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Lorentz Force

1865 AD — James Clerk Maxwell (Scottish)
formulations of field equations

1881 AD - Sir Joseph John Thomson (English)
derive from Maxwell’s equations

5 1 =
F = Eqﬁ X B
H IStOI’y 1881 AD - Oliver Heaviside (English)

derive the correct form of the force law

1892 AD — Hendrik Antoon Lorentz (Dutch)
modern form, named Lorentz force law due to http://en.citizendium.org/images/thumb/

h id . frelati f . 4/40/HALorentz.gif/250px-
the consideration ot relative transtormation HALorentz.gif

F=qE+qBxB
Is Lorentz law incompatible with special relativity?

https://phys.org/news/2012-05-classical-electrodynamics-law-incompatible-special.html
Masud Mansuripur, Phys. Rev. Lett. 108, 193901 (2012).

Ref: https://en.wikipedia.org/wiki/Lorentz_force; http://ffden-2.phys.uaf.edu/webproj/212_spring 2017/Curtis_Fortenberry/curtis_fortenberry/pagel/pagel.html



Hall Effect, Quantum Hall Effect, Fractional Quantum Hall Effect
1879 AD — Edwin Herbert Hall (American)

an experimentalist for his doctoral  uym | ey n e FI
degree at Johns Hopkins University
in Baltimore, Maryland S
1978 AD —Klaus von Klitzing (German) 0120 e
discover the quantum Hall effect ﬁ
HlStOry 1982 AD — Robert B. Laughlin, Daniel C. s "
Tsui, Horst L. Stormer (American) B e toil
. . . oI € ates
Laughlin, a theorist, explained the 1010 \
experimental results of fractional \_
quantum Hall effect done by Tsui & 5105 ot i
. H
Stormer. 24
https://www.britannica.com/biography/Robert-B- 5 U H “
Laughlin 0 5 i 10 15 20 25
n=0 : na1 n=2 :
Vg IV

Physics Today 38(12), 17 (1985).

Ref: https://en.wikipedia.org/wiki/Hall effect; https://www.nist.gov/pml/engineering-physics-division/hall-effect-measurements-introduction



Magnetic Fields and Magnetic Forces

“

Lorenz Force

The Ampere’s repulsive force between two opposite current flows

Law

Alternative description for the repulsive force between two magnets

The mechanism could be separated to the interaction between the
current and the magnetic force.

The Lorentz force law describes: charge in motion is exerted by a force
from magnetic field

> -

Frorentz = qV X B



Magnetic Fields

Source of Magnetic Field Magnitude of Magnetic Field (T)

Transient Superconducting Magnet 100
Static Lab Superconducting Magnet 20
Conventional Electromagnet 2
Conventional Bar Magnet 0.01-1.5 (short range)
Lorentz Force Medical MRI L5
LaW Magnetic Field on The Earth 0.44 X 104 (0.5 Gauss)
Human Brain 10

Static charges do not response to magnetic fields.

Magnetic force is perpendicular to both the magnetic field and the
charge motion direction thus producing cycloid motion.

The Lorenz force law 1s a relative transformation of the static Coulomb
law.




Moving Charges in Magnetic Fields

Centripetal force 1s the driving force to make a circular motion.

Lorentz forc is the centripetal force for moving charges.
X XX XXX XX

Cyclotron frequency is independent of the
velocity of the charged particle.

F=qvB=ma, ©.1B

qB
q(ra))Bzm(ra)Z)ea):; XX XXXXXX

only depends on the charge, the mass, and the magnetic field

Cycloid Motion

If the motional particle possess a velocity
component parallel to the magnetic field, it
will undergoes a constant velocity motion in
that direction.




Instrumentation

The velocity selector. Use magnetic and electric fields to select the

charged particles with specified velocities. X XX XXX XX
B _E
qE—qu—>v—§ Y % % 5 %

XXXEKX XXX

|

Application of

XXXXX XXX

Lorenz Force X X X X X X X X

https://www.nyu.edu/classes/tuckerman/adv.chem/lectures/lecture 3/nodel.html



Instrumentation

Application of

Lorenz Force

X X
X X
X X
X X
X X
X X
X X
X X

P I S S S . e
Mass spectrometer X X X X X X X X
mv* qBr X X X X X X X X
quB = >V =— X XK X XX X X
r , in B2 x/x(;(z\x X
K=qV=—mv2=—m(q 7") X [X %X X XX X
2 2 m ) ’
1gB?r? q B*r? V —/— |+
V=— - = — —|—q
2 m 2 v
Cyclotron accelerator
_48
T m

Large radius gives high energy for the
charged particles.

