotopes.

3. Let a particle with charge e move uniformly with
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velocity v from a medium with refractive index » de-
fined by Eq. (1), in a vacuum and in a direction perpen-
dicular to the interface. The field of the emission of
frequency w produced at the point of observation in
vacuum by such a particle is then determined by a
superposition of the fields?’ I, , and IL, :

I =n|o+nzo,

where II, , is the field (Fourier component of the Hertz
vector with frequency w) produced at the point of ob-
servation by the section of the particle trajectory in the
medium; IL,, is the field from the vacuum section of the
particle path. If the particle mean free path in the me-
dium is L, the field II,, can be expressed in the formt®?

L o
o,.= UJ.P,. =z dz, - (2)
where
i 2 0
Pu=— 2:(:11 [n®cos 9+((xr)l's"'—sin= 0)"] "’ : @®
¢=%R+%[1—p(n=—sin=e)"f]z+—2“:i:§—2—z$——°g;-g—. 4)
R [~ e | ®

Here R is the distance from the interface to the observa-
tion point, 6 is the angle between the velocity vector
v and the direction of R, and g=v/c.

The field II, , can also be regarded as the result of
the interference of waves emitted by the so-called “di-
pole images”!8) placed in the vacuum with a distribution
of the dipole moment P, along the particle trajectory;
in this case ¢ is the phase of the wave emitted by an os-
cillator with coordinate z.

If we put
sin® 0 cos® 6 (6)

Y /- alhbendhag
R A(n*—sin®0)

a relation easily satisfied inthe y-resonance frequency
region, since the possible sample thickness is limited
by the radiation-absorption length, then we can discard
the term of (4) quadratic in z. Such a condition (6)
means that within the limits of the particle mean free
path in the medium, given R, the change of the phase
of the waves on account of the quadratic term is much
less than 7 and therefore allowance for this term does
not alter significantly the summary amplitude II, .

Since the energy range of the y radiation in this
case is 10* - 10% eV, the refactive index is in this case
close to unity (672= 614 + Onpyc= 107* = 10°7), and the en-
ergy of the particles (electrons) exceeds 107, the ex-
pression for II,, (with (6) taken into account) assumes a
particularly simple form

ev exp(ioR/c)

m=- P A sbusinbeaed A
! n@’R 2a~p(6n—06%)

{1—-exp [- i%’;['(Za—ﬁ(Zén—Oz)) ]} ()]

where a=1-8.

We can analogously obtain the field II,,, which, at a
particle mean free path in vacuum much larger than
the coherence length,® takes the form'®?
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ev exp(ioR/c)
n0*R  (2a+6?)

Knowing II, , and II,,, we can find the expression for the
spectral-angular distribution of the y-radiation inten-
sity:

aw
do dQ

@*R*0?
B ®

where d§2 =276d6.

4. Let us see how the field amplitude (7) varies with
the particle mean free path in the medium. This can
be easily done by representing (7) in the form

%
Il:'”—((l‘” =2exp (—%L’) (sin=-‘2‘— KL+ sh’-%—L’) ©)
M '
. 2a+B(E—2Rebn)
2p Im 6n
L'=L/Lyy,, Lg,=)\/2Imbn. (10)

Here II, (L) is the field amplitude at mean free path

L of the particle in the medium, II, (=) is the field
amplitude (7) at an infinite mean free path of the par-
ticle in the medium. Figure 1 shows a plot of (9) for
11951 against the relative mean free path L’ at different
values of the angles and frequencies of the emission
(in terms of the parameter k). It is seen from this
figure that the field amplitude (7) remains practically
unchanged with increasing L > L, at any value of &,
and consequently L, in the form defined in (10) is a
good characteristic of the “visible” part (limited by
the y-ray absorption) of the particle trajectory, and is
called the absorption length.

