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Optical radiation (A = 3480—5500 1&) emitted when 60-keV electrons having energies up to

60 keV traverse thin (d = 200—1340 A) silver and gold foils is investigated experimentally.
The spectral and angular distributions of the radiation and the dependence of its intensity on
electron energy and film thickness are investigated for photons polarized in the plane con-
taining the normal to the foil surface and the direction of observation (the emission plane) and
in the perpendicular plane. The properties of the light polarized in the emission plane agree
completely with the Ginzburg-Frank theory of transition radiation. Light polarized in the per-
pendicular plane is identified as bremsstrahlung. The polarization of the radiation is also

analyzed.
1. INTRODUCTION

WHEN a charged particle crosses the interface
of two media having different optical properties
transition radiation is emitted, as was predicted by
Ginzburg and Frank in 1945.[12) This radiation
results from changes in the electromagnetic field
moving with the particle, either because of a change
in the velocity of wave propagation, or as a result
of light absorption by one of the media. Transition
radiation is characterized by complete polarization
in the emission plane, which is the plane containing
the direction of photon propagation and a normal to
the interface. The theory of this effect was subse-
quently developed in numerous articles, which are
reviewed in detail int361,

The transition radiation from a charged particle
traversing a thin layer of matter was first studied
by Pafomov,[") and later by the authors oft8™191, In
this case the transition radiation intensity depends
on the thickness of the layer and is exhibited most
clearly with transparent films, where there is
interference between the radiation from bhoth faces.

The enhanced interest in transition radiation has
obviously resulted from the possibilities of utiliz-
ing this radiation to determine the optical constants
of metals, to generate electromagnetic waves in the
millimeter region,/!!! to detect particles having
ultrahigh energies!'?] etc.

The experimental investigations of transition
radiation properties during the past few years!!3-18]
have confirmed the fundamental theory. The ex-
periments have been analyzed inf¢%]. However,

additional experimental work is needed to achieve
more complete and detailed knowledge of the prop-
erties of transition radiation and for practical
applications.

We have investigated the properties of radiation
generated in aluminum, gold, and silver foils trav-
ersed by 60-keV electrons. We have previously!!%:20]
analyzed the experimental results for aluminum
and gold foils. In the present work we discuss the
results obtained with silver and gold foils. The ex-
perimental data are compared with the transition-
radiation formula for a foill"] and with the formu-
las for bremsstrahlung.[17-21]

2. EXPERIMENT

The radiation generated during the passage of
charged particles through metal foils was investi-
gated with electrons having energies up to 60 keV.
The experimental scheme is shown in Fig. 1. The
electron source was a Pierce-type electron gun
that supplied a continuous parallel electron beam
of 0.5-cm diameter in currents up to 1 mA. An
electromagnet deflected the electron beam 45° from
its initial direction. A thin magnetic lens focused
the beam at the center of the target (emission)
chamber containing the investigated foils. Deflec-
tion of the beam was required to prevent the en-
trance of light from the glowing cathode of the gun
into the target chamber and its subsequent detec-
tion.

The electron beam produced a luminous spot
0.1 cm in diameter on the target. The impinging
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FIG. 1. Experimental scheme. 1 —electrongun, 2—

magnet pole, 3 — magnetic lens, 4 — target chamber,

5 — target, 6 — magnet pole tip, 7 — main Faraday cup,
8 — auxiliary Faraday cup, 9 — transparent window,

10 — diaphragm (14-mm diameter), 11 — interference
filter, 12 — quartz lens (F = 110 mm), 13 — polarizing

filter, 14 — FE,U-17A photomultiplier, 15 — photomul-

beam current was maintained at an average of

1—2 pA. More intense beams cause wrinkling of
the foil; this effect is enhanced with increasing
beam current and occurs in thick foils at relatively
low current levels. Secondly, in the case of high
currents the properties of the foil change even dur-
ing the time required to measure any feature of the
radiation.

