less than the width of lower autoionizing states of the
He atom and of autoionizing states which appear as a
result of excitation of the 4f shell. The smallness of
the width of these states is associated with multiple
oscillations of the wave functions of one-particle states
in the main interaction region, which reduces the prob-
ability of ionization decay. This is typical of autoioniz-
ing states of the valence shells of the heavy atoms.

A good agreement is obtained between the experi-
mental results and those found by numerical (theoretical)
calculation of the positions of narrow autoionizing
states in the spectrum of the Yb atom near the ioniza-
tion threshold, which confirms the correctness of the
selected experimental method for investigating these
states.

The theoretical approach adopted above is equally
suitable for the investigation of other many-electron
systems, particularly of atoms with three valence elec-
trons.
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Polarization and angular distribution of Cherenkov and
transition radiations in the field of a strong electromagnetic

wave

I. G. lvanter and V. V. Lomonosov

L V. Kurchatov Institute of Atomic Energy, Moscow
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An analysis is made of the influence of an external electromagnetic field on Cherenkov and transition
radiations. It is shown that considerable changes appear in the angular and spectral distributions of these
radiations. Strong polarization may be acquired and fairly hard photons with energies of several kiloelectron-

volts may be emitted.

PACS numbers: 41.70. 4 t

1. Quantum theory of transition radiation in the ab-
sence of an external electromagnetic field is given in
Ref. 1. We shall consider Cherenkov and transition
radiations of a longitudinally polarized lepton (electron,
muon) moving from medium 1 to medium 2 (Fig. 1)
whose permittivities are €, and €,. We shall use as
independent solutions of the wave equation those which
correspond to the case when the principal wave (iden-
tified by the thick line in Fig. 1) can be produced, as
in Ref. 1, by refraction or reflection of auxiliary waves.

Case a represents a situation in which radiation enters
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medium 1, whereas case b corresponds to a situation
when radiation enters medium 2. The radiating particle
moves from medium 1 to medium 2, We shall consider
only the situation when we can ignore an electromag-
netic (laser) wave reflected from the interface between
the two media, i.e., when the reflection coefficient at
the laser frequency is low. We shall study transition
radiation at frequencies other than the laser frequency.

The matrix element for a transition of a fermion from
a state ¢, to a state ¢, accompanied by the emission of
a photon with a 4-momentum f=(w,,f) and a polariza-

© 1981 American Institute of Physics 447



a b
FIG. 1
tion x is
Myp=—e [ Y@y () [2° (1) +4°() 195 (1)), (1)

where A°® and A® are the vector potentials of the emitted
electromagnetic field in the cases a and b in Fig. 1. The
explicit form of these potentials is given by the following
expressions’:

4rw= Y Gogn+fon[ 2

*,0730
lemi,2

- exp (iyfi-)

+—a exp(zyf.+)] +e<z> Yt exp(iyfa- )} @)

4=y cogv- "’{e< z)[ — exp(iyfas)

», -,>0
leg,3

+ ot exp(iyfin) | () 7 B exp(infin) ). (3)

The following notation is adopted in Egs. (2) and (3):
6(z) is the theta function,

Yfr2e=0d—%pxA 22, M,z=+(“)lzel,ztuz)%, (4)
g=1+(a)+ (), g=1+(@)*+(F)? (5)

» and p are the wave vector of the radiation field and
the radius vector of the point of observation in the plane
of the interface between the media. The index ! cor-
responds to the polarization of the emitted photon;

x, =(e, +ie,)/V2, x, =(e, - ie,)/V2; the vectors e, and e,
lie, respectively, in the plane of the three waves and

at right-angles to this plane, The amplitudes of the
auxiliary waves traveling in a medium! are

at=(Mea—heer) | (esthaes), a<=>=(x.—x,)/(x,+x,).}

6
=2\ (&182) "/ (M +As). ®

B'=(2Mi€3)/ (Meathse,), B
The amplitudes of the auxiliary waves traveling in medi-
um 2 (identified by a tilde) are obtained by the index
transposition 1=2inthe system (6). The plus and minus
indices in Egs. (2)-(4) correspond to the propagation of
a wave to the right or left of the interface between the
media. The indices 1 and 2 of the wave vector of the
emitted photon correspond to the propagation of a wave
in medium 1 or medium 2, respectively.

