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With the Franck-Hertz experiment described here the inelastic collision of electrons with
mercury atoms and the ultraviolet emission of the excited atoms can be observed simultaneously.
The Franck—Hertz tube is a four electrode tube with a concentric system and a quartz window. An
electron current stabilization allows the observation of a stepwise increase in light intensity by
means of a photomultiplier. The emission spectrum shows the Hg 2536-A line and two molecular
emission bands arising from Hg dimer and trimer transitions. The light emission from the trimer
state reveals the influence of geometrical factors of the tube at different accelerating potentials.

L. INTRODUCTION

The description of atoms in terms of energy levels is self-
evident today. Thus one tends to underestimate the funda-
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mental importance the experiments of Franck and Hertz
assumed historically in understanding the concept of sta-
tionary energy states in describing atomic systems.

At the time of their experiments it was uncommon to
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characterize the properties of atoms by stationary energy
levels. To illuminate this, we cite from the preface of the
first edition of Arnold Sommerfeld’s Atombau und Spek-
trallinien from 1919:
Since the discovery of spectral analysis no expert could
doubt, that the problem of atoms would be solved if one
had learned to understand the language of the spectra.

And later on p. 401:

The most direct check, most independent from theoreti-

cal elements, of Bohr’s ideas is given by the method of

electron impact. It was founded by Franck and Hertz in

1913....

In 1914 James Franck and Gustav Hertz' reported an
experiment on the interaction of electrons with mercury
atoms. The authors observed a stepwise loss of electron
energy in mercury vapor and, about a month later, were
able to show the simultaneous appearance of the mercury
resonance line at 2536 A.2 In their experiment the ultravio-
let emission was detected with a spectrograph using photo-
graphic plates. The necessary exposure time varied from
one to two hours.

In the years following 1914 many research experiments
have been carried out on electron impact excitation.* Soon
after the advent of quantum mechanics the Franck-Hertz
experiment was readily adopted as a fundamental experi-
ment for college and university physics courses. Subse-
quently many papers on the Franck-Hertz experiment
have been published.*” It is probably due to the ease of
adopting the experiment to demonstration purposes com-
bined with the advances in the technical development of
the Franck—Hertz tube itself that this experiment has be-
come an important asset in almost every experimental lec-
ture on present-day physics. Experimental improvement
has been mainly concerned with the automatization or the
observation of some additional maxima in the Franck-
Hertz curve.

Few modern textbooks call attention to the fact that con-
clusive evidence for the existence of stationary atomic
states is only offered by the simultaneous observation of the
consecutive excitations in the current-voltage characteris-
tics and the appearance of the uv-resonance line.

To our knowledge the ultraviolet emission has only been
observed once in a demonstration experiment. Fiissenich et
al.® report the observation of the 2536-A line at fixed accel-
erating voltage of 18, 33, and 40 V employing a modified
Franck-Hertz triode tube.’ It is the purpose of this paper to
report for the first time an experiment that allows a simul-
taneous demonstration of both the current-voltage charac-
teristics and the uv emission.

II. FRANCK-HERTZ TUBE AND EXPERIMENTAL
PROCEDURE

The interaction of electrons with atoms is studied in a
tube containing an electrode system and mercury vapor.
Electrons emitted from a hot cathode are accelerated
towards an anode. At certain accelerating voltages the elec-
trons gain enough energy to excite mercury atoms in an
inelastic collision. This results in a decrease in anode cur-
rent. Simultaneously light is emitted as the excited state
decays. The excitations occur at accelerating voltages cor-
responding to integer multiples of the excitation energy.

The essential elements of the Franck—Hertz tube are the
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Fig. 1. Photograph of Franck—Hertz tube used in this experiment.

electron emitting cathode, a grid to control the emission
current, and the anode.

The Leybold version'® of the Franck-Hertz tube using a
concentric electrode system with the indirectly heated
cathode in the axis and two grids between cathode and
anode proved to be the most suitable for our purposes.

Figure 1 shows a photograph of such a tube. The end of
the tube has been replaced by a quartz window. The experi-
mental results will show that the optical quality of the win-
dow is of no importance. The tube is custom built by one of
the authors at Leybold (S. Pressler). In the meantime a si-
milar tube in a uv-transmitting glass envelope has been de-
veloped. This tube is suitable for series production.