For the purpose of studying small-angle emis-
sion, the electron beam, after traversing the target
(in the target chamber) was deflected 25° by a
magnetic field and entered the main Faraday cup.
To prevent the stray field of the magnet from af-
fecting the beam focusing on the target, the electron
duct before the target in the target chamber was
made of magnetic material and terminated in a
collimator of 0.08-cm aperture. The beam diver-
gence at the target was + 3°.

The system was evacuated at the electron gun
and the target chamber, where pressures of
(2—4) x 10% and (1—2) x 10°° mm Hg, respectively,
were maintained. A semiconductor vacuum trap
located between the diffusion pump and the target
chamber prevented oil vapor from entering the
chamber and condensing on the target.

The entire system was coated internally with
Aquadag to reduce electron scattering and brems-
strahlung in the target chamber and to absorb stray
light. Aquadag was also used to coat all the alum-
inum Faraday cups measuring the beam current.
The target chamber was able to hold simultaneously
four different targets and the auxiliary Faraday
cup, all of which were suspended from radial metal
rods attached to a common vertical axis. The tar-
gets and the Faraday cup were transferred into the
path of the beam in the center of the chamber by
rotation of this axis, without affecting the vacuum.

Each target was an aluminum ring of 1-cm
diameter, on which there was first deposited a thin

tiplier power supply, 16 — integrating device, 17 —
measuring device, 18 — millimicroammeter, 19 —compen-
sator of photomultiplier dark current, 20 — microam-
meter, 21 — power supply of electron gun filament,

22 — high-voltage power supply of electron gun.

plastic film as a backing, followed by a vacuum-
deposited metal layer of the required thickness.
Silver, aluminum, and gold foils were deposited at
the rate of 50, 200, and 30 fi/min, respectively,
under ~ 10" mm pressure. The foil thicknesses
were measured by optical interferometry to within
~+10 A.

The investigated emission was observed through
an optically polished transparent plastic window
located in the side wall of the target chamber within
the angular region 0—90°. Light emitted at any
given angle 6 within a solid angle of 4.09 x 107 sr
defined by a diaphragm, was focused by a quartz
lens (F = 110 mm) on the photocathode of an
FEU-17 photomultiplier. The spectral character-
istics of the emission at wavelengths from 3480 to
5500 1.& were investigated with interference filters,
while its polarization was investigated with a polar-
ization filter capable of 360° rotation around the
optical axis of the system.

In the absence of a standard light source for
calibration of the detecting system, we calculated
the efficiency of the latter. The transmission of
each separate optical element (lens, polarizing
filter, chamber window) was measured with an
SF-4 spectrophotometer. The nominal ratings were
used for the transmission at the maximum and for
the band widths of the interference filters, for the
spectral sensitivity and quantum yield of the photo-
cathode at maximum spectral sensitivity, and for
the photomultiplier amplification. The detection
efficiency of the system determined in this manner
can obviously deviate from its true value, and can
therefore lead to some underestimation or over-
estimation of the absolute radiation intensities.

The photomultiplier output was fed to an inte-
grator. A sensitive EMU-3 vacuum-tube millivolt-
meter measured the potential built up on the
condenser during determinate time intervals. The
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potential generated during the same time interval
by the electron beam current reaching the main
Faraday cup was measured similarly at the same
time. Because of electron scattering in the target
not all electrons producing radiation will strike the
main Faraday cup. Therefore the currents to the
main and auxiliary Faraday cups were measured,
yielding a ratio from which the true number of
radiating electrons can be derived.

The angular and polarizing properties of the
optical system were tested. The target was re-
placed by a vertical 0.1-cm diameter tungsten fila-
ment heated by an electric current and emitting
unpolarized isotropic light. A horizontal gap 0.1 cm
wide was positioned in front of the filament. Detec-
tion of the light at different angles and for different
transmitting directions of the polarizing filter
showed that the system possessed no intrinsic
angular or polarizing properties.

We also measured the radiation produced in the
target chamber when the operating electrom beam
traversed only the backing of the foil. The result
fell within the fluctuation limits of a dark current
averaging +2 x 107 A.

Preceding each measurement the photomulti-
plier dark current, which was 108 A at 1250-V
operating voltage, was compensated by a suitable
device and its fluctuations were determined. Each

final result was the average of three measurements.

