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The real part of the permittivity is calculated on the basis of the Kramers-Kronig relation for frequencies
close to the photoabsorption edge. It is shown that there exists a n u ~ b e rof substances for which the
permittivity exceeds unity in these frequency ranges. A theory of x-ray Cerenkov radiation is developed by
taking into account the absorbing propertiesVof the medium and the multiple scattering of particles. The
results of an experimental investigation of Cerenkov radiation in carbon at frequencies close to the
photoelectric-effectK edge are discussed.
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1. INTRODUCTION
It is known that eerenkov radiation from a charged
particle is produced at a frequency w when the particle
velocity v in a homogeneous medium exceeds the phase
velocity E'(w)]-"~of the light, where &'(w)is the real
part of the permittivity of the medium." The condition
v > [ ~ ' ( o ) ]can
- ~usually
~
be satisfied in the optical frequency region, where &'(w)>1, for a large class of substances. Therefore most theoretical and experimental
studies have been devoted to the properties of eerenkov
radiation in the optical band. The results of these investigations a r e reported in detail, for example, in the
monographs of Jellef and Zrelova and in the review
A Stanford University group
article by Bol~tovskii.~
has recently succeeded in observing Cerenkov radiation
of wavelengtfis down to 620 A, produced in helium gas.4
It is usually assumed that eerenkov radiation in the
x-ray band is impossible in a homogeneous medium.
What is meant here that &'(w) i s less than unity at these
frequencies and i s of the form &'(w)=l w;/d, where
w, i s the plasma frequency of the electrons of the medi, ~ a crystal havum. However, a s shown by K o l p a k ~ v in
ing Miissbauer nuclei at the lattice sites, line, the positive contribution made to &'(w)by the interaction of the
virtual photons with the nuclei can exceed near the nuclear transition line the negative contribution from the
interaction with the ele_ctrons. In this case, the necessary condition for the Cerenkov radiation can be satisfied in quite narrow frequency intervals in the x-ray
and Y bands.

-

Another possibility of eerenkov radiation in the x-ray
band was considered in detail in our preceding paper^.^"
It was shown that allowance for the coupling of the electrons with the atoms of the medium alters the monotonic ~'(w)dependence near the photoabsorption edges
in such a way that for certain substances E'(w)can exceed unity. The predicted effeci was recently observed
in carbon at wavelengths A-40 A . The electron source
was a beam from the linear electron accelerator of the
Khcrkov Physicotechnical Institute with electron energy
1 GeV. In this paper we report in detail the results of
the theory of eerenkov radiation in the x-ray band and
compare the experimental data with the conclusions of
theory.
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Sov. Phys. JETP 5 4 5 ) . Nov. 1981

2. DISTINGUISHING FEATURES OF CERENKOV
X RADIATION FROM RELATIVISTIC PARTICLES

Although, a s will be shown below, the permittivity in
the x-ray band can indeed exceed unity, the deviation
from unity, i.e., the susceptibility ~ ' ( w )&'(w) - 1 turns
out to be relatively small: ~ ' ( w<)< 1. Therefore the particle threshold energy needed to generate the radiation
turns out to be relativistic, and the radiation angles
turn out to be small enough. In addition, the radiation
is possible only in regions close to absorption lines
and bands. In this case the theory used to describe the
optical eerenkov radiation becomes, generally speaking, inapplicable. A need arises for taking into account
a number of effects connected with the rather large coherence length of the Cerenkov radiation.
The coherence length (formation length) of eerenkov
radiation can be calculated in the following manner.
Let the electron move at constant velocity v and radiate
a eerenkov wave at a characteristic angle

It is meaningful to speak of radiation if the wave lags
the electron in the direction of its motion by a distance
equal-to the wavelength A. During that time the electron
negotiates a path equal to the coherence length l;,,.
Since the wave velocity is ( ~ ' ( w ) ) - ~the
/ ~ , coherence
length is determined by the relation
(1

-"'I

[D-(~'(6)))

lCoalu=h.

Therefore at small x'<< 1, at ultrarelativistic velocities
v = 1 - 1 / 2 y 2 , and at small emission angles (cos 8, = 1
- 0: /2) we obtain

where

y

is the Lorentz factor of the particle.

