MAGNETIC TORQUE: Experimenting with the magnetic dipole

Mest of us have childhood memories of playiag with magnets and being fascinated by their
behavior. You were probably raught that this behavior could be explained by north and south
“poles” that esther attract or repet each other. However, since your introduction to classical
electricity and magnetism, you have learned that & more fimdamental modél has been developed to
explain magnetic interactions. This mode] involves the magneric dipole, which itseif can be
modeled as a loop of curremt. By viewing permanent magnets s being compesed of tiny
magnetic dipotes, the magnetic field of permanent magnhets can be predicted, as well 2s those
magnets’ behavios in the presence of external magnetic fields.

You have been 1zugit these concepts from 2 theoretical standpoint. Now you need to test
these theories in the laboratery. The Magnetic Torque instrument has been designed just for this
purpose, to cement your knowiedge of the magnetic dipole through experiments. With Magnetic
Torgue, you'll be examining the behavior of a magnetic dipole in both uniform and non-uziform
magnetic Selds. You will aiso be taking data in order 1o calculate the dipole moment of your
magretic dipole There are five different experiments that can be performed; each of these
experiments involves different combinations of mechanics and E&M principles. Your instructor
may pick and choose which experiments he or she wishes you to perform, but vou might want to
survey ail five of the experiments anyway. They'll kelp your understanding of physics, and may
even come in hamdy on & test!

fhe Instrument

In order to use the Magnetic Torgue instrarment and learn the physics principies invoived
with it, it 15 first necessary to understand the instrument itself This section of the manual
provides a description of the various component parts of the Magnetic Torque apparatus Study
it carefully before attending your laboratory session.

A The Magnet
What is referred to as “the magnet”™ is the component of the instrument that houses the

two co-axial cotls, the air beaning, and the strobe light

l. - Coils

The coils are composed of copper wire that is wound on bobbins. Each coil has
195 s, The two coils are always connected in series so that the same current Hows
through each tum. This current is displayed on the analog ammeter. H is important to
note that the coils have some resistance, and that resistance is temperature-Jependent, 1f
current is aliowed to flow through the coils for a long time, or if the current is high {~3-4
amps), the cotls’ temperature begng to rise. You can feel the increase in temperature. As
the coils heat up, their resistance rises, and the current subsequently begins to decrease
since the power supply i not current-regutated. It is therefore a good idea to tum the
current down to zero when the magnet is not being used. Try to gvoid using high currents




for any appreciable length of time. The instrument is designed to sustain the full output
power of the supply without any danger. However, since the maximuem current will be
decreased as the temperature of the coils increases, you may not be able to obtain the
mghest fields f you allow the coils to get 100 hot.

in order to calculate the magnetic field at the center of the apparatus, one needs to
perform an integral, since each of the turns has 3 different radius and a different distance
from the center of the pair. Such a caiculation may be 2 bit tedious. Therefore, given
below are an equivalent radius and equivalent distance between the two coils, such that
the 350 turns can be thought of as twe separate current loops,

equivalent radius = m
equivalent separation between the coils = m

Using the equivalent radius and separation aiong with the Biot-Savart Law, you should be
able to calculate the magnetic Seld at the cemer, which i3 where the magnetic dipole will
reside. 7t is ondy the magnetic field n a smafl region around the midpoint of the coils’
cxis that is importart in afl of these experiments.

The value for the magnetic field gradient at the center will be needed for one of
the experiments. The field gradient can be calculated by differentinting the expression of
the magnetic field with respect to 2, where » is the axial distance from the center of one of
the coils.

2. - Alr bearing

The air bearing is the sphenical hollow in the cylindrical brass red that is supported
on the bottom coil form. The bearing has a nerrow opening that allows air to be pumped
into the spherical hollow. The bakl sits in this hollow and floats on & cushion of air. This
provides sapport without significant fiction.  The air pump i3 housed inside of the power
supply. A vinyl hose attaches to the back of the power mupply a1 one of its ends, and at
the other and attaches by a threaded right-angle fitting to the under-side of the air bearmg,
Make sure not to restrict air flow by accidentally “lanking™ the hose.

3. - Strobe fight

The strobe fight is iocated in an insulated housing on top of the upper coil. One
can vary the frequency of the strobe flashes by a control located on the power supply front
panel, The frequency of these fiashes is automatically measured and read ocut to two
significant figures on the power supply’s front panel. This data is updated every {0
secotds.



provide & horizonts! magnetic fieid. This uniform horizonta! magnetic field {(~1.9mT) can
be manuaily rotated around the air bearing. It has a hole in its base that allows the air
bearing to act as its rotation axis (Figure 3). This magnetic feld is used to demonstrate
nuclear magnetic resonance.
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4. -- Buils-eye level

tf the air bearing is not level, an
additional torque due to unequal air
flow can result. Such a torque can
produce erroneous data. The bulls-eve
level is simpty a ffuid-filled region thar
has a babble in it. When the bubble is
within the circle, the apparatus is
reasonably level. The leveling can
easily be accomplished by placing
shims underneath the rubber fret befow
the magnet.

