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Cathode Rays
What is a Cathode?

¢ Anelectrodeis a conductorthrough which electricity passes
¢ Acathodeis a negatively charged electrode
e Ananodeis a positively charged electrode

Discharge Tubes

* Inthe1800s, scientists madedischarge tubes
o Thesewere glass chambers containing a low pressure gas, with ananode at oneend
and a cathode at the other, connected to a high voltage supply
¢ When a potential difference was appliedbetween the anode and cathode, the gas glowed
o |twas hypothesisedthat this glowwas caused by emissions from the cathode,
called cathoderays

Adischarge tube

LOW PRESSURE
GAS

POSITIVE,
COLUMN

'NEGATIVE
GLOW

What are Cathode Rays?

¢ When amagnetic fieldwas applied to the glass tube, it was found the path of the cathode
rays was deflected
o This showed they were made fromnegatively charged particles

How does the Discharge Tube Conduct?

s Theelectric field between the electrodes ionises the gas particlesinthe tube
¢ This separates atoms into positiveions and electrons
o Negative electrons are attracted to the positive anode
o Positiveions are attracted to the negative cathode
o This can only happen becausethe pressure of the gasis low enough to allow the
charged particles to travel
» Electrons are also emitted from the cathode and travel towards the anode

Page 1l of 21
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o Conductionis aresult of these electrons and positiveions moving across the tube

Why does the Gas Glow?

¢ Electrons andpositiveions are travelling in opposite directions in the tube
o Duetothelow pressure, they have space to gain a large amount of energy in their
kinetic store
* When they collide, they recombine in an excited state
* Theelectronsin atoms de-excite to ground state, emitting visible photons (as well as other
frequencies)

Page 2 of 21
For more help, please visit www.exampaperspractice.co.uk




=

EXAM PAPERS PRACTICE

Worked Example

Adischarge tube contains a low pressure gas. An anodeis atoneendanda
cathode at the otherwith a large potential difference between the two. The gas
conducts and also emits light.

(i) Explain how the gas conducts, referring to the charge-carrying particles in your
answer.

(i) Explain why the gas mustbe atlow pressure to emitlight.

Answer:

(i)

Step 1: Recall that, for the gas to conduct, we need charged particles

» The electric fieldionises gas atoms, removing electrons and forming positive
ions
» Thecathodealso emits electrons (at very high potential difference)

Step 2: Recall why the particles move across thedischarge tube

* The electric field accelerates electrons and positive ions, which cause
conduction

(i)
Step 1: Light is emitted when electrons and ions recombine

» Positiveions andelectrons collide at high speed and recombine, emitting
photons when they de-excite

Step 2: Lightis emitted when an atomis excited

» Acceleratedelectrons collide with gas atoms, exciting them
» The gas atoms emit visible photons when they de-excite

Step 3: Describe alow pressure gas in terms of the distribution of particles
» Inalow pressure gas, the particles are widely spaced
Step 4: Recall why this allows atoms to become excited more easily

» There are fewer obstacles foraccelerating charged particles, so they can
collide with enough energy to produce excited atoms (which then go on to
emit light)
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Thermionic Emission
How do you Create a Cathode Ray?

* \Wenowknowthatcathoderays are electrons

» Thefirstdischarge tubes produced cathoderays from the cathode using a strong electric
field to "pull” electrons across the tube

» Forming a cathoderay can be made easier by heating the cathode - this is
called thermionic emission

Thermionic Emission

= Theelectrons in the heated cathode (also called a heated filament) have more energyin
theirkinetic stores
o Thisis enough toleave the surface of the metaland move towards the anode

Cathode Ray Tubes

s Thesearedesignedto "fire" the electrons emitted from the cathode towards a target -
sometimes these are more dramatically called electron guns

» Electrons are accelerated towards the anode, but pass through a hole in it and continue
towards theirtarget

Cathode Ray Tube Design

ELECTRONS

CURRENT
< ANODE]
F'uLAMENT
| BEAM OF
o ELECTRONS
- +
Ly
HIGH
VOLTAGE

The filament is heated, giving electrons enough energy to be easily removed. All electrons
are accelerated towards the anode's positive charge - some pass through a hole in the
centre, forming a tight beam of electrons.
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9 Worked Example
o

Figure1shows a thin filament placed near an anode with a holeinit. Passing current
through the filament generates a beam of electrons.

