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What really happensin the Franck-Hertz experiment with
mercury?
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The University of Oklahoma, Department of Physics and Astronomy, 440 West Brooks, Norman,
Oklahoma 73019

Recent studies using spin-polarized electrons have revealed the role that various interactions play in inelastic collisions of
slow electrons with complex atoms. It has been shown that electron exchange and resonances (temporarily negative
compound ion states) strongly influence the excitation cross sections of the first excited states of mercury very closeto
excitation thresholds. The particular result obtained in the Franck-Hertz experiment is determined by the magnitude of the
excitation cross sections involved and depends on the geometrical design of the tube.

|. Introduction

The electron-mercury collision experiment of Franck and Hertz [1], for which they won the Nobel Prize
in 1925, is one of the key experiments that helped to establish modern atomic theory. It shows that
atoms can absorb energy only in quantum portions confirming Bohr’ s postulates. Due to its ssmplicity
and the clear-cut experimental result - which facilitated its explanation by Franck and Hertz - it is often
demonstrated in classes and cited in most textbooks of modern physics. However, this experiment would
not show such clear-cut resultsif there were not specia circumstances, which have been revealed only
very recently by studies using modern experimental and theoretical techniques. The purpose of the
present articleisto review and interpret some of these recent studies and to show that the Franck-Hertz
experiment contains much more interesting collision physics than is usually assumed. A real
understanding of the outcome of this apparently simple experiment requires a detailed knowledge of the
basic collision processes by which it is governed.

II. Thetextbook explanation of the Franck-Hertz curve
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Fig. 1. (a) Schematic diagram of the Franck-Hertz experiment; (b) typical curve recorded in Franck-Hertz experiment with
mercury.

Figure 1 shows a schematic diagram of atube with which the experiment is usually performed and the
result of the experiment. Electrons are emitted from the cathode with nearly zero kinetic energy. They



gain kinetic energy in traveling toward the control grid, which is positive relative to the cathode by U
volts. In transit, they collide with mercury atomsin the tube and lose energy. Electrons that reach the
grid with kinetic energy of 1.5 eV or more will be able to reach the anode and be included in the

measured current | .. Electrons with an energy of lessthan 1.5 eV at the control grid will be unable to

reach the anode and will fall back to the control grid. These are not included in the measured current | .

Franck and Hertz originally thought that the peak spacing in the curve they obtained had to do with the
ionization potential of mercury but, later, they gave the correct explanation, which in a modern textbook
[2], reads: "... the peaks occurring at a spacing of about 4.9 eV. Thefirst dip corresponds to electrons
that lose al their kinetic energy after one inelastic collision with a mercury atom, which isthen left in an
excited state. The second dip corresponds to those electrons that suffered two inelastic collisions with
two mercury atoms, losing all their kinetic energy and so on. The excited mercury atoms return to their

ground state by emission of a photon, according to Hg" &rarr; Hg + h&nu; with h&nu; = E, - E;. From

spectroscopic evidence, we know that mercury vapor, when excited, emits radiation whose wavelength
is2536 A, corresponding to a photon energy h&nu; equal to 4.89 eV. Radiation of thiswavelength is
observed coming from the mercury vapor during the passage of the electron beam through the vapor ...".

This simple explanation is correct in principle. However, a deeper insight into the problem raises two
guestions: Is the observed energy loss the result of asimple inelastic collision and why is the energy loss
about 4.9 eV? Thefirst excited state in mercury corresponds to an energy loss of 4.67 eV, asindicated in
Fig. 2, which isasimplified energy-level scheme of the first excited states of mercury in which the
hyperfine structure due to nuclear spin has been neglected. These questions will be discussed, and it will
be shown that the observed peak separation depends on the geometry of the tube and the Hg vapor
pressure and is mainly, but not solely, related to the 4.89-eV transition. Thus students and instructors
should not worry about results that show a peak spacing in the Franck-Hertz curve that deviates from
4.89 V by afew tenths of avolt.

[11. Electron exchangeis a significant excitation mechanism

Fig. 2. Simplified energy level scheme of the lowest states of the mercury

HII SINGLETS | TRIPLETS atom (hyperfine structure neglected).

