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Goals

Test relativity (vs. Newton)

Determine me and e

Diagnose systematic errors
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Special Relativity

Fast things

Length contraction

Time dilation

Universal speed limit (c)
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Testing Relativity

Q: Why do we care?

A:

Because relativity is awesome!Because it’s required to

understand things moving quickly.
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Relativity Applications

GPS (2 km / day)

Images from http://www8.garmin.com/aboutGPS/ and

www.mobilewhack.com/garmin-nuvi-260-gps-speaks-street-names/.
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Testing Relativity

Q: How do we test it?

A:

Move really, really quickly!
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Testing Relativity

Q: What moves really, really

fast?

A:

Light!

�������
�������Light!
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Testing Relativity

Q: What moves really, really

fast?

A: Electrons!
e-

(90Sr — 0.564 MeV — 0.77c)
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Testing Relativity

Q: What moves really, really

fast?

A: Electrons!
e-

(90Y — 2.28 MeV — 0.97c)
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Theory & Experiment

Three points of contact:

~p

~F = d~p/dt

K
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The Apparatus
Id: 09.relativistic-dynamics.tex,v 1.37 2010/09/27 20:28:43 nickrhj Exp 3

Velocity Selector
Plate Separation = 0.180± 0.003 cm

Length = 10 cm

�
�B

Preamp 
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Digital Voltmeter 
Fluke 8012A 

Velocity Selector   
HV Supply: 0-5000 V 

Canberra Mo. 2003BT  

Bias Voltage 
Supply: 70 V 

EG&G Ortec 428 

Amplifier 
Ortec 471 

Oscilloscope 

Multi-Channel 
Analyzer 

40.6± 0.4 cm

90Sr/90Y Source

Vacuum Chamber
∼ 3× 10−8 Torr

PINVS

FIG. 1: Schematic diagram of the electron trajectory in the
apparatus, the particle spectrometer and associated circuitry.
The velocity selector is labeled VS, and the diode detector
PIN.

pulses in the narrow range of pulse height channels of the
MCA corresponding to the energy range of the detected
electrons, and 3) the median channel of the pulse height
distribution. Given these data, the dimensions of the
apparatus, and the energy calibration of the PIN detector
one can determine the momentum, energy, and velocity
of electrons and estimate the values of e/m, m, and e.

4. THEORY OF THE EXPERIMENT

In the region between the source and the velocity se-
lector, where only a magnetic field exists, the motion is
described by the equation

e|~v|B
c

=

∣∣∣∣
d~p

dt

∣∣∣∣ = ω|~p| = |~v|p
ρ
, (10)

so

B =

(
c

eρ

)
p, (11)

where ρ is the radius of curvature of the particle trajec-
tory under the influence of the magnetic force. Placement
of the source, the collimator, and the aperture of the ve-
locity selector on a circle of radius ρ allows only particles
with a momentum in a narrow range around Beρ/c to
enter the velocity selector. In the region between the ve-

locity selector plates ~E, ~B, and ~v are perpendicular to
each other so one can write for particles that experience
zero deflecting force and go exactly parallel to the plates
the relation

eE − evB

c
= 0. (12)

The voltage between the velocity selector plates is known
from Faraday’s law,

V =

∮
~E · d~̀, (13)

and therefore E = V/d. Hence

β = |~v|/c = E/B. (14)

Thus, for any combination of E and B such that E < B,
the velocity selector transmits particles with velocities
near E/B in a narrow range of magnitudes whose width
depends on the geometry of the gap between the plates.

A plot of measured values of B against the ratio E/B
reveals the relation between momentum and velocity. Ac-
cording to the classical equation (1), the plot would be
fit by a straight line with a slope of (mc2)/(eρ). Devia-
tion from a straight line as E/B → 1 indicates the failure
of the classical relation between momentum and velocity
as the velocity approaches c. According to the relativity
equation (3), a plot of B against (E/B)[1− (E/B)2]−1/2

should be fit by a straight line with a slope of (mc2)/(eρ).
From the slope and knowledge of the values of c and ρ
one can estimate the invariant quantity e/m.

In the experiment it is a good idea to set the magnetic
field and then determine the voltage between the selector
plates that gives the highest rate of counts of electrons
that traverse the circular path and pass between the ve-
locity selector plates to strike the PIN diode detector.

Note that measurements of E and B alone yield a de-
termination of e/m but neither e nor m separately. This
is characteristic of all experiments involving only electro-
magnetic forces. Why is this so? Consider the analogy
to the problem of determining the ratio of gravitational
to inertial mass of a body moving under the influence
of gravity. (Incidentally, the Johnson Shot Noise experi-
ment in Junior Lab yields the measurement of e.)

The PIN diode detector combines the virtues of an
ultra-thin entrance window and surface dead layer with
a total sensitive thickness sufficient to stop electrons with
several hundred keV of kinetic energy. Thus, with appro-
priate calibration, the PIN diode provides a measure of
the kinetic energy of the detected electrons. Plots of the
kinetic energy against E/B or against [1− (E/B)2]−1/2

reveal the relation between energy and velocity; the slope
of the latter plot yields a value of m (or more conve-
niently mc2 expressed in units of keV in terms of which
the energies of the calibration X and gamma-ray pho-
tons are expressed). A plot of energy against B reveals
the deviation of the energy-momentum relation from the
classical quadratic form E = p2/(2m) toward the linear
form E = pc valid for a particle moving with a velocity
close to c.

