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Using the Franck—Hertz Experiment To lllustrate Quantization

Energy States of the Neon Atom by Electron Impa'ct |

Michael M. Kash and George C. Shields
Lake Forest College, Lake Forest, IL 60045

Laboratory exercises that illustrate quantum phenom-
ena provide students with motivation for the study of
quantum mechanics. That microscopic matter exists in
quantized states can be demonstrated with modern ver-
sions of historic experiments: atomic line spectra (1), reso-
nance potentials, and blackbody radiation. The resonance
potentials of mercury were discovered by Franck and
Hertz in 1914 (2). Their experiment consisted of bombard
ing atoms by electrons, and defecting the ki

loss of the scattered electrons (3).
“Prior t6 the Franck-Hertz experiment, spectroscopic
work by Balmer and Rydberg révealed that atoms emitted
radiation at discrete energies. The Franck-Hertz experi-
ment showed directly that quantized energy levels in an
atom dre real, not just optical artifacts. An atom can bé
faised %o excited states by inelastic collisions with elec-

‘trons as well as lowered from excited states by emission of peaLe
‘ Lrried ¢ the experiment. Thig

photons. The classic Franck-Hertz experiment is carrie
*out with mercury (4-7). Here we present an experiment for
the study of resonance potentials using neon.

. Historical Background .
James Franck was a physicist whose work sxgﬁlﬁcanﬂy

affected chemistry and biology (8). His first serious re-
search in physics began in 1902 when he moved to Berlin,
at that time the center of physics in Germany. He joined

Emil Warburg’s laboratory group and started a study of ion

L di

mobilities. Franck found that collisions of electrons with

noblé gas atoms were mainly elastic, ithout 1088 of elec-~

tron kineti u

Gustav Hertz later joined Franck for 3 thorough study of
elastic collisions, and this work led to the discovery of
quantized transfer of energy during inelastic collisions be-
tween electrons and atoms. In their famous experiments in.
the year 1914 (2), they showed that electrons could impart

. metic

nergy exceeding 4.9 6V It was this quantunof en-

Qur experimental apparatus was purchased from Central Scien-
tific Company (CENCO), 11222 Melrose Avenus, Frankiin Park, IL
60131-1364. Current CENCQ catalog number and price: Franck—
Hartz tube in a housing; a control unit with power supplies, reverse
voltage source and DC preamplifier; and a shielded cable with BNC
#32048, $2250. The handheld prism speciroscope was obtained
from Edmund Scientific #A42586, $195. An oscilloscope with x-y ca-
pability is optional. It is helpful for the instructor to examine the entire
spectrum prior to the student laboratory to ensure proper sefting of
controls. Optional computer control was obtained by Vemier Soft-
ware's Multipurpose Laboratory interface, using the x-y oscilloscope
mode.

2CENCO model #30221, $839. Also requires an electric oven,
model #55532, $239. Altematively, CENCO model 32047, $2580.

3CENCO model #32057, $729.

*In some implementations of electron spectroscopy, X-ray emis-
sion is a safety concem. Here, the maximum accelerating potential is
- only 75 V, and we do not detect any lonizing radiation from the appa-
ratus. Evidently, air and the glass envelope of the Franck-Hertz tube
fumish an adequate shield against the ultraviolet light that is emitted
when a neon atom makes a transition to the ground state.
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energy to a mercury atom only if the electrons had a ki-

quency (v=AE/R) of light em

ergy that was absorbed by the mercury atom, cAUSAE |

emit a radiation line at 2537 A. This was the first direct
proof of the quantize energy transfer and of the
conhection of the quantum of energy (E) with the fre-
y ted as a result of energy
awarded the Nobel Prize

er. Franck and He

“in physics in 1925 for their experiments that were decisive’

proof of the quantized energy levels

i that had been postu-
lated by Niels Bohr in 1913. .

Experimental Method

Franck and Hertz performed their famous experiment i/c),.. >0
with mercury atoms. Today, common experimental replica- | - ..

tions use neon,! mercury,” or heliim® atoms. We recom- -

mend the use of neon for several reasons. First, mercury
must be heated to 'obtain sufficient vapor pFessare to Tun,

cause the observed signial depends y.on fempera:
ture. Maintaining a constant temperature is a demanding -

and frusirating pert of a tradtional Franck-Hertz experi
ment. Second,ﬂleheh“m system displays e signals,

makes determination of the resonance energies compli-
cated since the contact potential of the electrodes in the

apparatus must be included in th

, allowing for two determi-
potential. Third, the progress of
neon excitat: od visually bécatise many o
the excited tion. A red glow in th
gascan be to move toward the cathode in the ap-
paratus as the electron bombardment energy is increased.