10f 8's, . Thefirst excited statesin mercury are known to have mainly
¢ n triplet character (cf. Fig. 2), i.e., the dominating configuration

gt 150 s, . consists of two valence electronsin 6s6p orbitals giving atotal P
? e'p, |/ state where the spins are coupled to atotal spin with quantum

; T/ . number S= 1 (multiplicity 2S+ 1 = 3). The spin-orbit interaction
] Y or; > | splitsthis configuration into three states 6P ; , with total

. 4 angular momentum quantum numbersJ = 0, 1, 2. The states
a / s with J =0, 2 are metastable, i.e., they cannot decay into the 61
2t o ground state because dipole emission is forbidden for transitions
1

with & Delta;S&ne; 0, and, in particular, J =0, 2 &rarr; J = 0.
- | Thestrong spin-orbit interaction within the mercury atom results

inasmall but significant singlet admixture to the 63P1 state (i.e.,

this state is not a pure triplet state) allowing the well-known optical transition 63P1-61§) (254-nm
intercombination line) [3].




It is expected that the 61S & rarr; 63P electron impact excitation is dominated by electron exchange
collisions leading to reactions such as [4]

e(&uarr;) + Hg(&uarr;&darr;) &rarr; Hg' (&uarr;&uarr;) + e(&darr;), (1)

where the arrows denote the el ectron spin orientations with respect to a given axis. That processes like

(1) dominate the excitation of Hg' (& uarr;& uarr;) states at low energies has been demonstrated more
than ten years ago in a special version of the Franck-Hertz experiment [4]. According to reaction (1) the
spin orientation of the "scattered” electron will be changed in such acollision. Initialy polarized
electrons with polarization [5] P were used and the polarization P’ of "scattered" electrons was
measured. Any value P’/P < 1 isdirect evidence of exchange provided that other interactions that could
change the spin orientation do not exist.
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Fig. 3. (a) Schematic diagram of the apparatus for direct observation of exchange collisions; (b) measured ratio P’ /P versus
energy for electron impact excitation of mercury with amean energy loss4.9 eV.

A schematic diagram of the apparatus used is shown in Fig. 3(a). Transversely polarized electrons
resulting from elastic scattering by a mercury vapor beam [6] pass through afilter lens that removes
inelastically scattered electrons. The electrons are then decelerated and focused onto a second mercury
vapor beam. From the electrons scattered in the forward direction, those which have excited a certain
atomic state and lost the excitation energy are selected by a cylindrical mirror analyzer. The transverse
spin polarization P’ of the inelastically scattered electrons is measured in a Mott detector [6] after
acceleration to 120 keV. Theinitia polarization P is measured by tuning the electron spectrometer to
zero energy loss.

Figure 3(b) shows the measured ratio P’/P for excitation of the 6P states at amean energy loss of 4.9
eV. Thisisthe energy loss that occurs most frequently in the Franck-Hertz experiment. Clearly P'/P < 1
close above the excitation threshold indicates that €l ectron exchange is a significant collision
mechanism. As the probability for exchange decreases for electron energies above 9 eV, P'/P increases
and approaches avalue of 1 above 9 eV. Above 9 eV, simple inelastic collisions without a change of

spin orientation dominate by the singlet admixture of the 63P1 state [4].



With this experiment, the importance of electron exchange has been demonstrated only for forward
scattering angles. When the scattering angle is large, the spin-orbit interaction due to the motion of the
scattered electronsin the field of the atomic nucleus may be significant [6]. This prevents a
straightforward interpretation of observed "spin flips' as being due only to exchange collisions. Recent
experimental and theoretical studies of spin effectsin inelastic electron-mercury collisions, however,
have shown that exchange collisions are very probable also at large scattering angles [7, 13]. It is beyond
the scope of the present article to discuss these studies and the interpretation of their results. The
interested reader isreferred to the original publications cited above. These investigations, however,
show also another feature that significantly influences the probability for the energy losses observed in a
Franck-Hertz curve. Thiswill be discussed in Sec. 1V.

IVV. Formation of temporalily negative ion states: resonances

There are several experimental procedures that yield cross sections for the excitation of the resolved
63PO 1 » fine structure states. The simplest method seems to collect the inelastically scattered electrons.

But since the scattered electrons lose nearly al their kinetic energy very close to the excitation
threshold, these slow electrons are difficult to detect. In addition, such a measurement would require an
integration over all scattering angles.