When the coherence length exceeds the photon absorpa more rigorous analysis of the
tion length E,(w)= A/&:
radiation process becomes n e c e s ~ a r y . Another
~
possible factor that influences the process of formation of the
eerenkov radiation i s multiple scattering of the radiating ele~trons.~-'' The multiple-scattering effect can be
estimated by replacing in (1)the particle velocity by its
projection v cos 0, on the direction of the initial motion,
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where

the Kronecker symbol.
Substituting (7) and (8) in (6), we obtain

q is the mean-squared multiple-scattering angle per
unit path, Es=21 MeV, and L i s the radiation length of
the medium. We find a s a result that multiple scattering can be neglected if the multiple-scatteriy angle is
smaller over the coherence length than the Cerenkovradiation angle, i.e.,
(q;6))'!'/[xf((0)

-y-'] < I .

The foregoing qualitative arguments a r e confirmed also by more rigorous calculations.
3. THEORY OF EERENKOVX-RADIATION IN AN
UNBOUNDED ABSORBING MEDIUM

The classical Tamm-Frank equation for the spectral
energy density of the cerenkov radiation per unit time
from a charge moving in an infinite absorbing medium
is

where g is the Heaviside function. At small XI<<1 and at
ultrarelativistic energies, Eq. (3) can be rewritten in
the form

Budini12 modified somewhat the Tamm-Frank result (3)
to take absorption into account:
where E (w)=&'(w)+i~''(w)
is the complex permittivity. In
the case of interest to us I x I<< 1 and 1 - v << 1, the Budini equation hardly differs from (4). Thus, the aforementioned absorption effect in the production of the radiation was not taken into account in the Tamm-Frank
and Budini theories.
To take this effect into account, we use the general
approach developed by Yakimets13 and Zhevago14 for the
calculation of the energy losses of the particles in an
absorbing medium. The spectral intensity density of
the energy lost by the particle in an absorbing medium
can be written in the form14
(FW --Irne z o
-dodt

4n'

j jp(r,k ) D , ( k ,

where D,,&, o)i s the space-time Fourier component of
the photon Green's function and LvU(r,k) is the electron
correlation- function tensor.
In the case of rectilinear motion, the following relation i s valid

(7)

where vv a r e the components of the particle 4-velocity.
For an isotropic medium, with a gauge having a zero
scalar potential, the photon Green's function is of the
form

where Ei(w,k) and E ( w ) a r e the longitudinal and transverse complex permittivities of the medium and 6,, is
885
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dodt

n2

vz- (kv)' / k Z
0 2 e( o )-ka

-

(W'

mZkzs,( 0 ,k )

The second term in the square brackets of (9) corresponds to the energy lost by the particle to excitation of
longitudinal electromagnetic waves (plasmons). As ~1
0, in particular, taking into account the relation

-

we obtain a known result (see, e.g., Eq. (31.24) in
Silin's monograph15)for the energy lost to excitation of
weakly damped plasma oscillations. This part of the energy loss, however, has no bearing on the considered
effects.
The energy lost by the particle on account of the interaction of the transverse part of the field with the medium is determined by the first term in (9). We choose
an axis of the coordinate frame along the direction of
the velocity v in the space of the vectors k. After integrating in (9) with respect to the modulus of the vector k we obtain
dZW e20u2
dodt
n

-=-

sin3Ode

lrnj E ( ~ ) U ~ C O S ~ ~ - ~

In the limit of interest to us, Eq. (10) can be represented in the form

0

X" ( o )03de
' [X'(W)-Y-~-~~I~+[X"(O)I~
'
.

where the upper limit of integration with respect to the
photon emission angles (which a r e generally speaking
virtual) is given by
This choice of 8, corresponds to the employed approximation, wherein the dependence of E on the momentum
k of the virtual photon is neglected. By the same token,
no account is taken of the contribution made to the energy loss by the sufficiently close collisions of the particle with the atoms of the medium. This contribution
should be calculated separately (see e.g., Ref. 16).
After integrating with respect to the photon emission
angles relative to the particle-velocity direction, we
obtain

o)dnfik,

L"'="P~'~-""-~""

daW
ezo
-- -1 m j 6 ( a - k v )

[

dZW - e20 -. xf'(;)
--dodt

n

em6
( ~ ' - y - ' ) ~ (x")'
+

Let us analyze the result. If the absorption of the virtual photons in the course of formation of the radiation
is completely neglected (X" 0), we arrive at the TammFrank result (4). In the other case, when the photon
absorption over the coherence length is relatively small
(xC<< IXtand the real part of the permittivity is
negative (xt(w)=- wi/w2) and Cerenkov radiation is impossible, we obtain

-

dZW
dodt

-=-

ezo
2n

X" ( a )in

em'

