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Historical Note Prnzies )
The 1925 Ncee! zrze in Physics was awardad jointly to james Sranck Cermany and Gustav
Herz, Germany

For their Ziscavery of ke ‘zus soverning the ‘mrag 5f an Zecron uvon an awm

Franck and Her— performed the e;("‘"'":‘e..".t in 1914, 12 vears teaicre the deveiopment cf
Guantum mechanics. and it provided stiking evidence that atomic 2nergy swates are quantzec.
APPARATUS [Optdonal Apparatus in brackets]

Franck-Herz tute
ElecTic oven

Variac

Frank-iteetz ©swer S..??Lj

Elecomerer _ .. e
OBJECTIVES

To verify the quanzzaton of atomic siecTcn energy states of mercury alcms ty cbserving the
maxima and minima of an eiecTon cumrent passing through a gas of mercury atcms.

To understand how ordinary and merasttie atomic sleczon energy siates of mercury afiect
the wansmission of aleczons.

To understand how temperature anE"S e number density of mercury atoms, the mean free
path of a transmissicn elecon, and the kinetic energy of a Tansmission elecon.

INTRODUCTION

The Franck-Hertz experiment. first performed in 1914, verifies that the atomic electron
energy states are quantized by observing maxima and minima in transmission of electrons
through mercury vapor. The variation in electron current is caused by inelastc eleciron
scattering that excites the atomic slecons of mercury. The Franck—-Herwz tube, which
contains a drop of mercury, is shown in Figure |  along with eiectrical connections. The
tube requires the foilowing operating voitages

Filament, f: 6.3 V ac. Operation at a lower voltage will incrzase the lifedime of the tube.

Spacs-charge grid voitage actoss grid G, and cattode k ¥, =217V de. This voltage
determines the space charge about = cathode and. thus. the smission current. Some
tubes do not have grid G,. For suca tbes the volrage ¥, is omitted and the negative
terminal of ¥, counnects directy to fi

Accslerating voltage across grid G. and cathode k= V7, =0—0V de

Decelerating voitage across anode A and grid Ga: ¥, = 1.5V dc. Only those elecrons that
arrive at G. with an energy greater than eV will ;....cn the anode A.
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FIGURE 1 Schematc diagram of the Franck—Herz
e with elecTical conneczens.

Energy Levels of Mercury

A mercury atom has 80 electrons. For an atom in the ground state the X, L, M, and N
shells of mercury are filed and the O and P shells have the following zlectrons:
0 shell: 5%, 3p*, 3d'°

P shell: 65

Energy levels of mercury, which are relevant to this experiment, arc shown in Figure 11.3.
(See referencs 4 for a discussion of the energy levels of mercury.) The eacrgy levels are
labeled with two notations:

n¢, whers a is the prindpal quanrm qumber and £ is the ortital angular momenmum quanmia
qumber, designated by s(¢ =0) and pi¢ =1).

xws+1f  where S, L, and J are the total spin quanrum oumber. ol orbital angular momenmm
quanmum gumoer, and total anguiar momenium qUADDID number (see referzacs 6).

The 'P, and P, are ordinary stalss, having lifedmes of about 10—* s before decaying to
the 'S, ground state by photon emission. The 'P. and P, arc memastable SHLss, having
lifedmes of about 1077 s or 105 tmes as long as an ordinary state. (Se= the discussion of
metastable states in the “Inroducdon to Laser Physics.™) Bencs, the probability per second
of an clectron making a transition from either the P- or P, state to the 1S, ground statc
by photon emission is 10° gmes smaller than the transigon from either the P, ar 'P, to 'S,.
Thus, the ansidons from P, and 3P, ta 'S, arc foroidder: transitions, while the transidons
from 'P, and *P, to 'So are allowed transidons. The allowed transitons for photon emission
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FIGURE 2 Energy levels of mercury that are relevant
"~ . p tis experiment. Energy level separa-
tiod in eleczon voits is indicated on the

are indicated by the two arrows on the left in Figure Z , and the four arrows on the right
indicate energy spacing in units of electron volts.

Direct excitation of °P,, °P,, °P., and 'P, from 'S, by electron impact is essenually
equally probabie.

Atomic Excitation by Inelastic Electron Scattering

An eleccron traveling from the cathode k toward the anode A has a mean {rec path 7 (ses

-

refersacs 1) given by
' 1

wR;

l= (m) . (D

witers R, = 1.5 x 10~'% m is {ae radius of a mercury atom and » is the oumber of atoms per
unic volume. At the end of oge mean fres path the electron has gained a inetc energy K
from the electric field E:

K=eEl (J) @

where ¢ is the electron charze and E is the electric eld established by the accelerating
voltage ¥,. If 7 is long, thea X will be large.

The number density a is very sensitive to the tube lemperaturs: ther=fors £ and. hencs,
K are very temperature seasitive. ‘

EXERCISE 1

What is the mean fres para ¥ of an electron in a Franck-Herz toe zeated to 373 X2
423 K7 473 K? Assume the gzas of mercury atoms behaves as an ideal gas. A table of vapor
pressure of mercury and temperature may be found in the CRC Handbook of Chemistry and
Physics.

