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quently, the number of shower particles observed
was for all practical purposes the total number of
shower particles t4at v,:ere produced in the layer of
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lead during the time of observation ( 523 hours).
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An investigation of the effect of saturation of the energy losses of a charged particle
passing through a ferromagnetic material is presented 1- 3 . An analysis of the separation of
the losses into ionization losses and Cerenkov radiation losses is also given.

T HE

energy losses of a charged particle
passing through a ferromagnetic material has
been investigated in a series of papers l- 3•
It is known 4 •5 that when high velocity charged
particles traverse a dielectric the energy losses
approach saturation. These energy losses do not
increase without limit as the energy of the charged
particle increases but they are higher in materials
which have a lower electron density. In addition
to this, at higher velocities the losses by Cerenkov
radiation play a special role 6 - 8 •
For the case of a charged particle traversing a
dielectric the analysis of the separation of the
losses into ionization losses and Cerenkov radiation losses showed the essential dependence of
this separation on the value of the damping coefficients in the dispersion formulas, which coefficients must not be assumed equal to zero 8 • 9 •
The analogous situation can be expected to occur
in the analysis of the separation of the losses into
ionization losses and Cer enkov radiation losses
when a particle traverses. a ferromagnetic material.
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Nauk SSSR 67, 997 (1949)
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State University 2, 69 (1950)
3 Ch. Weizsacker, Ann. Physik 17, 869 (1933)
4E. Fermi, Phys. Rev. 53, 485 (1940)
5 N. Bohr, Atomic Particles Traversing Media (1950)
6 P. A. Cherenkov, Doklady Akad. Nauk SSSR 2, 451

(1934)
7 I. M. Frank and I. E. Tamm, Doklady Akad. Nauk SSSR
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In addition, in a ferromagnetic material as in a dielectric, the question of this separation cannot be
calculated correctly if the effect of damping is not
considered finite 9 .
When a high velocity charged particle traverses a
substance, the loss of its energy depends essentially on the interaction between the atoms of the
substance. In a ferromagnetic material the magnetic properties are determined, first, by an exchange interaction of the electrons of the substance
(exchange energy) and secondly, by a magnetic
interaction of the elementary magnetic moments
(energy of magnetic anisotropy( see, for example,
Vonsovskii and Shur 10 ). In the following discussion, however, it will be shown the exchange
interaction is not essential for the energy losses
of charged particles which pass through a ferromagnetic material. A relatively small energy of
magnetic isotropy, however, gives a contribution
to the energy losses, but it is negligibly small in
comparison to the ionization losses and Cerenkov
radiation losses associated with the dielectric
constant f of the ferromagnetic material. Also included are some unexpected results of the analysis
of the energy losses in a ferromagnetic material.
We note also that the effect of saturation of the
losses in a ferromagnetic material is analogous to
the effect of saturation of the losses in a dielectric, where the losses in the ultra relativistic region
depend only on the number of electrons, but not on
the character of their coupling in the material.
If point charged particles, moving in a medium
characterized by values of dielectric constant and
10 s. V. Vonsovskiiand Y. S. Shur, Ferromagnetism,
Moscow (1948)
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permeability ( and 11 , have their kinematics denoted
by r §(t) and V g_(t) (position and velocity of the
partic.le) then the potentials of the field obey the
equatwns:
2

V A-

e:{Ld 2 A
4nt(.L
c2 iJt2 = - -c- eVto (r- r~;),

Here

(1)

(2)
Since we are interested in both ionization losses
and Cerenkov radiation losses we will consider the
values of ( and /1 to be complex.
It is well known 11 • 12 that in ~alculating
Green's function of the field equations for transparent media, a well-defined expression is not obtained because of the presence of poles on the
real axis in the expression of the integrand. In order
to circumvent these poles correctly we can use
either retarded, advanced, or other types of functions 13 • 14 . In the cases we are considering, because of the complex values of ( and /1• the poles
of the integrand of the Green's function will not lie
on the real axis. The requirements for radiation
will be fulfilled if the co~fficients in the imaginary
part of (and 11 are positive ( ¢ = e- iwt¢ ). The
latter circumstance, corresponding to a Jissipation
of energy by moving elementary charges and current~
is dependent upon a given value of (and /1· The
condition of positive coefficients in the imaginary
parts of ( and /1• where the damping goes to zero,
leads directly to a retarded potential for the
transparent media.
Thus for the Green's function of Eqs. (l) and (2)
we obtain the expression:

0 = - 1-

16n4

R~; = r - r~;(t').