[ ( W ~ / O ) ~ +. ~ - ~ ] ~
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when ~ " ( w )is determined by the photoabsorption by the
atoms of the medium, 4. (12) represents the spectral
density of the energy lost by the particle to ionization.
The quantity w i s in this case the energy transferred by
the particle to the atomic electron. If Eq. (12) i s integrated with respect to w under the assumption that the
logarithmic function changes little over the interval in
)
substantially, we obtain the known
which ~ " ( w changes
Fermi result'7 for the ionization losses of an ultrarelativistic particle with allowance for the density effect:

In the derivation of (13) we have used the ThomasReiche-Kuhn sum rule

In the general case, when the length of formation of
the Cerenkov radiation i s comparable with the absorption length, the two terms in (11) are comparable in
magnitude. In an unbounded absorbing medium, all the
photons are sooner o r later absorbed and the only obs e ~ a b l effect
e
is ionization and excitation of the atoms.
In the general case it is impossible to distinguish
uniquely betwe_en direct ionization and ionization due to
absorption of Cerenkov radiation. On the other hand, if
an attempt is made to measure the photon flux by some
detector mounted inside the absorbing medium, the
properties of the detector itself will influence substantially the spectrum of the registered radiation.
The difficulties connected with th-e separation of the
energy losses into ionization and Cerenkov radiation
can be eliminated by recording the photons behind a
layer of material. The calculation of the radiation
spectrum for this case will be carried out in Sec. 4 below.
When account i s taken of multiple scattering of a particle, the picture of the radiation from a relativistic
particle in an absorbing medium becomes even more
complicated. The point is that multiple scattering cannot only influence the process of Cerekov radiation,
but i s also a source of bremsstrahlung. This question
was considered in detail by Bazylev, Varfolomeev, and
Zherago .I1
If no account i s taken of the change of the r m s multiple-scattering angle due to the energy lost by the particle, then the result for the spectral density of the energy lost by the particle per unit time can be represented in the forms"4
8W

e=

dodt

n

-=-

e'o

+X" In
2n
e'o

-

)

IT

0,"'
(xr-y-%)

a+

(x")

p = ~ s ( i + t ) , ,-p sign (y-*-xr+fi.

where $ ( x ) is the logarithmic derivative of the r function, and q i s the mean squared angle of multiple scat886
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FIG. 1. Dependence of the function F ( s ) on the real part s' of
the complex variable s at the values of s" indicated by the
numbers on the curves.

tering of the particle on a unit path in the medium. The
complex-variable functionf(s) i s represented by a set
of plots in Fig. 1. Under the condition Isl>> 1, the multiple scattering is insignificant, the first term in (15) is
relatively small, and we obtain the previous result (11).
In the second case, when the absorption length greatly
exceeds the radiation formation length, i.e., \ R e sl
>> IIrn sl , the last term of (15) makes a negligibly small
contribution, the second term can be represented in the
form

and the parameter s can be regarded a s pure real. In
this case relation (15) is the spectral distribution of the
cerenkov-radiation intensity, of the bwmsstrahlung,
and generally speaking, of their interference (in the region where 1 5 s'sO). This result was also obtained
by Pafomovl' in an analysis of the spectrum of optical
bremsstrahlung . The function ( s ) introduced by him i s
connected with F ( s ) for real negative s, by the relation

-

In the x-ray Cerenkov radiation case of interest to us,
at frequencies close to the absorption lines and bands of
the medium, the most substantial effect i s absorption of
virtual photons over the radiation-formation length, and
the effect of multiple scattering can a s a rule be neglected.
4. CERENKOV RADIATION GENERATED NEAR A
BOUNDARY OF A MEDIUM
We calculate now the spectral distribution of the radiation energy that can be measured behind a layer of
material in vacuum, when a charged particle passes
through this layer. In this case the ambiguity connected with the separation of the contribution of the cerenkov radiation to the ionization process i s no longer
present. However, the presence of a boundary medium
leads to generation of transition x-radiation. As will
be shown below, it i s not always meaningful to consider
these two types of radiation independently.
Bazylev et at.
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Since, as noted above, multiple scattering over the
radiational-formation length can be neglected, it follows that the calculation of the radiation spectrum can
be started with the known Garibyan formula18 for the
spectral-angular distribution of the radiation produced
when a particle passes along a straight line through a
plate of matter of thickness d. This equation i s of the
form