The absorption length depends on the particle of the
emitted ¥ quantum in the following manner:

Loy =Lo(A™+1),

where A is the difference between the y-quantum fre-
quency and the resonant frequency, and is expressed in
terms of the half-widths of the nuclear level; L,=)\/4a
characterizes the absorption length at the resonant fre-
quency. The length L, is 1.55x107%, 3.2x 1075, and
2.5%107% cm for ''°Sn, 5"Fe, and ™Ga, respectively. It
is seen from these figures that the possible sample
thickness is very small and the condition (6) will cer-
tainly by satisfied. To obviate the need for introducing

My (1) Myfe=)

8 [H] 04 06 08 o, 1z

FIG. 1. Variation of the field amplitude |II;,| as a function
of the relative mean free path L’ at different values of the
parameter k.
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the radiation from the second boundary, we shall hence-
forth assume the sample to be thicker than L, in the
entire frequency band of interest. We can then discard
in (7) the L-dependent term.

An important feature that determines the amplitude
of the field produced by the charge at the observation
point is the coherence length (see footnote 3). For an -
-absorbing medium, however, it is convenient to intro-
duce an “effective” coherence length, determined from
(7) as follows:

(med)_ AB
coh = {[2a+5 (6°—2 Re 6m) "4 (Im om) T+ (11)

This takes into account the absorption of the radiation
in the medium. That is to say, if, for example, the
condition

2a+B(0°—2 Re 67) =0 (12)

is satisfied, then the coherence length is equal to the
absorpticn length. In other words, the quantity L{Ze
as defined in (11) assumes the role of the size of the
radiation source at the given frequency and at the given
observation angle. The larger the source, the larger
the summary radiation amplitude. Figure 2 shows plots
of the coherence length in the medium as functions of
the radiated frequency and of the radiation direction in
the region of the y-resonance frequencies of !'°Sn (elec-
tron energy E,=500 MeV; for convenience we have in-
troduced the relative emission angles 6’ in units of
2a(6’= #*/2a)). In all cases in which condition (12) is
not satisfied, the coherence length is substantially
smaller than the absorption length. It is this which ex-
plains the oscillations of the amplitude on Fig. 1 (the
curves k#0) due to inclusion in the “visibility” range,
of regions that emit waves having phase shifts larger
than 7 (i.e., several Fresnel zones are included!®l). In
the entire range of frequencies and angles that satisfy
the condition (12), the radiation arrives at the observa-
tion point in phase from the entire “visible” section of

particle motion in the medium. This is a reflection of the

the monotonic course of the curve at 2=0 on Fig. 1.
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FIG. 2. Changes of coherence length of the radiation in the
medium and in vacuum (L %Y and L{PY) against the emis-
sion frequency A and the observation angle §’ @1%n, E,
=500 MeV); L{®P is the absorption length in the medium,
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If we introduce the coherence lengths for the vacuum

L% =p/ (2a+p67),

then we see that in the region of the resonance for !!?Sn
they are comparable with the coherence length in the
medium. Therefore the formation of the summary field
is greatly influenced by the vacuum section of the par-
ticle motion.

Figure 3 shows the spectral distribution of the radia-
tion intensity (8) when the electron (E,=500 MeV) cros-
ses the interface between a medium consisting of !'°Sn
and vacuum, for different observation angles (solid
curves). For 6’=1 we show by way of example (dashed
curve) the spectral distribution of the intensity of the
radiation from the medium, a distribution defined by

W  o'R® ,
deda o ™

Comparing with the curve 6’=1 for the summary in-
tensity (8), we see that at A< -6 the intensity at the
observation point decreases, and at A> -6, conversely,
the intensity increases as a result of the addition of the
amplitudes of the fields II,, and I, ,. It is easily seen
from (7) that the intensity can increase only in the fre-
quency and angle region where

[2a+8(8°—2 Re ér) ]<0. (13)

The maximum of the angular distribution of the y-ray
intensity in ''°Sn is at 6},~1-2, i.e., 6,,,~(1-2)V2a,
and at E,=1 GeV we have 6, ~5x107%,

5. We illustrate the foregoing in the following man-
ner. The field of the radiation that emerges from the
medium (7) can be regarded as the result of the emis-
sion of an image charge e, moving in vacuum with vel-
ocity v, on the segment L3

e,=ev/v,, v,=v(1+6n—1/6%)/(1—1/,6%),
L1=L(.1+6n—'/292)/(1-'/26’) .