. Power Supply

What we term the “power supply”

contains componemts other than the power
supply. Om the oot panel, starting from the

1. — Analog ammeter

Reads the curent passing
through the coils (since the coils are
connected in series). The knob below
the meter is used 1o adjust the current.
Turning the knob clockwise increases
the current through the coils,

2. - Field direction switch
Controls whether the magnetic
fietd at the center is either up or down.

3. — Field gradient switch
Controls whether there is a
magnetic field gradient at the center of

the coils, or & uniform Imngnet:ic field {gradient off).



4. — Strobe bight frequency display
Erispiays the frequency of the strobe light in Hertz. Below the display is the
frequency-adjust. Turning the kneb clockwise will increase the frequency. After adjusting
the Frequency, one needs to wait for the instrument to count up ta the actual frequency.
Next to the frequency-adjust knob is the on-off switch for the strobe light.
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5. — Air switch 1 |
Allows you to turn off the air pump when you are performing the magnetic force
eXPeTiTeIHS.
&, — Pilot hight . o
fndicates when the ac powey is on for the entire systers inside the power supply
case



B. The Accessories
The accessories are those components of the Magnetic Torque instrument that are not

permanently attached to the two main parrs of the instrument. They are used to perform the
various experiments. Let’s examine them.

1. — Cue bally

These cue balls are simply aramith snooker balls with a smail cylindrical permanem
magnet at their centers that acts as if it were a magnetic dipole. The magnetic dipole
moment paants it the direction of the bali’s handie. The handle sllows YOU 0 spin the balk,
measare its rotation frequency, and determine the dicection of the magnetic momett.

The handles on the bails have a small axial hole drilled in them. In this hole, a thin
metal rod with an attached weight is piaced as part of a static magnetic torgue experiment.
The atamimem rod has a stesl tip at one exd that hoids fast to the magnetic inside of the
bail. The movable weight is & small clear plastic cylinder with an C-ring inside that keeps
the weight from involuntarily slipping on the rod. The weight s mett to be moved up
and down the rod to vary the gravitationad torque (Figure 1),
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2. — Plastic tower

The clear plastic tube atiached to a cylindrical base can be placed o 10p of the air
bearing. This apparatus is used for the magnetic force experiment. A nyion cap placed on
the t10p of the tube holds the rod that supports the spring.  The other end of the spring is
conrected to the magnet. The position of the suspended magnet inside of the tube can be
adjusted by mwving the rod inside the cap. There is also a smail screw-eye attached above
the magnetic dipole that can be used to prevent the magnet from rotating on its gimbals

igure 2).
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3.« Rotating magmetic field . |
This is an optional accessory, s¢ it may not be inchaded. Thcrofatmg Magnetic
field iy simpiy a special configuration of permanent magnets and soft iron shims that



On the back of the power supply are the following:

I -- on-off ac switch for alf of the components inside.

2. - cord that plugs into the ac electrical socket.

3. -- Cinch Jones connector that connects the power supply to the magnet.

4. —male air hose connection——the air hose has a femnale connection that mates 1o it

EXPERIMENT 1: Magnetic torque equals gravitationat torque

Objectives

The main objective of this experiment is to measure the magnetic moment {32) of
the magnetic dipole {which is the magnet inside the cue balls). You will aiso verify the
functional relationsiup: pxB = romg

Equipment
Magne:, power supply, air bearing, cue ball aluminum rod with a steel end,
weight, niler, balance, and calipers.

Theory

From your electricity and magnetism course, you sheuld be aware that & loop of
continucus currenl is referred to as a magnetic dipole. The necdymium iren boron
magnetized disk inside the ball is not a loop of current. in fact it is 3 375 inch diameter,
25 nch thick disk magnetized along the axis of the disk. But its magnetic field is such that
it acts a5 #f if were 3 magnetic dipole. In a uniform magnetic Seld {which is the case at the
center of the two-coll ¢onfiguration), a magnetic dipole experiences a magnetic torque
that is given by the expression:

t=puxB

Your magnet’s dipole moment is aligned parallel to the handle on the ball, the magnetic
treld produced by the coils can be either up or down along the coils” axis. If the magnetic
field points up, and the magnetic moment is aligned at some angle & away from the
direction of the magnetic field, the bali will expenience a torgue that will tend to rotate it
50 that the handie of the ball points upward. Bt if the aivminum rod is placed in the
handle of the bali, there is now another torque due to the earth’s gravitational field. The
expression for this torgue is:

T = Py



The gravitational torque tends to cause the ball to rotate s& that the bail’s handle points
downsward (Figure £). Since a net torque causes a change in anguiar momentum, the ball

will rotate if the gravitational torque is larger than the magmetic torque, or vice versa. But
when the magnetic torque is equal to the gravstationsl torgue, the ball wifl not rotate, since
the net torque oe the ball is zero. This configuration is mathematically represented by:

ABsin 8= rmgsin
Or;

pft = rmg r:;EE

So if we measure 7 for various magnetic fieids, the functional dependence of r to # should
be a straight line with the slope being an expression that contgins . But what's r, m, and
87 Bis the magmetic field at the center of the coils, and can be calculated fom the
known cusrent. But thers are two m's and two r's that we need to consider. The first
i the mass of the weight, with its corresponding » being the distance from the cemter of
the bail to the center of mass of the weight. The second m is the mass of the rod, with its
corresponding r being the distance from the cemier of the ball to the center-of-mass of the
rod. But remember that we're trying 10 measure 1 using the slope of & line. Jr fomy ot
that the mass of the rod and its center-af-mass distance, r, are combined in ¢ constant in
the graph of r vs. B, and do not aiffect the siope of the line. Sa the only r that one neads
10 measire is the » of the weight, and the only m that must be measured is the mass of the



weight. This is the advantage of a slope measurement of g rather than & single point
determination where the mass and center-of-mass of the rod would be essential

So g is the unknown in this experiment. The independent variable is the B-field at
the center of the imstrument, and the dependent variabie is r, the displacement of the
genter of mass of the weight from the center of the ball.

Procedure

a. First measure alt of the constants that are involved in the experiment. Use s
balance to determine the mass of the weight, calipers 10 measure the diameter of
the ball, and & ruler to measure the length of the ball’s handle. From these
megsurements, » of the weight can be determined. AMake sure that you remember
fo keep all of your measurements in SI wnits, specifically keeping the magnetic
field in Teslas, the length measurements in meters, and the mass measurements in
Klograms.

b. Next meagure r of the weight for various magnetic fields. Turn on the power
supply and the air. Keep both the field gradient and the strobe lght off. Set the
direction of the magnetic field on “up™ so that the handle of the ball points upward
when the ball rests on the air bearing. For small currerds the gravitational torque is
greater than the magnetic torque, so the current to start at is 2bowt 2.5 amps. With
that curremt, adjust the position of the weight until the ball and the tip remain
stationary at about 94 degrees with respect to the ventical. You might have to
steady the rod, weight, and ball with vour hand, because the system tends to
osciflate and dnift due in part to the earth’s magnetic field. When the gravitational
torque equals the magnetic torque {remember to continuously check the current 10
make sure that it remains at the set value), take the ball off of the air bearing and
Tum the current down to zero. Measure the length from the end of the handle to
the center of mass of the weight. Add this value to the length from the center of
the ball to the end of the handle, and the resuiting value is the » of the wesght.
Repeat these steps for at least six different currents vp to 4 amps. The
magnetic field can be calculated from the currents. A dara table with column
headings such as the ones beiow is a good way to organize the measarements:

{ (amps} B (1eslas) r {meters)

Report
1. Compose a data tabie.
2. Include & sample calculation of your determination of the magnetic field from
the mesasured current.
Graphrvs. B.
Calculate the magnitude of your magnetic moment, .
. Extrapolate your graph in order to determing its y-intercept. From this value,
determine the location of the red’s center of mass. Compare this calculated
value with a measured location of the rod’s center of mass

e



EXPERIMENT 2: Harmonic oscillation of a spherical pendulum

Objectives

The primary objectives of this experiment are 1o determine the dipole moment of
the magmet inside of the bali, and o study the behavior of s physical pendulum’s smail
amplitude oscillation.

Equipment
Magnet, power supply, air bearing, cue ball, stopwatch, calipers, and balance.

Theoiy

This experiment involves dyvmamics principles. From classical mechanics, vou are
farmifiar that a net torque on an object causes & change in that object’s angular momentum,
given by the expression:

B

For our particulsr system, if the cue ball is placed in the air bearing with a uniform
magnetic field present, and if the “intrinsic” dipole moment of the ball is displaced some
angle away from the direction of the magnetic field, the ball wifl experience a net torgue
and will change its angular momentum.  However, it's important 1o note the direction of
the magnetic moment relative to the magnetic field. If the magnetic moment in the bali is
displaced an angle & from the axis of the coils (the direction of the field), it experiences a
restering torque thit acts against the angular displacement of 1. Thus, the differential
eguation that describes the motien of the ball having moment of inertia f is:

4’0
—uxﬂﬂfy

Where € is the angular displacement from the direction of B. The minus sign indicates
that the torgue is restoning in nanire, In scalar form we have:

dig
— uBsing@=7—
LB ain a’

But for small angle displacements, sinf= & sp



We'll guess the solution of this equation to be &(1)= Acosw!, where @ and A are
constants. Substituting inta the differential equation we have:

— uBAcosort = -~ [d @’ cosat
For this equation to be true for all {imes ¢,

1 _H
€0 _IB

where 2:is the angular frequency of osciliation. I T is the period of oscillation,

-
=2
a
Thus, the fina expression i
7t 4!
uB

Remember that this expression is only applicable for a small engle displacement. [ can
be well approximated as the moment of mertia of a uniform solid sphere, namely:

:Emr

where i is the mass of the ball and r is the ball’s radius. B is again the independent
. . ]

variable, and 7 can be measured using a topwatch. A graph of T° vs. 3 should yield a

straight line whose slope includes the magnetic mement.