We shall consider a radiating particle in the field of an
electromagentic (laser) wave and, therefore, the wave
function of the particle p,(y) is®

u(p)
2q ) 'h

cos q>—iqy} , (N

P (y)= [ 1+ (kd, cos ¢+ ka, sin ) ] i

(a:p)
(kp)

2(k )
(a;p)
(kp)

X exp { —ie sin p+ie
where
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a
k.
2(kp)

g*=p*—¢’

It is assumed in Eq. (7) that the external electromag-
netic (laser) wave has a vector potential which corres-
ponds to the circular polarization

o=ky. (8)

Here, k!=(w,k) is the wave 4-vector of circularly polar-
ized laser radiation, and the 4-amplitudes q, and a,

are identical in magnitude and mutually orthogonal;

the potential A is calibrated by the Lorentz condition,
ie., (a;k) =(ak) =0,

Substitution of Egs. (7), (3), and (2) in Eq.(1) gives

3 € 1a e 1b
Myp=— M+ g
" ,Z‘___( T 1t gy )

X (21)*6 (%+q, " —q, —sk) § (so+go—gqo’— ), (9)

A=a, cos ¢+a, sin @,

where t
Myp=(2)~"Q (') (18 (sh,+ qu—gs’ +h) +iP (sh. +a.
=g, +h) ") Fale " Q(Z)) (b (sk.t+q.— g, —Ay) —iP (skitqu— g, —Ay) )
+ples " Q@) (16 (skitgi—g, +Ae) —iP (skitgi—g, +Aa) )
Q@) (n6 (ski+g.—g,' —Aa) —iP (sk,+q,—g. —Aa) ™)
+ales " Q(£)) (16 (skitgi—q, +ha) —iP (skitg—q, +A) )

+Ble "Q (R, Xnb (skiti—gs —h) HP (skitg—gs —hi) 7).
Here, P(x) is the principal value of the integral in
question, and the function Q(%) is?

Mn =t

v g s . ezaz(k:c)% é",l?i Tka,
Q)= a0 {( 3= ) Bete (5 +5agy) B
i,l;i xka,
te (’Tkﬂ 2(kp))B"}”(”)’ (10)

where s is an integer (s=0,...,xN). The functions B,,
B,,, and B,, expressed in terms of Bessel functions J,
and J,,, with the argument A are given by?:
(ap)  (ap’) (a:p) _ (a:p’)
b=

(kp)  (kp") ) ( (kp)  (kp") ) (1)

We shall first consider Cherenkov radiation in a homo-
geneous medium (&,~ &, =~ €). The probability of emission
per unit time is

= (BB, bime (<o

@fdq’

= (27) 6 (sh+q—q' —f) e X
W= @n) 8 (sk+g—a' N G 5 s

X4/, SplQ (p+m) (1—1:2) Q (o’ +m) 1. (12)

Here, (§ +m)(1-v,2) is the projection operator of
Michel and Wightman for the initial polarized lepton.

We shall consider a situation in which a change in
the 4-momentum of the lepton as a result of photon
emission is much less than the initial value since in
the case of laser powers currently attainable the
probability of emission of photons with the 4-momentum
comparable with the initial 4-momentum of the lepton
is negligible. Therefore, we can substitute p~p’ in
Eqgs. (12) and (10). We note that this cannot be done in
Eq. (11). However, it is then found that when the spur
in Eq. (12) is calculated, all the terms proportional to
the initial lepton polarization vanish. The physical
meaning of this result is self-evident: a polarized lep-
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ton generates circularly polarized radiation only because
of a change in its 4-momentum. If this change is ig-
nored, the initial polarization of the lepton does not
affect the characteristics of the emitted radiation,
Nevertheless, the radiation is circularly polarized
because the laser wave has circular polarization. The
substitution of Eq. (10) in Eq. (12) gives, after simple
calculations, the following result:

W= Z—{)(sm+q‘,—qn —o,) (C+op) £ 2L

Smm— 00

aQ,f* df

©5gogo’

(13)

where

C=1B,1* [p- )+ TA—T (kp— (kn) (pm)) | +Re (B..Bx.)