When an electron of kinedic energy X approaches a mercury atom with K < 4.6 ¢V, the
energy difference betwesa the first excited state and the ground state. thea the collision is
clasdc. In an elastic collision the electron loses some idnetic energy detsrmined by the laws
of conservation of momezmm and kinetic snergy.
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EXERCISE 2

The loss of kinetc energy v an siacron when it coilidas siastically with 2 mercury atom is
grearest wien the collision is heecé-on. For an 2lastic head-on collision with the mercury
atom. assumed inidally ar r=st, stow that the change in =leciron emerzy is Zivea by

dmM

Al = ——m— X 3

meme O (3)

wiiers m and M are the masses of an electron and a mercury atom and X is the iniual

electron energy. (See referezes 3 for a discussion of a bead-on, two-partcie coilision.) What
is the fractonal loss of kineric szergy by the electron for such a coilision?

From your answer to Exercise 2 it should be clear that the loss of elecron energy due w a
single elastic collision is negligibly small. The probability of an inelastic collision occurring is
large when the electron’s energy equals the energy difference berween an excited state and the
ground state of the mercury atom, that is, 4.6, 4.9, 5.4, and 6.7 eV (see Figure 2). At some
distance d1 + Ad from the cathode, the kinetic energy K of the electron will equal 4.6eV and the
first inelastic collision occurs. The ifielastic collisions occurring in this distance range of d1=Ad
populates the 3P° metastable state of the mercury atoms in this distance range. The elecrons

that later enter the shell will collids slastically with the mercury atoms in the 3P, stae; hence

these electrons pass through the shell with negligible energy loss. At some larger distance de,
these same electrons will have a kinetic energy of € = 4.9 eV and they collide inelastically with
mercury atoms in the ground state. The 3P state decays to the 1S, state after about 10735 by
photon emission, and then the atoms is ready for another inelastic collision; that is, the atoms
in this shell continuously convert ciectron kinetic energy to radiant energy. If the accelerating
voltage Va is high enough, this process may be repeated at intervals del, 2. ... Note that these
are the distances of travel required for the electron 10 gain a certain energy.

What effect do these inelastc collisions have on the current measured by the elecrometer in
Figure 1?7 The decelerating voltage Vr is about 1.5V and as Va is increased from 0V, a current is
first observed when Va excesds 1.5V and the observed current will increase as Va increases untl
Va=4.9V. When Va=4.9V the elecons lose energy from inelastic collisions; hence, they no
longer have enough energy to overcome the 1.5V decelerating voltage and the observed current
decreases. (With Va=4.9V, de is approximately the distance from the cathode to the grid.) As
Va is increased from 4.9V the current will again increase until Va=9.8V, which corresponds to a
second distance of d2e=Ad from the cathode where inelastic collisions which populate the 3p,

stte occur. Thus, when Va=nx 49 V, n = 1,2,3.., there is a decrease in current. A curve of
expected current I versus accelerating voltage Va is sketched in Figure 3. Each peak represents
the onset of inelastic collisions that populate the 3P; state. The first peak does not occur at
4.9V because of the contact potential difference between cathode and anode. Contact potential
difference is discussed in reference 1.
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Electrometer .. . ]

Electromezers are extremely seasitive electronic instruments designed to measurs both (<)
and ( —) currents and voltages. A funcrion switch permits the selecdon of curreat or voltage
mode. A range selector switch ailows voltage measurements from about | uViwo 1V and
current measurements from about 1 pA to 1 mA. The ourput of the siectrometer ranges
from 0 to plus or minus a few voits for an input ranging from 0 to full scale.

The output current of the Franck—Hertz tube ranges from 0 to about ~10"? A as the
accsierating voltage varies from 0 to +30 V (voltage of G, relative t0 k). '

Connecting the Circuit to the Franck-Hertz Tube

Turn of all voltages and thea connect the circuit and filament power supply to the
Franck-Hertz tube. NEVER APPLY VOLTAGES TO THE TUBE UNLESS IT IS IN
THE OVEN AT THE DESIRED TEMPERATURE. To do otherwise couid burn out the
tube, and it is expensive. Afier connecting the circuits to the tube, thea:

1. Atach the thermocouple o the tube (approximarsiy ceatered on the anods), place the
metal shield around the wube and connect it to ground (this will reducs ac pickup), and
then insert the tube into the oven as deeply as possible.

2. Plug the oven into the variac and experiment with the oven temperature as 2 function of
voitage. You want to detsrmine the variac setting(s) required to bring e tube—~oven
system to the desired temperarture as quickly as possible. The voltages to the tube may
be applied after a stable operating temperature is reached.

With the anode connected to the electrometer as shown in Figure 1 vary the ancde
voltage to op-amp | from @to 3CV, recording appropriate currents and voitages in your
notebook. Also- measure the tzmperature periodically and adjust the ovea voltage as

requirsd {0 maintain a reasonably constant temperarure.
Analyze the data, interpredng it in terms of the theory discussed in the Inwoducton.
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EXERCISE 3

( ' The cathode at temperature T zmits 2lscrons wuh a distrizudon of spesds. Tae average
Xinetic znergy £ of the electrons is .

