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INTRODUCTION

In 1946, Ginzburg and Frank! predicted that a unif-
ormly moving charged particle can emit radiation when
passing from one medium to another. This theory esta-
blished the existence of a new type of radiation, referr-
ed to as traneition radiation, which can be generated at
any given velocity by a moving charged particle, A sig-
nificant property of this radiation lies in the fact that if
one of the media is vacuum, the transition radiation car-
ries an "impression" of the particle field in vicuum, and
in this way a dependence of this field on the particle en-
ergy is obtained. It is of great significance that the above
dependence of the transition radiation on the particle's
enerpgy, unlike the one in Cerenkov radiation, does not
saturate at large particle energies. As noted in Frank's
Nobel Lecture®, this property is very attractive to part-
icle physicists for high energy particles, and in recent
years it has given rise to a large number of theoretical
and experimental studies in transition radiation.

EXPERIMENTAL INVESTIGATIONS

No matter how surprising it may seem, the trans-
ition radiation appears to have been experimentally ob-
served as early as 1919 by Lilienfeld?, when a metal
surface was bombarded by electrons with the energy of
a few KeV. However, the mechanism of radiation prod-
uction remained unrevealed at that time and those atud-
ies would have been entirely forgotten if no attention had
been given to them in reference 4,

Sometime after the t:heory1 was published, transition
radiation was experimentally observed almost simultan-
eously by Chudakov in the Soviet Union {cf. reference 2)
and by Jelley, Elliot and Goldsmith in Great Britain (see
also refs, 2 and 5). The first published work belongs to
Goldsmith and .'.felley6 who observed transition radiation
generated by slow protons through metal foils, In 1957-
1961 Mikhaliak? investigated transition radiation generat-
ed by electrons having a few KeV energy.

On the other hand, in the early 60's, two experim-
ental studies 59 appearcd dealing with electromagnetic
radiation generated by electrons transmitted through thin
silver films, These studies were initiated by the theor-
etical work of Ferrell'V according to which electrons are
expected to produce in metal foils certain longitudinal
waves (plasmons) later to be transforined in vacuum in-
to transverse electromagnetic waves, However, Silin
and Fetisov b showed that only transition radiation
was observed in the experimental conditions given by
references 8, 9 (see also ref, g). In the work that foll-
owed by Ritchie and Eldridge 1 » the Ferrell theory was
found to be a particular case of transition radiation the-
ory (see also refs. 14, 15, 15a),

Later on a great number of experiments were per-
formed 4 16-29 where optical transition radiation, gen-
erated by electrons having energies up to about 100 KeV,
was observed, It followed from these investigations that
theory and experiment were in good agreement except for
an anomaly occurring for an incidegs ci:\arged particle at
a shallow angle on silver surfaces 2U-34, " Thege quest-
lons were elucidated fairly well in the review by Frank3?,
They were also pointed out in work by the same author?
dealing with incident non-normal charged particles.
Concerning the question of electron incidence at a shall-
ow angle, it should be noted that the larg3e V%&“e of the
radiation intensity obtained in this case 20792 has been
attributed 30,31 to excitation of surface plasma waves
which radiate into vacuum only on the condition that the
silver surface is not an ideal plane37-39, But the appl-
ication of new boundary conditions ‘1'0, taking into account
plasma waves in metals, cannot explain the phenomena

observed in incidence at a shallow angle, On the othep
hand, in some studies 3% 34, where the results of a the.
oretical investigation®! are used, it is stated that all the
radiation observed in incidence at a shallow angle can be
interpreted in terms of conventional transition and brep,.
satrahlung radiation, Thus, this question still remaing
unresolved (see ref, 40 and references stated therein),

Now let us turn to experiments on transition radia-
tion with ultrarelativistic particles, Radiation in the op-
tical portion of the sguctrum was investigated by Yuan
with co-workers 42,43 where a logarithmic increase in
radiation intensity with the particle energy was shown
(see also refs. 44, 44a), At the Yerevan Physies Instit-
ute *2, a method of angular discrimination in the optical
range of frequencies was suggested, allowing a stronger
dependence of radiation intensity on particle energies,
This method was later verified experimentally 46, 47
(see also ref. 48), and the possibility was dischesed 49
to make a detector of high energy particles using the op-
tical region transition radiation {see ref. 50).