(k*—(kn)*)—2(kp) (a,n) (a,n) —2 (pa.) (kn)

{ (z;) [ 2(a,p]3p(a,p)

X(a;n)—2(pa,) (kn) (a.n) ]}A + ¥ 1802 (;7;[ (kp)* (ai—(am)?)

+ (a,p) (k*— (kn)*) —2(a,p) (kp) (awn) (kn) ]
+Re(B, Bvc){"(‘k_)‘[ (a,p) (pk) — (pn) (kn)— (kp) [ (pa.) — (pn) (a.n) 1]
e’lal?

~ iy [(kn) (am)—

D=Im(B,.B..")

(avp)
(K

[2(kp)la1|’

st 1}
(kn)

@ K
~ 21k (pa) (am) |+ ZIm(B.Bv. { iy (Gnln.xe)

v=12

— 2|k]| (pa.) (a.n)

+<avp>n[k7p1}+ ) [anv]n}

Here, n=f/[f| is the direction of the emitted photon.
Since the law of conservation in Eq. (13) admits con-
siderable deviations from the classical distribution of
Cherenkov radiation, it is desirable to investigate
separately the angular and energy distributions of the
radiation and the degree and direction of its circular
polarization.

The integral in Eq. (13) can be calculated by investi-

gating the laws of conservation of energy and momentum.

The four-dimensional form of the law of conservation is

sk+qo—go/—f=0. (14)

Simple transformations give the following expression
for the energy of an emitted photon:

o;="0:(1—n*(0,)) "' [F£ {F*~8s(kp) (1—n*(w/))}"1, (15)

where
F=2(p;—n(oy) Iplcosy)+ o (1—n(v,)cos 6) (23 - —(;—s;-)

cos B=cos x cosy,tsinysiny,cos g, n(wy)=e";

x is the angle between the vectors p and f, 6 is the
angle betweenthe vectors kandf, X, is the angle between
the vectors p and k, and ¢ is the azimuthal angle above
the direction of p. Similarly, we can obtain the expres-
sion for the angle between the initial electron momentum
and the emitted photon:

—B=xA cos @(1+A% cos? 9—B2) " -

cosk= 1447 cos' g (16)
sin e AB cos g (1+A4* cos® p—B*) ™ (17)
x 1+A4%cos® ¢

=gin y,0n (Zs—m)/ [ 2n|pl+(nn(28— v(;z:; )‘cosxo] , (18)
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2,2
B=[m,(i_nz)+w(ﬁL 23) 2PG+M‘
(kp) (073
22

./[2n|p|+o)n (23—. :k;) )cosxo] .

The condition for the appearance of radiation is
|cosy|<1. Hence, using Eq. (16), we find that a simple
analysis yields the following criteria:

(19)

cos® = (|B|—1)/4%, (1+A*cos?q)=B* (20)

or

6B[A cos 9>0, |Acosq|=>|B|. (21)

Here, o=z1 is the sign in front of the square root in
Eq. (16). Radiation appears when the conditions of
Eq. (20) are satisfied, irrespective of whether the
conditions of Eq. (21) are obeyed, and also when the
conditions of Eq. (21) are satisfied, irrespective of
the conditions of Eq. (20).