The accelerating voltage is measured between cathode
and grid 2. A negative bias of about 1.5 V between grid 2
and the anode has little influence on the accelerating poten-
tial since this bias causes only negligible distortions of the
potential distribution on the cathode side of the fine
meshed grid 2. This bias prevents elastically scattered elec-
trons with low energies from reaching the anode.

The cathode is internally connected to one end of the
filament, and the accelerating voltage is measured between
that filament connection and grid 2.

By means of a temperature-controlled ( + 1°) oven the
mercury vapor pressure in the tube is held constant. The
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Fig. 2. Transmission curves of the filters used to measure the light intensity.

The interference filter is a type G-521-2137 filter with 4., = 2560 A;
T .ax = 22%, B.W. = 104 A manufactured by Oriel Optics.
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Fig. 3. Anode current and light intensity as a function of accelerating vol-
tage. The dashed curve represents the anode current, the solid curve is the
photomultiplier output current representing the light intensity.

light emitted from the volume between grids 1 and 2 can be
measured with a photomultiplier'! through a hole in the
rear of the oven.

Excessive noise caused by visible and infrared light from
the heated cathode is suppressed by placing a color filter
UG5" in the path of light between Franck—Hertz tube and
photomultiplier. The optical transmission of this filter is
shown in Fig. 2.

III. EXPERIMENTAL RESULTS

For small accelerating voltages the anode current char-
acteristics of the Franck—Hertz tube are similar to that of a
triode. At an accelerating voltage of about 5 V, however,
the anode current reaches a maximum. Here the electrons
have for the first time acquired an energy of 4.9 eV. This
results in the excitation of mercury atoms by inelastic colli-
sions. The excited state is a >P, state, 4.9 eV above the 'S,
ground state. With the spontaneous decay of this state the
emission of 2536-A light should be observed.

Increasing the accelerating voltage further decreases the
current as the cross section for inelastic collision'*'*
changes with the electron energy. The current traverses a

Filter Photomuitipl.

IR

" Light intens

Electr. current

Franck - Hertz- Experiment

7;. Ug,

Fig. 4. Reduced schematic. The emission current I of the cathode causes a
voltage drop across R = 100 K. This current is adjusted by a reference
voltage U, . The voltage difference IR — U,,; is fed into an operational

amplifier type CA 3140. The internal resistance of the cathode—grid path of

the Franck-Hertz tube serves as a feedback resistor. The voltage amplifica-
tion of the whole circuit is about 40.
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Fig. 5. Current voltage characteristics and light intensity with current stabi-
lization.

minimum, when almost every electron has suffered an in-
elastic collision, and increases again. The light intensity
should now remain constant until the electrons can gain
another 4.9 eV and the anode current has reached a second
maximum. Now the intensity of the 2536-A emission
should increase again.

Figure 3 shows the anode current (dashed curve) and the
light intensity (solid curve) versus the accelerating voltage.
The decrease in current at integer multiples of the excita-
tion energy can be seen as usual. Instead of the expected
stepwise increase in light intensity only small steps super-
imposed on a steadily increasing function were detected.

However, from a detailed investigation of the operating
mode it becomes evident that the conditions to observe a
scattering process are rather unfavorable, as the intensity
of the primary electron beam varies continuously with the
beam energy.

With the current stabilization of Fig. 4 one can, at least
for accelerating voltages above 5 V, hold the emission cur-
rent fairly constant.

The current—voltage characteristic obtained under these

Light intensity [arbitrary units )

L

T T T T T
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—

T
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A [A]
Fig. 6. Spectral emission of mercury vapor at 7 = 180 °C, accelerating vol-

tage 20 V. The second-order spectrum was suppressed by a glass plate in
front of the spectrograph at wavelength above 4000 A.
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Fig. 7. Franck-Hertz curve and light intensity as a function of accelerating
voltage for the 2536-A line.

conditions is shown in Fig. 5, together with the ultraviolet
light intensity. The anode current for adjacent maxima
does not increase as it does in Fig. 3 and now the stepwise
increasing intensity of the ultraviolet emission can be clear-
ly observed.

It is interesting to note that the anode current maxima
decrease at higher accelerating voltages as the minimum
current and the half-width increases and the maxima be-
come wider. The maximum excitation cross section of the
3p, state.”>'*is only about 3 X 10~ '®cm?. Ata temperature
of 180 °C the vapor pressure is about 10 Torr. As a conse-
quence of this, the probability for elastic scattering with a
cross section more than 100 times larger, which eventually
will broaden the energy distribution of the electrons is larg-
er than the probability for excitation.

