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Please-feel free to duplicate this manual subject to 
t k  copyright resm'ctions below. 

COPYRIGHT NOTICE 
The PASCO scientific Model SE-%40, SE-9641, and SE- 
9642 Franck-Hertz Experiment manual is copyrighted and 
al l  rights reserved. However, permission is granted to non- 
profit educational institutions for reproduction of any part of 
this manual providing the reproductions are used only for 
their laboratories and are not sold for profit. Reproduction 
under any other circumstances, without the written consent 
of PASCO scientific, is prohibited. 

LIMITEDWARRANTY 
PASCO scientific warrants this product to be free from 
defects in materials and workmanship for a period of one 
year drom the date of shipment to the customer. PASCO 
will repair or replace, at its option, any part of the product 

which is deemed to be defective in material or workman- 
ship. This warranty does not cover damage to the product 
caused by abuse or impropez use. Determination of whether 
a product failure is the result of a manufacMing defect or 
improper use by the customer shall be made solely by 
PASCO scientific. Responsiiity for the return of equip 
ment for warranty repair belongs to the customer. Equip- 
ment must be properly packed to prevent damage and 
shipped postage or freight prepaid. (Damage caused by 
improper packing of the equipment for return shipment will 
not be covered by the wananty.) Shipping costs for 
rearming the equipmen& after repair, will be paid by 
PASCO scientific. 



Equipment Return 

Should this product have to be returned to PASCO scientific, will not be damaged in shipment, observe the following 
for whatever reason, notify PASCO scientific by letter or I*: 

NOTE: NO EQUIPMENT WILL BE ACCEPTED 
FOR RETURN WlTHOUT AN AUTHORIZATION. I I *' 

phone BEFORE returning the product Upon notification, 
the return authorization and shipping instructions will be 
promptly issued 

1. The carton must be strong enough for the item 
shipped. 

When retlrming equipment for repair, the units must be 
packed properly. Carriers will not accept respo~lsiility for 
damage caused by impmjnx packing. To be certain the unit 

Make certain there is at least two inches of packing 
material between any point on the apparatus and the 
insidewalkof thecarton. 

3. Make certain that the packing material can not shift in 
the box, n become compressed, thus letting the 
instrument come in contact with the edge of the box. 



Infroduction 

In 1914, J. Franck and G. Hertz performed a landmark 
experiment, providing important empirical support for Max 
Planck's quantum theory and for the model of the atom 
suggested by Niels Bohr. Through the study of collisions 
between electrons and gas molecules, Franck and Hem 
demonstrated that energy is indeed quantized in atomic 
inteaactions. For this work, they shared the1925 Nobel Prize 
in physics. Because of the importance of their experiment, 
and because of its conceptual simplicity, it has become an 
important experiment in the undergraduate laboratory. 

A simplified diagram of the Franck-Hertz experiment is 
shown in Figure 1. In an oven-heated vacuum tube contain- 
ing mercury gas, electrons are emitted by a heated cathode, 
and are then accelerated toward a grid that is at a potential 
V, relative to the cathode. Just beyond the grid is an amde, 
which is at a slightly lowex potential than that of the grid 06 
= V, - AV; AV = 1.5 V, where V is the anode potential, and 
V, is the grid potential, ). P 

If the accelerated electrons have sufficient energy when they 
reach the grid, some of them will pass through and wiU reach 
the anode. They will be measured as current Ic by the 
ammeter. If the electrons don't have sufficient energy when 
they reach the grid, they will be slowed by AV, and will fall 
back onto the grid. 

Whether the electrons have sufficient energy to reach the 
anode depends on three factors: the accelerating potential 
(V,), the opposing potential (AV), and the nature of the 
collisions between the electrons and the gas molecules in the 
tube. As long as the electron/molecule collisions are elastic, 
the collector current depends only on Va and AV, because 
the electrons lose no energy to the gas. However. Franck and 
Hertz discovered that Ic went through a series of maxima and 
minima as the accelerating potential was varied. This implies 
that the gas molecules absorb energy from the electrons only 
at specific electron energies (resonant energies). 

For example, the first excited state of mercury is 4.9 eV 
above the ground state. This is the minimum amount of 
energy that the mercury atoms can absorb in collisions with 
the accelerated electrons. When V, is less than 4.9 V, the 
electron/molecule collisions are therefore elastic, so the 
electrons loose no energy to the gas and arrive at the grid 
with kinetic energy equal to eV,. If V, > AV, the electrons 
have sufficient energy to overcome the opposing voltage, 
and many of them will pass through the grid and reach the 
anode, to be measured as current However, if V, equals 4.9 
V, the electrons gain enough kinetic energy to collide inelas- 
tically with the mercury atoms just as they reach the grid In 
these collisions, the mercury atoms absorb the full 4.9 eV 
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Figure 1 Simplified Diagram of Franck-Hertz 
Experiment 

carried by the electrons. The electrons no longer have suffi- 
cient ene.rgy to overcome AV, and they fall back onto the 
grid I= is then a minimum. 

