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Expérience de Bertozzi

Le but de cette approche documentaire est de se familiariser avec la limite relativiste, qui intervient

dans les expériences d’accélération de particules, lorsque les vitesses se rapprochent de celle de la lumicre.
La mécanique newtonienne, que nous pratiquons en CPGE, est alors mise en défaut, et la vitesse de la
lumziére apparait comme une limite infranchissable.
Le document proposé en annexe est une publication de W. Bertozzi' (1964) rendant compte d’une expé-
rience importante pour la validation de la théorie relativiste. Ci-dessous, une bréve présentation permet
de comprendre l’essentiel de larticle. Les questions de compréhension qui suivent mécessiteront parfois
une lecture plus détaillée de ’article original.

W. Bertozzi souhaitait réaliser une expérience illustrant la théorie relativiste de facon directe, et dont
I'interprétation théorique soit la plus simple possible. Il utilise des électrons accélérés dans un LINAC
par une tension connue, avec l'objectif de mesurer a la fois leur vitesse et leur énergie.

L’expérience
On peut schématiser ’expérience ainsi :
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o Les électrons sont produits par une machine électrostatique appelée Générateur de Van de Graaff?,
émis par salves (bouffées) d'une durée de 3 x 107 s, et ce 120 fois par seconde. Ces électrons sont
initialement arrachés & une photocathode par effet photoélectrique 3, puis accélérés par un champ
électrique qui leur apporte 1’énergie voulue.

e [ls sortent alors du générateur avec une énergie de 0,5 Mev, 1 Mev ou 1,5 Mev. Puis ils entrent
dans le tube d’un accélérateur linéaire (LINAC), dans lequel on peut les accélérer de nouveau grace
a l'application d’une tension entre des plaques paralléles, pour accéder & des niveaux d’énergie
supérieurs. Ce LINAC mesure 8,4 m de long, et permet d’amener les électrons a des énergies de
I’ordre de 15 MeV maximum.

e L’entrée des salves d’électrons dans le tube du LINAC est détectée lors de leur passage a travers un
petit tube métallique. Une d.d.p apparait entre la terre et ce tube qui réagit par influence électrique
au passage des électrons. Ce signal est observé a l'oscilloscope sur la premiere voie.

L’arrivée des salves d’électrons sur la plaque d’aluminium au fond du tube du LINAC est observée
sur la seconde voie de 1'oscilloscope par un second signal électrique.

1. American Journal of Physics, Volume 32, Issue 7, pp. 551-555 (1964).

2. Cette machine sert au départ a produire de hautes tensions statiques par frottement d’un ruban de caoutchouc entre
eux deux électrodes.

3. Une autre approche documentaire sera dédiée a ’effet photoélectrique.
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e L’auteur présente la somme des deux signaux (cf I’exemple dans la figure 1), constituée de deux
pics décalés temporellement de la durée du vol ;. C’est cette durée qui constitue le prin-
cipal résultat de I’expérience. La vitesse moyenne vey;, des électrons est mesurée en divisant la
distance totale L = 8,4 m parcourue par ;. On a pris soin de prendre des cables de méme longueur
pour chaque voie de sorte que le décalage temporel du au transfert des signaux électriques au sein
des cébles (a la vitesse de la lumiére) soit le méme pour chaque voie.

FIGURE 1 — Signal obtenu par addition des deux voies de I'oscilloscope, rendant compte du passage d’une
salve d’électrons d’énergie 1,5 MeV dans a point de détection, au début et & la fin du LINAC (Figure 2
de D'article). Sensibilité horizontale : 0,98 x 1078s.

L’autre question importante a laquelle tente de répondre cette expérience est la validité de I’expression
du travail de la force électrique ¢qF recu par une charge ¢ = —e dans le théoréeme de 1’énergie cinétique.
Pour une particule passant d’un potentiel électrique V' (0) & un potentiel V(L) sur une distance L :

x=L =L dVv
AE, =Wq = / qEdx = —/ qg—dz =e(V(L) — V(0))
=0 x=0 dz

qui est indépendant de la vitesse de la particule chargée?. Ce point n’était pas encore certain a
I’époque dans le cas de vitesses proches de la lumiere.

On cherche donc a mesurer cette énergie par autre biais que la mesure de la tension. En
fin de course, les électrons pénetrent dans un bloc d’aluminium et y sont freinés brutalement. Cela
provoque un échauffement qui est mesuré par calorimétrie : on mesure une différence de température
et on en déduit I’énergie libérée par les électrons, c’est-a-dire leur énergie cinétique en fin de course.
Cela nécessite de compter les électrons présents dans chaque salve, ce qui est fait en mesurant la charge
apportée sur un condensateur.

