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A new detector for cosmic-ray electrons, consisting of a combination of a transition-
radiation detector and a shower detector, has been constructed, calibrated at accelera-
tor beams, and exposed in a balloon flight under 5 g/cm? of atmosphere. The design of
this instrument and the methods of data analysis are described. Preliminary results in
the energy range 9-300 GeV are presented. The energy spectrum of electrons is found
to be significantly steeper than that of protons, consistent with a long escape lifetime of

cosmic rays in the galaxy.

The shape of the energy spectrum of cosmic-
ray electrons at high energies is expected to con-
tain unique information with respect to the prop-
agation of cosmic rays in the galaxy, Energy
losses of electrons due to synchrotron radiation
and inverse Compton scattering in the interstellar
medium lead to a “radiative lifetime” 7,=1/bE
that is inversely related to the electron energy E
(b being a constant proportional to the energy
densities of magnetic and photon fields),! At high
energies, 7y will become smaller than the “es-
cape lifetime” 7, which describes the average
age of a galactic cosmic-ray particle before es-
cape into intergalactic space. As a consequence,
a steepening of the electron spectrum and a re-
duction in the abundance of electrons relative to
that of nuclear cosmic rays are expected at high
energies. An observation of this effect yields in-
formation on the age of galactic electrons., Until
recently, an escape lifetime of a few million
years was frequently assumed. A steepening of
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the electron spectrum should then become notice-
able at energies above 100 GeV.

The search for this feature has motivated sev-
eral experiments to measure the spectrum of
electrons up to energies of several hundred
GeV.2"® In these experiments, shower detectors
have been used to identify electrons, and to meas-
ure their energies. However, the results are not
conclusive: All observers find that their differen-
tial energy spectra are consistent with power laws
E™% but the spectral indices « vary widely. For
instance, the data of Anand, Daniel, and Steph-
ens,? Buffington, Orth, and Smoot,'® and Miiller
and Meyer® have supported an electron spectrum
with a spectral index close to that of protons (a
~2,7), while other experimenters such as Matsuo
et al.,® Meegan and Earl,* and Silverberg® have
reported steep spectra with spectral indices
ranging from 3.1 to 3.4. Three basic difficulties
are responsible for this ambiguous situation:

(a) Statistical uncertainties result from the limit-
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ed size and exposure time of the detectors.

(b) Serious systematic discrepancies arise due to
a substantial background of interacting protons
that masquerade as electron showers. Only indi-
rect procedures can be applied to correct for this
background (unless the interaction is observed in
nuclear emulsions). (c) Until recently, direct
calibrations of the detectors at accelerator beams
of sufficiently high energy were not possible.

In this Letter, we describe a new experiment
which overcomes these difficulties, and we pre-
sent first results obtained in a high-altitude bal-
loon flight. We have utilized a new technique,
transition radiation, to identify individual elec-
trons uniquely, The combination of a transition-
radiation detector with a shallow shower detector
made possible the construction of a very-large-
area instrument,® and calibrations could be per-
formed at Fermilab with electron beams cover-
ing the energy range 5-300 GeV,

A schematic cross section of the detector is
shown in Fig. 1. The main components are the
following: (a) a plastic scintillator telescope T1,
T2, T3, and T4, defining a geometric factor of
0.48 m? sr; (b) a transition-radiation detector
consisting of six radiators and six multiwire
proportional chambers; and (c) a lead-scintilla-
tor sandwich, with scintillators 72, T3, and T4
sampling the shower development at depths of 4,
6, and 8 radiation lengths, respectively, Any
singly charged particle traversing the detector
in the downward direction is a possible candidate
for an electron if it produces a set of pulse heights
in the shower detector that is typical for an elec-
tromagnetic cascade, The shower signals also
measure the electron energy. However, to be ac-
cepted as an electron, the particle must also pro-
duce a characteristic signal due to transition-
radiation x rays which are produced when the
electron passes through the radiators. The de-
pendence of the transition-radiation yield on the
Lorentz factor y of the particle makes it impos-
sible for a proton in the energy range of concern
(~5-3000 GeV) to produce a measurable transi-
tion-radiation signal, while all electrons gener-
ate transition radiation in saturation,®°

The design of the transition-radiation detector
is characterized by the use of 15-cm-thick poly-
ethylene-foam radiators’ and 2-cm-thick multi-
wire proportional chambers, filled with xenon
(+20% CO,). The wire directions of consecutive
chambers are orthogonal to each other in order
to obtain hodoscopic information, For each
chamber, groups of five adjacent wires are con-
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FIG. 1. Schematic cross section of the instrument.

nected to a common amplifier (thereby limiting
the spatial resolution to 5 cm, and with a “track-
and-hold” technique all wire groups are pulse-
height analyzed. Each scintillator of the shower
detector is viewed by eight photomultipliers,

The photomultipliers were individually calibrated
with a nanosecond light source in order to insure
linear response beyond the largest expected
shower signals.