As V. is raised beyond 4.9 V, I= increases again. However, 
when V, reaches 9.8 V, the electrons can lose all their 
energy to the gas molecules in two collisions. One collision 
is likely to occur midway between the cathode and the grid 
the other will occur just as the electrons reach the grid. 
Again, the electrons loose all their kinetic energy in the 
ineleastic collisions, so they fall back onto the grid, and Ic 
again falls to a minimum. Because of multiple inelastic colli- 
sions between the accelerated electrons and the mercury 
atoms, c m n t  minima are found whenever V, is a multiple 
of 4.9 V. 

Note: The above description is somewhat simpli- 
fied. Due to contact potentials, the total energy 
gain of the electrons is not quite equal to eV,. 
Therefore, V, will be somewhat higher than 4.9 V 
when the fmt current minimum occurs. However, 
the contact potentials are a constant in the experi- 
men& so at successive current minima Va will 
always be a multiple of 4.9 V higher than it was 
when the first current minimum occured. 
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The Franck-Hertz Apparatus 

Required Equipment 
In orda to perform the Franck-Hertz experiment, you'll need 
the following equipment 

SE-9640 Franck-Ha Tube (Hg) 
SE-9641 Franck-Hex& Oven 
SE-%42 Franck-Hertz Control Unit 
Thermometer (to 200 OC) - one of the following 
- an oscilloscope (e.g., PASCO models SB-9591 or SE- 

9533). or 
- a voltmeter with 0-3 V and 0-100 VDC ranges, with a 

resolution of 0.1 mV (such as PMCO models SB- 
9599 or SE-9547). 

The experiment can also be performed without the SE-9642 
Franck-Hertz Control Unit To perform the experiment 
without the control unit, you11 need the following 

SE-9640 Fmck-Hertz Tube (Hg) 
SE-964 1 Franck-Hertz Oven 
Power supplies to provide the following tube voltages: 
- Heater Voltage, 0-6.3 VDC or AC (e.g., PASCO 

model SF-9585 High Voltage Power Supply). 
- Accelerating Voltage, 0-30 VDC (e.g., PASCO model 

SF-9585). 
- Opposing Voltage, 0-1.5 VDC (e.g., a batmy or the 

PASCO model SF-9584 Low Voltage Power Supply 
or the PI-9595 Student Lab Power Supply). 

Thermometer (to 200 "C) - Ammeter with sensitivity to lOpA 
(a voltmeter with a 10 Mn input impedance and 0.1 mV 
resolution can be used in place of the ammeter-see the 
section on Setup and Operation) 
Shielded cable with a BNC connector. 

About the Franck-Hertz Apparatus 
The SE-9640 Franck-Hertz Tube (Hg) is a three-electrode 
tube with an indirectly heated oxide-coated cathode, a grid, 

' and an anode. The distance between the grid and the cathode 
is 8 mm, which is large compared with the mean free path of 
the electrons at normal experimental temperatures (=180°C). 
This ensures a high collision probability between the 
electrons and the mercury gas molecules. The distance 
between the grid and the anode is small, to minimize 
electron/gas collisions beyond the grid The rube contains a 
drop of highly purified mercury. A 10 k?2 current limiting 
resistor is permanently incorporated between the connecting 
socket for the accelerating voltage and the grid of the tube. 
This resistor protects the tube in case a main discharge 
strikes in it when excessively high voltage is applied. For 
normal measurements the voltage drop across this safe 
resistor may be ignored, because the working anode current 
of the tube is smaller than 5 pA (voltage drop across the 
safety resistor less than 0.05 V). The tube is mounted to a 

te which mounts, in turn, onto one wall of the SE-9641 
mck-Hertz Oven (see Figure 2). 

le SE-9641 Franck-Hertz Oven is a 400 wa9 ther- 
,statically controlled heatex used to vaporize the mercury 
the Franck-Hertz tube. 

le SE9642 Franck-Hertz Control Unit provides all the 
xssary voltages for powering the mercury vapor tube. It 
o includes a highly sensitive DC amplifier for measuring 
: collector current The b n t  pane1 control designatim are 
awn in Figure 3. Instructions for using it are provided 
er in the manual. 

