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These experiments measure two phenomena encountered in collisions betwern electrons and atoms:

quantized excitation due to inelastic scattering, and wonization. Uhe experiments alao provide an
oppartunity to explore the thermionic emission of electrona and apace charge limited current in a

vacunm tubwe.

I. PREPARATORY QUESTIONS

Please visst the Franck-Herbs: chapter on the 8. 13x woelb-
site at mitx . mit.adu to review the backeround matenal
for this experiment.  Answoer all guestions found in the

chapter. Work out the solutions in your laboratory note-
book; submit your answers on the web site.

11. INTRODUCTION

Franck and Herte desenibed the st observation of
guantized excitation in 1914, one year after Bohr pub-

Lishesd his theory of the hydrogen atom with its concept of
guantized encrey states. They disecovercd that clectrons

moving through mercury vapor with an encrey greater
than or cgual to a crtical valoe near 4.9 oV can excite

the 2536 A line of the mercury spectrum.  Electrons with
s than the eritical encrey bounee clastically when they

collide with mercury atoms and fal to exeite any cloc-
tromagnctic cmision. The experniment provided crocial

evidenoe in favor of the Bohr thoeory.

A version of the Franck-Hertz experniment, employing a
mercury-filled vaceuum tube with four clectrodes maade by
the Leybold Company, is deseribed in Referenoes [2, 0]
to which the reader s referred for a disoesson of the
phy=ical principles and the meassarement objectives of the

Franck-Hertz expoeriment.
Expenments on the related Ramssoer-Townsend cffoct

are desenbed in Section VI

111. APPARATILIS

The prosent Junior Lab version of the experiment wases
a diferent version of the cquipment which consists of
a mercury-filled triode and an oven with glass windows
through which one can view the action. A power supply
and control circnit built in the Jumor Lab shop provides
adjustable Alament voltape for heating the cathode, ad-
qustable accclerating prid voltage, and an adjustable ne-
tarding voltape. The same tricde tube and power supply
are used in the messurement of the ioniation potential.
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Filt:. 1. Schematic illustrations of the mercury-hlled triode
and the voltage controd bos.

111.1. Mercury Filled Triode

The expenments on the cxcitation and oncsation of
moercary aborms are carmied ont with & mercury-hlled to-
ode which s a scalod glaes covelope containing: three elec-
trodes and a drop of mercury.! The cxperiments will be
performed with the three combipurations of the tube and
associated arcots ilhetrated m Figoare | and, o more
detal, Fipures 35, 4, and 7. The three clectrodoes are:

& a cathode which emits clectrons when rasasd to a
temperature of several bnndroed degroes by applica-

tion of a voltage Ve to a heater lament,

& a poerforated prid which s sct at a positive potential
Ve relative to the cathode so that clectrons cmitted

by the cathode are drawn toward it

e an anode (counter clectrode plate) which s con-
nected to an ultra-senstive Keithley clectrometer
for the measurcment of the anode current T,

I Mercury is an idel element for a stsdy of excilation phenomena
brecaiase ils wapor is momslomic amd ils vapor pressace can bae
resacdily conbrolbsd osver U range uselul for Chis experiment by
adjusting Lhe lemperalure in U ceonge Iosn room Lemperabae:
Lo 2007 (.
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In the Junior Lab apparatus, the distance from the
cathode to the perdorated pod 15 Smm whale the distanes
between the grid and the anode is small (of order Loom).

All of the meassurements i these expenments can bae
masle with total tube currents (e cathode eurrent
anode | grid curment) of 1000 nA or les. To prolong the
usciul Iife of the tubae care should be taken not to ecxceed

1000 nA.

111.2. Vaoltage Control Box

The voltage control box, balt by Junmior Lab stalf, 15
used to supply the desired voltages to the mereory-falled
triode. The control box functions as three variable volt-

are supplies, shown i Figore |-

# the hlament voltage Ve, which controls the temper-
ature of the cathode

e the accclerating voltage Vi, between the grid and
the cathode

& the retarding voltage Vo, between the grod and the
anode.