The feasibility of experimentally detecting x-ray
transition radiation and its utilization in high energy phy-
sics was suggested by Alikhanian in 1960 and 2 proposed
experimental setup was also given Later, x-ray
transition radiation produced by ultrarelativistic partic-
les was observed 2153, aceording to the earlier suggest-
ed method 31, X-ray (ransition radiation was detected
by means of a %ermanimn detectorS4, and also by means
of CslI crystals>? Alikhanian, Lorikian et al. observed
x-ray transition radiation using a streamer chamber
where the dependence of the number of quanta on_the

particle's enerpgy proved to be linear.

II. THEORETICAL CONSIDERATION

We now turn to the solution of the transition radi-
ation problem (see Fig. 1). The charge fields in each of
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Figure 1
the media are known. These are the solutions of the Max-
well equations for a point charge moving at a constant vel-
ocity v. For example, the three-dimensional Fourier in-
tegral expansion of the charge electric field in the first

and second media (indices 1 and 2) is of the form:
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Ky, 2 ¢ is the velocity of light, It-:l’ 2(u.‘) ¥nd by, 2((.o) are

#As the review literature on transition radiation is not available at this time, ADVENTURES IN EXPERIMENTAL
PHYSICS presents this brief summary on the current theoretical and experimental situation with the complete
list of references. Simple derivations are given for the cases of transition radiation generated from a single
interface, a plate and a stack of plates, including the region of x-ray quanta emission.
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the dielectric and magnetic permeability of the first and
the second media and the particle is assumed to be mov-
ing along the z axis.

It is readily seen that at the interface the electric
fields in Eq. (1) and their respective magnetic fields do
not satisfy the continuity conditions of the corresponding
components of fields and inductions, For these condit-
ions to be satisfied the solutions of the homogenous
Maxwell equations with the arbitrary Fourier coefficients
should be added to the charge fields in each of the media
and then they should be determined from the continuity
conditions at the media interface. These will be the
transition radiation fields, Thus, everything depends
on the proper choice of solutions for the homogenous
Maxwell equations. For example, in the case of the
second medium we take

. L
L (F,0) =fﬁ§(1€)el(“° t Az - et)gg (2)
where [ and K are the components of vectors T and & in
the (x,y) plane, Itis evident that the integral in Eq.(2)
will readily be a solution for the homogenous Maxwell
equations in the second mediym, with any arbitrary
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On the other hand, it is seen from comparison with
Eq. (1), that by choosing the radiation fields to be in
the form of Eq.(2) we can discard all the integrals be-
cause of the relationship which stems from the con-
tinuity equation, These conditions are reduced to a
system of algebraic equations for the Fourier coeffic-
ients of the transition radiation fields in both media.
We will neither write out this system nor solve it here
because all this is simple enough and already done
(see also ref, 58), The final result will only be given
below,

In the case where the particle moves from vacuum
into the medium with € ,=€ and p,=1, we obtain for the
Poynting vector flux of  the transition radiation emitted
in the backward direction into the vacuum and in a solid
angle d2 = gin6d@dp throughout the particle' s entire
flight time the expression (3)

o
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Here 0 is the angle between the radius-vector toward
the point of observatjon and the negative z direction
(see Fig, 1) and B = % . Thig formula was first de-
rived by Ginzburg and Frank! using a different method
of calculation, (see also refs.59-61), In the extreme re-
lativistic case it is seen from Formula (3) that the rad-
iation has a sharp maximum in the direction §=1-p% and
the Poynting vector flux becomes:

2 -
Ve-1 2
- :_c .[(7%+1)2(9'n 1-82

From the two latter formulae, one can also see that

the spectral distribution of intensity of transition radiat-
ion in the backward direction covers the frequency range
where ¢ (w) is markedly different from unity, that is the
optical frequency region.

-1)dw, (4)

Let us now consider the transition radiation prod-
uced by an extremely relativistic particle along the dir -
ection of its motion. It is evident that the appropriate
formula can be derived from Eq. (3), if we replace > -8,
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dw

In doing so, only the second parenthesis in the denomin-
ator of the expression under the integral sign will under-
go a significant change, namely, it will become
(1-B8Ve-sin2g).