We shall consider the simplest cases in order to
obtain a physical picture of the phenomena. We shall
begin by analyzing Eqgs. (18)-(21) in the s=0 case,
when a lepton does not absorb or emit a single laser
photon. Substituting Egs. (18) and (19) in Eq. (20), we
find that in this case a lepton emits radiation only
if

1+ep cos xo/2|pl>0, (22)
[+ B o) w2 ey, p=2, @9)
nv B—cos %o 2lpln ¢

n=-—e%?/ (kp)=t*m*/|p| o[ (1+m*/p*)“—cos x,].

In the absence of the laser field, Eq. (23) reduces to
the classical condition for the possibility of emitting
Cherenkov radiation. An external electromagnetic
field hinders the emission of radiation by the lepton
both because of the second term in Eq. (23) and because
the condition (22) may not be satisfied for some angles
between the direction of the lepton momentum and the
external laser radiation, The possibility of emission
associated with the condition (21) appears only for s#0
and, therefore, we shall now analyze the situation for
s>0.

The condition (20) also corresponds to the conditions .
(22) and (23), where we now have to make the sub-
stitutions

(24)
(25)

p=pn+2s,
Po=po—s (kp)/@,=2z,.

It is worth noting that in a wide range of values of &
and p,/m we have u> 1. Infact, if m> |p|, we have

~ Em/w, and if m< |p| and cosy,=+1, we have
p=Em/w|p|; if cosy,=+1, we find that p ~2£*|p|/w.
Therefore, in this range we can ignore the term with
s in Eq. (24).

However, it follows from Eq. (25) that the value of z,
differs considerably from p,. By way of example, we
shall consider the simple case when A« 1, The condi-
tions (21)-(26) yield the following simple expression
in the case when cosy, =0:

_1<_( 1 -fﬂ) <t. (26)

vn @y
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Thus, the emission of Cherenkov radiation may be
facilitated or hindered by the emission or absorption
of laser photons.

We shall now consider an essentially nonclassical
situation of the appearance of Cherenkov radiation, i.e.,
we shall discuss the case of the conditions given by
Eq. (21). Selection of the sign of the root in Eq. (16) can
always ensure that the first of the conditions in Eq. (21)
is satisfied. Therefore, we have to analyze only the
second condition, from which it follows that

| @;(1—n* /[pno—2z./pro—1|<|cos @ sin x| . 27

We note that if A> 1 this condition reduces to the ana-
logous condition applicable to classical radiation in the
A>1 case,

In the ultrarelativistic range the stimulated Cherenkov
radiation represents a set of very narrow spectral lines
of width

ng?w,?
" Tplsw

We shall calculate the probability of emission of
radiation by integrating Eq. (13) with respect to the
angle x using the § function. Simple transformations
give

Aoy m. (28)

dpw, do,
QnQo,
X stpes(ncos 0—1)/2(p,—Iplcos go—w;(1—n cos 0) ) —o/a+p/w |
@, (n/2+s) (cos @ sin x, ctg x—cos x,) —Ipl/@] ’

aw,= G

(29)
Here,

G=C+6D.

In Eq. (29) the angle x may assume two values in ac-
cordance with Eqgs. (16) and (17). In further calculations
it is convenient to use such a coordinate system that the
vector a, lies in the k. p plane and the vector a, is
directed along the y axis; the z axis is along p. Circu-
lar polarization of radiation emitted in a given angle y
with a given frequency w, is

#=DIC. (30)

We shall now consider the case when cosy,=0, ¢ =0
and we shall estimate the polarization in the case of
nonrelativistic, relativistic, and ultrarelativistic lep-
tons. For this purpose we shall use Egs. (14) and (33)
and assume in the estimates that for different combina-
tions both B, and B,, are of the order of 1. If |p|<m,
then

P~siny+0(Ecosy). (31)
If |p| ~m, then
P~/ (sinx+0(¢)). (32)

In the ultrarelativistic case when |p|> m, we find that

Pat M (33)

siny, Ipl *

If ¢ =n/2, we can easily show that Z ~¢ for |p|<m
and |p|~m and that Z ~tm cosy/|p|siny for |p|>m.
Therefore, it is clear that circular polarization is
weak, with the exception of the situation when the radia-
tion is directed parallel or antiparallel to the lepton
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momentum.

