
VOLUME $0, NUMBER 16 PHYSICAL REVIEW LETTERS 16 APRIL 1973

Experimental Comparison of the Velocities of eV (Visible)
and GeV Electromagnetic Radiationst'
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(Received 26 February 1973)

An experiment has been carried out employing time-of-flight techniques to compare
the velocity of propagation of short pulses of eV (visible) and GeV electromagnetic radia-
tion. The results give a relative velocity difference bio(GeV) —c(eV) J/c (eV) = (1.8+ 6) & 10
The velocity of 11-GeV energy electrons v~ is measured and found to be approximately
equal to the velocity of visible light: (c —v~)/c = (—1.3+2.7) &&10 8.

We report here on an experiment' which com-
pares directly the velocity of visible light to the
velocity of 7-GeV y rays. ' The basic concept of
this experiment was to use the Stanford Linear
Accelerator Center (SLAC) electron beam to pro-
duce short (5-psec) pulses of both 7-GeV y rays
(generated by bremsstrahluyg) and visible light
(generated by synchrotron radiation) at a point
midway down the accelerator length. The re-
maining part of the accelerator was then used as
a high-vacuum flight path for both radiations;
their times of flight over this path were com-
pared using standard photomultiplier-electronics

techniques.
The physical arrangement is schematically

shown in Fig. 1. The SLAC electron beam (11
GeV energy) was directed onto a 0.015-in. (0.03
radiation length) copper target (T,) located in the
beam monitor can at Sector 19.' This was the
bremssA aMung production target. After passing
through T„ the beam was deflected by a magnet
(B,) which served both to dump the electron beam
and to produce the synchrotron radiation. ' Optic-
ally opaque shutters at Sector 18 (S,), up-beam
of the B, magnet, and at Sector 22 (S,), down-
beam of the magnet, could be inserted into the

electrons

electrons and /or y
synchrotron light and /or y
synchrotron

ACCELERATOR TARGET

I

III (g

1
I
I ~

$r ls
synch

5H

iooo'

4300 30

FIG. 1. Schematic diagram of the experimental arrangement (see discussion in the text). The setup for the syn-
chrotron signal was SjB~P, and for the y-ray signal, S~TqB~S2S3T2B2C, where the symbol means the device is in-
serted or activated.
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beam to test the localization of the synchrotron
light production. Both radiations then travel a
distance of approximately 4300 ft to the analysis
region where each is detected on separate runs.

For the y-ray detection, a, second target (T,)
consisting of 0.5 in. of copper (0.9 radiation
length) was inserted to produce electron-positron
pairs from the y rays. The high-energy posi-
trons (E=7.5+0.5 GeV) were selected by the
magnet B, and directed to the detector, insuring
that the y rays observed through positron conver-
sions had energies ~ 7 GeV. At the detector, a
gas Cherenkov counter' (C) observed by a mirror-
lens-photomultiplier system (Fig. 1, inset) was
used to detect the positrons. For the synchrotron
radiation detection, a prism (P) in the analyzing
region directed the optical light towards the de-
tector. A third optically opaque shutter (S,)
could be used to test for visible light. At the de-
tector the synchrotron light passed through the
Cherenkov counter and was detected by the mir-
ror -lens -photomultiplier system. The shutter
(8,) provided a final check for optical light
~ither synchrotron light or Cherenkov light.

The operation of the experiment consisted of
alternating runs in which the y radiation or the
synchrotron radiation was detected. The various
elements (shutters, targets, prism, Cherenkov
counter) could be remotely inserted or activated.
Various combinations of these could be used to
produce a y-ray signal and check its background,
and similarly for the synchrotron light. The
logic for the signals is given in the caption of
Fig. 1, Typically, synchrotron signals were de-
tected with signal:noise better than 1000:1 and
photomultiplier (PM) pulses corresponding to
twenty photoelectrons. ' The y-ray signal out of
the PM was of similar magnitude, but with a
signal:noise of 4:1. As discussed below, this
background was the principal factor limiting the
accuracy of the experiment. ' The y-ray spec-
trum was verified by varying the 8, magnet cur-
rent.