It means that this term may become small as 80 ife>],
That is, the range of frequencies emitted in the extreme-
ly relativistic case will extend toward the x-rays at the
expense of frequencies largely in the optical region »
63, because, in the x-ray frequency range ¢ = | -g/w?,
where o0 = 4pne®/m is the square of plasma frequency, n
is the number of electrons per unit volume and m is the
electron mass. (The case wherg € »> 1 in the optic-
al range is treated elsewhere 04 ),

We write Formula (3) with 8 > - B for the case of
the extremely relativistic particles and x-ray transition
radiation, in the form of

1 1
ds 2 - 24
G/ (1-pzver TpT ey ot ©)

This will be used in Section III. Finally, we turn to the
approximation of small angles since the maximum in the
angular distribution falls at the angles of @ 1,5~ V1-82,

After the integration of this expression over angles, we
obtain the relation

ds .

2¢2 [(1, w2082 ( o )
q The ((2 *—(c—) o\ e ) - 1))

It follows from the latter formula that there exists a
boundary frequency Vo

b V1-82 (7)
such that
2 o
ds - ¢2 “b \4 for w K o
and, T G ( w) ’ b

Now, if we integrate relation (6) over the entire frequen-
cy spectrum up to o , we obtain the full radiated energy

s =L _e% Yo (9)
cv/1-82

i.e.,, the intensity, emitted into the x-ray transition rad-
iation, depends only linearly on the particle energy (see
also ref. 66 ),

III. X-RAY TRANSITION RADIATION FROM
A SINGLE PLATE,

In this Section, we derive Formula (5) by another
method ©5-67,68 which apart from its simplicity, is
very convenient because it is readily generalized for the
cases of a single plate or stack of plates*). To do this,
we shall consider the field generated by a system of mov-
ing charges observed at distances greater than the syst-
em's dimensions. Although in our case of interest a
charge moves from- oto + @ , we can still use the field
of such a system since it is clear that the radiation will
take place at the end portion of the trajectory in the vic-
inity of the interface between the media. Accordingly

9 , the energy radiated into the solid angle element aQ
and in the frequency range dw is given by:

* A more rigorous derivation of this method is found in ref, 121
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€7 2.2, dw
dEK,w " o= |Hw[ R0 5o (10)
where, . _ikRg ; >
T = e 3%_ el(“’t'kro(t))[ﬁdi' 1
@ CoR, o7 (1)

and R, is the distance between the point where the radia-
tion took place (here, it is the interception of the charge
trajectory with the boundary) and the point of observation
r, (t) is the charge radius-vector, n is the unit vector
along Rg and K = (w/c) % is the wave vector of the rad-
iation field, Formulas (10) and (11) are written for the
case of vacuum. These should be generalized not mere-
ly for the case of a single medium but moreover for the
case of two different media. To do this, one has to re-
call that if these media have a flat interface (z = const.)
then the wave_vector of the radiation field K should have
the values of K, Ay and %, A, as its components in
the first and the second media respectively. See Form-
ula (2), where
2 _ w? 2
‘M, Tz f1,2 " K (1z2)
When generalizing Formula (11), the second consid-
eration lies in the fact that the electromagnetic field of
radiation generated in one of the media on its passage
into the other one undergoes reflections and refractions
which should be taken into account by means of appropri-
ate coefficients. However, in the problem under study,
apart from free fields there is also a particle field.
From this it follows that, if the familiar coefficients of
reflection and refraction are used for free fields, then
the generalization of Formulas (10) and (11) will provide
correct results for the transition radiation only in the
case of ultrarelativistic particles because it is only here
that the charge field is close to the field of free radia-
tion.

Thus, let us consider a particle moving from the
medium into the vacuum and calculate the field of radia-
tion emitted forward with respect to the particle's dir-
ection of motion. According to the generalized Formula
(11), the integral corresponding to the charge's motion
in matter becomes: &

i(1-g/c-sinlg)"
v sine'fel(l BVES Silm e>v télz (13)

Yoo
and in vacuum it is

i(1-8 cose)g t g, (14)

v sin © e
. )

In these integrals we put k= g sin 6, where @ is the
angle between the wave vector in vacuum and the Z axis,
0’ determines the angle of radiation in matter. It is
evident from the latter integrals that the main contribu-
tion comes when the argument of the exponents are equal
or less than unity and from this it follows that the re-
gions of the charge trajectory in medium, Zmed, and in
vacuum, Zyac, which are essential for the production of
transition radiation, are given by:

e/w _ c/w

z = —, Sy (15)
med 1-8/e—sinZe" vac 1-B cos®.