Figurel

» ANODE
—

--------- BEAM OF)ELECTRONS

Explain why passing a current through the filament causes the emission of
electrons.

Answer:

Step 1: Recall that thermionic emissionrequires a heated cathode (filament)
* Thecurrentheats the wire

Step 2: Explain why this higher temperatureis needed

* Theelectrons in the filament gain enough kinetic energy to escape the filament
andaccelerate towards the anode

¢) ExamTip
¥ Rememberthat current passing through a wire causesittoheatup -itis the higher

temperature, not the current, that gives the electrons enough energy to be easily
attracted from the cathode towards the anode.
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Work Done onanElectron

Using the concept of work done, the speed of electrons in a cathode ray tube can be

calculated
Work done, W, by an electric field of potential difference, V, on a charge, q, is equal to:

W= qV
Foranelectron;
W=eV

Inthisinstance, allwork done on an electron is transferred toits kinetic store, and we can
assume theirinitial velocity is near-zero so:

W=E,

1
‘t = — 2
[ 5 H‘IEV

where me is electron mass andvis the speed of the electron
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Worked Example

An electronis accelerated through a vacuum by an electric field with a potential
difference of 500 V. It exits through a small hole in a positive plate.

Calculateits speedupon leaving the electric field.

Answer:
Step 1: List the known quantities:

« Electronmass, me=9.11x10"3'kg
« Magnitude of the charge of an electron,e = 1.60 x 1077 C
* Potential difference, V=500V

Step 2: Recall the equation relating work done onanelectron and kinetic energy

* Todetermine electron speed, v:

1
. 2
eV 2mev

Step 3: Rearrange this equation to make velocity the subject

* Multiply both sides by 2, divide both by mass and square root both sides to
get:

2eV

m
e

V:

Step 4: Substitute the known quantities

« Forthe finalanswer:

= 1.33 % 10° mg~1

~ [2x (1.60 X 10-1%) x 500
= 9.11 x 1031

Exam Tip

This same concept of work done = kinetic energy is referred to again in Bertozzi's
Experiment at the end of the Special Relativity section, so make sure you are familiar
with this idea before moving on.
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Determining the Specific Charge of anElectron
« Specific chargeis the charge perunit mass of an object - this has units of C kg™

e
o Foranelectron, thisis ? ,wheree is the charge of an electron and m, is the mass of
c

anelectron
* You needtobe able to describe how specific charge is determined using:
o Amagnetic field only
o Amagnetic field and an electric field
o Anelectric fieldonly

Determining Specific Charge with A Magnetic Field Only

« When movingina magnetic field, a charge experiences a force perpendicular toits motion

Diagram showing circular path in magnetic field only

B FIELD FROM
X X X HELMHOLTZ COILS

ELECTRON
BEAM

X
CIRCULAR
PATH
X X X
X X X

Theradius of the electronbeam's circular path can be measuredto calculate specific
charge

» Recallfora circularpath of radius r with electrons of mass m, moving ata speedv, the
centripetal force F is:

m v?
e

F=
r

« Foramagnetic force, Fg, from a field with flux density B on a charge of magnitude e :

(O8]

{"language":"en","fontFamily":"Times New Roman","fontSize":"18","autoformat":true}

* This magnetic forceis the centripetal force so we can equate the two equations above and
write as an expression forv:

won "o won won nwn won

{"language":"en","fontFamily":"Times New Roman","fontSize";"18","autoformat":true}
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{"language":"en","fontFamily":"Times New Roman","fontSize":"18","autoformat":true}

¢ Recall from Thermionic Emission that work done on electrons by an anode of potential
difference Va can be equatedto theirkinetic energy:

o

{"language":"en","fontFamily":"Times New Roman","fontSize":"18", "autoformat":true}

» Bysubstitutingthe expression for speed from above, we can determine the specific charge
(try deriving this yourself):

{"language":"en","fontFamily":"Times New Roman","fontSize":"18","autoformat":true}

* Theterms Va,r,and B can allbe measured, so this experiment allows the specific charge of
the electron to be determined