Les résultats

Les résultats sont résumés dans la figure 2 ci-dessous. Les points expérimentaux attestent d’une
saturation nette de la vitesse qui reste inférieure a celle de la lumiere dans le vide (c¢). Les points
suivent particulierement bien la courbe attendue d’apres la théorie de la relativité restreinte, invalidant
clairement la théorie classique.

Par ailleurs, les mesures d’énergie confirment que la force électrique est bien indépendante de la vitesse.

4. Dans larticle, AE, est notée Ej pour kinetic en supposant avec Ex(x = 0) = 0, et la différence de potentiel V (L)—V (0)
est simplement notée V.
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FIGURE 2 — Résultats de la mesure de (—U‘?yf en fonction de I’énergie cinétique relative mECC2 (Figure 3
€

de l'article). La courbe en trait plein représente 1’évolution attendue d’apres la théorie classique (newto-
nienne), et la courbe en pointillés celle donnée par la relativité restreinte.

Questions

1. Comment est mesurée la vitesse moyenne vy,qy des électrons dans le LINAC ? A partir de la figure 1,
retrouver la valeur de la vitesse moyenne des électrons mesurée dans le cas d’une énergie cinétique

de 1,5 MeV.

2. En mécanique relativiste, une particule de masse m et de vitesse v posséde une quantité de mou-
vement p = v mu avec pour coefficient

Y() =1/y1-%,

ol c est la vitesse de la lumiére dans le vide. Son énergie en mouvement est £ = ymc? et elle
posséde donc une énergie au repos (quand v = 0) égale & Ey = mc?. Son énergie cinétique est alors
de E.=FE — Ey = (y—1)mc*.
a) Retrouver les deux formules inscrites sur la figure 2.
b) Recopier et compléter le tableau suivant a ’aide des formules précédentes et vérifier la cohé-
rence avec les valeurs fournies dans l'article (Table I et Figure 3 de ’article). On utilisera un
nombre de chiffres significatifs convenable.

E Temps de parcours < 2 2 2
E. (MeV) | —=< (MeV) psaep Yexp Ve Vs | U
MeC tr (10785) ¢ c c c
0,5 3,23
4,5 2,84

Données : masse de 'électron me = 9,1 x 1073 kg; c=3,0x 108m.s7';1eV =1,6x10"1J
(énergie cinétique acquise par un électron accéléré sous une d.d.p. de 1 V); 1 MeV = 10% eV ;
distance entre les deux détecteurs L = 8,4 m.
c) Effectuer un développement limité a l’ordre 0 en ’c’—; de p, puis a l'ordre 1 en Z—; de E.. Que
retrouve-t-on ?
3. Détailler le protocole de mesure de I’énergie cinétique finale des électrons. On pourra s’aider d’une
reproduction du schéma de l'article qui le décrit.

3
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4. Par quelle méthode le nombre d’électrons contenu dans une salve est-il mesuré? Proposez un
schéma électrique qui corresponde aux explications données dans 'article.

5. Quelles précautions sont prises pour mesurer le temps de vol avec les deux voies de 'oscilloscope ?

6. Pour des énergies de 1,5 MeV a 15 MeV, les électrons sont non seulement accélérés au départ par
le générateur de Van de Graaff, mais aussi contintiment sur une partie de I'accélérateur linéaire ou
sur sa totalité. Le protocole est-il encore valable, en particulier la détermination de la vitesse par
la formule v = L/t;?

7. Quelle est I'ordre de grandeur de 'incertitude relative sur la vitesse induite par l'incertitude
sur le temps de vol? Cette valeur est-elle de nature a remettre en cause les conclusions de cette
expérience ?

Av
v



Speed and Kinetic Energy of Relativistic Electrons™f
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Using a Van de Graaff electrostatic generator and a linear accelerator, the speeds of electrons
with kinetic energies in the range 0.5-15 MeV are determined by measuring the time required
for the electrons to traverse a given distance. The measurements show the existence of a limiting
speed in accord with the results of special relativity. The kinetic energy, determined by calorim-
etry, verifies that an electric field exerts a force on a moving electron in its direction of motion

that is indepeadent of its speed.

