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Robert Wilhelm Eberhard Bunsen (1811-1899) was a German chemist who investigated the
emission spectra of heated elements. Bunsen developed several gas-analytical methods,
was a pioneer in photo-chemistry, and did early work in the field of organo-arsenic chemistry.
To assist in this work, Bunsen and his laboratory mechanic, Peter Desaga, perfected a
special gas burner by 1855, which provided a very hot and clean flame. This ‘Bunsen burner’
would have brought him great wealth, but as a matter of principle he gave his invention to
science, and refused to profit from it by taking out a patent.

Bunsen had met Gustav Robert Kirchhoff (1824-1887) in Breslau in 1851, where the
young physicist had the equivalent of an assistant professorship. The following year Bunsen
moved to the University of Heidelberg where he became director of the Chemical Institute.
There he began a five-year collaboration with his student Henry Enfield Roscoe (1833-
1915), and in 1854 persuaded the University to invite Kirchhoff to take up the physics
professorship there. Just as Michael Faraday has been called Sir Humphry Davy’s greatest
discovery, Roscoe said that Bunsen’s was Gustav Kirchhoff — together the pair would form
one of history’s great scientific partnerships, and would alter the course of cosmic
exploration as profoundly as the invention of the telescope.

It was well-known that various materials (or elements) produced different-coloured flames
when burnt, but the reason for this had not yet been discovered. With its hot, clean, steady
e blue flame, Bunsen’s burner quickly became a standard
piece of apparatus for attempts to identify individual
elements by the colours that diverse chemicals imparted to
the flame. Bunsen at first used coloured filters for
distinguishing the characteristic tints, but one morning
Kirchhoff arrived at work carrying a development of
Fraunhofer’'s basic spectroscope. He had combined in a
single piece of equipment a small telescope, collimator,
prism and eyepiece, making it a fully-featured model. With
it they could examine in detail the spectra produced by the
flames. It was with the Bunsen burner and the improved
spectroscope that chemical analysis by optical means
really began. With these tools the three scientists found
that each element produced its own spectral pattern of
: : bright coloured lines, each pattern as unique as an
Kirchhoff, Bunsen and Roscoe individual fingerprint — a form of ‘barcode’.

In 1857, Roscoe returned to England to take up a position in Manchester. From 1859 on, the
chemist Bunsen and the physicist Kirchhoff worked together to study emission spectra of
heated elements (a research area that became known as ‘spectrum analysis’), but that year
an event occurred which had far-reaching implications for astrophysics.

One evening, as Kirchhoff and Bunsen were taking a break, and looking out of their elevated
laboratory window across the town of Heidelberg and the Neckar River, they noticed a fire
raging in the nearby city of Mannheim, sixteen kilometres down-river to the north-west. They
turned their spectroscope on the blaze, and found that they could detect the presence of
barium and strontium in the flames.

At the time they thought no more about it, but not long after, when they were taking one of
their frequent strolls along the ‘Philosopher’s Walk’ through nearby wooded hills, Bunsen
mused that if they could analyse the distant fire at Mannheim to see what was burning, why
could they not do the same for the Sun? “But,” he added, “people would think we were mad
to dream of such a thing.”
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It seems that this episode started Kirchhoff thinking, and prompted him to begin research
into the nature of the Sun’s spectrum. He investigated the cause of the dark lines, and
explored the connection Fraunhofer had found between his dark solar lines and their bright
counterparts in the laboratory. Robert Bunsen wrote about this new work in a letter to Henry
Roscoe dated 15 November 1859. Reading it today, one can still feel the thrill of discovery
that it conveys:

“At present Kirchhoff and | are engaged in an investigation that doesn’t let us sleep.
Kirchhoff has made a wonderful, entirely unexpected discovery in finding the cause of
the dark lines in the solar spectrum, and he can increase them artificially in the Sun’s
spectrum or produce them in a continuous spectrum and in exactly the same position as
the corresponding Fraunhofer lines. Thus a means has been found to determine the
composition of the Sun and fixed stars with the same accuracy as we determine
strontium chloride, etc., with our chemical reagents. Substances on the Earth can be
determined by this method just as easily as on the Sun, so that, for example, | have
been able to detect lithium in twenty grams of sea water.”

