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This experiment 18 a gtudy of the relations between energy, momentum and wvelocity of relativistic
electrona.  Using a spherical magnet generating a uniformly vertical magnetic field to accelerate
electrons aroumd a circular path and into a narrow slit, youn will be able to predict relationships
betwern properties of high velocity electrons. The experiment’s goal is to compare your data with
the models predicted by nonrelativistic and relativistic dynamicas. Additionally you will be able to
determine the value of the electron charge to mass ratio, the clectron mass, and subsequently the

eloctron charge.

PREPARATORY QUESTI(ONS

Please visat the Relativistic Dyvnamaes chapter on the
B 13x woebsite at mitx mit . edu to review the background
material for this experiment. Answer all guestions found
i the chapter. Work out the solutions in your laboratory
notebook; submit your answers on the web site.

UNITS 1IN THIS LAB GUIDE

This lab gaide uses Gaussan units in which the forec
on A moving charge in a static held s

F=qE 1 3@ x H).
[

The units ane:

v dyme

g statcoulomb (csu)

B panss

E  statwvolts cm !
v, omson
Boe aware that while magnetometers often display mag-
netic boeld values i ganss, voltmeters almost exclusively
thsplay voltage i volts, not statvolts.

Some uschul constantss:

e =4 R0208 = 10 " statcoulombs

me® =511 keV = RBT2T = 10 7 crps
| volt =3.336 = 10 * statvolts

SUGGESTED PROGRESS CHECK AT END OF
2! QESSION

With the spectrometer magnetic beld sct to LD gamss,
plot the clectron connt rate at the detector versus veloe-
ity selector voltage (converted to units of §). Also, plot

at least throe data points of vanous kinematic energies
virsns .

I. INTRODUCTION

Between 1900 and 1910 the relation between the en-
eregy, mormentum and velocity of charged particles mow-
mg at hgh spoecds was a central problem of phyvsics.
The fundamental contradictions between Newtoman me-
chanics and the Maxwell theory of the clectromagnetic
field, revealed most dramatically in the faillores of the
Michelon-Morley experniment to detect absolute motion
of the carth through the ®acther”, barred the way to
a logically consistent understanding of the deflection of
a charged particle by clectne and magnetic belds when
the particle s moving at a velocity approaching the we-
locity of clectromagnetic waves. Varnous formmulas were
derived by Abrabham, Lorentz, and Poincare. In 1901
Kanfmuann, nsing the new vacuum technigques proneened
by Thomson, determined the “apparent meass of the elec-
tron” by measuring the deflections of the recently dis-
coversd 8 rays from radioactive substances. There was
considerable confusion as to whether the experimental
rissults conbirmed or contradicted one or another of the
formulas. Then Albert Einstein, at the time an obeseare
2o-year-old examiner in the Swiss patent office, provided
a clear and compelling theory of “the clectrodynamies
of moving bodics™ which came to be called the spoecial
theory of relativity.  Among its remarkable predictions
was the slowing of clocks moving at high speed (demon-
strated in the Junior Lab experiment on muoon decay),
and the non-classical relations betwoeen momentum, en-
crey and velocity that are demonstrated 1o the present
cxperiment [1].

In nonrelativistic dynamies s particle acted on by a
foree I for a time df over a displacement dr EAINS -
moentum dyy Felt and kinctic energy o K I - dr.

Avcording to Newtonian dynamics the kinetic encrgy
K, momentum g, and velocity ¥ of a particle are related
by the cquations

g = my (1)

and
K = ¢ 2m, @)
whoere p° = ¢ ¢ and e s the inertial mees of the parti-

cle. In nonrelativistic mechanies there 15 no lomt on the
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magnitude of .