Stimulated Cherenkov radiation of high frequencies
(for example, those corresponding to the x-ray range)
is of special interest. We shall now estimate the inten-
sity of this radiation. The quantities B,, B,,, and B,,
occurring in the expression for the radiation intensity
are expressed in terms of Bessel functions with the
argument A [see Eq. (11)]. It is clear from Eq. (26) that
if s~1land 1-1*/c®«< 1, because

SO < < SO
T+pn ' 1—pn

and the refractive index is n = 1, the maximum energy
of the emitted photon may be much greater than sw.

In this case the field of x rays will be high. In the other
cases we have w;~sw and, therefore, the high energy

of the emitted photons corresponds to a large index s

of the Bessel function. If s - A> A'3, then the estimates
of Ref. 4 show that the yield of hard (x-ray) radiation is
exponentially small: ~e~%, However, if s - A<« AY3 the
yield of this radiation is higher since the Bessel function
is of the order of unity. If n =1, the maximum value of
the ratio A/s is

At

Thus, hard radiation is obtained if
(1-E(1+8) ") <5, (35)

This imposes restrictions on the maximum possible
value of s, i.e., on the wavelength of the stimulated
Cherenkov radiation. For example, for £~1, we have
s« 5, It should be stressed that since the condition (35)
does not require a high lepton energy, the resultant
radiation has a strong circular polarization.

Finally, we shall estimate the probability of emis-
sion of Cherenkov radiation. For example, in the
case of an ultrarelativistic electron, we find from Eq.
(29) that

J2Ao~nK*m*tsw/|p|?, (36)

where K is a numerical coefficient which appears be-
cause of the asymptotic nature of the Bessel function
with a large argument when the condition (35) is satis-
fied:
K= (32T (*];) s%) .

Then, the radiation intensity is of the order of

1 hemts"eom
137 10l
If £~1, the emission of radiation corresponds to s~3000
and sin’y ~0.1. If we assume that Zw ~2 eV and take
|p|/m ~10, the number of emitted photons of energy 5
keV is I/fw, ~10° sec™, which is comparable with the
number of photons in the emission of the nonstimulated
Cherenkov radiation. By way of illustration, Figs. 2
and 3 show the results of machine calculations of the
angular and spectral dependences of Cherenkov radiation.

I~ sin?y. (37)

We shall now consider transition radiation. We shall
deal with case a in Fig. 1, which corresponds to the
emission of a photon in the first medium from which the
electron is arriving. Inthe matrix elements [Eq. (10)]
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FIG. 2. Dependence of the angle of emission on the radiation
frequency calculated for different azimuthal angles: 1) ¢=0;
2) =1/2; 3) ¢=m; £2=0.001, B=1072.

the terms with the 6 functions correspond to Cherenkov
radiation which does not interfere with transition radia-
tion if measurements are carried out far from the emis-
sion region, because the waves travel in different
directions. Therefore, only the principal values of the
integrals remain in Eq. (10). The matrix element of
transition radiation is

e ~ 1a 3 )\ ’ ’
Mypp=— W‘M;" (2m)°6 (x+q.—q, —sk,)8 (s0+q—gs'—5),
<0y
Mp=—5 0GP (
1

al

sk.+g.—q. M

3k1+9t_q:’+)d
p'(e/e.)™ )

B sk.+q.—q."+2. (38)

Equation (38) is derived bearing in mind that all three
waves in Fig. 1 have the same polarization. The nota-
tion is the same as in Eq. (9).