1 q*B*

K = —=m(wR)? = R2
> m(wR)” =——

AC electric field




Another Form of Lorentz Force Law

In the segment of a conductor,
there are N charged particles

N =nLA

Fooe = Nq¥ X B = lAng® x B
Lorentz Force B . —IA]xB=1IIxB

on Current- aF =1 (al) x5 — ﬁnetzzf

XXXXXXXX

Carrying Wires

Torque on the current loop:
F = IaB

b
=3 (IaB) sin(@) x 2

b
T = (Iab)B sin(0) = (lab#i) X B

Define magnetic moment m = labfi



Lorentz Force on a Current Loop, Magnetic Moment, Torque, Potential Energy

T=mxB
Potential energy: exerted external torque
Toxt = —T = —MB sin(6)

dW = (—mB sin(6))d6
dU = mB sin(6) d6

Torque on a

Current Loop .
U= me sin(8) d6 = —mB cos(6)

/2

U=-m-B




Determine The Polarity of Charged Particles and The Carrier Concentration

o [\

||
I 1
The Hall effect induced electric field:

Hall Effect F =quaB = qEy — Ey = vaB
The Hall voltage is Vy = vgBw

IBw IB
I = (wt)nqug - vg =1/wtnq Vy = =
wtnqg nqt
Vy =IR - R 5 L5 R 5 R .
= - = = — — —
H ngt ngt Ot H ™ ng
IB v I 2
=— R =24 =L _nrat_ &
n—thH Quantum Hall: R = ; —>G—VH— = = m(

Ref:



Lorentz Force on a Segment of Current-Carrying Conductor

A proton of mass m = 1.67 X 1072 kgand chargeq = e = 1.602 X
1071° Cmovesin a circle of radius 7 = 21 cm perpendicular to a

magnetic field of B = 4000 G. Find (a) the period of the motion and (b)
the speed of the proton.

5 2 gBr (1.602 x 1071 )(0.4)(0.21)
= _— = =
e =me = (1.67 x 10-27)

v = 8.05 X 10° m/s

Examples

2mr 2(3.14159)(0.21)
v  8.05x10°

=1.64%x1077s

Ref:



The Mass Spectrometer

A 58N ion of charge +e and mass 9.62 X 1072° kg is accelerated
through a potential drop of 3 kV and deflected in a magnetic field of
0.12T. (a) Find the radius of curvature of the orbit of the ion. (b) Find
the difference in the radii of curvature of 58Niions and ¢ Ni ions.

(a) 1 2p2
qB 1 q“B

— 2 _ 5 _ 2
qV_E v &w_m qV_E r m?2

_ > |2%(9.62xX10726)x(3000) _
ey = \/ZmV/qB N \/ (1.602x10719)x(0.12)2 0.501'm

(b)

T'60p;
N = \/6—70 - 7"60N. = \E X 0.501 =0.510m
58y 58 l 58

Ar = 0.009 m

Examples

Ref:



The Cyclotron

A cyclotron for accelerating protons has a magnetic field of 1.5 T and a
maximum radius of 0.5 m. (@) What's the cyclotron frequency? (b)
What's the kinetic energy of the protons when they emerge?

(a) ~19
o = 98 — (1:602x10 1_);;(1'5) = 1.44 x 108 rad/s
m 1.67X10
Examples f=2=229%107 Hz
(b)

K = myp? = %ma)zrz —433%x10712) = 27.0 MeV

N =

Ref:



Lorentz Force on a Segment of Current-Carrying Conductor

Examples

Ref:

A wire segment of 1 mm in length carries a current of 1.0 Ain the +x
direction. If a magnetic field of 1.0 T is applied perpendicular to the z

axis and making an angle of /4 with the x-axis. What is the
magnitude of the Lorentz force? 5

Z

F = ILB sin(6)
F = (1)(0.001)(1) sin(rr/4)

F=71%x10"*N

F=71x10"%*k N

A




Lorentz Force on a Curved Wire of Current-Carrying Conductor

A wire bent into a semicircular loop of radius R lies in the xy plane and

carries a current I. It is placed in a field B = B,yk. Please find the
Lorentz force exerted on the wire. 5

y
dF = IdlB, |

x F
Examples oo _/)I\/

P Fx:O,Fy:dey //9 -y
dF, = I(RdO)By sin(6) / /

T
E, = j IRB, sin(6) d6 = 2IRB,
0

N>




Magnetic Torque on a Current Loop

A circular loop of wire with a radius R and mass m carries a current [
and lies in the horizontal plane. A horizontal magnetic field B is

applied in the space. How large can the current be before one edge of
the loop is lifted off the plane?

>

mg = IA = ITR?

Examples

T < 14 = ITR*B < mgR

mg
[ <——
TTRB




Magnetic Moment & Torque on a Current Loop

A square 12-turn coil with edge-length 40 cm carries a current of 3A. It

lies in the xy plane in a uniform magnetic field B = 0.3{ + 0.4k (T).
Find (a) the magnetic moment of the coil, (b) torque, and (c) the

potential energy. 2
(a) B
m =12 x 3 x (0.4)%k = 5.76k (Am?)
Examples ) 5
7= x B = (5.76k) x (0.3i + 0.4k)
7 = 1.73] X

U=—m-B=—(576k)- (030 +0.4k) =2307




Calculation of Magnetic Moment

A thin nonconducting disk of mass m and radius R has a uniform
surface charge per unit area o and rotates with angular velocity w
about the axis. Find the magnetic moment.

u=1IA 4

J Ty 2 4 dQ o2nrdr
ju— - ju— j— j—
# e T 21/ w

Examples

du = (nr?)(owrdr)

R oW
U= j ownr3dr = — R*
0 4