INTRODUCTION

NE of the familiar features of the special

theory of relativity is the existence of a
universal limiting speed equal to the speed of
light ¢. This is inherent in the relativistic trans-
formation equations and is illustrated by the
law of composition of velocities. The dependence
of the speed of a particle on its kinetic energy
exhibits this limiting speed and also displays the
Newtonian relation as an approximation appro-
priate at low speeds.

In the past few decades, the successful opera-
tion of multi-MeV accelerators and the planning
and interpretation of many high-energy physics
experiments have affirmed and illustrated the
results of special relativity. However, because
these efforts generally involved many other con-
cepts, the relations of relativity are not demon-
strable from the data in a simple quantitative
manner. The purpose of this paper is to describe
an experiment that was performed to help fill
the need for such simple and direct data for the
teaching of relativity. The experiment made use
of the electron linear accelerator facility at MIT
to provide electrons with kinetic energies between
0.5 and 15 MeV. The speed of the electrons was
determined from a measurement of the time

* The experiment was performed at the Electron Linear
i\\dclc%lerator facility of the Laboratory for Nuclear Science,

T This experiment was the basis for a film The Ultimate
Speed, An Exploration With High Energy Electrons con-
ceived and planned by William Bertozzi and Francis
Friedman as part of a series on Special Relativity being
developed at the Science Teaching Center of the Massa-
chusetts Institute of Technology and made in cooperation
with the Commission on College Physics under a grant
from the National Science Foundation. The film was pro-
duced by Educational Services Incorporated, Watertown,
Massachusetts,

required for the electrons to traverse a given
distance. The kinetic energy of the electrons de-
termined from the measurement of accelerating
electric fields and potentials was also directly
measured by calorimetry.

THE SPEED MEASUREMENTS

The apparatus is shown schematically in Fig. 1.
A pulsed beam of electrons from a Van de
Graaff electrostatic generator is injected into an
electron linear accelerator (Linac). A fast
thyratron pulser at the high-voltage end of the
Van de Graaff generator causes the electron gun
to emit electrons in a burst lasting about 3 x10~°
sec, and it does this periodically 120 times per
sec. This pulser is triggered by a phototube that
in turn is driven by a light flash generated out-
side the Van de Graaff tank. The electrons emerge
from the Van de Graaff in bursts of roughly
trapezoidal shape in time (see insert, Fig. 1).

A short insulated metal tube (about 10 cm
long) is located between the Van de Graaff and
the Linac. This tube collects some of the electrons
in each burst passing through it and a voltage
pulse is produced which signals the start of the
burst down the flight path (the evacuated metal
pipe that forms the Linac). At the far end of the
Linac the electrons are stopped in an aluminum
disk. The charging of this disk produces a second
signal. Measuring the time interval between these
two signals gives the time required by the elec-
tron burst to traverse the 8.4 m length of the
drift tube.

This time of flight is determined from the
separation of these two signals as displayed on an
oscilloscope. The two signals, one from the be-
ginning and one from the end of the flight path,
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FI1G. 1. Schematic diagram of the experiment set up for measuring the time of flight of the
electron burst from the Van de Graaff.

are transmitted along two separate cables with
equal transit times. The signals are added elec-
trically, preserving their relative positions in
time, and are presented to the single input of a
Tektronix 581 oscilloscope. Photographs of the
scope face for all the different energies used in
this experiment are shown in Fig. 2. The data
taken from the photographs are shown in Table I.

TaBLE 1. The measured displacement of the signals and
the resulting time for the beam to traverse the 84 m
flight path are given for each of the energies represented in
Fig. 2. 1 cm displacement represents 0.98 X 1078 sec.

Signal

displacement  Flight time

Run E; (MeV) (cm) (1078 sec)
a 0.5 3.30 3.23
b 1.0 3.14 3.08
4 1.5 2.98 2.92
d 4.5 2.90 2.84
e 15 2.86 2.80

The sweep of the oscilloscope was triggered
earlier by another signal transmitted from the
beginning of the flight path via a third, shorter
cable (Fig. 1). The sweep speed was calibrated

by adding standard cables of known delay time
to the cable carrying the timing signal from the
beginning of the flight path and then measuring
the displacement of the signal on the scope. The
delay of these extra cables had been determined
prior to the experiment by measuring the reso-
nant frequencies of the cables and checked by
measuring the repetition frequency of a self-
excited fast pulser with these cables included in
the feedback loop (see Appendix).