The potentials in Eqs. (4) and (5) permit finding
the energy losses for any moving charged particles
r g(t), v g(t). With these we can develop, in particular, the theory dealing with the analysis of the
energy losses of charged particles having relativistic motion in a magnetic field in certain transparent media (recombination phenomena of the
electrons "luminescence" and "superlight", that
is, Cerenkov radiation 12 ).
In case of uniform motion along the z axis, we
have
e ~ dx
¢· = - exp {ix (z- vt)} Ko (Cr),

(6)

e:

'11:

where

K 0 (~r) =

71;

H~1 > (iCr),

6)

(7)

x= -.
'V

Here

C=

xV 1- sp.~ 2 Sign Rex Vl- sp.~ 2 ,

(8)

and H~ 1) is a cylindrical function.
For determining the energy losses due to collisions with the parameter of the collision greater
than b, we calculate the flux of the Poynting
vector through the surface of a cylinder of radius b,
which surrounds the trajectory of the particle:
Wb= 4

:v ~

(9)

[EH] dS

b

(3)

~ fl2 -(e:~<U2/c2) exp {ikR- icuT} dwdak,
where R = r- r', T = t..,.. t'. Hence, for the potentials ¢ and A, we have

11 D. lvanenko and A. Sokolov, Classical Theory of
Fields, Moscow, 2nd ed. (1951)

12

V. N. Tsytovich, Vestn. Moscow State University 11
27 (1951)
13

(5}
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=

;~: Re ~ iwdw (!

- p.~2) c· bKo (Cb) K (C" b).
1

0

Here E and H are the values of the electric and
magnetic intensities created by the charged particle, dS is an element of surface of the cylinder. ln
the derivation of Eq. (9) we used the relations 11

H z-- 0·'
E y-- - f!~cp
iJy'

Hx =

sA
I'

~
dy'

Hy

= -

~B iJx
iJ¢

wl

t

R. Feynman, Phys. Rev. 76, 749 (1949)

14 Article edited by D. lvanenko: " Most Recent
Developments in Quantum Electrodynamics" Mos
(1954)
'
cow

and used for ¢ the expression (6), as well as the
formulas:
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a 0 (Z); e(- (I))= e*((l));
K1 (z) = - dzK

For small values of the damping coefficient, instead of Eq. (13), we can write
['2 Im fL
¢ = [j2 Re {L- 1 -

f1 (-(I))= 11* ((I)).

In the following we shall consider the small
value of the collision parameter which limits us in
Eq. (9) to the first members of the series for the
Bessel functions K 0 (~b ) and K 1 (~*b):

KI(C*b) =

~!b

Ko (Cb) = ;

In 3 _ 1 ¢~2b2 .

(10)

The relations in Eq. (10) can be used if
I ~ I b « l. For a ferromagnetic material, with
l = 1 and p. determined by the dispersion formula 15
the generalized classical formula of Arkadev is
used [ see below, Eq. (19)]. This condition is
given for ultrarelativistic motion by

: IV 1 -

fffl max J b ~ 1,

(11)

where p. max is the maximum value of the magnetic
permeability occurring in the region near the resonance frequency cu 0 • If we neglect damping, then
condition (ll) is violated. Therefore in the following it is very essential to have a finite value of
the damping. However, in the final result, after
combining the ionization losses and the Cerenkov
radiation losses, the damping can be neglected.
The situation here is somewhat more complex than
in the case of dielectrics 16 , because the range!> of
the integration with respect to frequency for Cerenkov radiation losses and for ionization losses partly
overlap.
Thus, for a small range of the papameter we
have

Wb=~Re ~i(l)d(l)(! -f1~2)In 3.1:1?b··
Assuming e = 1, f1

= Re f1 + i Im f1,

j

(12)

= V3.17

[j2 Im fL
tan¢ = - 1-[j2RefL'

,~,.

't'=-

we have

15 L. D. Landau and E. M. Lifshits, Sow. Phys 8,
157 (1935)
16 P. Kunin, Article in "Mesons", edited by I. Tamm,
Moscow (1947)

h

w en

Re f1 > 1·,

r.!2
t'

when ~ 2

fj 2 Im fL
1-{3 2 Re fL

Re

p.

(I 5)

< 1.

( 16)

The relation (15) corresponds to the Cerenkov
frequency, and Eq. (16) to the Bohr frequency.
Substituting Eqs. (15) and (16) in Eq. (14) we
obtain the formulas for ionization and C..erenkov
radiation losses in a ferromagnetic material with
l

1:

=

weer= ;:

~

( 1 - Re p.~2) (l)d(l),

(17)

Re 11-rl'>I

w~on

<XJ

\ (l)d(l} Im fl.

(18)

{In 3,17 c.u2b242f1- tL~2J

}

--

1 .

0

In the following we will assume a concrete dispersion formula for the magnetic permeability*.
fl.