Progedure
a. First, determing the moment of inertia of the cue ball using its mass and its

radius. The mass can be determined using a balance, and the radius can be
determined using the calipers.

b. For this expenment, the fieid gradient should be off; the strobe light, off, the air
on, and the field “up™ Because the magnetic torque is the only torque involved in
this experirnernd, the expenment can be performed at low currents (small B). Place
the cue bail on the air bearing and set the current at or near one amp. Give the
nandle of the bali 3 small angular displacement from the vertical.  Release the ball
from rest, and it will oscillate, With a stopwatch, measure the amount of time it
takes the ball to complete twenty full cycles of motion. Make sure you include
the counting of the first full cycle. This measured time divided by twenty will be
the pericd of oscillation for the balf at that perticwiar applied magnetic field.



Repeat this for currents up to 4 amps. Because of the /3 mdependent variable
that will be graphed, it’s a good idea to abtain data for quite & few different fower
currents in order to obtain an even distribution of data points on the graph of

I vs. 1/ 8. Plot your data in a table with column headings such as the ones
beiow:

{{A) BT 1 {20} {s) F= 420 (s} TE{sY 148 (T

Repen
1. Compose a data table. Show sample calculations.

2. Graph the functional relationship of 7% vs. 1/ 8

3. Caleulate the magnitude of your magnetic moment from the slope of this
graph.

EXPERIMENT 3: Precessional motion of » spinning sphere

Wicctiv

The main objective is to measure the dipole moment of 2 permanent magnet inside
the cue ball. A secondary cbjective is to observe and quantify the motion of a spinning
spiere mbject to an external torque.

i .
Magnet, power supply, air bearing, cue ball, strobe light, stopwatch, calipers, and
balance.

Theery

When the magnetic moment is dispiaced some angle from the direction of the
magnetic fictd, the magnetic dipole (and subsequently the ball} experiences a torque that
causes a change in the ball's anguiar momentum in the direction of the torque.  This is the
ceatral principle of this experiment. The bail is displaced from the vertical position and
spun, with its spin-axis the axis that runs through the handie of the hall. This creates a
Jarge spin angular momentum. The spin axis will remain in a fixed position until the
uniform magnetic field i tumed on. When the magnetic feld is turned on, the magmetic
dipole will experience & torque. This torque will cause a change of anguler momentum i
the direction of the torque, but because the ball already has a large spin anguiar
momenturn, it will precess. This motion is simitar to that of the spinning gyroscope in the
carth’s gravitational field You may be familiar with gyroscopic motion from your
mechenics course.

the differential equation for the motion of the bail is:

HHB:%

A side view of the angular momentum vectors is shown below:



i we took from shove the spinning ba#f at the change of the angular momentum for a short
time Ar, the picture looks ke the one below:

Lsin#
A8 \AL,

Lsin®’;
Since s = ré, we can show that
Al = A8 sng
AL_A8,
Vi mLsmE
as At—»0,
ﬂzﬂpLﬁnF

ot

where (1, is the precessional angulsr velocity. Since g i3 in the same direction as L,

ar. o
Eﬁpﬂnnﬂ
So pBsin® = 0L sind’
and ub =01
H
of ﬂpz‘EE

The precessional frequency (in radians/second) is the dependent variable. It can be
determined by measuning the time needed for the handle of the ball to precess through 2x
radians, and then dividing that time by 2x. The magnetic fild is the independent varzable.



The magnitude of the angular momentum L i3 a constast that can be measured

using the strobe Eglr. The handie of the ball hes & white dot on its top.  As the ball spins
the strobe light reflects off of this white dot. When the strobe light i flashing at the same
&wﬂﬁﬁcﬂ:ﬂmﬁﬁt&dﬂisqﬁmﬁng,ﬂwdutwﬂiappﬂrw. Thus, from
the displayed strobe frequency and the measuressent of the moment of inertia, the spin
anguiar momentam of the bait at that time can be cafculated. The graph of £, vs. B will
yeeld & straight fine if L is held constant throughout the experiment, From the slope of this
line, 4 can be determined.