The time of flight (TOF) of both radiations was
measured relative to a timing pulse derived from
the microwave phase reference for, the accelera-
tor. Each accelerator pulse gave a PM (Amperex
XP-1210) signal from which the TOF measure-
ment was derived. This was digitized and stored,
along with the PM pulse height (actually pulse
integral), on a two-dimensional pulse-height an-
alyzer. Thus one could compare the times of the
two radiation signals at the same pulse height
(integral). The results of one (typical) set of
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runs on synchrotron radiation and y rays are
shown in Figs. 2(a) —2(d). To analyze the data
the peaks of the time distributions [e.g. , Figs. 2(c)
and 2(d)] were determined using a Gaussian fit to
the eleven channels nearest the peak. Figure
2(e) shows the result of plotting the fitted mean
versus pulse height for four runs~wo normal
runs and two runs using an optical delay. ' We
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FIG. 2. (a) Vwo-dimensional pulse height versus time
distribution for a typical synchrotron light run; and
(b) for a y-ray run. (c) and (d) are time distributions
resulting from cuts on the two-dimensional distribution
at the same pulse height. The calibration was 19.3
psec/channel, thus the synchrotron peak has a full width
at half-maximum of -95 psec. Note the early tail on
the y-ray distribution due to the background discussed
in the text. (e) and (f) are discussed in the text. In (Q,
the straight lines are the best straight-line fits to the
data; the reference is a check on the stability of the
electronic system.
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see that the synchrotron and y-ray curves are
parallel and that the delay shifts both curves in
time by the same amount. To summarize the
data for each run, we fitted the time-pulse height
curve for pulse height channels 15 to 25 with a
straight line and extracted the fitted time for
pulse height channel 24. For the main series of
runs this fitted time is plotted in Fig. 2(f).

In order to extract a velocity comparison from
this data we must compensate for the drift of the

TQF system, correct for known optical path dif-
ferences, and determine the effects of the back-
ground on the time-of-flight peak. The latter,
were studied using a computer model for the PM-
electronics system. We concluded that the time
distributions were adequately explained (by the
model), that no correction need be applied to the
measured time difference, and that an error of
25 psec should allow for uncertainties in the sim-
ulation. ' The net time difference is calculated
as follows:

At = t,v
—tG,v

= (observed difference) + (optical path corrections) + (background effects)

= (17.6 + 5) psec+ (—9.8 + 3)psec+ (0+ 25) psec = (7.8+ 25) psec.

Since the flight path was 4300 ft, the flight time was 4.3 p, sec, giving

c(GeV) -c(eV) hc At (7.8+ 25) x10-"
c(eV) c t 4.3 xl0 '

Thus, we see no evidence for a vacuum disper-
sion in this experiment. Using y rays from g'
mesons, previous workers' had determined the
velocity of 6-GeV y rays. Their result agreed
with optical and microwave determinations with
errors of -130 parts per million. Studies of
pulsar data also allow one to set stringent limits
on vacuum dispersion, "but reports of observa-
tions of y rays above a few MeV energy have
been controversial. " Although models for a vac-
uum dispersion have been proposed and discussed, "
all existing data support the constancy of the vel-
ocity of light.

With the same detection apparatus we also com-
pared the velocity of 11-GeV electrons to the vel-
ocity of visible light. This was carried out by
alternating the usual synchrotron light runs in
which the electron beam produced light at Sector
19 with runs in which the electrons traveled the
additional 3600 ft to the beam switch yard (BSY).
Bending the electrons at this point with the usual
BSY magnets also produced synchrotron light.
Comparing the synchrotron light arrival time
from these two different source points allows one
to compare the velocities of electrons and light.
The result of this measurement gives a time dif-
ference AI= -4.6+9.6 psec. The flight time, t,
was 3.6 p, sec giving (c —v,)/c = &t/t= (-1.3+ 2.7)
x10 '. Since special relativity would predict
(c —v, )/c-—m, '/2E, '= 10 ', we have in effect
shown that the limiting (asymptotic) velocity for
electrons is approximately the velocity of light.
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Further details are available in B. C. Brown, thesis,
University of California at San Diego, 1973 (unpub-
lished) .