A first balloon flight performed from Palestine,
Texas yielded ~30 h of data below ~5 g/cm? of
residual atmosphere, In-flight calibration of the
detector response was obtained from penetrating
cosmic-ray a particles and nuclei,

The analysis of the flight data proceeds essen-
tially along the following steps: (a) The trajec-
tories of all singly charged particles are deter-
mined, rejecting those events for which no unique
trajectory can be established. With the aid of a
time-of-flight measurement, only downwards-
moving particles are accepted. (b) The response
of the shower detector is analyzed. The average
expected shower profile of an electron with en-
ergy E [i.e., pulse heights »,(E) with variations
0,(E) (i=1,...,3)] is known from the accelerator
calibrations (see below) and the energy E is di-
rectly related to the total shower signal, Each
measured set of pulse heights ¢; (i=1,,..,3) is
compared with expected shower profiles, and the
parameter

X?= 32 Lt (B)]2/0 A(B)

1369



VoLUME 38, NUMBER 23

PHYSICAL REVIEW LETTERS

6 JUNE 1977

T T T

FLIGHT EVENTS
E210 Gev

3001

200+

100~

NUMBER OF EVENTS

Protons Electrons
| L
107 107° 10° 10°
LIKELIHOOD RATIO

FIG. 2. Likelihood-ratio histogram of a sample of
flight data. The likelihood ratio is a measure for the
transition-radiation signal (see text). The logarithmic
scale should be noted. The events displayed in this his-
togram are due to singly charged particles with unique
trajectories, with total shower signals larger than that
of 2IO—GeV electrons, and with fairly good shower fits
(x*s49.

measures the goodness of fit. Obviously, only
events with sufficiently small values of x? can be
due to electrons, (c¢) The transition-radiation
signal is evaluated with likelihood methods':

The probability that a particle without transition
radjation produces a pulse height x due to ioniza-
tion in the 7Zth chamber is given by a Landau-Vav-
ilov distribution P,®)(x). The signal of an elec-
tron, accompanied by transition-radiation x rays,
is on the average twice as large as the ionization
signal and follows a different distribution P,¥(x).
These distributions are known from accelerator
calibrations. For each event, we measure six
pulse heights x; (¢=1,..., 6) along the trajectory
of the particle. We then compute the likelihood
ratio L=1P,®(x;)/1P,")(x ;) as a measure of the
transition-radiation signal, and, therefore, as a
means to identify each individual particle: L=1
indicates equal likelihood for proton and electron,
while L > 1 is expected for a particle with trans-
ition radiation, i.e., an electron, and L <1 for a
proton,

The histogram in Fig, 2 shows a likelihood dis-
tribution of those events that exhibit fairly good
shower fits. This histogram demonstrates the
clear separation of protons and electrons that is
obtained due to the transition-radiation signal,
and it also shows that the number of proton-in-
duced showers is still larger than the number of
electrons. With the shower detector alone, a
comparably clean identification of electrons is
not possible,

Before discussing the energy spectrum that we
derive from electrons identified in this way, we
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FIG. 3. Differential energy spectrum of cosmic-ray
electrons., The error bars in our data are due to statis-
tics only. Results of earlier investigations (Refs. 2—7
and 13) are shown for comparison. In this comparison,
we also show the results of previous work of our labor-
atory (Miiller, Ref. 5). However, at low energies this
work yielded an electron flux that was too small due
to an erroneous dead-time correction. We therefore
wish to withdraw the low-energy part of our previous
results. (See also Ref. 14),
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should mention that energy-dependent biases in
the data have been eliminated by the calibration
of the instrument at Fermilab, The average
shower signals measured up to 300 GeV were
found to be in excellent agreement with results
from an earlier extrapolation? which was based
on measurements below 15 GeV, and the energy
resolution of the detector was approximately con-
stant at 30% full width at half-maximum over the
whole energy range. The effect of backscatter
from the shower counter on the efficiency of the
trajectory determination has also been investi-
gated. The fraction of electrons with unique tra-
jectories was observed to decrease from 55% at
10 GeV to 21% at 200 GeV. More details about
these calibrations will be published separately.
In Fig. 3 we show the differential energy spec-
trum of cosmic-ray electrons in the interval 9 to
300 GeV. A correction for the amount of residual
atmosphere has been applied. Results from pre-
vious investigations?™®™!3 are shown for compar-
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FIG. 4. The differential energy spectrum of elec-
trons, multipled with E3? (solid data points). The
spectrum of protons, averaged from various measure-
ments, is indicated for comparison,

ison., We find that our data are in good agree-
ment with the results of Meegan and Earl,* and
are also in fair agreement with the spectrum re-
ported by Silverberg.® These experiments have
yielded data consistent with a power-law spec-
trum with a constant power-law index a =3.4
+0,1,and a=3.1+0,08,° respectively. We also
note that our new data yield significantly higher
fluxes at low energies than the results reported
earlier by this laboratory,*