These are referred to as the zones of formation of trans-
ition radiation or the lengths of coherence

If we take into account refractions and reflections
of waves and make use of the appropriate laws, we can
derive formulas which are the ultrarelativistic limit both
for Formula (3) with 8 > - B for the forward direction,
and for the case of Formula (3) itself, to calculate the
backward radiation,
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However, we do not perform this calculation here
and restrict ourselves to the case of X-ray transition
radiation where reflected waves may be neglected, i.e,
the passage coefficients are assumed to be equal to unity
and §=@’. Then fromFormulas (10) and (11) one im-
mediately obtains Formula (5) with all the consequences
following from it. Therefore, let us consider the case
of the ultrarelativistic particle flight through a plate of
thickness a placed in vacuum. If we make use of the
coefficients which describe the passage of radiation
in the present case they have absolute values equal to
unity and provide only a phase shift, Thus the integral
inFormula (11) will be of the form:

v sm@{f
+f i(1-Bve- sm )wt1>\ >\

(1-Bcosb)uwt i()\—lo)adt_l_

\

fat+
(1~
+f BcosB)w dt}
(16)
L 2. A in simple transf
where )\o =— — K . ter certain simple transform-
c
ations we obtain 7}
4as 82/ dk = L )% [hsin“Sp (1-8%+—7+0°) ldo
an Tz 182407 1-p *—3*92
w
(17)

It is readily seen that, if the thickness of plates is much
greater than the formation zone of transition radiation
in the medium, then the function in brackets under the
integral has the value of 2 (on averaging over a short
range of frequencies), i.e. the plate radiation is equal
to double the radiation on one boundary., If this condi-
tion is not satisfied, oscillations take place in the spec-
tral distribution of transition radiation. Its maxima

fall on the frequencies of: "
- o8
Ys T (17a)
where w_ = ad/bov  with S as integers. This relation

holds for the region of Wg << ‘*’ , where &} a=bov/a(1-87).
Formula (17) describes only the x- ray port1on of the
spectrum of the ultrarelativistic particle transition
radiation, In the general case the formula was derived
by Pafomov (see also references 70, 74-77 ).

Iv, X- RAY TRANSITION RADIA TION FROM
A STACK OF PLATES,

We now turn to the case of a stack of plates and
x-ray transition radiation. To this end, first we shall
consider a stack of two plates (see Fig. 2). Using de-
rived passage coefficients the integral contained in
the generalized Formula (11) is written as follows:

Transition Radiation from Ultrarelativistic Particles
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where b is the distance between the plates. After
appropriate transformations we obtain Formula (17)
which now contains under the integral the additional
factor of: ; N
d 2p (W_y 4B, (8 by,
in LA+ (T-A )52
2r(R_y)8y(Loy )2 19
sin“[(Z-2)5+(3-2,)3] . (19)

It is evident that in the general case of a stack of
N plates for the x-ray transition radiation intensity,
using Equation (3) we obtain

2 2
gg 5 J{ gt ez[hsin2%3(1‘32+4%+92)]'
L] 1-g +6~ 1-8 +—§+9, w
W

2raw 2, G a2y, BW. 22 o2
sin [E;(l-s +w2+a )+E?(l pe+02) 1N

2raw 2, o buw 2
In [ (1-p"+—+02 )4pn(1-8"+02) ]
sin“[ ; = jrem

2

(20)

As mentioned earlier, while deriving Formula (17) we
neglected the reflected field, considering the reflection
coefficient in this case to be small, But in the case of a
stack of plates, reflection takes place on each plate.
Therefore in the region of applicability of Formula (20)
the smallness of the total reflected field as compared

with the passing field should be considered. This re-
sults in the condition of:
(Ve-1) N << 1 (21)
2

Formula (20) for transition radiation without condition
(21) was derived by Ter-Mikaelian and Gazazian 78,
and by Garibian and Goldman 80 In references 78,
79, 81 this radiation was referred to as '"resonance'
radiation.
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When analyzing Formula (20), it is natural to com-
pare the average radiation emitted per unit of plate ing‘\
stack with the radiation generated only on a single sep-
arate plate, i.e. Formula (20), divided by N, should be
compared with Formula (17), __The analysis under exam-
ination has been performed and only its results
will be presented below. Let us introduce the frequency
p =——E—, where p=atb. Then with conditions of
2
p (1-B%)