The signal transit times of the two cables trans-
mitting signals from the ends of the flight path
to the oscilloscope were shown to be equal. This
was done by using each cable to transmit the
timing signal to the oscilloscope from the begin-
ning of the flight path and observing the position
of the signal on the oscilloscope face. Since the
oscilloscope trigger was always the same, a shift
in the position of the signal would indicate a
difference in the transit times. This technique
established that the differences of the transit
times of the signal along the cables was less than
3 %1071 sec.

The response times of the pickup circuits at
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FiG, 2. A sample photograph of the face of the oscillo-
scope is shown for each of the time-of-flight measurements.
The data are presented in Table I. Each large division
{1 em) on the grid of the oscilloscope face represents
0.98 X 1078 sec.

the beginning and at the end of the flight path
were about 10~? sec, and as seen with a fast rise
time oscilloscope, the signal from each circuit
reproduced approximately the form of the time
distribution of charge in each burst. Because the
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diameter of the beam emerging from the Van de
Graaff was somewhat larger than the diameter
of the insulated tube, some of the electrons were
stopped by the tube. Therefore, the major com-
ponent of the signal at the beginning as well as
at the end of the flight path was due to collected
charge. There is a small component of signal
due to a charge induced by the electrons pass-
ing through the tube which was not detected
with our equipment. With the small time con-
stant used in the pickup circuits this induced
component produced two very fast (1079 sec)
spikes of opposite polarity, corresponding to the
entry and exit of the burst at the tube. Since the
oscilloscope used in the experiment had a rise
time of about 3.5 X102 sec, it did not respond
significantly to this component. Care was taken
to insure that, at the signal level used in the
experiments, the timing was not sensitive to the
amount of charge caught on the tube. The separa-
tion between the two signals on the oscilloscope
represents the time of flight of the electron
burst with an absolute error of less than 7 x 100
sec. However, as indicated above, a change in
flight time as small as about 3 X107 sec can
be detected.

In Fig. 3, the graph shows the speed squared
in units of ¢? as a function of the kinetic energy,
and the measured speeds are tabulated. For
the energies 0.5, 1.0, and 1.5 MeV the Linac was
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F16. 3. The solid curve represents the prediction for
(v/c)? according to Newtonian mechanics, (2/c)2 =2 Er/m.ch.
The dashed curve represents the prediction of Special
Relativity, (v/c)2=1—[m.c2/(mo?-+Er) ]2 m, is the rest
mass of an electron and ¢ is the speed of light in a vacuum,
3X10% M /sec. The solid circles are the data of this experi-
ment. The table presents the observed values of v/c.



554

not turned on. To a good approximation it
served only as an evacuated metal enclosure,
with no accelerating electric fields. The speed
measurement for 4.5 MeV was performed with
the Van de Graaff set at 1.5 MeV, and with the
first section of the Linac (about 1 m long) being
used to supply the additional 3 MeV (Fig. 1).
In this 4.5 MeV experiment, the speed of the
electrons was changing over the first meter of
the flight path (since in that distance the energy
increased from 1.5 to 4.5 MeV) and thereafter
remained constant. Thus, the expression, 8.4/,
defines only an average speed. However, use of
the approximation vs 5= 8.4/t is justified by the
final experimental result, v45~v1.5.

In the 15 MeV run, the electron energy was
continually increasing over most of the flight
path. However, from the time measurement in
Fig. 2(e) one can see that the time of flight is
almost the same as that of the 4.5 MeV run,
and one can conclude that vs=1v4,5; that is, the
speed of the electrons is no longer increasing
appreciably. Indeed, the results clearly indicate
that as the energy of the electrons is increased,
the speed approaches a limiting value, 3 X108
M /sec.

ENERGY MEASUREMENTS

Since the purpose of this experiment was to
provide simple direct data to test a result of
relativity, it is important that the measurements
of speed and energy be made as basic and direct
as possible.

As discussed above the speeds are determined
directly. The kinetic energy, however, is given
in terms of the accelerating potential difference
(V) in the Van de Graaff generator and the
electric field (&) in the Linac. This is a well-
established procedure that is checked in this
laboratory by magnetic deflection methods. It
should be noted, however, that use of a voltage
or field measurement requires prior knowledge
that the force exerted on a charged particle in
its direction of motion by an electric field is
independent of the speed of the charged particle.
Usually, experiments providing this knowledge
have been performed at speeds much less than
¢, and one might question the validity of this
result for high-speed electrons. A magnetic de-
flection measurement does not relieve the situa-
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tion as it involves the relativistic momentum-
energy relation as well as the dynamics of motion
in a magnetic field. Furthermore, it is clear that
the electrons lose energy by inducing currents in
the walls as they move down the metal pipe of the
Linac. One can show from electromagnetic theory
that these losses are negligible, but this is far less
satisfactory than experimental proof. It was,
therefore, decided to make a direct measurement
of the kinetic energy.