In order to investigate the spectral slope of our
data in more detail, we show in Fig. 4 our data
points, multiplied with E3®, This figure shows
clearly that our electron spectrum is significant-
ly steeper than the proton spectrum, With the
customary assumption that electrons at the
sources are accelerated with the same power-
law spectrum as protons, our data would indicate
that the shape of the electron spectrum is influ-
enced by radiative energy losses at rather low
energies, below ~30 GeV., Assuming a combined
energy density of 1 eV/cm? for the magnetic and
photon fields, this would suggest a long escape
lifetime of cosmic electrons, 75,2107y, A more
quantitative estimate of the escape lifetime can
be obtained by a numerical fit of our data to the
predictions of the homogeneous model®® of cos-
mic-ray propagation. As Fig. 4 indicates, a
power-law spectrum with a constant power-law
index a does not appear to be a good fit to our
results. While a=3.0 might be indicated below
30 GeV, the spectrum may become as steep as
a=3,5 at higher energies. This important fea-
ture makes a fit to the predictions of the homog-
eneous model particularly sensitive. An escape
lifetime 7;=(7-11) x10® y provides a good fit to
our data. This lifetime is close to the value 75

>1,2X107 y estimated by Meegan and Earl,* but
it is larger than the lifetime of 7;=3X10° y in-
ferred by Silverberg.® Finally, we note that a
long cosmic-ray lifetime has also been inferred
from recent obsefvations of the beryllium iso-
topes, ¢

We are continuing our data analysis, and we
shall soon discuss the implications of our results
in more detail.,
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Black holes are shown to obey the principles of irreversible thermodynamics in the
form of a fluctuation-dissipation theorem for their zero-point quantum fluctuations.
Moreover Hawking radiation is shown to be related to the macroscopic radiation of a non-
stationary black hole in accordance with Onsager’s principle.

Recent work on black holes, culminating in
Hawking’s' remarkable discovery of their quan-
tum radiance, has shown that they obey the laws
of equilibrium thermodynamics.? In this Letter
we show that they conform also to the principles
of nonequilibrvium and irreversible thermodynam-
ics, in the form of a fluctuation-dissipation theo-
rem.® The dissipation is associated with the ab-
sorption of ordered energy by the black hole and
its subsequent reradiation by the Hawking proc-
ess. It has been shown® that Hawking radiation
has the same stochastic properties as black-body
radiation, and so is completely disordered. A
black hole is thus a perfect dissipator.

To help understand this property of black holes,
we apply the theory of dissipative processes.®
This theory is based on the following ideas: (a) A
dissipative system D possesses a large number
of closely spaced energy levels lying near to the
ground state. (b) In consequence, when this sys-
tem is coupled to another system S, it exerts a
force on it which fluctuates in time and is usually
initially uncorrelated with the natural fluctuations
of S. The cumulative effect of this fluctuating
force is to dissipate the excess energy of S by
distributing it among the many energy levels of
D. (c) The effect of S on D, in linear approxima-
tion, is to produce a deviation from its equilib-
rium state which on average cannot be distin-
guished from a purely spontaneous fluctuation of
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D (Onsager’s® principle). (d) The fluctuating
force exerted by D represents a source of noise
power as well as of dissipation. The fact that S
and D can come into equilibrium depends on both
the dissipative and exciting aspects of the force.
The rate at which equilibrium is approached,

and therefore the associated impedance function,
are determined by the statistical properties of
the fluctuations. The formal statements of these
relations are the various fluctuation-dissipation
theorems. The first version of this theorem was
in fact discovered by Einstein’ in the course of
his work on Brownian motion. (e) The fluctuation-
dissipation theorem can also be regarded as pro-
viding an expression for the energy density re-
siding in the fluctuations. In this expression the
(frequency-dependent) impedance takes on a new
significance as a quantity proportional to the den-
sity of states of the dissipative system.

We now apply these ideas to the dissipative ac-
tion of a black hole. In this Letter, we confine
ourselves in the main to the dissipation of gravi-
tational disturbances. A more comprehensive
and detailed discussion will be given elsewhere.

It has been known—at least since the work of
Callen and Welton>—that it is possible to ascribe
the radiation damping of the motion of an accel-
erated charge to a coupling between the radiat-
ing charge and the quantum fluctuations of the
electromagnetic vacuum. In order to proceed in