@w>>w, and p >>a, an independent addition of intensities
of radiation from all the plates takes place, i.e., an
average radiation on one plate is equal to the radiation
obtained from Eq. (17). Physically, these conditions
imply that the distances between the plates are much
larger than the zone of formation of transition radiation
in vacuum, In order to consider other frequencies, it
should be noted that with the conditions of w<< @'y and
@~w'y , maxima and minima occur in the spectral
distribution of radiation emitted from a single plate,
since @'y, < w's . It has been shown that the radia-
tion maxima both in a stack of plates and on a single
plate fall nearly at the same frequencies. In the region
of frequencies of w << w’p , the average radiation in-
tensity emitted from one plate in a stack of plates has a
smaller amplitude at the maxima of radiated frequencies
®g , as compared with the amplitude at the maxima of
the same radiated frequencies generated from one single
plate. At w ~ @’ and p>>a the amplitude emitted
from one plate in a stack of plates at these frequencies
becomes somewhat larger than the intensities from a
single plate.

—

a+b 20+E'

o

Figure 2

Formula (20) was derived for x-ray transition
radiation of extremely relativistic particles and a stack
of N plates. In the general case of radiation of any
wavelength, solutions exist 70,82-84 (see also ref. 85,
86 ) for a particle of arbitrary velocity and for a stack
made up of a finite number of plates. Accurate solu-
tions are also derived. for an infinite layered med-
ium and for a periodical continuously changing inhomo-
genous medium 88 Similarly, the problem is solved

for an infinite medium and a smoothly changing
€ (o), in the approximation where ¢ (@) is close to unity.
Also the problem is solved 90 for the case where the
medium's density changes periodically and smoothly.
Particularly, for the case of x-ray frequencies the first
two terms in the expansion series of the radiation field
were obtained. These were derived elsewhere by an-
other method 89 . The case of a thin stack of very
thin plates 91 and a stack of optically blue non«reflect-
ing plates 92 was also investigated. A formal accur-
ate solution of the problem for an infinite periodic medi-
um is given in ref, 93 . The case of a dielectric medi-
ggn_, interlayed with thin metal foils is also studied 94,
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V. PROBLEMS RELATED TO TRANSITION RADIA TION.

It is evident from Formula (15) that the formation
zone of transition radiation in matter for ultrarelativis-
tic particles may become very large. If it becomes so
large that the particle begins to experience multiple
gcattering in this length, then the theory of transition
radiation should be modified properly 79 . The effect
of multiple scattering on transition radiation in the
presence of one interface between media has been treat-
ed by a number of authors 100-108 |

The other question is connected with the thermal
motion of electrons in the medium resulting in a spatial
dispersion of dielectric permeability. Since in this case
longitudinal waves develop, the boundary conditions
appear to be fewer in number than the unknown compo-
nents of the field. Some additional conditions may be
introduced in such a manner that the problem can be
solved. 40, 109 On the other hand, Silin and Fetisov

110 demonstrated that a missing boundary condition
for the electric field components can be substituted by a
boundary condition on the distribution function of the
medium electrons, if the problem is solved in a kinetic
gas approximation. In such a formulation the problem
of transition radiation was solved while taking into
account the spatial dispersion of the dielectric constant

12, 111-113", The same problem was also solved in a
hydrodynamic approximation 144 |

The influence of diffused boundaries on the forma-
tion of transition radiation is studied by Amatuny and
Korkhmazian 115 and Galeev 116 , The transition

radiation of dipole moments 117 and of bunches of
charged particles periodically following one another is
examined by Amatuny 118 | "The formation of trans-
ition radiation by a charged particle with an arbitrarily
changing velocity and for the case of flat interfaces be-
tween the media is investigated 97, 98, 119-121 |
Similarly the case of spherical interfaces between media
is given 122 | The fields produced by a charge passing
through joint two-layered and multilayered plates are
derived 123-125 |

Transition radiation resulting from oblique inci-
dence of a charge has been studied fé)r the cases of one
interface between media 31y 36, 126-132" "5 1540
(that is, two interfaces) 41, 133, 134 and a stack of
plates .

There are also investigations which treat the gen-
eration of the transition radiation fields un&r the con-
ditions of a moving interface between media 136 | when
one of the media is isotropic and optically active 137
and again, when one of the media is of gyrotropic ferro-
magnetic nature 138 | The quantum theory of transition
radiation is developed in some detail 103, 139

Finally, we remark that an investigation exists
which treats the radiation generated by a charge moving
in a randomly inhomogenous medium 40 | in a medium
where parameters are coordinate and time dependent
according to the law of travelling waves 14l | Algo,
Barsukov 52, 70 has treated the problem of transition
radiation when a charge travels in a waveguide,
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