According to relativistic dynamics (see [2], or other
text on special relativity ), these quantities are related by
the coguations

o = oy (3)

and
E* = p°c” | m*c', (4)
whoere K K | me e 15 the *total relativistic

enerpy.”  The guantity mo1s a relativistic invanant and
wlentical with the nonrelativistic mertial meass, and v 1s
the Lorentz factor defined by the equation

7=l
where 8 = |6]/e . Solving equation (4) for the kinetic

enerpy one obbains

ceme ([0 2] 1) ©

In the limit of high velocitios where p 5 me, cquation (6)
approsches

E'."!:] I'II?-. {5:]

K = m, (7)

which 1 the exact relastion between the enerey and mao-
mentum of meesles particles such as photons and neatri-

nos. For p < me equation (6), expanded by the binomial
theorem, becomes

Ll i@l e

In the limit of low velocities (6] < ¢ ) where p < me,
Equation (8) reduecs to the nonrelativistic relation ex-

prossed by Equation (2).
The clectromagnetic foroe on a charped particle 1

=g {" + (E) ’ ﬁ“, (@)

whoere g is the invariant charee, E and B are the olec
tric and magnetic held intensities, respoectively, and e s
the imvariant spood of hght. This foree law 15 walid in
both nonrelativistic and relativistic dynamics.  In this
expoeriment von will messure the offects of electromeag-
nctic foroe on the motion of clectrons with velocitios up
toy about 0.8, and measure directly the relations between

v, p, amd K.
Some uwscful references related to beta<decay, beta-

spoectroscopy amd this cxpoeriment in particular are given

in [3-8].
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11. EXPERIMENTAL 5ETUP

The apparatus for the prosent exporiment, shown
schematically in Figure |, is contained in s vacoum cham-
bor inside & spherical magnet that maintains a uniform
ficld in the vertical dircction. Inside the vacuum chanmber
A

l. a source of ecnergetic clectrons (a0 minute quantity

of *™8r which cmits clectrons with a spectrum of
encrgies up to 00546 MeV viclding a decay  prod-

net Y which emits clectrons with a spectrum of
encrgics up to 2.27 MeV),

2. baffles that reduce backeronnd counts due to scat-

tered cloctrons that bounee around the vacuam
chamber,

3. a narrow shit i the bafles at the W-deproe position
around a circular path from the souree,

4. a narrow slit that defines the radins of corvatoare of
the clectrons that enter the velooty scelector, and

A, a solid state PPIN diode detector.

The velooty selector has a length of 10 cm and & plate

separation distance of (00180 4 0,003 cm.
An olectron, cmitted with & momentum in a narrow

range of magnitude and dircction, traverses a helical path
of hxed radins in the magnetic beld and enters the gap

boetwoeen the vwelocity-selector plates. The distance from
the source to the velooty sclector, which s also the di-

amcter of the clectron’s path, s 4006 £0.4 cme I the volt-
age ¥V botwoen the plates @ adjusted so that the clectne

force cancels the magnetic foree, then the clectron paesaoes
through the “velocity sclector™ inoa nearly straight tras-

Jectory amd strikes the IPIN diode. In the diode, & nomber
of silicon valenee dectrons proportional to the cnerey de-

posited by the clectron are promotoed to the conduction
band of the semiconductor and collected as a8 pulse of
charge. The latter 15 converted by a low-nowse pream-
plificr and precesion amplibier into a voltage pulse with
an amplitude proportional to the deposited eonergy. Thas
pulse amplitude s then measured and countoed by s mul-
tichannel pulse height analyzer (MOA).

For cach of several settings of the magnet corrent one
LA IS

L. the magnetic held,

2. the voltape across the scloctor plates that vields
the maximum counting rate of pulses in the narrow

rangr: of pulse height channels of the MOA corme-
sponding to the energy range of the detected eloe-
trons, and

3. the modian channel of the pulse height distribuation.

Ciiven these data, the dimensions of the apparatus, and
the cnerey calibration of the PPIN detoector, one can de-
termine the momentum, energy, and velocity of cloctrons
and estimate the values of ¢fm, m, and ¢
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Fl(:. 1. Schematic diagram of the electron trajectory in the

apparatua, the particle spectrometer and asscciated ciremitry.
The velocity selector 8 labeled Vi, and the diode detector

PIN.