Each spectral line, Kirchhoff announced in 1859, is associated with a particular chemical
element. Dark Fraunhofer lines “exist in consequence of the presence in the incandescent
atmosphere of the Sun, of those substances which, in the presence of a flame, produce a
bright line in the same place.” Each element gave rise to a unique spectral-line pattern. For
example, the presence of the dark D lines in the solar spectrum meant that atoms of sodium
exist in the Sun’s atmosphere. Other elements Kirchhoff identified in the solar spectrum were
copper, magnesium, calcium, barium, zinc, chromium, nickel and iron. Thus, the chemical
makeup of any observable celestial object, no matter how far away, could be determined by
identifying the line patterns or ‘bar-codes’ in its spectrum. Kirchhoff formalised this discovery
in three laws that describe the spectral composition of light:
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1. Anincandescent, solid, liquid or dense gas at high pressure [such as at the surface of a
star] emits radiation at all wavelengths, producing a continuous spectrum.

2. Radiation from a glowing, rarefied gas [such as a nebula] produces bright spectral lines
at discrete wavelengths on a dark background, which depend on the elements present in the
gas — an emission or bright-line spectrum.



3. Radiation from a continuous source [e.g. a star] passing through a cooler gas [the star’s
own gaseous outer atmosphere] is absorbed at discrete wave-lengths according to which
elements are present in the gas, and appears as a series of dark lines on a bright
background. This is seen as an almost continuous spectrum which has gaps (appearing as
dark lines) at certain discrete wavelengths depending on the elements present in the cooler
surrounding gas — an absorption or dark-line spectrum.

There is a fourth type of spectrum that Kirchhoff could not observe in the laboratory but
which can be seen in some stars with extremely hot atmospheres, hotter than their surfaces:
if light with a continuous spectrum passes through a much hotter gas, the hot gas
superimposes its own brighter emission lines on the continuous spectrum. Wolf-Rayet stars
and eruptive stars ejecting fluorescing gas in a powerful stellar wind (e.g. novae) show a
continuous spectrum overlaid with dark lines and bright lines as well. Our Sun is an example.

Kirchhoff also announced in late 1859 his famous law of radiation, that “the ratio of the co-
efficients of emission and of absorption is a function of wave-length and temperature, and is
the same function for all bodies.” Kirchhoff was not an astronomer and did not apply his three
laws to the stars or astronomy in general. Neither did Bunsen, but within two years the
English amateur astronomer William Huggins had fitted a spectroscope to his telescope.
He studied the spectra of stars and nebulae, and his work soon revealed the enormous
astronomical implications of Kirchhoff’'s discovery: the spectra of all sky objects had
fingerprints or a ‘bar-code’ that identified all of the elements that were present within them.

Kirchhoff never knew what phenomenon produced the discrete spectral lines, but his work
led to Niels Bohr’s model of the atom, which in turn led to quantum mechanics. Kirchhoff
also contributed to the fundamental understanding of electrical circuits and spectroscopy,
and two sets of independent concepts in both circuit theory and thermal emission are also
named ‘Kirchhoff’'s Laws’. His explanation of the Fraunhofer lines had barely been
announced when he and Bunsen added to their triumph the spectrographic discovery of a
new terrestrial element that they named ‘caesium’ because of its brilliant blue spectral lines.
The following year, 1862, they announced another new element, and named it ‘rubidium’ for
its bright red lines. That year, Kirchhoff coined the term ‘black- body’, referring to a material
that absorbs 100% of the radiation that it receives which heats it up, making it emit black-
body radiation at wavelengths depending on the temperature it has reached.

In retrospect, it is interesting to note that the same critical experiment that Kirchhoff
performed in Heidelberg in late 1859 had already been performed in Paris a decade earlier
by the physicist Léon Foucault. Like Kirchhoff, Foucault had wanted to check the coincid-
ence of the dark solar D line with the bright, yellow line that appeared in the spectrum of a
carbon electric arc, and he found quite unexpectedly “that the arc, placed in the path of a
beam of solar light, considerably strengthens the solar D line when the two spectra are
exactly superimposed.”

It is odd that Foucault failed to exploit this curious finding. Apparently he did not realise that
the bright D line came from sodium contamination of his carbon electrodes. Also, unlike
Kirchhoff, Foucault had no explanation for what he saw, and did not understand that the
terrestrial emission line and the solar absorption line were both due to the presence of the
very same chemical element. A few English physicists had been aware of Foucault’s
findings, but like him had failed to recognise the profound significance of his observation.
Foucault moved on to other things, notably working to obtain definitive measurements of the
speed of light in air and water, which were viewed by colleagues as “driving the last nail in
the coffin of Newton’s “corpuscular theory”.
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