= 1 + 4 rr

1- iyx

( 19)

{3 1 - x 2 -2iyx'

where
2k

~ = ]2•
s

I8 is the spontaneous magnetization, k is the coefficient of magnetic anisotropy, m is the mass of
the electron.
We now stop to analyze the ionization losses
[ Eq. (18) ]. Assuming the value of p. in the logarithmic part is equal to unity, we obtain the
formula for the ionization losses, neglecting the
polarization effect 9 • In the calculation of the
ioni.zation losses the value of p. is essentially the·
value near resonance 9 • Therefore we set

u=l+

•

(13)

7t

----

fl.o-1

1-x2 --2iyx

()

20

* We emphasize that in Refs. 1 and 10 [e.g., see Ref. I,
D. Ivanenko and B. C. Gurgenidze, Doklady Akad. Nauk
SSSR 67, 997 (1949) and Ref. 10, S. V. Vonsovskiiand
Y. S. Shur, Ferromagnetism, Moscow (1948) ] there was
a typographical error in the expression of the relationship between p. and frequency. We use this occasion to
note that the paper of Sitenko [e.g., see Ref. 17, A. G.
Sitenko, Zh. Tekhn. Fiz. 23, 2200 (1953) ] , to which
our attention was directed after the present paper was
sent to the printer, is devoted to a closely related problem. However, the final results of the indicated paper
do not agree with the reduced Eqs. (23) and (24), apparently as a result of some terms neglected in the calculations of Sitenko.
17 A. G. Sitenko, Zh. Tekhn. Fiz. 23, 2200 (1953)
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and we obtain the analogue of the Bloch formula 18 ' 19
(see also Budini 9 ) for the ionization losses in a
ferromagnetic material with

e2 c.u~ (fLo -1) {

Ion

W - =

2c 2

b

4v2

In

3,17c.u~t, 2 (1-~ 2 )

-

In deducing Eq. (21) we use the relation

~ x lm p.dx =

i-(!to- I).

dipoles at a separation of the lattice constant,
and in comparison with the rest energy of the
electron is a negligibly small value"' I0- 9 .
The value ot the spontaneous magnetization Is
}
1 (21) of the ferromagnetic material does not occur in
•
Eq. (14). Only the energy of magnetic anisotropy associated with the magnetic interaction of
elementary magnetic dipoles plays an essential
(22) part for losses when v / c "' I (see above).

The logarithmic rise of the ionization losses
follows from Eq. (21).
Taking into account the effect of polarization
and combining the total ionization losses with
the Cerenkov radiation losses we can neglect the
damping in the final result. Then we have

W b=

e2c.u2
2 ~ (!to -

{

1) In

c

4

v

2

(23)

2
3,17 b2c.u0

-ln(1-p 2)-1}.

1

~< .r-'
t fLo

P.2 (

I'

-

P.o

1)- 1 - ~2

b

v ~c)

=

21t'tze
mv2

4(2kO) I
mc2

}

mc2

n 3,171t'b 2e2 n

"

v

)

~c =

2rt~w~
mv2

(mc2)
2k0 •

(25)

Ann. Physik 16, 285 (1933)
F. Bloch, Z. Phys. 81, 363 (1933)

I
mc2
n 3,171t't 2 e2 n'

(26)

we see that it is possible to neglect the energy
losses connected with the magnetic permeability
in the ultrarelativistic case. This is particularly
clear when, in the calculation of the losses according to Eq. (12), use is made of Eq. (ll) together with the concrete dispersion formula
z -

m

1

c.u~ - c.u2- 2ty' c.u

(27)

then

{28)

1

Here n is the electron density of the medium, and
= k/n denotes a value which is the order of the
energy of interaction of two elementary magnetic

k0

18 F. Bloch,
19

b

~2(fLo- 1) 'p / Vil,;" '

The total losses, as is easily seen from Eqs.
(23) and (24), in contrast to Eq. (21), approach
saturation at high velocities, while in the limiting
case of ultrarelativistic motion the losses depend on the value of the coefficient of magnetic
anisotropy. Actually, in the ultrarelativistic
case Eq. (13) gives

W (

W (

_ 1 + 4mte 2
(24)

-In

Comparing Eq. (25) with the formula obtained by
Fermi 4 for the energy losses in dielectrics,

Since a ferromagnetic material is usually a metal,
it is expedient to consider the energy losses of a
particle traversing a ferromagnetic material as
losses in a conducting medium.
We note in conclusion that with the aid of Eq.
(12) formulas may he obtained by an analogous
method for the ionization and Cerenkov radiation
losses both for a charged particle traversing a
ferroelectric material and a magnetized particle
traversing ferromagnetic material.
Translated by F. P. Dickey
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