-

(16')
where 8 i s the polar angle of the radiation, dS2 M M ( p
is the solid-angle differential, and x=xr+Z'x"is the complex permittivity.
Let the plate thickness exceed substantially the photon
absorption length in the medium, d >> Z,(w). The exponential in (16') can then be neglected. Elementary integration of (16) over the radiation directions leads then
to the following results for the spectral density of the
radiation2) (Refs. 6 and 7):

In the frequency region where the real part of the dielectric susceptibility xr(w) is negative and the Cerenkov radiation is impossible, the second factor in the
square brackets of (17) can be written in the form
I~'l+y-~

+ arctg x" =arctg X"
X'-T-2

2

'

This case of transition radiation from an interface between an absorbing medium and vacuum was investigated in detail by Garibyan and Yang Shi."
Let now the photon absorption length exceed substanEquation (17)
tially the formation length xn<< If- Y
takes then the form

where 1, =X/X" is the photon absorption length. At relatively high frequencies when the plasma formula x ' ( ~ )
= - w2,/w2 i s valid, Cerenkov radiation i s impossible
[the first term in (18) is zero]. The second term in (18)
coincides then with the known result2' for the spectral
energy distribution of the transition x-radiation. On
the other hand, in the frequency region where xl(w) i s
positive, the second term in (18) can take on negative
values (for example, at xl< 2 / y 2 ) , and then this term
can no longer be regarded a s the spectral density of the
transition radiation. In this case it is more correct to
speak of the influence of the boundary on the spectrum
of the Cerenkov radiation [the first term in (18)], calculated by the Tamm-Frank formula (4) followed by allowance for the trivial absorption of the radiation along
the path from the medium into the vacuum.
887
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The considered example shows that x-ray cerenkov
and x-ray transition radiation can generally speaking
not be considered independently. This holds in particul a r for the case when the formation length of the Cerenkov radiation is comparable in magnitude with the'absorption length.
On the basis of an analysis of the general expression
(17) it can only be stated that with increasing ratio

towards positive values, the radiation comes closer in
its properties to Cerenkov radiation, i.e., a noticeably
pronounced generation threshold and a characteristic
directivity along the generatices of the cone appear (details follow). The significant role of the interference
between the absorbing medium and the vacuum was
, ~ ~ investigated theoretically
noted also by S a m ~ o r n vwho
the structure of the radiation field.

5. CALCULATION OF THE PERMITTIVITY AND OF
THE RADIATION SPECTRA
According to the results of quantum theory of photon
scattering, the permittivity of a homogeneous medium
can be expressed in terms of the amplitude of photons
scattering through a zero angle by the atom of the medium (see, e.g., Ref. 23):

where n is the number of atoms per unit volume. The
imaginary part of the susceptibility determines the absorption of the photons and can be expressed, in accordance with the optical theorem, in terms of the absorption cross section o('")(o) in the following manner:

The real part of the susceptibility is connected with
~ " ( wby
) the Kramers-Kronig dispersion relation

Allowance for the interaction of the photons with the
nuclei in the energy region close to the difference between the energy levels of the Mtissbauer nuclei, can
make the negative electron contribution to the real part
of the permittivity smaller than the positive contribution from the interaction of the photons with the n ~ c l e i . ~
We consider now the behavior of ~ ' ( w )near the edges
of the electron photoabsorption of various shells of the
atom. Relation (20) shows that electrons with binding
energy exceeding the photon energy make a positive
contribution to ~'(w). In the opposite case, the contribution turns out to be negative. The problem is to find
media in which there exists an x-ray frequency region
in which the positive contribution to ~ ' ( w prevails
)
over
the negative contribution. In first-order approximation
we can confine ourselves to the known form of the
photoabsorption cross section o('")(w) in the Coulomb approximation, and then calculate the integral in the
right-hand side of (20). This calculation method was
In the present case,
used, for example, by
however, it is not accurate enough. Since the photoBazy lev et a/.
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FIG. 2. Frequency dependence of the permittivity X' (curve I),
X" (curve 2), and of the spectral density of the radiation of
electrons (3) with energy 1 GeV for carbon of density 1.0 g/cms.