_The apparatus for this experiment consists of a neon-
filled Franck-Hertz tube, a control unit with power sup-
plies, and ‘a DC current amplifier with a shielded cable.
The control unit also can be used with a mercury tube. Ad-

Rl

vantages of the CENCO control unit are that it elimin ted

1) fr

the problems associated with connecting four floating =

ding to a different group of excitations, This s

itto

resents problems Tor gbudents be-

{

L

calculation. In contrast
. to helium, the neon apparatus shows three. signals.corre-
sponding to the same excitation,

. nhatiofis of the resonaﬁé“b 8

power supplies,'and that it is simple for students to oper-..

ate. The power supply section of the control unit delivers
the control voltage (fixed at 10 V), accelerating voltage
(continuously variable from 0 to 70 V), filament, heating
voltage for the tube (up to 8 V), and retarding voltage (up
to 10 V). The accelerating potential can be adjusted manu-
ally or swept automatically. The apparatus is outlined in
Figure 1.4

Electrons are emitted thermally from the banumomde
cathode and are accelerated toward the collector electrode,

by an attractive potential. The control grid helps to keep
the qxpisshi%n‘current constant as the accelerating potential
is varied. Electrons that pass through the control grid are
accelerated by the potential applied between the cathode
and the anode, Electrons passing through the anode with
an energy gréater than the rétarding voltage applied to the
collector electrode are collected at the plate and give rise to

_a plate current that is measured with a sensitive current-

to-voltage amplifier corinected to a voltmeter.
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Figure 1. Schematic Diagram of the Apparatus. The neon gas and the
electrodes are encapsulated in a glass tube. The ammeter symbol-
ized by *I" represents a sensitive curent-to-voltage amplifier; the volt-
meter represented by “V" can be either a digital multimeter (for
manual operation) or an oscilloscope (for real-time graphical output).
The resistor “R” protects the ammeter circuit in case of a discharge in
the tube. The control potential helps to keep electron emission current
independent of the accelerating potential.
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> neon T mately 30
min to allow the tnit to stabilize. The experimenter pro-

“ceeds by slowly in¢reasing the accelerating
initial Value of zero. The current. increase uni
formly, reach a maximuit, and then decrease as accelerat-
ing voltage is increased. A reduction in collector current

appearance of a glowing red layer at the anode, As the an- (0
ode voltage is increased, the collector current decreases
and the glow moves toward the cathode. The emission cur- . :
rent must be at a low enough level so that gas discharge
does not occur at an accelerating potential of approxi-
mately 70 V. The retarding voltage between anode and col-
lector electrodes should be set between 6 and 10 V sothat
the minima in the current/voltage curve are clearly recog-"'¢
nizable. o

Data may be chllected manually as Franck and Hertz
did, with an oscilloscope, or with a computer. We have had
our students collect data by each of the three methods. As
with many student experiments, manual data collection
most clearly demonstrates the desired effect, while com-
puter-aided aéqmsﬁéh eliminates drudgery. For manual
data collection, students should carefully record data
around the three maxima and three minima in collector
current, and plot current intensity versus voltage to locate
the extrema.

[k}

Data Reduction

Three maxima are observed, allowing for two determinia-
tions of the resonance potential; by subtraction of the first
peakifrom the sscond peak and by subtraction of the sec-
ond peak from the third peak. This method is siperior to
determination of the resonance potential three times,
where the resonance potential ig taken as the average of
peak one, peak two divided By 4weyand,
E oy three. This is becanse the “Zerg” poi
.as a consequence of the conta ential of the electrodes.
Of course the contact potential could be given (about 2.5 V
for the iron/barium contact), but determination of the reso-

nance potential without outside help is more satlsfymgfeto o

students, If data are collected by hand, it should be plo
and fit ‘tb'é'éﬁr%%’fé oW an ac?gdlrbate determination of the
accelerating voltage corresponding to maximum collector

current. Once the three maxima are determined, along -

s
(Y
LR

tarting at about 20 V. This is accompanied by the .

with an estimate of the uncertainty in each peak position,
the resonance potential can be calculated by subtraction.
T — e 3 s 5 K 3 LT