When the electrons are stopped in the alumi-
num disk most of their kinetic energy is lost
as heat to the aluminum, resulting in an increase
of its temperature. (Only a very small fraction
of the electron energy escapes as x radiation.)
The total energy input to the disk is propor-
tional to the temperature change of the disk
if measurements are made in times short com-
pared to the observed thermal time constant.
The energy imparted to the disk was determined
by calorimetry, and at the same time the number
of electrons carrying this energy was determined
by measuring the charge collected on the disk.

The current produced by a thermocouple
attached to the disk (Fig. 4) caused a galvanom-
eter to deflect, indicating the temperature rise.
Since the time interval during which charge was
collected was typically about 7 min, whereas the
thermal time constant of the disk was about 50
min, the heat losses during the measurement were
negligible. The thermocouple system was cali-

Thermocouple attached
to the aluminum disc

Aperture
from Linac
vacuum
system

Y

Beam direction

%

)

Wall of vacuum chamber:

Constantan

Copper

3/}~ 200 ohm
heating
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leads passed through
insulating vacuum seals

¥~ Insulating support

F16. 4. Schematic diagram of the aluminum disk at
the end of the flight path, showing the arrangement of
the heating resistor and thermocouple. The signal for the
timing runs was taken from the copper wire of the
thermocouple.
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brated by passing a current through a 200 Q
resistor also imbedded in the disk. A current of
24 mA flowing for 133 sec caused the galvanome-
ter to deflect 19 divisions. In this way each
division of the galvanometer deflection was found
to be equivalent to about 0.80 joules of energy
absorbed by the aluminum disk.

The beam current flowing into the disk was
used to charge a capacitor. A relay was operated
to discharge the capacitor whenever its voltage
reached a value of about 1 V and each discharge
of the capacitor was recorded on a register. The
amount of charge represented by each register
count was determined by allowing charge to
flow on the disk from a 45 V battery in series
with a 5 X10° Q resistor. In 15 min, 106 register
clicks were observed corresponding to a cali-
bration of 7.6 X10~% coulombs per register count.

Energy measurements were performed at the
settings of the accelerator used for the 1.5 and
4.5 MeV timing runs. These measurements
vielded galvanometer deflections of 121 and 363
divisions, respectively, when in each run a total
charge of about 6.1 X10~¢ coulombs (80 register
counts) was collected. From the above calibra-
tion the energies indicated by this direct thermal
technique were about 1.6 and 4.8 MeV. These
agree with the expected energies within the experi-
mental error (about 109,) for all measurements.

CONCLUDING REMARKS

In Fig. 3 are plotted the Newtonian rela-
tion (v/c)?=2E;/m«? and the Einstein rela-
tion (v/¢)?=1—mu?/ (m2~+E) P for electrons.
The Newtonian relation, usually adequate for the
description of the motion of bodies at very low
speeds, is obviously in disagreement with these
high-speed data. Equally apparent is the con-
formity or the experimental data to the Einstein
relation with its prediction of a limiting speed.

The experimental data from the calorimetric
energy measurements also demonstrate the cor-
rectness of our original assumption that each
electron moving through a potential difference V'
or in an electric field & along the direction of its

(23
in
(4]

motion gains an amount of kinetic energy
Ey=eV or E;= feé&dx, independent of its speed.
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APPENDIX

The resonance frequencies, fu, of the cable
determine the signal transit speed », through the
relation v=A,f,, where A, is the wavelength
corresponding to f,.. For example, if one of the
cable terminations is a short circuit and the other
open, then N\,=4L/n, where #n is an odd integer
and L 1s the cable length. The f, may be meas-
ured with the appropriate use of an oscillator
and detector. The transit time of a fast pulseon a
cable can also be measured directly by using a
self-excited pulser. The output signal of a fast
pulser is used to start the same pulser after a
suitable delay time. This is achieved by passing
the output through a delay cable to the input of
the pulser. The delay of the cable is sufficient to
allow the pulser to settle into its quiescent state.
In this mode the pulser output repeats at some
rate fo. If the length of the delay cable is now
increased by the addition of a cable of unknown
transit time the repetition frequency decreases to
f1. The transit time of the signal along the added
length is then given by t=1/f,—1/f1.