3. EXPERIMENTAL RESULTS AND DISCUSSION

We investigated the radiation originating in
silver and gold foils from 202 to 1341 A thick
traversed by electrons up to 60 keV. The radiation
was partly polarized with the sign predicted by the
theory of transition radiation. The degree of polar-
ization increased with electron energy and reached
a maximum of ~85% at observation angles
6 =50—60° for E = 60 keV.

Light polarized in the emission plane and per-
pendicular thereto will henceforth be designated
as the parallel and perpendicular radiation com-
ponents, respectively. The degree of polarization
for silver foils was smaller than for aluminum
(~ 98% (1)) and gold (~ 89%[20)) foils because of the
larger perpendicular component associated with the
silver foils.

The intensity of the unpolarized portion of the
radiation was taken as equal to the observed per-
pendicular component, and the theory of transition
radiation was compared with the intensity differ-
ence between the parallel and perpendicular com-
ponents. Temporarily disregarding the nature of
the perpendicular light, we note that its intensity is
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much lower than that of the parallel component.
Therefore the foregoing comparison is all the more
fully justified, because the indicated difference, as
will be seen, yields the typical properties of tran-
sition radiation.

a) Transition radiation. The solid curves in the
figures that follow correspond to the theory of
transition radiation.!"] The optical constants of
silver foils were taken from(%2],

A comparison with experiment showed that the
absolute intensity of the observed radiation exceeds
its theoretical value by the factor 1.5. It appears,
as we have mentioned in!%20] that this deviation
is associated with uncertainty in our knowledge of
the detection system efficiency. This argument is
strengthened by the fact that the experimental re-
sults exceed the theory by an equal factor (within
15%) for aluminum, gold, and silver foils. In com-
parison with the theory the experimental results
will henceforth be given with values reduced by the
factor 1.5.

The dependence of the radiation intensity on
electron energy from 30 to 60 keV is shown in
Fig. 2. Independently of the emitted wavelength,
the angle of observation, and the silver foil thick-
ness, the experimental results exhibit a linear
growth of brightness with electron energy, in good
agreement with the theory.

The spectral density observed at different angles
within the ~ 10% limits of experimental errors
corresponds to the expected theoretlcal result
(Fig. 3). The investigated 3480—5500- A wavelength
interval does not include the silver transparency
region, where many authors observed a character-
istic peak in the region 3200—3300 A.
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FIG. 2. Dependence of transition radiation intensity on
electron energy., a — A = 5100 A d= 660 A: curve 1 e— 0=
55° curve 2,A—0=25%a" — A = 5100A d =837 A: curve 1,
®_— 0=55%2,a—60=25%Db— )\=4000A, d :767OA:
curve 1, @ — 0=60°2, A—60=30%Db"—\=5500A4, d=_
767A curve 1, o — 0=60°2,a—0=30%c—A=3820A,

—1341A curve 1, @ — 6 = 60° 2, A—0=20°d—- A=
4670A d =344 A: curve 1, @ — 6 =60° 2, o — 6 =20°
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FIG. 3. Spectral distributions of transition radiation.
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FIG 4. Angular distribution of transition radiation. a — A =
4670A d= 716A curve 1, @ - E = 50keV 2,A—-E=
40keV,3, m-E = 30keV b—d= 666A E 50 keV:
cutrve 1, e — A = 3480A2A A= 4250A3 - A= 4670A
3’ — curve 3 for X = 1.50.

Figure 4 shows the angular distributions of in-
tensities measured at different wavelengths. The
data indicate a characteristic dependence of tran-
sition radiation intensity on the observation angle.
Also, as can be seen from Fig. 4b, the experimen-
tal distributions are shifted relative to the corre-
spondi(r}g theoretical curves. For short wavelengths
(3480 A) this shift is in the direction of larger
angles, whereas for relatively long waves up to
5500 A the shift is in the direction of smaller
angles. We have observed similar shifts of the
angular distributions for aluminum foils.[?®] The
shifts are apparently associated with the fact that
we used optical constants for the foils that did not
agree with those for which the theoretical curves

