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Abstract

The discovery of X-rays followed by those of the electron and radioactivity were in the origin of modern Physics and Chemistry. These discoveries are more or less directly related to
experiments with gas discharges, a current theme of research by the end of the 19th century.
The use of tubes for discharges in gases that started in the 18th century soon became fashionable as social entertainment, and more importantly, as a research topic. In this communication we present the historical development of the instruments used and of the discoveries
made with those instruments, showing their importance in the history of science and also
their potential as pedagogic resources. As illustrations we use photographs and images of catalogues of scientific instruments that are part of the collections hold by the Science Museum
of the University of Lisbon (MCUL) and by a secondary school in Lisbon.

Introduction

By the end of the 19th century a “new era” was initiated in Physics. Three discoveries made in successive years were in the origin of this new era. In 1895
Röntgen (1845-1923) discovered the X-rays, in 1896 Becquerel (1852-1908)
discovered the radioactivity and in 1897 the electron was discovered by J. J.
Thomson (1856-1940). These discoveries are more or less directly related to
the experiments in gas discharges.
The experiments of discharges in gases that started in the 18th century became
usual in research laboratories, during the 19th century, especially after the works
of J. H. Geissler (1814-1879), J. Plücker (1801-1868), J. W. Hittorf (18241914) and of E. Goldstein (1850-1930). The results obtained interested some
important physicists of the time, namely W. Crookes (1832-1919), H. Hertz
(1857-1894) and J. J. Thomson, who in turn, contributed to the development
of the discharges studies and for their use in producing new and important
scientific results.

Travaux de Laboratoire

2

Tome L

2

Vol. II (2010)

1

In this communication we intend to show the importance of the gas discharges
in the history of modern physics and also their potential as pedagogic resources.
It is worth mentioning that many secondary schools and universities still possess
some old discharge tubes, kept in small museums or simply in old drawers, that
it is not difficult to use again (after checking their safety) in demonstrations in
classes or seminars.
We present the historical development of the instruments used and discoveries
made with those instruments, pointing out their importance in the teaching of
physics and chemistry. As illustrations of this historical path we use photographs
and images of catalogues of scientific instruments that are part of the collections
hold by the Science Museum of the University of Lisbon (MCUL) and by
a secondary school in Lisbon (Escola Secundária de Pedro Nunes). This way we
will describe a fundamental period of modern physics and chemistry, and also
some of the crucial experiments that contributed for this development.

The discovery of
x-rays – a starting
point in physics and
in physics teaching

Wilhelm Röntgen while doing experiments with cathode rays discovered, in
1895, a new radiation, which he called “X-rays”. Later on, he showed that this
radiation can pass through different materials. Among the various demonstrations of the transparency of matter to the X-rays, this scientist presented the first
and more celebrated radiograph ever published – that of the hand of his wife,
where the shadow of the bones and of a ring can be observed1 [Fig. 1].
The discovery of X-rays marks the beginnings of one of the greatest transformations that occurred in theoretical physics by the end of the 19th century.
It constitutes also a revolution in medical diagnostics. As mentioned, this discovery was followed by two others in successive years: the radioactivity in 1896
by Henry Becquerel and the electron in 1897 by J. J. Thomson, which can be
related to an experimental device currently used in physics research laboratories
of that period – the tubes for gas discharges.
From a pedagogic perspective, Röntgen’s experiments may be used as a starting
point for getting familiar with various areas of physics and as a motivation to
the study of microphysics. In fact, the work in the gas discharges that was in the
basis of the discovery of X-rays and of many other discoveries may be described
so that an historical path with pedagogic resonance may be followed.
Travaux de Laboratoire

2

Tome L

2

Vol. II (2010)

2

Fig. 1 3 Print of one of the first X-rays taken by Röntgen

of the hand of his wife in 22-12-1895

In the following paragraphs, this historical path will be outlined, always in
the perspective of the teaching of electricity, radioactivity and nuclear physics.
As illustrations we use photographs and images of catalogues of scientific instruments that are part of the collections hold by the secondary school Pedro Nunes
(ESPN) and by the Science Museum of the University of Lisbon (MCUL),
spoil of equipment and documentation of the 19th century and early 20th century from the Polytechnic School of Lisbon and of the Science Faculty of the
University of Lisbon, and from one of the most ancient secondary schools in
Lisbon.
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The gas discharges
– from the 18th
century until Plücker:
their use in teaching