Following Ref. 1, we use the expression

W,.= j'.[ezlﬂ,',;r 12(2n)°6 (x+q,—q, —sk)

dq’ df

X 8(s0tgi—q) —0;) —m——F——
(soFg0—a, 2 3829029, 2w,

to obtain the following formula for the probability of
emission of transition radiation per unit time:

e’lﬂ,',:- [2 dg,’ |
= gf——"22 |30 39
W[ dt s | (39)
Here, B=v/c. It follows from Eq. (7) that
dg,’ p:—ps’
—_—=1+ v
dq.’ I I po'+e*a*e (0p,'—k.p.’)/2(kp’)* (40)

In Egs. (39) and (40) we have already used the laws of

1, rel. units

! 1.5 7.0 5

o D s

me?

FIG. 3. Dependences of the total radiation intensity on the
frequency of the radiation calculated for different azimuthal
angles: 1) ¢=0; 2) ¢=7/2; 3) ¢ =7 (1°—corresponds to ¢=0
representing the intensity of the stimulated radiation); £2=1073,
B=10"2,
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conservation from which it follows
sotgo—w=(m*+(p,")*+(p.")*)"
_ )
2(o (m*+(p.")*+(p.))*) "—kop. —k:p.)
ea’k,

2[o (m*+(p.")*+(p.")?) "—k.p. ~k.ps")

The system (41) should be used to find p; and p,.
It is convenient to introduce the variables y = p’, and u,
which are defined by

p./=b+uE,
E=k,e%?/2, b=q,+sk,—x.

(41)

q,+sk,—x=p,—

(42)

In terms of new variables, we find that the three equa-
tions of the sytem (41) reduce to two equations:

o (a+Du) -k, b—uEk, —k,y=u"*,
a=so+g—w; D=c*a*w/2.

a=(m*+y*+ (b+uE)?)*~Du, }

(43)
The solution of the system (43) reduces to the solution
of a general quartic algebraic equation for u., It is
normally best to solve this equation on a computer.
Therefore, to obtain a physical picture, we shall con-
sider the simplest geometries which can be treated
analytically.

We shall consider a situation in which a laser wave
is directed along the interface between the two media
(k,=0). Inthis case the system simplifies drastically
and its solution gives

p/=[p + (07 ~%*) —2(0ps—xp.) +2s[® (Po—0;)
=k, (p.—=%) ]+p(kix—wo,) 1%
pky (0w,—k, %)
2 o(po—ws)—k, (p.—=)

(44)
p.=p,tsk, —x—

It follows from Eq. (44), which reduces to the formula
of Ref. 1 in the absence of a laser field, that a non-
relativistic lepton may generate hard transition radia-
tion if s+#0.

Circular polarization of the transition radiation is
given by the same formulas but now the angles y and ¢
are arbitrary, whereas in the case of Cherenkov radia-
tiontheyare given by Eqs. (17)and (16). It is interesting
to note that circular polarization is strong for precisely
those values of the initial lepton momentum for which
the very probability of emission of transition radiation
is high; we shall now consider this probability.

We shall begin with a nonrelativistic lepton. We shall
confine our attention to two situations: 1) %,=0; 2) k,
=0, We shall consider the case of a weakly relativistic
or a nonrelativistic lepton, since the probabilities of
the emission of transition radiation are high precisely
in those two cases; in the case of an ultrarelativistic
lepton the relative changes in the momentum and energy
in the field of a laser wave are small, whereas in the
absence of this field the probability of emission of
transition radiation decreases rapidly on increase in the
energy of the radiating particle.

We shall obtain estimates for the case of perpendicular
direction of the initial electron momentum (%,=0). In
this case the quantity A [see Eq. (11)] is given by

gzmzuvz
2,2 ’

O°Po

A= (An—Ay)*+ (45)
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where

A== (olpl (0—12)),
[0 /1)

Au=.;§%:z—(m%-(sm—m, ipm; (0)1 “z)))

If the number of the laser field photons does not change
(s=0) or if it changes little (s ~1), the probability of
emission of transition radiation is high only if A2 <1,
This condition can be ensured, in particular, when the
second term in Eq. (45) is small, i.e., when radiation
travels in the k. p plane. The smallness of the first
term can be ensured by the smallness of A; or A;; or
by ensuring that these quantities compensate each other
exactly. We shall consider only the case when both of

them are small:
A~y SO,

Thus, we can expect needle-shaped distribution of the
radiation parallel or antiparallel to the laser wave.