R=%T ()

where & is the Boltzmann constant and T is the absolute temperature. Assuming that T is
2500 K, what effect will K have on vour measured excitation potearals? What effect wiil the
distributon of speeds of the elecrons ave on the sharpness of the peaks?

EXERCISE 4

What effect would contact potendal have on peak spacing? What peak positions would be
aifected by conrtact potendal?

REFERENCES

» 1. R Eisberg and R. Resnick, Cuantum Phusics of Atoms, Molecuizs. Soiids, Nuclzi, and Particies, 2d ed.,
Wiiey, New York, 1985. Contacc sotendal is discussed on pages 3407-<08. and the
Franck—Herz experiment is briefly discussed on rages 107-110.

2. D. Hailiday and R. Resmc.c Physics, Part I, 3d ed.. Wiley, New York, 1978. Mean free path is
discussed on pages 522-3524.

U : 3. K Rossterg, A First Cowrse in Anaiytical Mechanics, Wiley, New York, 1983. Coilision of two
partcles is discussed on pages 157-160.

+ 4. L Lced, Aomic Structure, Wiley, New York., 1938. An older =ook which you may find in the
library. A good discussion of the Franck~Herz experiment appears on pages 249254, The -
energy leveis of mercury are discussed on pages 256-264.

5. E. Levbold. Manufacturer's description of the Franck—Here wke. This is a discussion of the
Franck-Herz tube, which shouid be available from your instuceor.

6. R Eisterg, Fundamentals of Mcdem Phusics, Wiley, New Vork, 1961. LS coupiing is discussed on
pages 428-44].
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The Franck-Hertz experiment (1913; -Nobe! Prize~1926)with “the well-defined p
maxima and minima of the collector electrode current when excitin
wavelength, is undoubtedly one of the most impressive experiment
jheory. This experiment provides direct proof for the truth of the

g the mercury resonance line at 253.7 nm
S to demonstrate and verify the quantum
concepts of quantum theory.

KA6040 - Franck-Hertz tube filled with mercury is a three-electrode tube with
indirectly heated oxide—coatbd cathode, grid-form anode and collector electrode.
The eiectrodes are arrangTd in plane-parallel manner. The distance between
the cathode and the anode (8mm) is large compared with the mean free path
length in the mercury vapdr atmosphere (at 180° C) in order to ensure a high

cqllision probability. On th : other hand, the separation between the anode and
the collector eiectrode is small. .

THe envelope wall between the anode and the collector electrode carries a
va;uum-probf sealed-in protective ring made of sintered carborundum, to prevent

leakage currents via the ionically conducting hot glass wall. The tube contains
a drop of highly purified meceury. .

This new Franck-Hertz lube is not interchangeable with any other tube type
formerly supplied for the sfme application. Tube KA6040 is supplied already

maunted inside the thermostatically-controiled oven and contains the necessary
resistors. . :

An A ‘.
“~

Sieid 2

As an additional feature, thel tube can be repaired when the filament burns out, -
pravided the glass form is r 2turned intact. This repair can be made at approxi-
mately two-thirds the original purchase price.
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KAG040 - Franck-Hertz Tube '
(mounted on front panel)

PERESRATED
AWCUE

eamoae. e - : Ordering Data: ~~ °". A

KA6040 - Franck-Hertz tube, mercury fille _’3_j>§éf\>'a_ii'on of

quantum transitions due to electron collisions wat'h mercury atoms.
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" KA6041 - The;mostatically-control!ed oven for tube KA6040.
KABO4OR - Repalr of the Franck-Hertz tube KA040. Only tubes
) Un o = . with burned out filaments can be repaired by.us. All orders for
5.4 conn L%\_{ §F——e KAB040R must be accompanied by the defective tube. - . -
M 2.3 00me : TR

bt 2

N .

s _ KAE042 - Voltage divider, a potentiometer mounted -on’ stand,
o L : regulated by a know with provision to clamp’a 1.5 volt flashlight
-battery... .- ¥ IR

-KA8043 - Set of leads with plugs and special éoaxial cable.

" KH2235 - Thermometer, range ~10° to +200°C.

KA6041 R i-ieatlrig oven consists ofs teel-piate cabinet: © - - KA6045 - Operating unit for Franck-Hertz experiment (combination
e O f L s ifi
_ heated with chrome:nickelspiralsimgunted in a ceramic - ' power supply and DC amplifier).
former on the floor of the ovenl_Th&power consumption ERCIR

o ~ . =-.o . Thé above set of equipment for the Franck-Hertz experiment is_
: & baiclii;zt;:tg’ed&f,l'eorgsgre‘ . . suitable for student laboratory work and is most dependable. As an
e @ bimetal contact " amplifier and current indicator any other instrument can be used.
- are’elcctrically shielded witha_wife net so that the '

measurements are not disturbed by the switching surges

.

( the heating oven.

eriodic and’ equidistant
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