11.1. Theory of the Apparatus

In the remon between the source and the velocity se-

lector, where only 8 magnetic eld exists, the motion s
desceribed by the cgquation

el B

[

—_— T - @h
\ 1 = 2, (10)

B (:—ﬂ) " (11)

where p s the radius of corvature of the particle tragjec-

tory under the imfluence of the magnetic foree. Placcoment
of the source, the collimator, and the aperture of the we-

locity selector on a circle of mdins g allows only particles
with a momentum in a narrow range around Bep/e to

enter the velocity selector. In the region between the we-

]

locity selector platos, f.'f, .i’.i'r, and v are perpendicalar to
cach othoer, so one can write the following relation for par-

ticles that cxpernienee zero deflecting foree and go exactly
parallel to the plates:

e i3

i

cE 0. (12)

The voltage between the wloeity selector plates 15 known

from Faraday’s Law,

v j{ E . df, (13)
V/d. Hener,

g = vl /e

and therefore K
.E:-’I.'r B. {14]

Thus, for any combination of F and B such that E < B,
the velooty seloctor transmits particles with welocitios
near B/ B in a narrow range of magnitudes whose width
depends on the geometry of the sap botween the plates,
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A plot of messured values of B against the ratio E/B
roveals the relation betwoeen momentum and  velocity.
According to the nonrelativistic Equation (1), the plot
would be fit by a straijght hine with a slope of [rra.:'."‘! ) (ep).
Deviation from a straight line as E/B > 1 indicates
the failure of the nonrelativistic relation between momen-
tum and velocity as the velocity approaches ¢ Accord-
ing to the relativity Equation (3), a plot of B against
(E/B)[1 (E/B)?] YV* should be fit by a straight line
with a slope of (me”)/{ep). From the slope and knowl-
cdee of the values of ¢ and p one can cstimate the var-
ant quantity -r:l.'rm:-

In the experiment 1€ 5 s pood des to set the magnetic
held and then determine the voltage between the seloctor
plates that gives the highest rate of counts of clectrons
that traverse the cirenlar path and paess between the wo-
locity sclector plates to strike the PIN diode detector.

MNote that measurcments of K and B alone yield a de-
termination of ¢/m but neither ¢ nor mseparately. This
15 characteresstic of all expenments involving only clectro-
magnctic forces. Why s thas so0f Consader the analogy
to the problem of determmiming the mtio of gravitational
to inertial mass of 4 body moving ander the inflnenoe
of gravity. (Incidentally, the “Shot Noise' experiment in
Junior Lab yiclds the measurement of ¢

The PPIN diode detector combines the virbuwes of an
ultra-thin entrance window amnd surface dead layer with
a total sensitive thickness sufhoient to stop clectrons with
soveral hundred ke'V of kinetic encrgy. Thas, with appro-
priate calibration, the PIN diode provides 8 messure of
the kinetic cnergy of the detectoed clectrons. Plots of the
kinctic energy against E/B or against [1 - (E/B)?] 1f2
rovesl the relation between enerey and velocity; the slope
of the latter plot yiclds a walue of m (or more conwve-
nicntly e excproessed in units of keVoin terms of which
the cnerges of the calibration X and gamma-ray  phio-
tons are expressed). A plot of energy against B oreveals
the deviation of the enecrgy-momentum  relation from the
v [(2m) toward the
e valid for & particle moving with &
volovity close to o

nonrelativistic quadratic form F
lincar form K

11.2. Apparatus Details

The mapnet consists of a stack of circular air-core coils

enclosing: a sphoerical volume and connected in series so a8
to produce a current distribution over the surface of the

sphoere which s approximately ogqual to the ideal smooth
distribution reguired to prodoce & omform feld  msude

the sphoere. It turns out that the reguired distobation of
surface current density s

J(0,¢) = Josind, (15)

whoere Jy 15 related to the magmtude B |.F.'f.| of tha
uniform feld inside by an cqguation that s left for the

reader to derive (for hints, soe Appendix A).