In the case of emission of radiation along any angle,
we have to satisfy the condition A= s and it then follows

from Eq. (45) (»,#0) that
e (o) (=) 1)
(l) &]. (46)
R=2oe (150 (1)
We can thus see that at high values of s the emitted
radiation is always very hard and that a discrete spec-

trum with a step of the order of the laser frequency is
emitted along each angle.

W0;=50 [Rd:

We shall now consider the situation when k, =0, We
shall confine ourselves to the case p, =0. Applying the
formulas of Eq. (11), we obtain

A*=E%*mu?,

(47)
"—-m{p.,+sm oy -2—5—“—_-;:—-
- [( petso—o, + T:’:—;T) —+m(1+E) ]'} )

For low values of s the probability of emission of tran-

sition radiation is high only if A<1. In the weakly rela-
tivistic case it follows from Eq. (46) that the frequency

of the transition radiation depends strongly on the angle
of emission relative to the normal to the surface:

0~o/E|siny]|. (48)

In the case of high values of s>1 and for A=s, we find
that w, is given by

iy 2sled ot st oy o Slsl o s0 Em
[{5 m 5 m* Ez ] 20,0 13 ('—ﬂ—+ m +'2(Po"Pz) )
+—1;£—E- so*=0, (49)
where
6=x/w;.

We shall note first that transition radiation does not
appear always. If the discriminant of Eq. (49) is nega-
tive, this radiation is not emitted. For example, in
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the case of a nonrelativistic electron and £2< 1, we find
that (sw ~ &¢m)

Em
2lslo[1+ (Em/ws)?]
and the corresponding condition applicable to the angle
is

[po' £ (250)*]? (50)

Wy ~

2Em

inyl< 2
Isin ] ols|£2g'm

(51)
where the plus sign should be taken for s<0 and the
minus sign for s>0. It is clear from Eq. (50) that the
maximum frequency corresponds to s~&tm/w and we
then have w, ~m/2. This high frequency occurs only
with the aid of the external laser field.

We shall now consider the probability of emission
of transition radiation. Using Eq. (41), we can show
that the probability is in almost all cases close tothe
classical value and only when the emission frequency
is given by Eq. (50), can we expect strong amplification

1 1 m ,
dW~—1—§7W—0—)z—s A, (52)

from which it follows that if w ~1 eV, £2~1075, w,~1
keV, and s~10*the emission probability is W ~107%,
which is two orders of magnitude higher than the usual
classical value for relativistic electrons. [It should
be noted that Eq. (52) is obtained for a weakly relativis-
tic electron, but in an external electromagnetic field.]

We can thus see that an external electromagnetic field
alters greatly the characteristics of Cherenkov and
transition radiations. In the case of Cherenkov radia-
tion there is a change in the angular distribution and an
azimuthal asymmetry of the radiation appears even in a
homogeneous medium. In addition to the branch which
reduces to classical Cherenkov radiation in the absence
of an external field, there is a new branch in the pres-
ence of this field and it originates from the Compton
scattering. The radiation correspondingto bothbranches
is strongly polarized in the case of nonrelativistic lep-
tons. The degree of polarization depends on the angle of
emission, The presence of an external electromagnetic
field makes it possible to expect the emission of hard
(~10 keV) photons at a fairly high rate of ~10° sec™.

There is a considerable change also in the character-
istics of transition radiation in a laser field. Particu-
larly interesting is the appearance of a highly directional
fairly hard radiation under multiphoton absorption condi-
tions (s>> 1) with a probability of the order of a percent.