Balancing Electric and Magnetic Fields

* ThemethodJ.). Thomson usedto determine the specific charge of an electron, balanced
magnetic and electric forces on a beam of electrons
o Apiece of apparatus called Helmholtz coils generates a magnetic field
o Oppositely charged plates generate an electric field

A diagram showing the balanced forces from Helmholtz coils and an
electric field

HELMHOLTZ
COILS

POSITIVE
PLATE

UNIFORM
MAGNETIC
FIELD, B

CATHODE
RAY TUBE

=
J

F
ELECTRON B FLUORESCENT
BEAM X X SCREEN

« [Vacow] x

NEGATIVE
PLATE

The magnetic field generates a downward force, the electric field between the plates
generates anupward force - the fluorescent screen shows a straight beam when these two
forces are equal and opposite

» Inthis diagram, the Helmholtz coils' magnetic field points into the plane of the page,
exerting a downward magnetic force Fg (you can verify this with the left-hand rule)

» Theelectric field strength, E, can be varied by changing the potential difference V across
the plates (separated by distance d) until the electric force, Fg, is equal to Fg:

[IN]

{"language":"en","fontFamily":"Times New Roman","fontSize":"18","autoformat":true}
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* Recallthat the force from the electric field can be calculated using the charge on the
electron, e:

{"language":"en","fontFamily":"Times New Roman","fontSize"."18","autoformat":true}
¢ Formagnetic fluxdensity B and electron velocity v, magnetic force is:

{"language":"en","fontFamily":"Times New Roman","fontSize":"18","autoformat":true}
* Equatingthe two forces allows us to determine electron speed:

{"language":"en","fontFamily":"Times New Roman","fontSize"."18","autoformat":true}

{"language":"en","fontFamily":"Times New Roman","fontSize":"18","autoformat":true}

* Theelectric fieldwas then switched off, and the beam formed a circular path, allowing the
equation from the magnetic field only method to be used:

{"language":"en","fontFamily":"Times New Roman","fontSize"."18","autoformat":true}
* Combining these two equations gave Thomson the expression:

{"language":"en","fontFamily":"Times New Roman","fontSize":"18","autoformat":true}

* ThetermsV,r, B andd can allbe measured, so this experiment allowed the specific charge
of the electron to be determined

Specific Charge using an Electric Field Only

» This methoduses constantacceleration equations for the beam of electrons passing
through an electric field

Trajectory of electron beamin electric field

-~
ELECTRON
BEAM

The horizontal speed of the electrons remain constant, but they have a constant
acceleration vertically

» This canbetreated like a standard trajectory problem - time t of the pathis calculated
using the horizontal speed v and width of the plates w':

"o

{"language":"en","fontFamily":"Times New Roman","fontSize":"18","autoformat":true}

* Now considering the vertical plane, the upwards acceleration a can be calculatedusing F =
ma:

{"language":"en","fontFamily":"Times New Roman","fontSize"."18","autoformat":true}
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* Constantacceleration equations can also be usedin the vertical plane foranother

expression foracceleration:

{"language":"en","fontFamily":"Times New Roman","fontSize"."18","autoformat":true}

o Initial velocity is O ms~'vertically, therefore ut =0

o Displacement, s, can bemeasured(seey onthediagram)
o Time,t, is given by the first expression above

o Therefore:

{"language":"en","fontFamily":"Times New Roman","fontSize":"18","autoformat":true}

* Speedcanbe calculated by equatingwork done and kinetic energy, as in the magnetic field
method, and acceleration can be calculated once y and ware measured
o This means specific charge can once again be determined if we rearrange this
expressionfora:

{"language":"en","fontFamily":"Times New Roman","fontSize"."18","autoformat":true}
o Togive:

w,n

{"language":"en","fontFamily":"Times New Roman","fontSize"."18","autoformat":true}
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9 Worked Example

A group of students are unsure of the magnetic flux density generatedby an old set
of Helmholtz coils from their school.

Using a pair of charged plates of known separation with a known potential
difference across them and the Helmholtz coils, they form a straight beam coming
from an electron gun. They do notknow the potential difference across the electron
gun.

Their teacherreminds them of the following equations:

14
specific charge of an electron = B

o
Y= Bd

Theirteacheralsoreminds them of their AQA data booklets.

Explain what else they mustdo to determine the magnetic flux density of the
Helmholtzcoils.