The values for the voltage supplics can be measared
using the “Isolated DUC. Voltmoeter™ outputs. These oat-
puts are designed for use with a voltmeter that docs not
have any connection to the wall or ground, ©e. 2 multi-
meter. Soee Scection 1114 for how to connect any of the
cirenit outputs to an oscilloseopee.

It 15 wise to start cach session by disassembling what-
ever wircd-up cireuait the previows uwsers may have left.
The only way to know for sure how a cirenit s connected
15 to wire 1t yourself.

The control box has four ciremt ontpuots which are
color coded:

o Black 15 the common ground. It should be con-

noctod to the banana jack with the ground symbol
near the anode connection on the oven chasses. This

will establish a common ground.

& [Ned 15 connected to diferent points for different
moeasnrements during the experiment.

& White roes to the 'K’ side of the Alament, which
determmines the potential at the cathode. In our
boooes, this is the banana jack on the right side.

o Green gocs to the "H side of the blament, which

determmines the clectneal power going through the
filament (which has a fairly low resistance).

111.3. Electrometer

An ultra-sensitive Keithley Model 614 clectrometer 15
wsed to measure the current from anode to laboratory
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ground. (Be sure to check the sero set)) It is e
simtial that the mput cable be kept stationary during
measurcments. Flexing or moving oven hogh quality ca-
ble may pencrate currents due to the tniboelectne effcet.
Make current measurvments as follows:

L. Turn the Model 614 on and allosr one hour warn

.
2. Depriss ZEROY CHECK.

3. Select Volts function and the 0.2 'V range. Adjost
the voltage zero potentiometer with & small screw-

drver to obtain a displayved reading of 0.00000. Ad-
Justment on this range assures a proper zero on all

other functions and ranges.

4. Sclect Current function, then appropriate anits and
TR,

5. Apply input (be sure to uwse the BNC-Triaxial
adapter!) and release ZER() CHECK.

f. Take measurcment.

The electrometer has an analog output (2 V full seale

of display) in the back of its chassis which may be con-
nictied by a coaxial cable with prounded sheath to an

vescilloscope or other voltmeter. The analog output can
add noise to the sipnal which can be decreasod nsing a

o puasss faltor.

111.4. Oscilloscope Setup
In this experniment you may wish to use an oscilloscopae

to measure A voltaee difference where neither of the meas-
surcment points are at the proomnd potential (most no-

tably, the aceclerating voltage). This cannot be done us-
immg & banana-to-BNC connector from the voltage control

b isolated voltmeter ontput, becanse the oscilloscope
will make & connection betwoeen the negative ountput and

ground. As neither of the ontputs are supposcd to be at
the pround potential, ths will bave adverse effocts on the
circuit.

Instead, a Hoasting voltape messurement may bae set up
wsing two oscilloscope probses:

I. Chewk that the oscilloscope probes are 10x probies
or that the probes are set to 10x. Thas s needed to

imcrease the impedance of the probe-oscilloscope-
roumd connection amnd prevent the measurement

from affecting the control box outpuats.

2. Umn the oscilloscope, go to the Channel 1 menn and
change the probe setting to 10x or 1], Do the

same for Channel 2. This tells the oscilloscope youn
arc using 10x probes.

3. Connoct the probes to the voltage difference on the
control box as shown in Figure 2. The probaes can
be connected to the actual ciremt outpuots or the
molated voltmeter outputs.



4. Use the math function balt mnto the oscilloscope to
subtract channe] | from chanmnel 2.

The math function displayed s the voltage difference.
When saving data from the oscillescope, the math fone-
tion will not be sawed.  Make sore both channel 1 and
2 are saved o0 the math function can be reconstrocted
during analys=is.