Caution: Even if you are familiar with the experi- 
ment, please read the section Important Cautions 
and Tips befare using the equipment A few simple 
rules can save you the cost of a blown tube. 

Thermometer 
for measuring 

oven temperature 

Thermostat dial 
for setting 

oven temperature 

/ 

Fiaure 2 Franck-Hertz Tube Mounted In Oven 

Amplifier I 

I 

*This terminal is labeled "ANODE" on the physical unit 
due to an inconsistency in the international vocabulary 
for this tube function 

Figure 3 Franck-Hertz Control Unit 



important Cautions and Tips 
- 

The basic procedure for the Franck-Hem experiment is 
straightforward: 

1. Heat up the tube to approximately 170°C. 

2. Apply the heater voltage to the cathode (wait 90 seconds 
for the cathode to heat). 

3. Apply an opposing voltage (approximately 1.5 volts) 
between the grid and the anode. 

4. Slowly raise the accelerating voltage (beween the 
cathode and the grid) from 0 V to about 30 V. Monitor 
the tube current to locate the potentials at which the 
current drops to a minimum. 

Depending on whether you are using the Franck-Hertz 
Control Unit with an oscilloscope, or with a voltmeter, or if 
you are using separate power supplies instead of the control 
unit, the details of setting up the equipment and performing 
the experiment will vary. Information on each setup is given 
later in the manual. 

Important-Please read before using the 
Franck-Hertz Apparatus: 

Whether you are performing the experiment using the 
Control Unit, or using separate power supplies, the foi- - lowing guidelines will help protect your students and the 
equipment. They will also help you get good results. 

To Avoid Burns: 

1. The outside of the Franck-Hertz Oven gets very hot Do 
not touch the oven when it is operating, except by the 
handle. 

To Protect the Oven: 

2. Be sure the power to the oven is ac and is equal to the 
1 rated voltage for the oven. A dc power supply, or 

excessive ac power, will produce arcing that will damge 
the bimetal contacts of the thermostat 

To Protect the Tube: 

3. Always operate the tube between 150°C and 200°C- 
Never heat the tube beyond 205°C. 

4. Always use a thermometer to monitor the oven tempera- 
ture. The themostat dial gives the temperature in "C, 
but the reading is only approximate. 

5. Turn on the oven and allow the tube to warm up for 10- 
15 minutes (to approximately 170°C) BEFORE apply- 
ing any voltages to the tube. 

Explanation: When the tube cools after each use, 
mercury can settle between the electrodes, producing a 
short circuit. This mercury should be vaporized by 

heating before voltages are applied 

6. When possible, do not leave the tube in a hot oven for 
hours on end, as the vacuum seal of the tube can be 
damaged by outgassing metal and glass pans. 

7. If the tube is left in a hot oven far a lengthy peaiod of 
time, heat the cathode for approximately two minutes, 
and then apply an accelerating potential of approxi- 
mately 5 volts to the grid before turning off the oven. 
'Ibis will prolong the life of the ca!hode. 

To. Ensure Accurate Results: 

8. Use a shielded cable to connect the anode of the tube to 
the ampiifier input of the Control Unit. 

9. Aftex heating the tube in the oven, apply the heater 
voltage to the cathode, and allow the cathode to warm 
up for at least 90 seconds before applying the accelerat- 
ing voltage and making measurements. 

10. Minimizing Ionization 

Ionization of the mercury gas within the tube can 
obscure the results of the experiment, and, if severe, can 
even damage the tube. To minimize ionhion, the tube 
temperature should be between 150°C and 200°C, and 
the accelerating potential (between the cathode and the 
grid) should be no more than 30 V. 

Even if ionization is not severe enough to damage the 
tube, the positive Mercury ions will create a space 
charge that will affect the acceleration of the electrons 
between the cathode and the grid. This can mask the 
resonance absorption that you are trying to investigate. 

Ionization is evidenced by a bluish-green glow between 
the cathode and the grid. In fact, if ionization occurs, the 
side of the grid facing the cathode will have a blue- 
green coating, and the cathode will have a bright blue 
spot on its center. If this happens, lower the accelerat- 
ing potential and check the tube temperature before 
M g -  
Cawes and Dangers qflonization: If the tube tempera- 
hm is too low, the mercury vapor pressure will be low, 
and the mean fitx path of the elecaons in the tube will 
be excessive. In this case, the accelerated electrons may 
accumulate more than 4.9 eV of kinetic energy before 
colliding with Mercury atoms. ?his can lead to ioniza- 
tion of the mercury gas, which can increase the pressure 
inside the tube, and damage the vacuum seal. 