Results and Discussion

A computer-generated graph is presented as Figure 2.
The nature of the three-peak maxima is described as fol-
lows. The emitted electrons collide with many neon atoms
while traversing from the cathode to 1
‘of collisions may ocecur, inelastic collis]

erved ¢ the brief collision. ™ " '
“"Inelastic collisions are effective at loWering the energy of
the electrons because of the relatively large amount of en-
ergy involved. Because atomic energy levels are quﬁﬁ%i‘?ié&,
Jnelastic collisions are not possible unless the accelerated
electrons posse: ent ‘energy to excits atoms frong
oiie state to another If the accelérating Voltage is raised
from an"initial valie of zero, a. reduction in collector cur-
rent occurs starting at an approximatevalue of 20 V. This
is accompanied by the appearance of a glowing red layer at
the anode. This layer is created because the electrons emit..
ted from the cath%féf“ Te accelerated by & unifo i
‘field, and, thérefore, reach the energy necessary for excita
at essentially the same distance from the cathode.
As the anode voltage is increased the collector current

Liiéé\reééé's“and the éilow moves toward the cathode. The col-

X (o Tgs

és a minimum when the.

When the accelerating potential is raised to about 40.V,.
a second current maximum js attained. The second peak

“results from the scattered electrons reaching the correct

energy to excite neon atoms a second time. A third layer
around 59 V signifies that three regions of neon atoms
have been excited by the same electrons. The third layer is
the most poorly defined because multiple inelastic colli-
sions cause the electrons to spread perpendicular to the
eléctric field. :
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Figure 2. Electron current versus Accelerating Potential, Data taken
with a retarding potential of 8 V are shown with the solid curve; the
actual points are marked by circles. Data taken with a retarding po-
tential of 6 V are shown with the dashed line; the actual points are
marked by squares. As the retarding potential was reduced, the gain
of the current-to-voltage amplifier was also reduced in order to keep
the same maximum output. Note that the positions of the maxima are
the same in both curves, while the positions of the minima are shifted.
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As can be seen from Figure 2, the voltage difference be-

tween the first and second peaks and between the sgcond )

and third peaks avéfagé around 19 1 V. As th

voltage is decreased, more electrons can reach the. detector

eration potential. Note in Figure 2 that the
1 the same, yet the minima occur at lower
gductxon in retarding voltage,

the retarding potential
responding minima and maxima,

Pigure 3 dlspl §'a partial energy-level diagram for neon
(9). At first glancg it seems that inelastic scattering should
occur when the electrons have sufficient energy to excite
the levels between 16.62 and 16.85 eV. Indeed, this is pos-
sible,® and may be partially responsible for the broad max-
ima and minima evident in Figure 2. However, this appa-

ratus' is designed to emit visible radiation when | .

substantial inelastic scattering occurs. To accomplish this,
the manufacturer has selected a pressure of neon that(fay
Vors inelastic scattering during the excitation of the ten 2p; *
levels over that of the four 1s; levels. The ratio of the total
number of states in these levels is 36:12 = 3:1; that may
enhance the effectiveness of the higher energy group.
When the electrons have been accelerated to energies near
19eV, theneona ms that are e

] ‘ evels.
course, some of the atoms will emit ultraviolet photons in
transitions to the ground state.

Conclusion

Student interest in quantum mechanics can be increased
through laboratory experiments that illustrate the inade-
quacy of classical physics for understanding microscopic
phenomena. Resonance potentials reveal that quantized
electronic energy levels really exist. Quantization is the
fundamental concept necessary for appreciating the devel-
opment of quantum mechanics. An excellent discussion of
the use of electron spectroscopic methods in teaching has
been presented by Allan in this Journal (10).

A firm experimental understanding of quantization
makes the study of quantum mechanics more meaningful.
The experiment described gives students an appreciation
for the concept of quantization and the field of electron
spectroscopy. In addition, it allows them to imitate a his-
toric experiment in the development of the quantum the-
ory.
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SAnother instrument (Klinger Mode! K4301) contains a mixture of
mercury and neon and is operated at room temperature. There, the
collector current reaches a maximum when the accelerating potential
is about 17 V. The UV emitted by the neon can be detected. At about
19V, visible light from the neon appears.
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Figure 3. Partial Energy-Leve! Diagram for Neon. The excited states
are labelled with the Paschen notation and the total electronic anguiar
momentum quantum number, J. The 1s levels comprise the lour S-
sible states associated with electronic configuration 1s% 2¢% 2p” 3s;
the 2p levels comprise the ten possible states associated with the
electronic configuration 1s® 2s® 2p° 3p. The nine strongest visible
transitions from the 2p to 1s levels are shown with their corresponding
air-wavelengths in nanometers. These consititute the major lines that
can be resolved in the glowing regions of neon.
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