111.5. ©Oven

Several sections of this experiment reguire the mer-
eary hlled trode be heated above room temperature to
mmcerease the mercury vapor prossure. A ceramice bheat-
g clement is sitoated below the triode and s used to
heat the apparatus. Plug the oven electrcal cord imto the
variable AC source (variac) and the variae into the wall
outlet. The varace can then be used to set the oven tem-
perature. WARNING: The heater should never receive
maore the T volts AC.

1116, Grounding

The clectromcter and osallescope make conmections
betwoeen the negative mput from the BNC cable and
the pround of the clectneal outlet. To provent groamnd
loops from affecting the experiment, the voltage con-
trol box, electrometer, and oscilloscope must all
share the same ground. This = done by plugeing all
three boxes mto the same wall ciremt. The eloctneal
outlets in lab are labeled with numbers indicating which
circmit cach outlet B on.

1V, THERMIONIC EMISSION OF ELECTRONS
AND 5PACE CHARHGE LIMITED CURRENT

Constder st the situstion in the tube conmected s

shown in Figure 3. At room temperature the vapor proes-
sure of the mercury 15 so low that the mean froc path

| ch1 ch2
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Fli:. 2. The setup necessary to measure a Hoating voltage
from the voltage control box with an oscilloscope.
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of clectrons cromtted by the cathode 15 laree compared to
the dimensions of the tube (~8 mm). When the cathode
i heated by the hlament, it emits clectrons in s proooss;
called thermwome emesion. In thermone cmssion, elec-
trons near the top of the Ferm distribution in the metal
penctrate the potential barmier at the surface and cscapae.
The kinctic energies of the cimittoed electrons roughly fol-
low a Maxwell-Boltzmann distribution with & mean en-
crey By near KT, where T 15 the cathode temperature.
In the stoady state, with the prid at a positbee poten-
tial relative to the cathode, the cmitteod clectrons form
a clond of negative charpe over the surface of the cath-
ode. Thias clond changes the local electrie bield, suppres-
mmg cloctron emission by forcng lower encrgy cloctrons
beawk to the cathode. This condition = known as space
charge hmited corrent. The physies of thermeonie eomis-
sion and space charge limited corrent B discusasd in [2]
for a tubce with wdeal cylindncal peometry. Our tabe, de-
sipnedd for other purposes, has a diferent peometry that
dows not lend ibself to a “clean™ expernment 1o thermonic
emission. Nevertheless the gqualitative charactenstios of
spaco-charge lmited corrent can be observed with it
The: first part of the cxperiment is an exploration of the
dependence of the total tube corrent on two quantities:
(1) the filament voltage which controls the temperature of
the cathode and thus the cmitbed corrent density and (2)
the accclerating: potential betwoeen the clectron ecmitting
cathode and the prid. You will find & hlament voltage
which will be used throughout the rest of the experiment.
The measurements are meade at room temperature [2[1

25°().

1V.1l. Procedure for Exploring Thermionic

Emission

l. Connect the tube as shown in Figure 3. Set the

topele switch to ‘crmession’. Set the blament voltagc
Vp amd the retarding voltage Ve, to their lowest

values [~ 1.2 V and 0V, respectively).

2. In order to measure the TOTAL tube corrent, the
oric] and anode corrents should be summed at the
clectrometer input with cosxial cables and a BNC
T vonnector. Use a two-prong banana plug-to-
BNC adapter at the grnid terminal on the trniode
tube, taking care as to which side of the banana
plugz adapter s connected to the grd’s banana jack.

3. Set the aceclerating voltage: Vo to its highest volt-
age, about 60V, The retarding voltage control
should still be at Ve, 0. Imcrease Ve oin small
stops until the total current s between 100 and

1000 nA. Tabulate amd plot the total current (grid

| anode) fag versus Ve as you proceed.

4. Soet Ve at a value fur which g is in the range: 100
1000 nA when Vo = 80 V. Allow several minutes

for the current to stabilese to ensare the corrent wall