were plotted. For example, Fig. 4b shows the angu-

lar distribution of transition radiation calculated
for 4670 A with x = 1.50 (curve 3’) taken for the
absorption coefficient instead of 2.54 (curve 3).
Curve 3’ agrees better with experiment than curve
3 does. Assuming that this shift results only from
a different absorption coefficient for silver, the
experimental findings indicate that y is larger for
short wavelengths, and is smaller for long wave-
lengths, than in(%2],
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On the basis of the same assumption it follows
from the data for aluminum foils™¥] that x for
3730 A and 4670 A has smaller values than those
used in calculating the theoretical curves, whereas
this is not indicated for gold foils.[?") From Fig.
4a, showing the angular distributions measured at
4670 A for different incident electron energies, it
follows that all curves are shifted to the same de-
gree relative to the theoretical curves. Of all
transition radiation properties the angular distri-
butions are most sensitive to variation of the opti-
cal constants for metal foils.

Transition radiation is especially distinguished
by the oscillatory dependence of its intensity on
foil thickness. Figure 5 shows this for silver foils
with thicknesses up to 1000 A at two different angles
of observation. It must be emphasized that the
comparison of theory with experiment is rendered
somewhat difficult by the fact that the theoretical
curves were calculated neglecting the differences
of the constants for the different foil thicknesses in
view of the absence of data. Nevertheless, the ex-
perimental results show the theoretically expected
dependence on the thickness. The oscillatory char-
acter of this dependence affects short wavelengths
most because of the relatively small absorption
coefficient of silver. The oscillations are almost
absent for long wavelengths and the emission is
actually produced at a single boundary.

b) Bremsstrahlung. The investigations showed
that the magnitude of the perpendicular component
depends on the metal; it is negligibly small for
aluminum, with which the background oscillations
of the dark current are registered in actuality. For
gold foils this signal exceeds the background but
remains of comparable magnitude with the latter;
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FIG. 5. Intensity of transition radiation vs f011 thickness.
a—0 25% E =50 keV: curve 1, @ — A = 4000AZD—)\~
4670 A 6 = 25° A =5500 A: curve 3, v—_E=60keV; 4, A —
E =40keV. b—6 50°% E =50keV: curve 1, @ — A = 4000A
2,0-A= 4670A 6 =55° A = 5500 A: curve 3, v — E =
60 keV, 4, A — E =40 keV.
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for silver foils it is relatively large and greatly
exceeds the background in some instances.

In principle the perpendicular component can
consist of bremsstrahlung, luminescence originat-
ing in the metal surface layer, and transition
radiation arising from electrons scattered in the
foil and leaving it at an oblique angle. The intensi-
ties of bremsstrahlung and luminescence are known
to possess 1/E dependence on electron energy,
while the perpendicular component of transition
radiation exhibits E? dependence for oblique elec-
tron incidence.[?®] Therefore the observed radiation
is divided into two parts, proportional to E? and
1/E, respectively.

Figure 6 shows the dependences of the perpen-
dicular radiation intensity on electron energy for
silver and gold foils of different thicknesses for
different observation angles. These curves differ
from the analogous curves for the parallel com-
ponent, and in most cases they exhibit decreasing
intensity as the electron energy is increased. The
1/E and E? components are shown; it is seen that
at low electron energies the main contribution to
the total radiation comes from the 1/E component,
while at high energies the two components are ap-
proximately equal. The absence of I for aluminum
foils in our earlier approximation[m together with
the datal!®! for several other metals show that the
luminescence is unimportant. Therefore the 1/E
component is compared with the corresponding
bremsstrahlung component. Curves 1 in Figs. 6—9
represent the bremsstrahlung theory calculated for
an isolated atom,[21] while curves 2 represent the
theory for foils when the medium is taken into ac-
count. 7]
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FIG. 6. Intensity of perpendicular radiation component vs

