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Abstract

This paper asks an experimental question about photon absorption and emission in a two-state
electronic system where the incident frequency of exciting light is below the mean frequency of
the emission line but still within the line width. Since it is well known that the absorption spec-
trum and the emission spectrum are identical [1]-[3], then quantum mechanics as well as astro-
nomical observations say that excitations will still occur. Once a quantum state excites, then it is
expected to decay back with a typical time constant and the usual emission spectrum. The prob-
lem is that the mean frequency of that emission spectrum will then be higher than the frequency of
the exciting photon, suggesting that more energy is emitted than being received on average. A
search of quantum mechanical references finds no discussion of this issue, so this paper considers
the options available to resolve this inconsistency, including an experiment.
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1. Introduction

It is well known that an excited electronic state emits a spectrum of light with bandwidth proportional to 1/x,
where 7 = the decay time constant of the excited state [3]. It is also well known that the curve of excitation cross-
section versus wavelength has the same shape as the emission spectrum [1]-[3]. Conservation of energy in this
simple scenario leads to a perplexing question, whose answer will impact our physical models of light-matter
interaction. In our search, we have found no prior discussion of this potential energy imbalance, likely because it
is small and relatively unimportant to most experiments. However, any true energy imbalance would be pro-
found to physics.

2. Discussion

A heavy two state electronic system (such as used in Einstein’s 1917 paper on stimulated emission) [3] has a
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Lorentz emission spectrum [1] [2] [4] as shown in Figure 1. It also has exactly the same absorption spectrum,
since emission and absorption spectra are identical [1]-[3]. The mean frequency v, of the Lorentz spectrum cor-
responds to emitting a photon whose energy exactly equals the energy change in the quantum electronic transi-
tion. Incident photons with frequencies below that peak have less energy than the electronic state and those
above that frequency have more since the energy of a photon equals hv.

To explain the range of frequencies of light emitted from a fixed state transition, quantum theory tells us that
the finite decay time of the excited state creates an uncertainty in the energy of the state, resulting in a spread of
energies in the emitted and absorbed photons. Mathematically, the Fourier transform squared of the exponential
decay amplitude produces the Lorentz line shape-commonly observed. [2] [4] Planck’s constant h times the
mean frequency is the energy difference between the two quantum levels.

This paper proposes an experiment shown in Figure 2 to explore more precisely the question of energy bal-
ance between the energy of the initial excitation and the energy of the photonic emission in the resulting elec-
tronic decay. Are they required to be equal or not? We see two possible answers:
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Figure 1. A heavy atom in an undisturbed environment decays with a lifetime t that
creates a Lorentz line shape L(v)—well known to physics. The mean wavelength v,
of the Lorentz line is the expected transition frequency between the upper and lower
quantum states. We ask what happens when the atom is illuminated by a monochro-
matic frequency below its mean frequency?
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Figure 2. In the suggested experiment, a narrowband laser with wavelength below
the mean Lorentz frequency illuminates a small volume of cold gas, which excites
and then decays. The decay light is collimated by a lens and then passed to a Mi-
chelson type interferometer with a variable path length between the two paths. The
modulation observed will either match the standard Lorentz emission spectrum (red
curve) or the narrowband spectrum (blue curve).
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1) If they must be equal, then a precisely determined excitation energy should imply a precisely determined
emission energy from the decaying state. This will change the resulting line shape to be much narrower than
usual, resulting in much longer coherence length for the emitted light. This can easily be measured in a scanning
interferometer as shown in Figure 2.

2) The other option is that the resulting emission after monochromatic excitation is unchanged compared to
any other emission. This would mean that any excitation, no matter what frequency input, results in the same
type of excited state-much simpler from that point of view. In this case the line shape of the emitted light will be
the usual one determined by its standard decay time. However, if we consistently excite with a frequency vy be-
low the mean Lorentz frequency v, while getting a mean frequency of v, re-emitted, then we must ask about
energy conservation. How can we, on average, get h(v, — vex) more energy emitted out than we put in?

3. The Experiment

In this experiment we irradiate a cold gas with a wavelength tuned to a narrow line of frequency v,, which is be-
low the mean frequency v, of the Lorentz line but within the width of the Lorentz line as shown in Figure 1.
Then we look at the frequency distribution of the emitted light from the excited atom or molecule as shown in
Figure 2. Typically this frequency is best measured using a scanning interferometer that determines the signal
modulation of the emission as a function of the path difference as shown in Figure 2. The Fourier transform of
this coherence function is the line shape. A 100 KHz laser, will be coherent over 3 km, while a typical atomic
decay of 10 nanosec mean lifetime will have a 1/e coherence length of about 3 meters—1000X shorter. Thus a
coherence length measurement will easily tell the difference between a normal decay and a narrow band decay.

We note that this experimental configuration is very similar to Doppler cooling of atoms [5] [6] close to ab-
solute zero, where a laser is tuned below the Lorentz line width and then progressively closer to the line center.
The atoms absorb the light preferentially when they are moving toward the light source due to the Doppler shift,
which slows them down. A lab setup like that could be modified to do this experiment by adding a scanning in-
terferometer.

4. Summary

A simple question has been asked about the interaction between how an electron is excited and its resulting de-
cay. Quantum mechanics does not contain such an interaction at present, but the absence of such an interaction
leads to non-conservation of energy or an unknown process to balance the input and output energy. Since expe-
riments always have the final word, it would be useful to know which path to follow.

5. Conclusion

This discussion was intended to motivate an experimental investigation of the excitation and emission of excited
states. Does the emission depend at all on the excitation process? If not, how can we maintain conservation of
energy? We could just as easily have focused on excitation energies larger than the mean value of the Lorentz
spectrum and asked where the extra energy went. Answers of uncertainty will not suffice here, because the
energy of an exciting photon of frequency ve, is known to be exactly hve,, and the mean energy of the emission
back to the ground state is also accurately measured by the interferometer. By irradiating the atom with that
known energy and measuring the frequency distribution of the emitted light, we can precisely determine energy
balance or its lack. Either outcome will provide new insight into electronic transitions. Our hope is that an expe-
rimentalist with appropriate skills and equipment will provide the answer.
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