The spectrum of the emitted radiation in Fig. 6 was tak-
en with a grating spectrograph of a focal length of 350 mm,
the grating has 1180 lines per mm, blazed at 4 = 2500 A in
first order. For the special range above 3800 Aa grating
blazed at 5000 A was used and a glass plate was inserted
between the spectrograph and the Franck-Hertz tube to
suppress the second order of the 2536- A line.

The line appearing at 2536 Aisthe mercury resonance of
the °P,—'S,, transition. This line is accompanied by a broad-
band between 3000 and 3700 A centered at 3350 A, a “con-
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Fig. 8. The 4850-A continuum.

tinuum”'>!¢ arising from the *1, — X 'Z;* transition of

molecular mercury. With the filter used in Fig. 5 the mea-
sured intensity included both, the resonance line and the
3350-A continuum. Thus we have to consider two possible
cases for the interpretation of Fig. 5:

(1) The mercury molecule Hg, is excited by electron im-
pact and decays into the Hg, ground state.

(2) A mercury atom Hg excited by electron impact reacts
with a ground-state atom forming an excited molecule
which decays into the ground state.

In the first case, the contributions of the resonance line
and the continuum have a different origin and are deter-
mined not only by different cross sections, but depend also
on the ratio of the number density of mercury atoms and
molecules. In the second case, the light intensity is uniquely
determined by the number density and the cross section of
atomic mercury.

The curve of Fig. 7 where only the intensity of 2536-A
line was measured with an interference filter (see Fig. 2) is
in favor of case 2.

In a collision between excited and ground-state atoms a
dimer molecular state can be formed leading to a transition
with a 3350-A continuum.'>" Under these circumstances
one can be quite sure that the observed emission is primar-
ily caused by excited mercury atoms.

20 . Ug = 20V
-
et | 1] = . 2 15V
SR 1] T A VN, - 10V Fig. 9. Cross section through the electrode
system and potential distribution for ac-
celerating voltages from 5-20 V between
SN AT 5V grids 1 and 2. The crosses mark the posi-
tion of the light emitting annular zones.
0 " I i n i
K Gy r
2mm

Electrode configuration
cross section
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The spectrum of Fig. 6 shows another band near 5000 A.
This band arises from a decaying trimer state.'” The change
in light intensity with the accelerating voltage for this band
is as one can see from Fig. 8 strongly affected by geometri-
cal factors, whose influence can be roughly explained with
the cross section through the electrode system and the po-
tential distribution in Fig. 9. Neglecting the influence of the
cylinder ends, the potential changes nearly like the loga-
rithm of the interelectrode distance.

With an accelerating voltage of about 5 V the first annu-
lar zone of inelastic scattering originates at grid 2 and with
increasing voltage moves toward grid 1. Shortly before the
voltage reaches 10 V a second zone starts out from grid 2
and this process is repeated until finally at 20 V four such
zones exist between the two grids.

Cathode, grid 1, and grid 2 are held in place by narrow
mica bars across the ends of the system. With a decrease in
diameter of the light emitting zones the area shaded by the
mica bridge increases. The uv light intensity registered by
the photomultiplier, however, does not decrease during
this process because the uv diffusion at the large vapor
pressure in the tube provides a homogeneous illuminated
volume. This same argument holds for the light intensity
measurement in the 3350-A band where the diffusion is
maintained by the ground-state Hg, molecules but not for
the 4850-A band, as the excited trimer decay has no stable
ground state.'” Thus the light intensity curve of Fig. 8 tak-
en with a glass plate as filter displays the influence of the
zone structure.

1IV. CONCLUSION

With a four electrode tube a complete demonstration of
the experiment of Franck and Hertz is possible if the emis-
sion current is stabilized. Parallel to the characteristic cur-
rent maxima the uv light intensity can be measured using a
color filter. The light intensity within the transmission
range of this filter is proportional to the number of mercury
atoms in the 3P, state for the 2536- A line as well as for the
3350-A band. Therefore it is not necessary to use an expen-
sive narrow interference filter with relatively low transmis-
sion resulting in increased multiplier noise.

814 Am. J. Phys., Vol. 51, No. 9, September 1983

The steps in the light intensity curve require the same
interpretation as the current maxima of the Franck-~Hertz
curve. Light emission after excitation and discrete energy
loss of exciting electrons form a direct experimental check
of the Bohr theory of atoms.
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