effect cross section changes jumpwise at the threshold,
~ ' ( w )has formally a discontinuity in such a calculation
and one can arrive at the erroneous conclusion that a
frequency region in which ~ ' ( w )> 0 should exist in any
medium near the photoabsorption edge. In fact, the
photoeffect threshold is not abrupt. There exists a
fine structure of the photoabsorption edges, due to the
transitions of the electrons to valence levels. This
structure must take into account in more accurate calculations of ~'(w).
We have performed such calculations by numerical
methods with a computer. We used detailed experimental data on the photoabsorption cross sections as functions of the photon energy.25'26 The lower and upper
limits of the integrals in (20) were the first atom ionization threshold and the threshold of formation of electron-positron pairs, respectively. The test of the correctness of the calculations was simultaneous satisfaction of the sum rule (14). The calculated xl(w) for a
number of media a r e shown by curves 1 in Figs. 2-4,
)
2) in the fretogether with the values of ~ " ( w (curves
quency regions adjacent to the edges of the photoeffect
on various shells. For the given number of media,
~ ' ( wturned
)
out to be positive in relatively narrow in-

FIG. 4. Frequency dependence of the permittivity X' (curve 1).
X" (curve 2) and of the spectral density of the radiaton of electrons (3) with energy 1 GeV for neon at a pressure 1.0 atm.

tervals of the sought x-ray and of the vacuum ultraviolet frequency bands. On the other hand, in these frequency intervals the real part of the permittivity can
greatly exceed its imaginary part. As shown above,
this makes possible Cerenkov radiation in the indicated
frequency intervals.
We calculated in accordance with (17) the spectral energy density of the radiation of an electron with energy
1 GeV, exceeding the threshold energy E ~ , , =[ x ' ( ~ ) ] - l / ~
for all the substances given in Figs. 2-4 and a sufficiently large frequency interval. The results of the calculations a r e shown by curves 3 of these figures. In all
the figures, the spectral density of the radiation energy
has a clearly pronounced maximum whose position corresponds to and whose magnitude is proportion to the
maximum of the ratio of the photon-absorption length
to the coherence length.
6. SPECTRAL-ANGULAR DISTRIBUTION OF THE
RADIATION

The spectral-angular energy density of the radiation
from a sufficiently thick plate of material, without allowance for multiple scattering of the particles, is determined in accordance with (16) and (16') by the relation

The quantity (19), a s function of the observation angle
0, has generally speaking two maxima. The first corresponds to the eerenkov emission angle

and the second to the transition radiation angle 6,=y".
The relation between the values of these maxima_depends on the ratio of the coherence length of the Cerenkov radiation to the photon absorption length.

FIG. 3. Frequency dependence of the permittivity X' (curve 1).
" (curve 2). and of the spectral radiation density of electrons
(3) with energy 1 GeV for xenon at a pressure 0 2 atm.

x
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If the coherence length of the Cerenkov radiation i s
small enough compared with the absorption length
(xl(w)>>x"(w))and the particle energy exceeds the
threshold energy E , , , then at angles 6 close to 6, we
can neglect the second term under the absolute value
Bazylev et ab
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sign in (21). As result we obtain

Thus, Cerenkov radiation with a given frequency [such
a s to satisfy the condition xl(w)>y-2] takes place in a
narrow angle interval
AO=f

( o )(xr-r-')

-"

around the angle 8,. The ratio AO/O, is equal, apart
from a numerical factor, to the ratio of the coherence
length to the absorption length.OP7 At the same time,
the value of the spectral-angular energy density of the
radiation at the maximum (i.e., a t 8=,O0)i s proportional
to the square of this ratio.
The real part of the susceptibility, shown in Figs. 24 a s a function _of w, h a s a maximum corresponding to
the maximum Cerenkov radiation angle 9 ~ " "
- (fa,- Y " y " . Owing to the relatively strong dispersion of ~ ' ( w )near the edges of the photoeffect, Cerenkov radiation with slightly different frequencies [within
the limits of the region where X ' ( w ) > ~ 2takes
]
place a t
substantially different angles, from 8 p ' to zero angle.
Each observation angle 8 corresponds to a certain radiation length with center a t
determined from the relation

w,

FIG. 5. Spectral-angular density of emission of electrons
from carbon with p = 1.0 g/cms vs. the photon energy for different observation angles. The numbers a t the peaks denote
the values of 6 in mrad.

enkov radiation in a layer of carbon with density p=1.00
g/cm3 and with a thickness much larger than the absorption length. The electron energy was assumed to
be 1.2 GeV.

7. EXPERIMENTAL OBSERVATION OF X-RAY

EERENKOVRADIATION
The shape and width of the line a r e obtained by expanding the denominator of (22) in powers of Aw= w - o:

Thus, the line of emission by a single particle at an
angle 8 a s a Lorentz shape with a width

Relations (24) and (25) a r e valid wherever ~ ' ( w>)
with the exception of a certain vicinity of the maximum
of xl(w). Near this maximum, the expansion of xl(w) begins with terms quadratic in A o and the line width turns
out to be largest.