Introduction of the image-charge parameter simplifies
the analysis of the radiation emerging to the vacuum.
By way of example, Fig. 4, shows the regions of the y-
photon angles and frequencies in which »,<v, v <v,<c,
and v, >c¢ for a medium of !!°Sn (E, =500 MeV). The
curve in the v, >c¢ region separates the angle and fre-

dv_ 2ep?
d2dw Sica
7

FIG. 3. Spectral distribution of the emission intensity for
different observation angles 6’ (solid lines; the figures on the
curves are the values of §’) and for the angle 6’ =1 from the
medium, without allowance for the interference with the
vacuum radiation (dashed line (1°Sn, E,=500 MeV)).
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FIG. 4. Classification of the type of coherent radiation from
the medium in terms of the velocity v, of the image charge
(1%n, E,=500 MeV); region II—Cerenkov radiation, remain-
ing regions—transition radiation.

quency region in which is satisfied the relation
n’g,=1/cos 0,

which assumes in this case the form (12) (here #’ is the
refractive index of the vacuum and is equal to unity,
while 8,=v,/c¢). This corresponds to the region where
Cerenkov radiation propagates in the form of a cylindri-
cal wave at small R (or where there is no absorption

at large R). Since we assume that condition (6) is satis-
fied, where L =L, it follows that the field II, , exists
at such distances in the form of a spherical wave, i.e.,
it fills the entire angle region (a situation analogous to
the wave propagation after diffraction by a slit). This
is seen also in Fig. 4 in the vicinity v, > ¢ for the field
(7). Consequently, the region »,> c is the region of
frequencies and angles in which the Cerenkov radiation
emerges from the region. The shaded region under the
curve 8, =1/cos6 on Fig. 4 corresponds to satisfaction
of condition (13), i.e., this is the region of values of
frequencies and angles where the Cerenkov emission
and the transition radiation on the vacuum section ar-
rive in phase at the observation point. It can therefore
not be stated that the spectral-angular distributions of
the intensity are due to Cerenkov radiation or only to
transition radiation.

6. Expression (8) can be integrated over the angle 6;
this yields the integral-spectral distribution of the ra-
diation intensity

2a Re 6n )l (a— Re 6n)*+ (Im 6n)*

2

w_- {_1(1

do mcl 2 {énl® at
Vo 2 — Re
+( Re6n+ a (Im&nY*—(Re bn) )[i_amg a—Rebdn ]_1}'
Imén Imén |6nl? 2 Im én

Figure 5 shows the spectral distributions, plotted in ac-
cordance with this formula, in the region of the y-res-
onance frequencies for a number of isotopes: 'Fe (E,
=5GeV), "°Sn (E,=1 GeV), and "*Ge (E,=3 GeV). The
choice of the isotopes and energies of the electrons was
determined for convenience in the comparison with the
estimates in Refs. 1 -4.
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FIG. 5. Integral-spectral distribution of the coherent-
radiation intensity for 5'Fe (E,=14.4 keV, E,=5 GeV),
"Ge (E,=67keV, E,=3 GeV), and 1%n (E,=24 keV,
E, =1 GeV).

As seen from Fig. 5, the maximum of the radiation
intensity is shifted away from the resonant frequency
and does not coincide with the maximum of the refrac-
tive index (A =-1). Another characteristic feature is
the appreciable width of the distribution. These distri-
butions can be used to estimate the quantum yields in
the region of the y-resonance frequencies. In the case
of Fe we have N,=1.2x 103 quanta/electron (the

Cerenkov losses are estimated in Ref. 2 at 6.3 x 1071%

- ~photon/electron over a length L =105 cm), for '°Sn

we get 7.3 X 10™* photon/electron (a value 1075 photon/
electron is cited in Refs. 1-3, but the possibility of
Cerenkov radiation is not considered there), and for
™Ge we get N, = 6.8 X 10™% photon/electron (in Ref. 4 the
Cerenkov loss over a length L =10°3 is estimated at

1.6 X 1073 photon/electron). At a current 10 pA (6.3

X 10'3 electron/sec) the quantum yield can amount to
several dozen quanta per second, and this is of interest
from the experimental point of view.

