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~We feel that this assumption is not essential, and

that a proof may be found for the same result without
it. However, within this assumption, the pion is gen-
erated by a spontaneous symmetry-breakdown mech-
anism, as in Ref. 4.

BQur notation follows that of Ref. 1. Our Lorentz
metric is (1,—1,—1,—1). Roman Lorentz indices refer
to spatial components.
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Transition radiation in the optical region of the spectrum from individual charged pi-
ons and protons in the momentum region of 0.8 to 8.5 BeV/c was obtained from a stack
of thin metal foils spaced uniformly in vacuum. The radiation was observed simulta-
neously in the forward and in the backward directions, with a forward-to-backward in-
tensity ratio of the order of 8 to 1. A logarithmic increase in the intensity of the trans-
ition radiation with the total energy of the particle is found in the momentum region of
the present investigation.

Transition radiation from charged particles
traversing the interface between two media
of different dielectric properties was first pro-
posed theoretically by Ginzburg and Frank. '
Subsequently many investigations, both theo-
retical and experimental, were made. ' Most
of the experimental investigations in the past
delt with sizable currents of charged particles
in the nonrelativistic region. More recently,
Alikhanian' observed the x-ray spectrum of
the transition radiation from cosmic-ray mu-
ons in the energy region around 1000 BeV.
Experimental observation of the optical spec-
trum from relativistic electrons was also made
recently~ from a beta-ray source. However,
no quantitative information has yet been obtained
on the energy dependence of the intensity of
the transition radiation for charged particles
in the relativistic region. This is especially
true for particles heavier than electrons. Such
information is of particular interest in its pos-
sible application' for the measurement of the
energy as well as the identification of individ-
ual charged particles in the relativistic region.

The present investigation was carried out
by using a stack of thin metal foils, uniform-
ly spaced and sealed in a vacuum vessel. The
stack was placed in the test beam of the Brook-
haven alternating-gradient synchrotron (AGS)
where pions and protons in the momentum re-
gion of from 0.8 to 3.5 BeV/c are available.
The particle beam was incident on the foils

at an angle of 60' from the normal to the sur-
faces. A specially designed light funnel' col-
lects the radiation in the forward direction to
a photomultiplier, type 56AVP with S11 response,
and a similar funnel collects the backward ra-
diation into a second photomultiplier. Both
the light funnels and the photomultipliers were
also enclosed in the same vacuum vessel so
as to ensure the elimination of any effect due
to Cherenkov radiation in the system. Parti-
cle selection was accomplished by a gas Cher-
enkov detector in anticoincidence with a beam-
defining triple-counter telescope. Because
of the extremely low intensity of the radiation
under investigation, single photons had to be
detected. The photomultiplier s and the asso-
ciated electronic system were adjusted and
calibrated with an artificial light source so
as to give the best single photoelectron detec-
tion. The signals from both the forward and
backward photomultipliers were gated by the
particle-defining telescope and stored in two
separate pulse-height analyzer s.

Figure 1 illustrates the experimental setup
with a cross-section sketch of the transition-
radiation detector and a block diagram of the
electronics system used. The metal foils em-
ployed here were steel foils, 1 mil thick, coat-
ed with a layer of evaporated aluminum which
is only a few tenths of a micron thick. The
aluminum coating served primarily as a light
reflector. The number of foils used varied
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FIG. 1. Sketch of the experimental setup and block
diagram of the electronics.
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from 12 to 235, spaced uniformly to give a
total traversal length of 8 in.

Although the intensity of the radiation from
this stack increases with the number of foils,
the transmission of radiation by multiple re-
flection between the foils annuls this gain above
a certain number of foils. An optimum num-
ber was found for the present arrangement,
amounting to 116 foils, and this number was
adopted as the standard for all subsequent
measurements.

As mentioned above, the transition radiation
system was completely enclosed in a vacuum
so as to eliminate any possible effect due to
Cherenkov radiation. There are, however,
other possible background effects due to scat-
tered particles, & rays, etc. This background
was measured in three different ways: (i) By
replacing the foils with the same thickness
of solid material; this simulated the interac-
tions in the foils, but without presenting the
multitude of interfaces. (ii) By masking the
photomultipliers with black paper; this pre-
vented light from reaching the photocathode,
but still allowed spurious effects due to 6 rays
or other interaction products to reach the
photomultiplier. (iii) By delaying the signal
with respect to the gate of the particle defin-
ing counter telescope; this accounted for the
chance coincidences.

The three different backgrounds measured
were all small compared to the main effects
for the low-energy protons. For all the data
presented here, the background measured in

(i) has been used, as being the most appropri-
ate.
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FIG. 2. Efficiency p for detecting transition radia-
tion as a function of y=R/moc2. (Note. —Horizontal
scale is logarithmic. ) (a) In the forward direction.
(bj In the backward direction.

The results of the measurements are pre-
sented in Figs. 2(a) and 2(b), where the effi-
ciency q for radiation detection, which also
represents the intensity of the radiation, is
plotted as a function of y in a logarithm scale
[y= (1-P') '" where P=v/c and v is the ve-
locity of the particle in question]. These points
are the combined results of two independent
runs.

Figure 2(a) shows the results of the radia-
tion detected in the forward direction. Open
circles indicate the data obtained with pions
whereas solid circles indicate those obtained
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with protons. The results show a logarithmic
increase of the intensity of the radiation with

y, regardless of the mass of the particles in-
volved, or with the total energy for a given
kind of particle. Repeated runs at different
times show a very consistent results. Figure
2(b) shows the detected radiation in the back-
ward direction with similar characteristics
in the energy dependence, although the back-
ward intensity is very low (approximately 8
times less than that in the forward direction).
The errors indicated in Figs. 2(a) and 2(b) rep-
resent the combined errors due to systematic
as well as statistical uncertainties.

Direct comparison of the experimental re-
sults with theory on the energy dependence is
rather involved because of the following fac-
tors: (a) The thickness of the aluminum coat-
ing is at least comparable to the "zone of for-
mation" of transition radiation in aluminum
for the wavelength region investigated. Exten-
sive calculations are necessary to compute
the intensity due to the aluminum and that due
to the steel. Furthermore, the dielectric prop-
erties of steel are not well known. (b) The ef-
fect of the variation of the angular distribution
of the radiation on the light collection at differ-
ent momenta is not definitely known. (c) The
angle of incidence of the particles is not nor-
mal. However, for normal incidence in ma-
terials without absorption bands in the optical
region, the theoretical prediction for the tran-
sition radiation also gives a logarithmic increase
in energy dependence.

Similar experimental results have also been
obtained using aluminum foils. Experiments
with silver foils are in progress and these re-
sults will be presented in a more detailed re-

port at a later date.
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