5. APPARATUS DETAILS

The magnet consists of a stack of circular air-core coils
enclosing a spherical volume and connected in series so as
to produce a current distribution over the surface of the
sphere which is approximately equal to the ideal smooth
distribution required to produce a uniform field inside
the sphere. It turns out that the required distribution of

From http://web.mit.edu/8.13/www/JLExperiments/JLExp09.pdf
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Magnetic Force

�B
40.6± 0.4 cm

90Sr/90Y Source

PINVS
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Magnetic Force

q~v × ~B = ~F = ~ω × ~p =
~v × ~ρ

ρ2 × ~p

B =
p
eρ
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Electric Force
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Electric Force

q~E + q~v × ~B = ~F = 0

β = v/c =

∣∣∣∣
E
cB

∣∣∣∣
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Predictions

Classical Mechanics: ~p = m~v

Relativity: ~p = γm~v with

γ = 1
/√

1 − β2
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Expectations

Clas
sic

al

Relativistic

0 20 40 60 80 100 120
B HGaussL0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
Β

Jason Gross (8.13) Relativistic Dynamics December 13, 2011 14 / 34



Finding ~E

0 2 4 6 8
0

10

20

30

40

50

E HkVL

co
un

ts
�3

0
s

B � 80 G

0 2 4 6 8
0

10

20

30

40

50

60

E HkVL

co
un

ts
�3

0
s

B � 84 G

0 2 4 6 8
0

10

20

30

40

50

60

E HkVL

co
un

ts
�3

0
s

B � 88 G

0 2 4 6 8
0

20

40

60

80

E HkVL

co
un

ts
�3

0
s

B � 92 G

0 2 4 6 8
0

20

40

60

80

E HkVL

co
un

ts
�3

0
s

B � 96 G

0 2 4 6 8
0

20

40

60

80

E HkVL

co
un

ts
�3

0
s

B � 100 G

0 2 4 6 8
0

20

40

60

80

100

E HkVL
co

un
ts

�3
0

s

B � 104 G

0 2 4 6 8
0

20

40

60

80

100

120

E HkVL

co
un

ts
�3

0
s

B � 108 G

0 2 4 6 8
0

20

40

60

80

100

120

E HkVL

co
un

ts
�3

0
s

B � 112 G

0 2 4 6 8
0

50

100

150

E HkVL

co
un

ts
�3

0
s

B � 116 G

0 2 4 6 8
0

20
40
60
80

100
120
140

E HkVL
co

un
ts

�3
0

s

B � 120 G

Jason Gross (8.13) Relativistic Dynamics December 13, 2011 15 / 34



Results
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Results

There’s a systematic error.

How far are we off?

Are either of these actually good

models?
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How far?

Q: How far are we off?

Use e
me

as a fit parameter.

Fit Value: 1.545(20) · 1011 C kg−1

cf. 1.758 820 088(39) · 1011 C kg−1
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Good models?
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Good models?
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Systematic Error: ρ?
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Systematic Error: d?

ΧΝ
2

� 1.1

dfit � 0.16977 ± 0.00029 cm

d0 � 0.180 ± 0.003 cm

dfit - d0 � -0.01023 ± 0.00029 cm
-2.0
-1.5
-1.0
-0.5

0.0
0.5
1.0
1.5

Std. Residuals

70 80 90 100 110 120
B HGaussL0.4

0.6

0.8

1.0

1.2

1.4
Β

Relativistic; Fitting d

Jason Gross (8.13) Relativistic Dynamics December 13, 2011 22 / 34



Systematic Error: B?
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Systematic Error: V?
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Kinetic Energy

Classical Mechanics: K = p2/2m

Relativity: K =
√

p2c2 + m2c4 − mc2

p = Beρ
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Expectations
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Energy Calibration
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Energy Calibration
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Energy Peaks
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K vs. p
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e and me
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e and me: Values

Fit me: (1.03 ± 0.23) · 10−30 kg

cf. 9.109 382 91(40) · 10−31 kg

Fit e: (1.63 ± 0.14) · 10−19 C

cf. 1.602 176 565(35) · 10−19 C

Jason Gross (8.13) Relativistic Dynamics December 13, 2011 31 / 34



e and me: Values

Fit me: (1.03 ± 0.23) · 10−30 kg

cf. 9.109 382 91(40) · 10−31 kg

Fit e: (1.63 ± 0.14) · 10−19 C

cf. 1.602 176 565(35) · 10−19 C

Jason Gross (8.13) Relativistic Dynamics December 13, 2011 31 / 34



e and me: Error
ρ = (20.3 ± 0.2) cm:

≈ 65% of the error

±0.5 Gauss in ~B:

≈ 33% of the error

K :

≈ 2% of the error
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Conclusion

Relativity wins!
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Thank You!

Any questions?
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