Attention must be called here to the fact that if the
sample thickness is made of the order of the absorption
length at the frequency up to which we still have v,>c¢,
then the rear boundary makes no contribution to the
summary radiation in this region (“thick” sample),
whereas in other frequency regions, with increasing
distance from the resonance frequency, this influence
will become more and more noticeable (the sample
becomes “thin”). As a result of this influence, the
background due to the transition radiation on Fig. 5
outside the region of the ¥ resonance will turn out to
be practically suppressed. By the same token, we at-
tune ourselves, as it were, to a definite spectral re-
gion of the radiation.

7. The foregoing analysis shows that the formation
of coherent radiation of a fast charged particle in a
medium with resonantly scattering nuclei, in the y-res-
onance frequency region, is strongly influenced by the
short radiation-absorption length, so that the range of
angles at which the Cerenkov radiation emerges from
the medium is broadened. Interference between the
Cerenkov radiation and the transition radiation in vac-
uum causes realignment of the spectral distribution
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of the radiation intensity. A frequency and angle region
can then exist, in which the vacuum radiation and the
radiation from the medium are in phase. We wish to
call particular attention to this circumstance, since

it can take place both in oblique incidence of the par-
ticle on the sample and when the particle moves in the
channel.

This analysis is not restricted to the y-resonance re-
gion, and can hold also at frequencies close to the na-
tural frequencies of the medium (optical-transition
frequencies, absorption edges,['®! and others)?.

In conclusion, the author thanks V. V. Fedorov for
useful remarks, A. F. Tyunis for help with the numeri-
cal calculations, and T. B. Mezentseva for help in
readying this paper for publication.

1)We neglect the imaginary part, which is smaller by almost
two orders of magnitude than the real part in the frequency
band of interest to us.

2)In this case we omit the third component—the field of the
dipole images in the medium as the particle moves in
vacuum, since this component is small compared with

111 @ and Hz,‘,.

$)The trajectory region in which the phases of the waves
emitted from it differ by not more than .

4The y-resonance region was chosen because it was simplest
to describe.
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An expression is obtained for the stationary distribution of a two-level system, produced as a result of
interaction with the thermostat, in the field of a strong monochromatic wave; the times to establish this
distribution are also determined. It is shown that when the external-field frequency is lower than a certain
critical value the state of the two-level system is described by a Boltzmann distribution in the quasi-
energy, and at high frequencies it contains matrix elements of the interaction with the thermostat. It is
also shown that the corresponding relaxation constants-are half as large in the resonant case as in the
nonresonant one, so that it can be concluded that the presence of the signal suppresses the noise in a

quantum amplifier.

PACS numbers: 05.30.—d

Progress in the theory of irreversible processes
raises the question of the behavior of quantum-mech-
anical objects that are coupled to a thermostat, i.e., to
a system that has in the limit an infinite number of de-
grees of freedom. Since this problem is extremely com-
plicated, solutions can be expected for only the very
simplest models, as was first done by Weisskopf and
Wigner in their classical work on radiative damping.t!
In 1963, Gordon, Walker, and Louisell™’ solved the
problem for a damped harmonic oscillator coupled to a
set cf independent oscillators distributed at the initial
instant in accord with a canonic ensemble.’®! Glauber
has shown later®! that “large systems not consisting,
of course, of harmonic oscillators have very frequently
collective-excitation modes whose amplitudes behave
dynamically like oscillator amplitudes,” so that such a
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thermostat model is quite general. In the present paper,
an attempt is made to develop further the Weisskopf-
Wigner theory to include a two-level system in the field
of a strong monochromatic wave, using the aforemen-
tioned model of the thermostat.

The first questions raised when this problem is for-
mulated are:

1. Are there any memory effects whatever in the
stationary distribution of a two-level system?

2. Does this distribution depend on the details of the
mechanism of the interaction with the thermostat, or
is the latter only a temperature, as is postulated in
equilibrium statistical physics?

We describe our system by the Hamiltonian
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