To check on the predictions of the theory, x-ray e e r enkov radiation in carbon was investigated. The work
was performed with the LUE-2 linear electron accelerat o r of the Kharkov Physicotechnical Institute at an electron energy 1.2 GeV. Figure 6a shows the arrangement
of the experimental setup. The electron beam (1)was
accelerated, passed through a parallel-transport section, entered the experimental setup (2,3) and proceeded further along an electron duct through a concrete
shield to the next room. The experimental setup consisted of a special vacuum monochromator (2) built into
one of the sections of the electron duct of the accelerator, a target unit, and a detector unit (3) located in a
lead shield on the floor of the laboratory. Figure 6b

For a particle beam it i s necessary to take into account also the inhomogeneous line broadening due to the
scatter of the particles with respect to the angles at
which they enter the target, and also due to their multiple scattering in the target. According to (231, the
variations in the angles 0 between the direction of the
particle velocity and the observation direction leads to
variations of the line center

Thus, relation (25) remains in force if the mean
squared scatter of the particle angles and the mean
squared angle of multiple scattering of the particles In
the target a r e less than r ( w ) .
The spectral-angular distribution in (21) a s a function
of w i s illustrated by a set of plots in Fig. 5, constructed for different observation angles 8< 8p") of the c e r 889
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FIG. 6. Schematic diagram of experiment. a) Extraction of
electron beam and location of experimental setup; b) arrange.nent of monochromator and of the detector unit; I ) electron
beam; 2) monochromator; 3) detector unit; 4) target; 5) target rotation axis; 6) diffraction grating; 7 ) monochromator
slit; 8) deflecting mirror; 9) metallic shutter; 10 proportional
counter; 11)preamplifier; 12) lead shield.
Bazylev et a/.
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shows the setup in a larger scale. The target (4) was
suspended from thin holders and could be rotated about
the axis (5) and removed from the electron beam for
control measurements of the background produced by the
the electrons at the magnetic elements of the accelerator, at the collimators, and in the electron depth.
The target consisted of a plate of amorphous carbon
with density 1.75 g/cm3, transverse dimensions 20 x 56
mm and thickness 200 pm. Two pieces of polyethylene
film 50 Pm thick, were fastened to the carbon plate on
opposite sides in sucha way that alongone part of the target
constituted successive layers of carbon and polyethylene,
and the other layers of polyethylene and carbon. Since the
radiation emergingfrom the target is actually picked off
the last surface layer havinga thickness on the order of the
absorption length (several microns), it turned out that at
an equal amount of matter on the path of the electrons
it was possible to investigate the radiation from carbon
of density 1.75 g/cm3 and polyethylene with a carbonequivalent density 0.83 g/cm3.
The monochromator operated at grazing incidence on
a flat diffraction grating (6) having 1200 lines per millimeter. The angle of incidence of the radiation on the
grating ranged from 7 to 10" when working in negative
diffraction orders. To decrease the size of the monochromator and at the same time to locate the detector
a s far a s possible from the electron beam, an additional deflecting mirror (8) was placed in the monochromator at a distance 50 mm from the diffraction grating behind a slit (7). The mirror was made of fused quartz.
The angle of incidence of the radiation on the mirror
was 1.77". The total length of the monochromator turned out to be approximately 7.6 m.
The radiation detector was a cylindrical proportional
counter (10) filled with 90% Ar + 10% CH, at a pressure
0.10-0.15 atm. The side window of the counter measured 5 x20 mm and was covered with a lavsan polyeste r film 0.6 Nm thick, supported by a nickel screen with
effective transmission 50%. Unfortunately the effective
area of the inside working volume of the counter was
5Qtimes larger than the area of the entrance window of
the detector, so that the penetrating component of the
background was registered by the entire working volume of the detector and the useful signals only by a
small part of it. To measure the background of the hard
electromagnetic radiation, a removable metallic shutter
(9) 1 mm thick was installed ahead of the detector input
window. The detector, the metallic shutter, and the detector preamplifier (11) were placed in a lead shield
(12) on the floor of the laboratory at a distance of approximately 2 m from the electron duct of the accelerator. The length of the lead shield was 40 cm on the side
of the input window of the detector and 20 cm on the
other sides. The input opening in the lead shield had a
diameter 50 mm.
The dimensions of the diffraction grating, of the deflecting mirror, and of the limiting diaphragms were
such that it was possible to register events when the
electron beam was shifted by * 7 mm perpendicular to
the dispersion plane of the grating. The elements of
the monochromator and the target were placed in such a
890