electron energy. A — component ~1/E, A

— component ~E?,

O — total radiation. 1 — theoretical curve for bremsstrahlung,

[*]2 — from [*7] (for Ag curve 2 is elevated by the factor 10).
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The experimental data for gold foils show that
the observed intensity lies between these curves.
Since these data are comparable with the neglected
experimental background, we can affirm that the
results do not conflict with the theory that takes the
optical constants into account. The data for silver
lie high above the bremsstrahlung curve taking the
medium into account, and also lie above the curve
for an isolated atom. It should be noted that accord-
ing to(!") the yield of bremsstrahlung from a foil
is strongly enhanced as the absorption coefficient
of the material decreases, and for small values of
the latter can even exceed the yield in the case of
an isolated atom. However, when discussing the
experimental results for transition radiation we
mentioned that better agreement between theory
and experiment results if it is assumed that the ab-
sorption coefficients of our silver foils are smaller
than the values used in plotting the theoretical
curves. The large bremsstrahlung yield from silver
is apparently associated with this circumstance.

The experimental dependences of radiation in-
tensity on electron energy for different observation
angles, wavelengths, and foil thicknesses were used
to decompose the angular and spectral distributions
and the dependence of intensity on foil thickness
into the components that are proportional to 1/E
and E?.

Figure 7 shows the angular distributions of the
perpendicular component for gold (Fig. 7a) and
silver (Fig. 7b) foils. The 1/E and E? components
for one of the silver curves, shown in Fig. 7c, re-
veal that the ~1/E part has angular dependence
resembling that of bremsstrahlung, while the ~ E?
part has angular dependence similar to that of the
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FIG. 7. Angular distributions of the perpendxcular compo-
nent. a—Au E =60keV, d = 361A A—}\ 3820A A A=
4670A b—A(g E =50 keV, d »~666A 0—A= 3480A
A—A=4250A, A A = 4670 A. c—Ag,E =50keV,d=
666 A A=4670A: a — ~1/E component; A — ~E? component;
curve 1 — theoretical for bremsstrahlung from [*'], 2 — from
[*"] (enhanced 10 times).
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perpendicular radiation component in the case of
oblique electron incidence. The same components
of the spectral distribution are shown in Fig. 8c;
the total distributions for gold and silver foils are
shown in Fig. 8a and Fig. 8b, respectively.

It follows from Fig. 8c that bremsstrahlung has
a more pronounced spectral dependence than tran-
sition radiation. The experimental data in Fig. 9
show that the intensity of the perpendicular com-
ponent for silver foils, measured for different ob-
servation angles and wavelengths, does not depend
greatly on the thicknesses of the aforementioned
films. The same pattern is observed for the 1/E
and E? components (Fig. 9c).

It is seen on the whole from the data that the
investigation of bremsstrahlung was hampered
under our experimental conditions by the low in-
tensity of the perpendicular component and by the

04F <
Zai07?) 1
goop =
: -
g0
? a 4 . - N b
GHOF o o T 4 s
E b . e o 2 °
o -
a
d)~ 20t c . a N
- [ o ° L)
10+ L ° °
L e . . . .
0 L
200 300 400 500 600 700 800

d, A

FIG. 9. Intensity of perpendicular component vs thickness
of silver foils for E =50 keV. a — 0 = 25° b — 0 =60° o8- A=
4760A 0O—A= 4000A A— A= 3480A c—A= 4670A
0 = 50% 0 — ~1/E component; ® — ~E* component; 1 — theory
of bremsstrahlung from [*'], 2 — from ['"] (enhanced 100 times).
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large contribution of the transition radiation. It was
therefore shown by the investigation of optical fre-
quencies observed when nonrelativistic electrons
pass through thin metal foils that this emission is
mainly transition radiation, and that its intensity
depends essentially on the optical constants of the
metals. In the cases of silver and gold foils
bremsstrahlung was also identified, with about
one-tenth the intensity of the transition radiation.

c) Polarization of transition radiation. This is
one of the principal features of transition radiation.
Its complete polarization is often utilized to dis-
criminate it from other types of radiation. It has
been shown by Pafomov (24] that elliptically polar-
ized radiation should be observed when a charged
particle crosses obliquely the interface between
two media having different optical properties. When
a particle impinges normally on the surface of an
optically isotropic medium the electric vector of
the radiation lies in the plane passing through the
line of sight and the direction of particle motion.
We shall now discuss some of the polarization
properties of light observed in connection with
normally and obliquely impinging electrons.