Procedure

& First measure the constants. The moment of inertia of the ball is assumed to be
that of a solid sphere. The mass of the ball needs to be measured with the balance:
its radiug, with the calipers. The other constant is the spin angulsr momentum of
the bali. A constant value of the spin angular momentum of the ball can be
accomplished by fixing the frequency of the strobe fight, We recommend choosing
a frequency somewhese beiween 4.5 and 6 Hertz.  Set the strobe light at a
frequency in that range and check it throughout the experiment to make sure that it
remeins constant  In order for the sirobe light to ithuminate the white dot, the
room should be darkened. It is not necessary to make the room completely dark in
arder to usa the strobe Lght effectivety. You can maintsin ample light for writing
and working with the instrument.

b. Once the strobe light has been set to some particular frequency, record that
murber, Turm the air on, ieave the field gradient off, and set the feld direction
“up”. Have a stopwatch ready, but don't turn o the current quite yet. Before
you beggin making measurements, practice spinning the ball. A good technique is
to spin the bail (give it 2 good, hard spin!) and then use the tip of your fingernaif to
direct it te spin about the bandle’s axis with the handie in the strobe light. Notice
that the frequency of the ball's spin does change with time. I you graph this
change, it closely approximaies an exponeutial decay. [t’s because of this decay
that the range of frequency between 4.5 and 6 heniz is advised. In this range, the
rotational frequency does not chenge significamly during the time it 1akes the ball
to precess throwgh one period.

When you master the spin technique, begin the measurements. Leave the
current off, spin the batl up, sdjust it so that it"s bathed in the strobe light, and then
waich the white dot. You'll see it alf around the handle at fiest, but as the ball
stows down, the white dot will begin to have & regular rotation of its own. This
rotation will slow down umil the white dot stops. Ay soom 8s it stops, tum the
curent up 10 | amyp, and time a period of the ball’s precession. Record this time
for that cuvent, turn the current off, and spin the baill up again. Do the same
procedure, but this time use 1.5 amps, and continue on in 0.5 amp intervals urtil
you reach 4 amps. This should give you enough data Record your dats in a tabie
with ¢ohamns such as the ones below:

I{A) 8(T) 5 (s) = 22¥T (57}



1. Compose a data table  Show sampie caiculations.

. Giraph the relationship Q vs. B,

Caloulate the magnitude of the your magnetic moment Som the slape of this
graph.

W b

EXPEREMENT 4: Net force iz 2 magnetic field gradient

Obiects

There are three main objectives to this experiment. The fitst is to demonsirate that
in a unifore: magnetic field, there is no net force on a magnetic dipole, only a net torque.
Smﬂy,ﬁﬁaﬁpﬂimmthmmm‘gamﬁrﬂcmawﬁcdmfa
when it is in the presence of a magnetic field gradient. The third chjective is to measure
thﬁ%mmmmmmmfmwamﬁpﬂhmam
field gradient is proportional to the magnetic moment.

" Magnet, power supply, plastic tower apparutus, calibrated spring that is supported
inside: the plastic tower, permanent magnet disk mounted in a gimbal, bali bearings that
serve as weights, ruler, and balance.

Theory

The principal player in this experiment is the magnetic dipole. If we model the
magnetized disk masde the cue ball as a current loop, and place it in & uniform magnetic
field that is directed wlong the axis of the loop, the force on any infinitesimal section ot of
the foop is given by:

dF = idt x B

where 7 is the loop current.  The same amount of current passes through each
infinitesimal saction of the current loop. Using the right-hand rule one can see that every
d¥ adds to another dF of equal magnitude that points in the opposite direction,
Therefore, there is no net force on & current loop in 2 uniform magnetic field, I this
model repraserts our magnetized disk then there should be no net force on the disk in a
uriform magnetic field.

However, if the disk is placed in & non-uniform magnetic Seld, that is, a spatial
magnetic field gradient, then there is a net force on it. To show this, Jet’s assume that the
direction of the magnetic Seld is a direction parallel to the z-axis. This magnetic feld
changes only in the r-direction, where it changes its magnitude with increasing * But
Maxweill’s second equation,

f;m.m:a



ﬂysthﬂﬂmﬂuxafthemgtrmicﬁ&ldthmughaclﬂw&mu&mSmuﬂeqm;m. Ifa
closed murface was constructed around the fieid along the z-axis, there would be a net fux
of the magnetic field through the surface, which would violate Maxwell’s second equation,
We can thus conclude that if there is & magnetic field that is changing in space, if must
change in more than one direction. it foliows that in our particular situstion, the Seld
lines are no longer paraliel to the axis of the magnetic dipole, but are bowed, and curve
away from the 7-axis. Using the expression for the force on an infinitesimal section of the
swrrent ioop, it can be shown that there must be 2 net transfational force on the magnetic
dipole’ . It turns out that the expression for the magnitude of this foree is:

as,
=i

We can measure this force. Using the plastic tower apparatus and applying a Geid
gradient, the suspended magmet cxperiences a transiutional magnetic force For our
spparatuy, this force is nearly constant over 4 fairly wide range of z-values, since the
magnetic feld gradient is reasonably constant. However, there iy another force on the
suspended magnet, the force that the spring applies. The force dus to the spring is given
by Hooke's Law,

F=4}x

where & is the spring constant, and 7 is the displacement of the magnet from its equilibrium
position (the position where the magnet resides in the absence of 8 magnetic field
gradient). The fact that there are two forces acting on the magnet means that the magnet
will displace either upward or downward until the spring forcs equals the magnetic force.
At that point the magnet will cease its accelerstion, and if one stops its motion, it will
come to rest. Al this displacement z, the following expression can be written:

Fopeing = Fiotd grasion

"ﬂl
kz=pmar

The magnetic field gradient can be caloulsted. First calculate the on-axis magnetic field
produced by two cofls with qurents in the oppesite directions. Then differerstinie that
expression with respect to z, with the axis of the coils being the z-axis. The spring
constant £ can be measured using the balf bearings ny weights to cafibrate the spring. The

dhphmﬂziaﬁmﬁedmﬁmvaﬂamquasmmmmm&hl&,

" Soe “Electricity and Magnetism”, Edward M, Parcell, McGraw-Hilt, page 411, ESBN 0-07-004908.4



) dB
proportionat to the current. The graph of z vs. z can be piotted, and from the stope of
the expected line, the magnetic momsent can be determined.

Procedure

a. For this experiment, you'li need bath the power supply and the magnet coils,
but the sir bearng is not needed, so the air should be turied off  Place the clear
pinstic tower on top of the air bearing. Take the cap for the tower, and insert the
rod with the ypring and suspended magnet into the hole in the cap. There is a
screw in the cap that can be used to hold the rod in place. Place the cap on the top
of the tower. Now adjust the length of the rod so that the suspended magnet is in
the center of the coifs, that is, where the center of the ball was wien it rested on
the sir Dearing. For the Grst part of the experiment, loosen the screw on-the
suspended magnet so the magnet is free to rotare about & horizontal axis. Set the
field gradient off, and fum up a current. Now keep your eye on the magnet, and
change the field direction. Observe what happens and write it down,

b. For the next portion of the experiment, the same equipment will be used, except
that now the suspended magnet should be screwed down te prevent it Hom
rotating. Tighten the screw eye so that it i in & position where the flat sidey of the
magnet are facing up and down.

Dietermine the spring constant & To do this the magnetic field must be
turned off Hang the magnet down as far as possible, 90 that only a small portion
of the tod is showing above its support. Mark the position of the magnet on the
side of the plastic tower with some masking tape. Measure the length of the rod
above the pinstic holder. Next, take the cap-rod-spring device out of the tower,
and add one ball bearing to the magnet. Then place the cap-rod-spring device anto
the tower and adjust the rod so that the magnet is again at the tape mark. Measure
the length of the rod above the holder. Subtract from this fength the length of the
rod when the magnet was in equilibrium, and the resulting jength will be the
displacement of the magnet from equilibtiem due to one ball’weight. (The balls
have a mass very <lose to one gram.  You can check that with 4 balance ) Repeat
this for two, three, and four bali/weights hanging fom the suspended megnet.
Then graph the force on the magnet (mg) v. displacement. The slope of that line
will be k.

¢. Now that the spring constant kas been determined you can proceed with the
field gradient experiment. First, use the set sorew 10 lock the dipole in place 1o
prevent it from rotating.  With 2li of the weights off of the meagnetic dipole, adjust
the position of the rod so that the magnetic dipole is at the center of the coils.
Agwin, place a piece of masiong tape on the sde of the plashc tube 3o that you wili
know the focation of this center. Measure the length of the rod when the magnet
is at this center position. With the field gradient switch in the “on” positon,
dowly tum the current knob to G.5 amps.  The dipole will displace some amount
up or down, depending on wiich direction the field is refative to u. It is probably




best to switch the field direction so that the magnet displaces downward, When
the magnet is at the center of the coils, there’s more rod inside the tube than there
is outside.

) Dfmthumagneﬁndimlehudispiﬂed.mmmitmmecﬂHanthemﬂs
by adjusting the support rod. Then measure the length of the rod showing above
ﬂmtﬂ:mr. The difftrence between this length and the length of rod showing when
there is no magnetic field gradient is the displacement of the magnetic dipole due
to the magnetic field gradient. Record this displacement = for the cusrent 7.
Proceed ffom an initial current of 0.5 amps t0 4 amps, in 05 amp increments.
Again, contimeoudy check the ammeter at high cusrents to make sure that it is
staying at the value that you need for your particular measurerment.

The displacement z is the dependent variabie for the experiment, while %
is the independent varishle that varies with different currents. The spring constant

kisa:mnstant,sﬂ,.ucanbeuhtainadﬁnmttucsiupeof:heg:mphnfzvs.ﬁ

%
Record the data in a table with colusns such as the ones below:
T{A} dB/de (T/m} 2z {m})
Repont
1. Write down your cbservations from part o of the procedure. Offer an
explanation for these observations.
2. Compose a data table for the second pan of the experiment, showing sample
caiculations.
R
3 Gﬁphzﬁ,"&;.
4. Calcuzlate the magnitude of the magnetic dipole moment froes the slope of thas
graph.