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way that the angle between the input axis of the monochromator and the axis of the electron beam was OM
=8.42 lo-' deg.
On the basis of the calculations performed, eerenkov
x-ray photons should be observed at such an angle at a
carbon-target density 1.75 g/cm3. The shape of the phophoton spectrum under these conditions corresponds
approximately to the curve shown in Fig. 5 for the angle
8= 6
rad. It is seen that the radiation intensity has
a clearly pronounced maximum with a peak width 0.1
eV. The monochromator was capable of an approximate energy resolution 1 eV for photons of 300 eV energy. In our measurements, however, owing to the instability of the electron beam, the energy resolution
was decreased to 50 eV. The point i s that the position
of the electron beam in space during the experiment
was shifted from the central position by a s much a s 10
mm. Since a -50 eV displacement of the emission
point in the dispersion plane led to a shift of the detection region in the energy spectrum of the photon, it
made no sense to tune the monochromator to a higher
energy resolution. Installation of an input diaphragm,
i.e., operation with a fixed angle of incidence of the radiation in the diffraction grating, would make it possible to operate with a higher energy resolution of the
monochromator, but then the radiation source would
turn out to be "blinking" and normalization of the results would be impossible. The solid angle subtended
b y the monochromator was lomB
sr.
The L U ~ - 2accelerator operated in a pulsed regime
with an electron pulse duration 1.2 sec and a frequency
50 Hz. The counting rate of the detector phonon signals, which coincided in time with the accelerator pulse, depended on the electron current. At an average
current larger than
A, the counting rate of the detector was practically 50 Hz and in this regime it was
impossible to note the addition of the useful signals.
The electron current was chosen to be such that the
frequency of the appearance of the phonon count with
the counter window closed did not exceed 10 Hz. At total counting rates less than 10 Hz, under the given conditions, the useful-signal counting rates combined practically linearly with the phonon-signal counting rate.
The optimal average electron current was
A. The
accelerator current was measured with secondary emission monitor SEM, located 5.5 m away from the monochromator. In front of this monitor was placed a second monitor SEM, with an opening for the electron beam
passing along the electron-duct axis. When the electron
beam was deflected away from the electron-duct axis,
the counting rate of the second monitor SEM, increased
and the counting rate of the first monitor SEM, decreased. Therefore the test of the stability of the position of
the electron beam in space during the described measurement was the ratio N(SEM,)/N(SEM,) of the counts.
The same test was used when the beam of the electron
was passed through the electron duct. The phonon
counting rate of the detector decreased at the maximum
ratio of N(SEM,) to N(SEM,).
We measured the spectrum of the radiation of the electrons from the carbon target of density 1.75 g/cm3. To
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decrease the influence of the instability of the position
of the electron beam on the target, the measurements
were performed in short runs of 100 sec each. We measured the difference between the counting rates of the
detector with the input window of the counter opened and
closed, as a function of the rotation angle of the diffraction grating, i.e., scanning was carried out over the
spectrum. The recorded number of events was normalized in each measurement to the corresponding value of
the electron current against the monitor SEM,. The effect was 5-7% of the background level. Any run in
which the ratio N(SEM,)/N(SEM,) with the detector input window closed differed from the ratio with the
counter window open by more than 5% was discarded.
The measurement results a r e shown in Fig. 7. Several intensity peaks a r e seen in the spectrum of the diffracted photons. The diffraction orders labeled m, correspond to travel of the rays in the monochromator
from the target to the detector through the diffraction
grating and next through the slit and the deflecting mirror. The diffraction orders labeled r 4 correspond to
the possible path of the rays from the target to the detector, with the deflecting mirror bypassed. The latter
ray path was made possible by decreasing the energy
resolution of the monochromator from 1 to 50 eV, for
which purpose it was necessary to open the slit (7) to a
width of 1 mm. In this case the diffraction condition
started to be satisfied for the diffraction-grating farthest from the target, and we observed a double pattern
of peaks. These peaks belonged to different orders of
diffraction of photons with energy 284 eV. Since the energy resolution did not make it possible to determine
exactly the photon energy, the results of the measurements (Fig. 7) made it impossible to state with sufficient reliability that it was precisely 284-eV Cerenkov
radiation which was observed rather than, for example,
the characteristic carbon K a line with energy 277 eV,
excited by the electrons. A control experiment was