Answer:
Step 1: List the quantities the students know

e Thestudents know:
o Potential difference, V
o Separation of the plates, d
* Thestudents needtofindthetermB

Step 2: Describe how the students can determine the missing quantities

* Thestudents needtheradiusr of the electron beamin the electric field

« They can turn off the electric field and measure the radius of the circularpath of
the electrons

* Specific charge of an electron is the magnitude of an glectron's charge divided
byits mass

* Both quantities canbefoundin theirdata booklets

Step 3: Explainhow they can use this to determine B

« Thestudents must now rearrange the given equations to make B the subject
and substitute theirvalues

Page 12 of 21
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@ Exam Tip

-
You must be prepared to answer questions and perform calculations on all three

methods, butyou only needto be able torecallthe method for one of the three
methods. The magnetic field method has appearedregularly in past papers so this
may be a sensible choice.

Page 13 of 21
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Comparing Specific Charge
* Thomson demonstrated the deflected particles in magnetic and electric fields must be
negatively charged

* Previously, scientists had calculated the specific charge of a hydrogen ion (which as we
now know, is a proton)

* Thomson's specific charge for an electron was around 1800 times larger than that of the
hydrogenion, as shownin the table below

Specific charges of the electron and the hydrogenion

Specific Charge (Ckg™)

Electron 1.76 x 10"

Hydrogen lon 9.6x107

Thomson's Experiment
« Recallthat specificchargeis definedas:

particle charge
particle mass

» Thefactthatthis numberforan electron was much larger than for a hydrogen ion meant
either:

o The electronhadamuchsmallermass
o Theelectronhada muchlargermagnitude of charge
= Specific chargeis aratio sothere was no way of knowing which was correct
o Furtherexperiments hadto be performedto calculate the charge of an electron

Page 14 of 21
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Millikan's Oil Drop Experiment

* This experimentwas conducted by Millikan and Fletcherin1909
* |t determinedthe value of fundamental or elementary charge

Method for Millikan's Oil Drop Experiment

¢ Afine mist of atomised oil drops is sprayed into a chamber
o Qilisusedinstead of waterbecauseit does not evaporate quickly
o This means the mass of the drops willremain constant
* Asthedrops pass out of the spray nozzle they areionised by X-rays
o This consequently changes theircharge from neutral
o They willbecome positively charged if they lose electrons
o Theywillbecome negatively chargedif they gain electrons
* Thedrops pass into aregion between two metal plates and are viewed using a
microscope

Equipment Set Up for Millikan's Oil Drop Experiment

=L

VOLTAGE| * .
s S e

N

SPACE FOR UNIFORM
ELECTRIC FIELD

In Millikan's Oil Drop Experiment oil is sprayedinto achamberbefore passing between
metal plates where the electric and gravitational forces are compared

Condition for Stationary Oil Drops

* Thecharged oildrops fallinto a uniform electric field between plates separated by distance
d with potential difference V
o Negative oildrops with magnitude of charge Q experience anupward force from the
uniform electric field
o The magnitude of this force F is:

- Ev

F==

* Thefalling oildrops can be held stationary between the plates by increasing this upward
force

Page 15 of 21
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o Forthis tooccur, the force F has to be equal to the weight of the oil drop, mg, so there

is noresultant vertical force on each drop
Therefore, the condition under which oil drops are held stationaryis:
Qv

a e

The aim of the experiment, however, was to determine the charge @ of each oildrop
o Forthat, Milikan needed to determine the mass of each oildrop, so he used Stokes'
Law

*) Worked Example

®
One particular oil drop had amass of 5.1 x 10-® kg. Itis held stationary between two

charged plates. These are separated by 12 mm and there is a potential difference of
1250V across them.