Very good results have been obtained in experiments where the excited metastable (63P0 o) mercury
atoms were detected with channeltrons [14, 15]. However, above the threshold for excitation of the

63P,, state (5.46 eV) no discrimination between the 63P, and 6P, metastable states is possible with this
method.

Such a discrimination was feasible in an experiment [16] where fluorescence emission (7331-63P0 19)

was induced by laser light tuned to the 63P- 73S, or 63P,-73S, transitions after the 6P, and 63P,, states

have been excited by electron impact. The intensity of this fluorescence is a measure for the excitation
cross section of the particular metastable state under study.

The cross section for excitation of the 63P1 state cannot be obtained with the two methods because of
the relatively short lifetime (120 ns) of this state. However, the intensity of the fluorescence light (254
nm) from the 63P1-6180 optical decay just mentioned is a measure of the excitation cross section of
direct electron impact excitation [17, 18].



Fig. 4. Cross sections for electron impact excitation of mercury states 63PO (energy loss

4.67 eV), 6%P, (energy loss 4.89 V), and 6°P,, (energy |0ss 5.46 V) versus energy.
Sr ™ These data are estimates taken from various measurements and calculationsin the
Hg Y literature and are uncertain up to 30% because of the lack of precise absolute

roN measurements.
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Each of the three curves exhibits a sharp increase above the excitation
thresholds and two curves exhibit an additional sharp or broad maximum before decreasing at energies
above 5.5 eV. The maximaoccur at 4.7, 4.92, 5.2, and 5.59 eV. At these energies, there is a significant
probability for the incident electron to be captured temporarily by the atom ("resonance™) to form a
negative ion. These negative ions live for about 1013 s or lessif the widths of the peaks are 20 meV or
more. A mercury atom finally may be found in the ground state or in one of the excited states provided

that energy conservation permits such adecay. The classification of these Hg™ resonance states has been
controversial since their first observation by Kuyatt et al. [20]. Fano and Cooper [21] suggested that

these resonances should have the Hg™ (6s6p?) configuration. Several classification schemes had been
suggested that differed particularly in the assignment of quantum numbers to the structure of 4.92 eV

just above the 63P1 threshold. Furthermore, not all of the compound ion states that were expected by

Fano and Cooper and Heddle [22] had been fully confirmed. An example of arecent experiment that
helped clarify the situation is the investigation of the circular polarization of the 254-nm fluorescence

emission excited by polarized electrons [18].

Fig. 5. Schematic diagram of the apparatus used by
PHOTO = Wolcke et al. [18] for measuring the circular
MLLTIFLIER .E_ji polarization of 254-nm fluorescence light emitted after
electron impact excitation of mercury atoms with
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plane. The electrons then pass through a differential pumping stage where they are again deflected
through 90°. A lens system focuses the polarized electron beam onto the mercury beam target. At the
target, the electrons are polarized along the y direction. Some of the mercury atoms are excited by

electron impact. A photon analzer system measures the circular polarization of the 63P1-61§) resonance
line (254 nm) (by a &lambda;/4 plate and alinear polarization analyzer) as a function of collision energy



between 4.5 and 7 eV. The photon analyzer detects photons that are emitted in the direction of the
electron spin polarization.

Fig. 6. Circular polarization P, = (1" - I")/(I* + 1) versus energy for 254-nm
fluorescence light emitted after electron impact excitation of mercury with

polarized electrons. Here I'* and |~ are the intensities of light transmitted by a
filter for photons with positive and negative helicity (or left and right circular
polarization), respectively.

Theresult is shown in Fig. 6. The significance of the result liesin
the fact that around 5.2 €V the circular polarization is negative. A
formal analysis[18] shows that nonresonant exchange collisions
result in a positive circular polarization. However, the temporary

formation of aHg" ion state with total angular momentum J = 3/2
resultsin a negative value, whereas a negative ion state with J =
5/2 leads to a positive value. This helped to establish the existence

of abroad J = 3/2 resonance that isinvisible in the 63P1 excitation

cross section but was later shown clearly in the 63P0 excitation

cross section (cf. Fig. 4) [16]. The most probable classification scheme of the Hg™ (6s6p?) resonances is
(Table 1) [18, 24]: 4P, (4.55 €V, seen only in the elastic cross section) [25, 26], 4Py, (4.7 €V seenin
the 63P,, cross section), 4P, (4.92 eV seen in the 63P; cross section, but not in the 63P, cross section
as decay in this state is strongly suppressed because of the centrifugal forces of the high orbital angular
momentum that the emerging electron must carry away [16]), 2D3/2 (5.2 eV, seen as a broad maximum

in the 63P,, curve, invisible in the 6P, curve) and 2D, (5.5 eV seen in both 6P, and 6P, curves).