EXPERIMENT 5: Far-field messurementy of the magnesic fiedd of a magnetic dipole

Yhigct
The first ofjective of thiy experiment is to determine the magnetic dipole moment
of the dipole in the cue ball. The second objective is to verify the 1/Z° dependence of the
distant on-axis magnetic field of a magnetic dipole.
Materials
Gaussmeter with & Hall probe, ctze ball, roll of tape (any kind of eylindrical support

wili do), ring stand, ruler that can be supported and held in an upright position, and a3 x §
card,




Theory

Using Biot-Savart Law, the magnetic field afong the dipoie’s axis can be predicted. The
an-axis magnetic field is given by the expression;

Youknnwthatﬁmpmnmmtmagnﬁicdjpnlemhmoddﬂanmﬂmp.
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2xi§ if z = 0 at the center of the loop. Iz >> 7, B, becomes:
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Inserting a w terms into both the numerator and denoevinator, we see that

Since

b xr?

A=
2xz’

ort=pg,

B a !
' 2as?

Ifﬂnemtheﬂtrmagncﬁcﬁdﬁs{we*ildimhow&:“&f’mwdsmbe}ua
function of z, one can determine the magnetic dipole moment of the magnet in the cue ball
uging the above expression.

4, - Procedure

2. Place the rofl of tape on the base of the ring stand_ aml then place the cue ball
on the roll of tape with the handle of the ball painting upward. Place the upright
mhnmmthebdhmﬂmﬂunﬂcr’smismthebauaﬂhcﬁngﬂmd
{(Figure 5). Measure the height at which the ball's center is located. Do this by
eye. Record this height in meters.

b. Set up the gaussmeter. Clamp the Hall probe onto the ring stand.  Adjust the
Hall probe so that it is directly above the handle of the bull In this position the
probe is on the dipole’s axis (Figure 5). Then, remove the ball aad zevo the
gaussmeter. Replace the bail, and adjust the rwisting angte of the Hall probe wuntil
the highest value is registered on the gaussmeter. From this point on the only
variable that needs to be adjtsted is the height of the Hall probe along the axis of
the dipole sxoment.
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Begin the far-field measurements at the handle of the ball. This is a distance
far encugh away from the center of the ball so that the far-field approximation
is valid. Record the magnetic field in testas for varying distancey 2 from the
center of the ball. This is done by moving the Hall probe to some height above
the handle, measuring the height of the probe with respest to the upright
ruder’s calibration, and then recording the magnetic Sefd in teshas registered on
the gaussmeter st this height. A 3 x 5 card comes in handy bere to make sure
that your eye is reading the vahue on the ruler that is directly horizontal from
the Hall probe. The distance 7 from the cemer of the ball i the distance that's
needed, so subtract the height of the cemter of the ball from the beight of the
probe, The magnetic Seld is the dependest varisble, with 1/2° being the
independent varisble. A graph of B va. 1/2" will vield a straight line, whose
slope inchudes the magnetic dipole moment. The data shoukd be organized in a
table with columns such as the ones beiow:

z{m) 12 (m™) B(T)
Compose a data table, and show sample calculations.
Graph the functional relationship of B vs. Ly’

Caiculste the magnitude of the magnetic dipole moment from the slope of the
wraph.




F. DEMONSTRATING MAGNETIC RESONANCE

Another unique feature of Mz 1-A is its ability to visually demonstrate magnetic
resongnce. By “demonstrate” we mean that M ¢ 1-A can be used to show the classical
behavior of a particle with both a magnetic moment and a collinear angutar momentum
when it is simuitaneously subjected to a static magnetic field and a magnetic field rotating
at the Larmor precession frequency perpendicular to the static ficld. That is, it can be used
to show students a classical “spin flip”.

Magnetic resonance car onfy be observed on particles that have both an intrinsic
angular momentum and & magnetic moment. These include electrons, protons, neutrons,
and many nucier. Particles having only a magnetic moment do ot exhibit this resonance
phenomenon. Mz I-A’s billiard balls have en “intrinsic” magnetic moment supplied by
their imbedded magnetized disk, but the demosstrator must supply the collinear angular
momentum. This is done by manually by setting the sphere spinning with a quick twist of
the handle.  Thus, the operator chooses the value of angular momentum. to use for the
demonstration,

The ratio of the magnetic moment # to the angular momentum L, to is called the
“gyromagnetic ratic y 7 or
=&
"L
Ef such an object is subjected to a magnetic field B (which may bz time dependent), its
classical motion is described by the expression;

WA T
If By is 2 constant field in the z direction, the object will execute precessional motion with
the direction of the magnetic moement sweeping out a circle in the x-y plane as shown in
the diagram. This motion has already been explained Eﬁi
in the cardier sections of the manual. 4

Suppose we now add the “rotating magnetic field”

shown in Figure 3 onpage 5. This unit will produce

a magnetic field of about 1.0 mT in the x-y plane
perpendicular to the field Fom the ¢oils Be, ¢ g
It is called “rotating magmetic field” because it can be
rotated by the demonstrator at speeds appropriate

to this apparatus. That’s right, you rotate it &y had
There is ne fancy electronics here! However, seeing

you rotate the magnets will leave ne doubts in

G



the students’ mind that a rotating magnetic field has been applied *

When this horizontal field is rotated at the Larmor precession frequency o, the angle
of the magnetic memen: with respect to the static field By, b will become time dependent.
if the horizontal feld is rotated for 2 sufficient time, ¢ can be made to change by 180°
This is the classical analog of a spin-{lip.