We shall conclude by noting that we have considered
a medium transparent to laser radiation and all the
effects associated with the influence of the dielectric
properties of the medium are assumed to be small. It
should be noted that the intensity of the electric field
of the laser needed to observe these effects is fairly
high: E~10° V/cm (&2 ~107°).
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Effect of thermal conditions on the generation threshold of
Mossbauer y radiation in a system of excited nuclei
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We consider the influence of thermal expansion and of the relaxation processes in the establishment of
thermodynamic equilibrium on the attainment of the threshold condition for ¥ amplification in a system of
excited short-lived Mdssbauer nuclei. It is shown that at an initial crystal temperature T2 10~2 K the

threshold condition is not attainable because of the inhomogeneous Doppler line broadening due to the y-
laser working-medium linear thermal expansion by the heat released in the pumping and by the absorption of
the energy of conversion electrons and of the resonant y quanta. At infralow temperatures T < 107°-10~* K
the phonon-electron and phonon-phonon relaxation times can exceed the lifetime of the excited states of the
nuclei. As a result, the activation and emission of the nuclei will proceed more rapidly than the heating and
linear thermal expansion of the sample, so that the attainment of the threshold condition for ¥ amplification

in a system of polarized M0ssbauer nuclei is feasible in principle.

PACS numbers: 76.80. + y

An exhaustive analysis of various y-laser models
makes it possible to specify concretely the lasing con-
ditions, as well as the parameters of the working isotope
and of the pump. This stimulates in final analysis ex-
perimental research in this field. In this article we es-
timate the temperature regime of the operating medium
of a y laser using short-lived Mdssbauer isotopes (7 ~
107 - 1078 sec) in the pumping and emission processes,
and demonstrate that the rate of change of the tempera-
ture with time, 7', =87 /0t influences substantially the
possibility of realizing the laser process.

The dependence of the resonant gain on the tempera-
ture was considered earlier only from the point of view
of the “static” action of the heating, i.e., of the inhomo-
geneous and homogeneous temperature broadenings of
the spectral lines! and of the decrease of the probability
f of the Mdssbauer effect with increasing temperature.?
However, the sample temperature varies with time be-
cause of the heating of the laser working medium by the
pumping as well as by absorption of the energy of the
conversion-electron and of the resonant y quanta upon
decay of the excited nuclei. The linear thermal expan-
sion causes a relative motion of the nuclei with velocity

v=yIT,,

where y(T') is the thermal-expansion coefficient and ! is
the distance between nuclei. The corresponding Doppler
shift of the frequency leads to an inhomogeneous broad-
ening of the emission line and to a decrease of the gain.
Since noticeable lasing is possible only if the active me-
dium is extensive enough, the gain length must be larg-
er than or of the order of the length [, of the photoab-

sorption of the resonant y quanta. If the threshold value
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of the line width is denoted by I'*, then at [ =/, the cri-
tical rate of change of the temperature is determined by
the condition

To=T"c/vy(T)lpn , (1)

where ¢ is the speed of light and v is the frequency of the
resonant transition.

In the y-laser models of Refs. 1-3, appreciable cool-
ing of the working medium is proposed, but since the
relaxation processes in a solid slow down with decreas-
ing temperature, and the characteristic lasing time is of
the order of the lifetime of the short-lived transitions,
we must, before proceeding to estimate the influence of
thermal deformations on the possibility of lasing, an-
swer the following question: can heating and thermal
expansion of the crystal take place within a time of the
order of 7?

In the case of sufficiently pure metals, the principal
mechanism whereby the electron-gas energy is trans-
ferred to the lattice is the electron-phonon interaction.
Heating of the sample by absorption of the energy of
conversion electrons and of x-ray and ¥ quanta is ef-
fected entirely viathis mechanism. Thetime of establish-
ment of thermodynamic equilibrium in the system made
up of the electron gas and the lattice is characterized
by the phonon-electron relaxation time 7,,.** Since the
relaxation of the phonon distribution function to an equil-
ibrium form is determined also by the phonon-phonon
relaxation time 7,,, it is obvious that these two parame-
ters are the ones that characterize the time of establish-
ment of an equilibrium crystal temperature.

In the quasiharmonic approximation, the process of
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