If the tube temperature is too high, ionization can occur 
due to interactions between the Mercury ions them- 
selves. Again, pressure will be excessive and the tube 
can be damaged. 



If the accelerating voltage is too high, the elecmns can still 
gain excessive entxgy before striking Mercury atoms, even if 
the tempezaarre is correct. and tbe same problem can occur. 

How the Tube Should Look During the 
Experiment 

When the tube is properly heated and the accelerating 
voltage is within the proper range, there will be a deep blue 
cloud between the cathode and the grid (as opposed to the 
blue-green glow caused by ionization). You should see dark 
bands forming near the grid and moving towards the cathode 
as the accelerating voltage is increased. These bands are the 

regions in the tube where the electrons are colliding inelasti- 
cally with the gas, raising the mercury atoms to their first 
level of excitation. The blue light is caused by the emission 
of a photon as the atoms return to the ground state (E 
4.9 eV; 1- = 254 nm). 

-= 

The Experiment: Setup, Operation, and Analysis 

The Franck-Hertz experiment can be performed using three 
different setups: 

A. Using the Control Unit and an Oscilloscope 

B. Using the Control Unit and Voltmeters 

C. Without the Control Unit (using separate power supplies 
and an ammeter or voltmeter) 

The procedure for each setup is described below. Data 
tables and infomation on how to analyze the experiment are 
provided at the end of the manual. 

Using the Control Unit and an 
Oscilloscope 

Remove the six thumbscrews that secure the front panel 
of the Franck-Hertz Oven. Replace the front panel with 
the Franck-Hertz Tube as shown in Figure 4. 

Insert a centigrade themnometer (0-200 degrees) into the 
hole in the top of the oven Insert it so the tip of the 
thermometer is near the center of the tube. 
Check the label and plug the oven into an appropriate 
AC power outlet, then turn the thermostat dial to 180 
OC. Let the oven heat up for 10-15 minutes. Keep an eye 
on the thermbmeta. Do not let the oven temperature 
exceed 205 OC. 

- 
4. Connect the tube, control unit, and oscilloscope as 

shown in Figure 4. (The voltmeters that are shown in 
the figure are not needed when an oscilloscope is used.) 

5. Switch on the conwl unit, but only AFER the tube has 
warmed up for 10-15 minutes. Set the controls as 
follows: 

Heater: midrange (about 5.5 V) 

Amplifier: Gain-midrange 
Zero-midrange 

V,: Adjust-not applicable 
Switch-ramp (4 ) 

6. Wait about 90 seconds for the cathode to wann up, then 
adjust the gain conmls on the oscillososcope to get a 
hace as shown in Figure 4. (The x-channel gain should 
be approximately 0.5 volts/cm; the y-channel gain 
should be approximately 0.5 volts/cm.) 

7. From the oscilloscope trace, measure the values of Va 
for which the collectm current (12 is a minimum. 

Note: The input to the ythannel of the oscilloscope is 
proportional to I=. The input to the xchannel of the 
oscilloscope is equal to VJ10. 

8. See Analyzing the Experiment at the end of the manual 
for details about manipulating and analyzing your data 



Shielded cable with 
BNC connectors 

(Voltage proportional t 

Important: 
1 an osciloscope is 
used h this setup, the 
volbneters are not 
needed. I f  the w b e  
ters are used, the 
osalbscope is not 
needed. 

Voltmeter. 0-30 VDC 
(V,-Accelerating voltage) Sample of osciiioscope display 

o s c i l ~ p e :  
y-input 

x-input 

Figure 4 Franck-Hertz Experiment Using the Control Unit 

Using the Control Unit and Voltmeters 

Remove the six thumbscrews that secure the front panel 
of the Franck-Hem Oven. Replace the front panel with 
the Franck-Hertz Tube as shown in Figure 4. 

Insert a centigrade thermometer (0-200 degrees) into the 
hole in the top of the oven Insert it so the tip of the 
thermometer is near the center of the tube. 
Check the label and plug the oven into an appropriate 
AC power outlet, then turn the thermostat dial to 180 
"C. Let the oven heat up for 10-15 minutes. Keep an eye 
on the thermometer. Do not let the oven temperature 
exceed 205 OC. 
Connect the tube, control unik and voltmeters as shown 
in Figure 4 (the oscilloscope connections that are shown 
in the figure are not necessary when using voltmeters). 