The radiation ftensity was measured as a func-
tion of the angle ¢ between the transmission plane
of the polarizing filter and the plane containing the
normal to the foil surface and the direction of ob-
servation (¢ = 0). We investigated the dependence
of the degree of polarization

P=(In—1)/(Ih+11)

on the experimental conditions; where I} and I
are the light intensities at ¢ = 0 and 90°, respec-
tively.

The experimental results (Fig. 10) as a whole
reveal the dependence A + B cos’¢. The data for
different materials, the observation angles 6
(measured from the initial direction of electron
motion), electron energies and wavelengths for
normal electron incidence (¢ = 0°) show that the
radiation is polarized in the plane ¢ = 0°.

Figure 10c shows the dependence of the intensity

n ¢ for oblique electron incidence on the aluminum
foil surface at different incident angles ¢ (the angle
between the normal to the foil surface and the
direction of electron motion). While no perpen-
dicular component is observed for ¥ = 0°, when ¥
differs from zero its intensity increases appreciably
and continues to grow with ¥. The maximum inten-
sity is no longer observed at ¢ = 0°, as with normal
electron incidence. The deviation of the maximum
increases with ¢ and reaches ¢ = 14° + 5° at ¥ = 30°.
It is seen from the same figure that for fixed ¢ this
deviation is independent of the electron energy.

(1)
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FIG. 10. Rad1at10n intensity vs the angle ¢. a — Ag, ¢ =
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With normal incidence of electrons on foils of
different metals a high degree of polarization is
observed independently of the emitted wavelength
in the range 3480—5500 A (Fig. 11a). Within ex-
perimental error limits this degree of polarization
is also independent of foil thickness. The data for
silver foils with thicknesses from 273 to 976 A at
¢ = 0° are shown in Fig. 11b. At 6 = 25° a relatively
smaller value of P is observed, because the tran-
sition radiation intensity I|| decreases at small
angles, whereas I is relatively increased. A
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FIG. 12. Dependence of P on (a) electron energy, (b) angle
of observation, and (c) angle of incidence ¢ a — ¢ = 0° A=
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clearer illustration appears in Fig. 12b, which
shows the dependence of P on the observation angle
at small angles. P remains almost constant above
6 = 45°. A certain increase of P with electron en-
ergy at ¥ = 0° can be attributed to an increased
yield of the transition radiation. At the same time
I) is either almost independent of electron energy
or falls off slightly as the latter increases.

All the dependences of P (Figs. 11 and 12) for ¢
differing from zero exhibit an appreciable variation
of I, and I, relative to each other. It should be
noted that we did not analyze the light with a quar-
ter-wave plate to determine the polarization, as is
required for oblique electron incidence on a foil,
which should then result in elliptically or circularly
polarized light. In this case the radiation can be
completely polarized even if P as previously de-
fined equals zero (circular polarization). There-
fore the data presented in Figs. 11 and 12 for ¢
with nonzero experimental values are to be con-
sidered only with regard to the ratio of I} and I|
and their dependence on the experimental conditions.
These dependences are compared with analogous
calculations based on transition radiation equations
for oblique passage of electrons through a foil.[?%]
For example, the theory predicts the dependence

= (1 —aE)/ (1 -+ aE) (2)

in which I} is proportional to E and I| is propor-
tional to E2. The corresponding experimental re-
sults shown in Fig. 12a agree well with the theory.
A similar analysis of experimental results with
regard to their dependence on A, 6, and ¢ shows
good agreement with experiment. P is below the
predicted value, because the observed absolute
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values of I| are several times higher than the
theoretical values.

For nonzero values of ¢ the observed emission
has thus been seen to agree with the theory of tran-
sition radiation. The I; component is observed to
increase with y, sometimes reaching the value of
I;;; the former is absent in the case of normal in-
cidence (y = 0). These observations indicate that
the oblique passage of electrons through thin alum-
inum foils produces radiation with polarization
properties that do not conflict with the theoretical
elliptical polarization of transition radiation under
the same conditions.
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