therefore performed with the target, in which the last
material transversed by the beam was polyethylene and
not carbon. The maximum calculated Cerenkov-cone
angle turned out to be in this case smaller than the observation angle OM, and the detector should therefore
not have registered the eerenkov photons from the polyethylene. Estimates show that the characteristic radiation was the same for both targets, since it should not
have depended substantially on the density of the medium. On the other hand, no peaks was observed in the
spectrum measured with the polyethylene target (see
histogram 2 of Fig. 7), while the peaks due to the carbon target had a clearly pronounced character. This
fact by itself, without measuring the absolute intensity,
can be attributed only to Cerenkov radiation which, in
contrast to the characteristic radiation, has a specific
angular directivity (see Sec. 6 above). Performance of
absolute measurements of the radiation intensity from
the target calls for knowledge of the efficiency of the reflection of the photons by the diffraction grating and by
the deflecting mirror directly in the course of the experiment. No such measurements were made, so that it
i s difficult to cite the absolute values of the intensity of
the Cerenkov radiation in this experiment.
From the measurement of the maximum angle of the
eerenkov radiation, using Eq. (23), it i s possible to calculate the maximum value of the real part of the permittivity near the photoabsorption K edge of carbon.
Since eerenkov radiation from carbon of density p=1.75
g/cm3 enters into a monochromator set at an angle 8,
=8.42- lo-' rad to the electron-beam axis, while the
radiation from polyethylene does not, we can estimate
the limits of the maximum angle of the Cerenkov radiation from carbon:

From this we obtain for carbon with a reduced density
p= 1.0 g/cm3 the estimate

The calculated value of x,!,,,,,namely 6.77.
this interval.

falls in

From the known experimental values of the end points
of the band in which the maximum value of ~ ' ( wis) located, we can calculate the corresponding values of the
spectral density of radiation from carbon per electron:
The calculated spectral density of the x-ray cerenkov
radiation i s 0.28. We have thus experimentally confirmed the existence of x-ray Cerenkov radiation and
measured the maximum value of the permittivity of carbon near the K edge of the photoeffect.
FIG. 7. Counting rate of x-ray photon a s a function of the angle
of r e t i o n of the diffraction grating: 1) diffraction orders of
the Cerenkov photons, m,) diffraction orders in the case of a
ray path from the target through the diffraction grating to the
detector; m,) diffraction orders in a ray path target-diffraction grating-mirror-detector; 2) spectrum of radiation from
polyethylene target; 3) average value of the radiation spectrum
from polyethylene target.
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8. CONCLUSION

The foregoing theoretical calculation and the first albeit insufficiently complete experimental results show
that cerenkov radiation in the x-ray region of the spectrum is of interest primarily a s a source of monochromatic radiation with tunable wavelength and with small
angle divergence. The frequency can be tuned in a
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w e of several electron volts by varying the observation angle. The monochromaticity of the x-ray Cerenkov radiation i s close to that of x-ray tubes, and the directivity i s close to that of synchrotron radiation.
Let us compare, for example, the spectral-angular
density of Cerenkov and synchrotron radiation. According to the results of the theory of synchrotron 'rad i z ~ t i o nthe
, ~ ~spectral-angular energy density of the latt e r per electron does not exceed ~ 4 . 8 lo4.
At the
same time, for Cerenkov radiation we have in accordance with (22)

For a given particle energy E it is possible to choose
the density of the medium such that this energy i s equal
to several times the threshold energy. Then, since X'
>>x" in the region of the Cerenkov frequencies, it turns
out that the Cerenkov radiation has a substantially large r spectral-angular density than synchrotron radiation.
Calculated per electron, the spectral-angular density
of the Cerenkov radiation is comparable only with the
corresponding value for an undulator2' with N = h')'h/X"
periods.
It should be noted that the threshold for generation of
soft x-rays in solids (Al, C) turns out to be relatively
low (several MeV), while in undulators this calls for an
energy of hundreds of MeV. It becomes possible therefore to obtain soft x rays with the aid of small linear
accelerators for such purposes as x-ray lithography,
the investigation of the structure of the K photoeffect
edge of organic compounds, and other problems. Interest attaches also to the investigation of stimulated
cerenkov radiation and to the problem of developing on
this basis a laser operating in the soft x-ray and ultraviolet frequency bands.
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