Switch on the control unit, but only AFER the tube has 
been allowed to warmp up for 10-15 minutes. Initially, 
set the cdntrols as follows: 

Heater: midrange (about 5.5 V) 
Amplifier. Gain - maximum gain (fully clockwise) 

Zero - midrange 

V.: Switch - Man. (-1 
Adjust - zen, (fully counterclochvise) 

-- - 

Allow at least 90 seconds for the cathode to heat up. 
7. Adjust the Amplifiex Zero so that the amplifier output is 

zero volts (if it won't go to zero, just adjust it as close to 
zero as possible). 

8. Increase the accelerating voltage in increments of about 
05  volts, by tuming the Va Adjust knob clockwise. At 
each value of Va. record Va and the corresponding value 
for the amplifier output 
Note: The amplifier output is not equal to Ic. It is a 
voltage that is proportional to I=. 

9. See Analyzing the Experiment at the end of the manual 
for derails about manipulating and analyzing your data. 



C. Without the Control Unit 

Remove the six thumbscrews that secure the front panel 
of the Franck-Hertz Oven. Replace the h n t  panel with 
the Franck-Heaa Tube as shown in Figure 4. 

Insert a centigrade thermometer (0-200 degrees) into the 
hole in the top of the oven Insert it so the tip of the 
thermometer is near the center of the tube. 
Check the label and plug the oven into an appropriate 
AC power outlet, then turn the thermostat dial to 
180 OC. Let the oven heat up for 10-15 minutes. Keep an 
eye on the thermometer. Do not let the oven tempera- 
ture exceed 205 OC. 
Connect the tube, power supplies, and ammeteit as 
shown in Figure 5. 

Important: All power supplies must be floating 
with respect to ground. 

Set al l  the power supplies to zea, volts. Then turn them 
on and set the heater voltage to 5 5  volts, the accelerat- 
ing voltage to zen, volts, and the opposing voltage to 1.5 
volts. DO NOT LET THE HEATER VOLTAGE 
EXCEED 7 VOLTS, or the tube may be damaged. 

17. Increase the accelerating voltage, V,, in increments of 
about 0.5 volts. At each value of V., record V, and the 
carresponding value for the anode c m t ,  Ic. Repeat 
your measurements, but this time try to locate the exact 
values of Va for which current minima occur. Record 
these values of Va and the corresponding values of I=. 

18. See Analyzing the Experiment at the end of the manual 
for details about manipulating and analyzing your &la. 

*Note: If you don't have a sufficiently sensitive 
ammeter to accurately measure the anode current, 
you can use a voltmeter instead. The voltmeter 
must have 0.1 mV resolution and a 10 h4!2 input 
impedance. Connect it just as the ammeter is 
connected in Figure 5. The voltage reading of the 
voheter  will then be equal to the anode current, in 
units of 10" amperes. 

'If you don? have a 
sufficiently sensitive 

Power Supply: 
5.5 VDC or VAC 
(Heater voltage) 

Important: All power 
s u ~ l i e s  must be floating 
with respect to ground. 1 

Figure 5 Franck-Hetrz Experiment Without the Control Unit 
6 PYUCO- 
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Analyzing the Experiment 

In performing the experiment (described in the previous 
section for the various setups), you will have collected 
values of Va and corresponding values of Ic. TO analyze this 
data: 

1. Subtract 2.0 volts from each of your recorded values for 
V and record these value as VddW) in your data 

*le. va(uljonal) is propOrtiOna1 to the energy supplied 
to the electrons by the field between the cathode and the 

grid* 
Explanarion: The electrons emiaed by the cathode lose 
a certain amount of energy in escaping and gain some 
energy when they are absorbed into the plate. The net 
energy lost or gained in this transition is just the 
difference between the work functions of the two 
metak-in this case the electrons lose approximately 
2.0 eV. This energy can be accounted for by subtracting 
2.0 volts h m  the measured values of VI. 

If you did not use the oscilloscope to make your 
measurements, plot a graph of plate current versus 

va(adjustcd) ' with 'a(djusted) on the x-axis. Locate the 
plate current minima and record the corresponding 
values of in Table 2. 

You should find that the current minima are spaced at 
intervals of 4 9  volts, showing that the excitation energy 
of the mercuxy atom is 4.9 eV. The spectral frequency 
corresponding to this energy is : 

The corresponding wavelength is 

X = c/v = 253.7 nm. 

In their original experiments, Franck and Here verified 
the presence of t i is  ultraviolet radiation with the aid of a 
quartz specaometer. 

Table 1 Acceleration Voltage and Anode Current 

Table 2 Resonance Data 

Or "a(adj~~td)  at which lc is a minimum Voltage difference between adjacent minima 

Fmcoecientl~c 7 


