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Bremsstrahlung and Cerenkov radiation of high energy
particles in an excited medium

by S. P. Andreiev?)

Département de Physique Théorique
Université de Genéve
CH-1211 GENEVE 4 — Switzerland

(21.V.1976)

Abstract. Bremsstrahlung and Cerenkov radiation of a high energy particle in a homogeneous medium
excited by a resonant electromagnetic field are investigated. It is shown that the field greatly influences the
radiation by the particle moving in the medium. The field leads to a suppression of Cerenkov radiation.
In some cases the presence of the field leads to an increase of Bremsstrahlung. The intensities of both
Bremsstrahlung and Cerenkov radiation are shown to depend non-linearly on the intensity of the field.

In this article we have investigated Cerenkov radiation and Bremsstrahlung of
high energy (E) particles (E » m)*) in a medium consisting of identical independent
atoms, excited by an external resonant electromagnetic field varying as &, COs w,!.
This problem is specially interesting because of the recently discussed possibility of
detecting high energy particles with the help of an excited medium [1, 2].

We shall assume that the distance between the atomic energy levels (E, — E,)
is close to the energy of the quantum of the field, i.e.

wy — (E; — E)) = Aw, < 0,. (1)

In the resonant situation, equation (1), the dielectric constant of the medium
depends strongly on the exciting field and oscillates with a frequency [3]:

Q, = (Awj + %‘Idu g2 )12 (2)

(d,, the matrix element of the modulus of the dipole moment, expressed in terms of the
radial wave-functions of the atom).

These oscillations change the conditions of propagation of radiation in the
medium, or in other words spectrum of radiation.

To study this effect we shall suppose that the particle enters the medium at time
t.. We shall calculate the dielectric constant &(w, ¢,) for this time and we shall average
the intensity of radiation over all possible times ¢,. '

')  Permanent address: Department of Theoretical Physics, Moscow Engineering Physics Institute.
%) We use the system of units: # = ¢ = 1 (¢ — the velocity of light). m = mass of the particle.
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In the resonant situation, equation (1), the wave-function of the atomic electron
can be written as a combination [3]:

!// = ¢, ei(Awoz/Z)wl + Z C’; e—(iAwOIIZ)l/,gz (3)
in which y; is a wave-function with energy level E(i = 1, 2), m = the magnetic
quantum number of the excited level, equation (2).

It is simple to obtain a system of equations for the coefficients ¢; from the
Schrodinger equation (see [3]). The solution of the system is:

Q Aw, . Q . 4 e, . Q

Cy =c03701— i QoosmTot; 6F == i ‘(220 sm—29t; 4)

where d7, = (AL, |
. = dipole moment operator of the atomic electron.

The method to calculate the dielectric constant of the excited medium with the
help of the wave function of an atom in the resonant field, equations (3) and (4), is
known [4]. The result is:

glw; Ast) =1+ (go(w) — 1)%{[(1 + A) + (1 — A)cos Qotx:|5[-j
)

— (1 — A)(1 — cos Q,t,) Sexgife”}

€X

go(w) = dielectric constant of the non-excited medium, which we suppose to be
homogenous.

A = Aw}/Q2.
It is evident from equation (5) that:

(a) in the presence of the field the dielectric constant is a tensor, and
(b) the components ¢;; vary as a function of the different moments of ¢,.

The intensity of Cerenkov radiation for the case v,||s., (Vo = the velocity of the
particle) will be:

2
21_c 1

X € 2. 1 a)da),
ey = — | vdo J1_¢%~n

€
6
y=1- (Awj/QF), 0<7y <3 (6)

For a sufficiently strong field ¢,,, one has:

2

8y c
l —=— )<y 7
80—1( uﬁeo) ¢ 0

Thus Cerenkov radiation will be absent, i.e. it is possible that even in the weakly
excited medium, the presence of excitations leads to the disappearance of radiation, if:

Z
o (1 — g—) « 1. (8)
g — 1 V5€o
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The expression for the intensity of Bremsstrahlung for a general dielectric
constant, equation (5), has a complicated form. To estimate the influence of excitation
on the Bremsstrahlung spectrum we note that the exciting field changes most strongly
the Z-component (&,, | Z) of the dielectric constant tensor. For this reason we take
the dielectric constant to be of the form:

&ij = €z20;; = [gg(@) — (eg(w) — 1)(1 — cos Qt,)]19;;. ©)
The Bremsstrahlung spectrum in this case will be [5]:

. €E? = T 1 g — 1
dly = = Ezldwj dx sin _x( Vo/€0 + = 57 0\/80>

n Ex* J x- 76 — 1)
120E L ™[ 2/& |

Here J, = Bessel function! E; =./1700-m,, m, = mass of the electron, L — the
cascade length unit [5]; y(eo — 1)/\/g « 1.
From equation (10) in the case of high frequencies:

(10)

EZ
e 4 - VoJ€0) ' < @ (11)
after the integration, we have:
ZEZ 1 -1/2
drx = — do - [(1 — Do/E0)* + (1 — vo\/eo)y Ton ] (12)
If one has the inequality
g — 1
1 - 0 13
Vo /€0 K 7 T (13)

the spectrum of Bremsstrahlung has the form:

22 —1/2

dIy = ;ﬂ—;;zdw : [(1 — voy/0(®))- 7 —‘0"5(:3 (;)1]. | (14)

If the frequency w is higher than the characteristic atomic frequency w,,:

® > W,
we can put:

go(@) = 1 — w?/w? (15)
where w} = 47ne*/m, — the medium plasma frequency.

In this case equation (12) has the form:

22 2 2 2 2 2 -1/2
dINw > w,) = % [(% + z—é) - (% + gg)gg v}-déo (16)

From equation (16) we can conclude that for high frequencies the presence of
the exciting field leads to an increase of Bremsstrahlung.

The numerical estimation of the above effects indicates that these should be
observed for fields satisfying &, ~ 10~ %¢,, (g, ~ 0.5 x 10'° v/cm) for Awy/w,, ~
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107° and m/E « w,/w < w,/w. Such values of ¢, are now available for variable-
frequency laser beams [6].
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