The explanation of this spin-filp process can best be understood by examining the
system in a norinertial rotating reference frame. Suppose we ask the student to vissalize
the motion of the sphere in 3 frame of reference rotating at the Larmor precession
frequency, where the rotation ads is along the z-axis. In this frame, the ball is still
spinming with anguiar momentum L but it appears 1o be af regt. How is it possible for an
object which has both 1 and L to be in 2 magnetic field By and 10 remain at rest, not
precessing? The answer, of course, is that in this nomnertial frame the™ effective magnetic

. ar . . . ]
field” i3 B .., = 8- }- =0. The effective magnetic field in the frame rotating at the
Larmnor precession frequency is zeto,

But now we add B in the x-y plane. In the rotating frame of reference this fiekd
is constant. The effective magnetic field becomes:
By Bow

Observed from the rotatmg frame the sphere precesses about B at the precession
frequency {3 = B _, . Tt is this precession about the rotating field that causes the spin-flip,

that changes the angle ¢

This simple analysis is only appiicable if the rotating magnetic field is rotated at the
Larmor precession frequency. The demonstrator caz easily show that spin-flips do not
occur if the field is not rotated, rotated with the opposite angular velocity {the wrong
direction), or retated in the night direction at the wrong frequency. In all those cases the
angle  between g and B will remain constant, on average. 1t is even possible to
calculate the time it will take for & 180° angle change (a 180" “puise™, in pulsed NMR.

* In essentially all magnetic resonance apparatus the rotating magnetic field is created with
a small coil and an oscillating current. This produces a linear oscillating magnetic field,
However, it 15 easy to show that a linear cscillating field is exactly eguivalent 1o two
rotating felds; rotating in opposite directions. Only orse of the twe rotating fields causes
the magnetic resonance. # is the one rotating in the same direction as the particle’s
precession, Ths can be venfied for the student by showing that tuming the rotating Geld
in the oppoesite direction to the precession produces no effect,
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jargon) using the magnitude of the magnetic field stamped an the “rotating magnetic field”
and the value of y caloulated from the Larmeor precession frequency.

There are several important techniques to be mastered before attempting to demonstrate
this classical analog of magnetic resonance. First, it is important to spin the ball with as
hittle nutation {wobbling of the | ~axis) as possible. To do this, place the rotating
magnetic field over the air bearing , turn the coil current to its maximum value, and give
the bail & spin with your thumb and first finger, using the black handie. Typically the
handie will wobble rather profisely. If you touch the handle of the ball with your finger
nail {or some other low friction smooth surface) you can get # 1o spin with a minimal
wobble. Because it’s not possible 1o perfectly balance each sphere, some wobbie will be
preserst, bt it will not significantiy effect the overail demonstration. The finger nail
techaique works quite well but it does require some practice.

With both ficlds present, the ball will precess about the resultant field which is the
vector s of B, k and B f. Now rotate By, at the cbserved precession frequency
always keeping p transverse t0 By That is, keep the sphere handie pointing in the
direction of the “gap™ between the two uprights that supports the permanent magrets,
This is impertant since ift p is parallel to B there is no forgue on p and thus no spin-
flip! This may take some practice, but you will soon get the hang of the procedure. You
can achieve a 90" “flip” easily but a 180° nutstion is a fittle more difficult because the
process stops when the bali handle hits the air bearing. However, if you start the
experiment with the handle already hosizontal you can bring it up vertical and then down
honzontal creating a complete 180° pulse or 2 complete spin flip, whichever vou wisk to
call it,

Good huck watching “the worlds lowest frequency magnetic resonance
experiment” Your students will flip, like the ball!

it




NEW EXPERIMENT

USING

TEACHSPIN APPARATUS

Pulsed Nuclear Sonoluminscence
Magnetic SN100-B
Resonance
Spei;g:lml;eter_ Magnetic Force
MEIF1-A
Magnetic Torque Hall Effect Probe
MT1-A HE1-A

$200 REWARD
Students, TAs, Faculty

Students, Teaching Assistants, or Faculty: Submit a new experimeat appiopriate for any TeachSpin
instroments. It must be an experiment not already discussed in our brochure, instruction manoal, or
newsletter, and which TeachSpin believes will make a valuable addition to our repertoire. In addition to
your $200 check, we wili featre your experiment in “The Relaxation Times,” and may add it ir our
manuat as weil, Be sure to include schooi, title of course, and instructor.

Submit yoar experimentat instructiﬁns along with a set of data and a
sample write-up to TeachSpin: mail to 45 Penhurst Park, Buffalo, NY 14222
FAX to 1.716-885-4701  e-mail to jreichert@teachspin.com.

Be sure to include your own name address and phone number.
Mote: All submissions become the property of TeachBpin, Inc.