Calculate the charge of the oil drop.
Answer:
Step 1: List the known quantities:

» Mass,m=5.1x10""kg

* Separation of plates, d=12mm

¢ Potential difference, V=1250V

o Acceleration duetogravity, g=9.81ms2

Step 2: Recall the conditionforastationary oil drop:
» The condition forthe oil drop not to fall orrise:

Qv
=— =mg
d

Step 3: Rearrange this equation to calculate charge:

* Make charge the subject:

_ mgd (5.1 x 10715) x 9.81 x (12 x 1073)
Q=7 - 1250

Q=4.8x10719C

¢) ExamTip
The condition for a stationary oil droplet is given in the equation sheet. Focus your

revision on using it and understanding whereit comes from, as opposed to
memorising the equation.
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Motion of a Falling Oil Droplet
Motion of the Oil Droplet without the Electric Field

« Millikan's experiment was designed to determine the charge of oil droplets, and therefore
the charge on electrons
o To calculate charge using the condition for stationary oil droplets, however, the mass
of each oil dropletwas required
« With the electric field turned off, the oil droplets fell at terminal velocity
o This means theirweight, mg, was balanced by drag forces as they passed through the
air
o Millikan timed the oil drops as they passed the window of his apparatus to determine
theirspeeds

A diagram showing weight and drag forces on an oil droplet

DRAG FORCE

(EQUAL

oIL /E&

DROPLET |
—«\O TERMINAL
VELOCITY

WEIGHT

At terminal velocity, speedis constant andresultant forceis zero, so weightis balancedby
dragforces
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Stokes' Law
Viscous Drag Force using Stokes' Law

* Influiddynamics, Stokes'law allows dragforce on an object through a fluid (such as air) to
be calculated, provided:
o The objectis small
o The objectis spherical
o Thespeedis low
¢ Stokes'law states that, for an object with radius r movingat velocity v through a fluid with
viscosity 15, the viscous drag force, F, is:

F=6mnrv
Calculating Mass from Stokes' Law
* Recallthatthe dragforce andweight are equal at terminal velocity, so:
6mnrv = mg

* Both massandradius are unknown, butwe canwrite massin terms of radius for a sphere of
known density, p:

panr
3

m=pV =

+ Combining these equations allowed Millikan to determine the radius, and therefore mass,
of an oildrop whose velocity was known
o Recall the conditionfor a stationary oil drop:

ST

o This now gave Millikan enoughinformation to calculate the charge @ on an oil dropif
he knew its terminal velocity and the potential difference V required to make it
stationary

Significance of Millikan's Results

« Millikan repeated his experiment for many different oil droplets
o They allhad different charges, but he noticed an interesting pattern in his results
o Everyvalue of charge was aninteger multiple of 1.60 x10-7 C

Table of results from Millikan's Experiment

OilDropletNumber ~ ChargeonDroplet(x10-7C)  Chargedividedby1.60x10-7C

1 1.59 0.994
2 1.1 6.94
3 9.54 5.96
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4 15:2 9.94

3 6.36 3.98

Millikan's results showed that the charge on each oil drop was an integer multiple of 1.60 x
{7 pld &

Quantisation of Electric Charge

» Eachnegative oildroplet had beenionised, so carried aninteger number of electrons
o Thefactthateach droplet's charge was quantisedintointeger multiples of 1.60 x 1017
C suggestedthat this was the charge of each electron
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> Worked Example
@

Using Stokes' Law, show that the droplet's mass m can be expressedin terms of its
velocity v, the viscosity of air 5, the density of the oil p and acceleration due to
gravity g, as:

6mnv | 9nv
g \2pg
Answer:
Step 1: Write down therelevant equation from the data and formulae sheet
» Stokes'law:
F = 6mnrv
Step 2: Apply Stokes' law to the droplet at terminal velocity

* Atterminal velocity (in the absence of an electric field), weight is equal to
viscous drag force:

mg = 6Ty
Step 3: Write mass in terms of radius and density

* Weneedto getridof theradius term as it will not be in our final expression
o We cando this by writing radius in terms of the required quantities
» Recallthe equationrelating mass, density and volume of a sphere, V;:

m=1YV_p
_ 4nPp
m= 3

Step 4: Write an expression for the droplet's radius

» Substitute the expression formass in terms of radius and density and
rearrange forradius:

a5 2
Tpg = 6xntv
Inv
r=—
2pg
_ [ow
2pg

Step 5: Substitute this into the expression for mass

* Wecan finally eliminate radius from the equationin step 2:
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6Tnrv
g

6mnv | 9nv
m= Wi —
g \ 2pg

m=

Exam Tip

"Show that" questions are one of the rare moments in an exam you can be totally
confident you have the correct answer, but don't get complacent. The marks are
awarded forclear andlogical working out. Don't try to skip a step and hope you can
convince your examiner, be thorough.
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