An excellent review of the determinations of the velo-
city of light is available in L. Essen and K. D. Froome,
The Velocity of Light and Radio Saves, (Academic,
New York, 1969). The most recent determinations us-
ing laser techniques are reported in Z. Bay et al. ,
Phys. Rev. Lett. 29, 189 (1973); K. M. Evenson et al. ,
Phys. Rev. Lett. 29, 1346 (1972). A measurement with
6-GeV photons is reported by T. Alvager et al. , Ar'k.
Fys. 31, 145 (1966).

3For a description of the Stanford Linear Accelerator,
see The 8tanford Takeo-Mi7e Accelerator, edited by R. B.
Neal (Benjamin, New York, 1968).

Although the production of the synchrotron and y ra-
diation does not occur at precisely the same point, this
introduces a negligible correction (&10 '4 sec) in the
time-of-flight difference since the electrons (which
produce both radiations) are moving at nearly c.

5The pressure of the gas Cherenkov counter was re-
motely controlled. For detection of positrons, it was
pressurized to 15 atm of N2. For synchrotron detection
it was filled with 1 atm of He~nsuring that charged
particles would not produce Cherenkov radiation.

6For this experiment, the accelerator was operated
in the beam knockout mode in which a single rf bunch
of approximately 10 electrons (and a time spread -5
psec) are accelerated every 1/360 sec.

The presence of a p-ray background was evidenced
by the fact that 20% of the total signal remained when
S4 was inserted (see Fig. 1). Removal of I'~ demonstrat-
ed that both signal and background were produced from
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the primary target. The reason the synchrotron signal
had so little background is that T~ was retracted for
synchrotron runs. Tests indicated that the background
was probably caused by bremsstrah1ung radiation di-
rectly exciting the photocathode. The PM was masked
so that the signal couId excite only the central portion
of the photocathode, whereas the background could ex-
cite all parts of the photocathode resulting in early
background pulses due to transit time differences.

8The optical delay consisted of a 1-in. Lucite window
which could be inserted after S4, delaying optical light
by 40 psec.

~The background limitations on the present experi-
ment could perhaps be eliminated by better shielding

or by adding a 10-nsec delay to the optical signal path
to allow the PM to recover from the background radia-
tions. Limitations due to resolution and drift of perhaps
5 psec with the present data system seem reasonable.
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Study of the Inclusive Reaction p + p ~ p +X between 40 and 260 GeV/c
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We have measured the relative energy dependence of the invariant cross section for the
inclusive reaction p+p —p+X for 0.05~M+ /s-0. 22 at t =—0.22 and -0.45 Gev~. The
energy range from s =80 to 480 GeV was covered continuously by taking data during the
acceleration ramp of the National Accelerator Laboratory machine. The data are com-
pared with the diffractive-excitation and Regge models.

We have measured the s and Mx' dependence of
the invariant cross section for the single-particle
inclusive reaction

p+p-p+X (1+2-3+X)
(X = anything) at the National Accelerator Labora-
tory (NAL) using the acceleration ramp from P„b
= 40 to 260 GeV/c and the internal H, jet' target.
Recoil protons from Reaction (1), with 55'& 8,
&65 in the lab, exit the main accelerator beam
pipe through a 3-mil Ti window and are detected
in a. counter-range telescope (Fig. 1). Two re-
coil momentum bites are selected simultaneously
by means of three Al absorbers, the trigger log-

ic being C, C,C,C,C,C, and C,C,C,C,C,C,C,. The
protons of interest have 560 &P, & 660 MeV/c and
660 &P, & 780 MeV/c and are = 2.5 and = 2.0 times
minimum ionizing, respectively. They are dis-
tinguished from ~'s of the same ranges by means
of time of flight between counters C, and C, and
pulse height in counters C,-C, .

The H, jet target is essentially a vertical cylin-
der of -10 mm diameter. It is pulsed for 250
msec twice during the 2.5-sec acceleration ramp
of the machine. The H, jet density is roughly 2
x10 ' g/cm', and may vary up to a fa,ctor of 2
over a period of a few hours. Above 40 GeV/c
the circulating beam profile is an ellipse with ap-
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