How does the behavior of the cross sections shown in Fig. 4 influence the outcome of the Franck-Hertz
experiment [27]7?

V. The shape of the Franck-Hertz curve depends on the tube design
One of thetwo questionsraised in Sec. |1 has already been answered by Secs. 111 and IV: The energy

loss obtained by recording the Franck-Hertz curve is not the result of simple inelastic collisions where
the electrons lose all their kinetic energy, it is acomplicated process where exchange collisions and the

formation of short-lived Hg™ ion states dominate.

Table 1. Classification of Hg™ (6s6p?) states [18, 24]



Configuration | Energy (eV) | Visible in the cross section for
P 455 elastic scattering

Py, 4.70 elastic scattering, 6P, excitation
*Pe) 4.92 elastic scattering, 6P, excitation
2I:)3/2 5.2 63P0 excitation

D¢, 5.50 elastic scattering, 6P, , excitation

The second question is: Why is the observed energy loss approximately 4.9 eV instead of4.67 eV, the
energy of thefirst excited state (63PO)? The answer can be found by examination of Fig. 4. Asan

electron passes from the cathode to the control grid it gains kinetic energy. At agiven point in the
transit, the kinetic energy is proportional to the product of the potential difference times the fraction of
the electrode separation that is traveled minus the kinetic energy losses due to prior collisions. Whenever

the kinetic energy reaches 4.67 eV excitation of the 63P0 state is possible, but only afew electrons give

up 4.67 eV of kinetic energy by exciting the 63P0 state due to its small cross section with the result that
the electrons have alarge mean free path. Those remaining continue to gain kinetic energy and reach 4.9
€V or more where many of these electrons excite the 63P1 state as it has a high cross section above 4.9
eV. Some electrons do not yet even lose their kinetic energy and continue toward the control grid and
gain as much as 5.5 eV or more, enough to excite the 63P2 state. The tendency for alarger fraction of

the electrons to gain enough kinetic energy to excite the 63P1 and 63P2 states increases with decreasing
mercury vapor pressure and depends on the tube design as explained in the next paragraph.

Fig. 7. () Simulated Franck-Hertz curve for pHg><d& asymp;4 mbar cm, where
Prg and d are mercury pressure and distance cathode-anode in the tube,
respectively; (b) same for pHg><d& asymp;20 mbar cm with which the

Franck-Hertz experiment usually runs, giving the most obtained peak spacing of
4.9V; (c) samefor pHg><d& asymp;100 mbar cm.

That the peak spacing in the Franck-Hertz curve depends on the
conditions under which the experiment is performed is
demonstrated by amodel calculation simulating the outcome of a
Franck-Hertz experiment. Results are shown in Fig. 7. These
calculations should not be taken too seriously because of very
crude approximations made: homogenous electric field, isotropic
—~ differential excitation cross sections, ssmple Maxwellian

3 1o 5 U electron-energy distribution, neglect of repeatedly elastic collisions

that lead to small energy losses as obtained in swarm experiments

and other ssimplifications. The important inputs of these calculations are the mercury vapor pressure Prg:

the distance d between cathode and anode, and the cross sections shown in Fig. 4. These inputs
determine the relationship between mean free path and energy gain within the mean free path. Curve




7(b) represents the situation most nearly realized leading to a peak spacing in the Franck-Hertz curve of
about 4.9 V. If the product pHg><d Isfive times larger the spacing is calculated to beonly 4.8V [Fig.

7(c)] indicating that in this case the 63P0 state has been excited (energy loss 4.67 eV) with asignificant

probability in addition to the 63P1 state. If, on the other hand, the product pHg><d isfive times smaller

than normal a considerable number of electrons may even gain 5.5 eV to excite the 63P2 states, which
resultsin apeak spacing of 5.15V or more [cf. Fig. 7(a)].
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