Gas discharges occur when a high voltage is applied to electrodes in a glass tube
containing a gas at reduced pressure. Depending on the residual gas and on
other conditions, a colorful glow is often produced. The first known report of
observations of discharges in gases at reduced pressure is from the beginning
of 18th century. In 1705, Hauksbee (1666-1713) observed a glow in a partially
evacuated glass tube, where an electric current was passing.
The first researchers who studied the continuous gas discharges were Grummert
(1719-1776), Watson (1715-1787) and Nollet (1700-1770) who published
their results around 17402. In the report of his experiments Watson refers that
the glow observed was a “real show” like an “aurora borealis”.
The explanations proposed by the physicists, at that time, for the glow observed
were based on the existing conceptions about “luminiferous aether” and electricity. Only in the 20th century, with the atomic theory, it was possible to propose
acceptable justifications for the various phenomena of luminescence that occur
in these experiments, but even then, an aura of “mystery” remained around the
gas discharges.
The delay of about two centuries between the detection of the phenomenon
and its explanation may be, in itself, a good starting point from a pedagogical
view point. In fact, the existence of “mysteries” which have a “simple” and understandable explanation, allows arising the attention of students. In this case,
the presentation of experiments that show spectacular emissions can be a good
means to stimulate the attention of students. It is worth mentioning that in
many ancient secondary schools and universities old discharge tubes still exist,
kept in small museums or simply in old drawers. Although some of them may
be already out of order, several may be in good conditions, and it is not difficult to use them again (after checking their safety) in demonstrations in classes
or seminars. Also in many schools there are modern adaptations of discharges
tubes that are easy and safe to use and can be purchased in furnishers of school
equipment.
In the history of gas discharges, about one century passed until new relevant
developments occurred. The experiments of discharges in gases, used before
mainly as entertainment, became usual in research laboratories, during the 19th
century. In 1838 Michael Faraday (1791-1867) observed that in a discharge,
the glow was not continuous, but separated into bright regions close to the
electrodes and a dark region in the middle – the “Faraday dark region”.
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Many experiments were carried out producing an electric discharge in the so
called “electric egg” with air, at a pressure “as reduced as possible”, that produced a sort of a luminous light purple bunch coming out of the positive
pole and stopping at a small distance of the negative pole3 [Fig. 2]. It was
also verified that switching the poles, the direction of the glow was inverted.
The introduction of small amounts of volatile substances like alcohol or essence
of turpentine produced curious changes in the discharges that present stripes
alternatively bright and obscure, what was then called “stratification of light”.
These phenomena are more striking in long tubes than in “eggs”, presenting
visible variations in color depending on the different gases used.
The influence of magnetic fields on the discharges was a favorite research topic,
interesting several physicists, among whom, Edmond Becquerel* (1820-1891)
who performed several experiments on the magnetism of different gases, in particular oxygen, at reduced pressure, confirming some of Faraday’s predictions.
In the apparatus he used [Fig. 3] he could substitute, in the vacuum tube, different gases, and he concluded that the effects produced with hydrogen, nitrogen,
and carbon dioxide were not influenced by the magnetic field, and with oxygen
the influence was five times greater than with air4.
Fig. 2 3 Discharge in air at low

pressure in an “electric egg”

5
Fig. 3 3 Setting of Edmond Becquerel

* 3 Henri
Becquerel’s father.
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The invention by Geissler (1814-1879), in 1855, of a new vacuum pump,
that produced much better vacuum, promoted the development of the research
on gas discharges and their applications. In fact, one of the problems in performing the experiments was the difficulty in obtaining a very low gas pressure
in the glass tubes where the discharges were made. Geissler was the first one
to construct discharge tubes where different gases can be very rarefied, receiving
electrical induction current by means of platinum wires fixed at the extremities.
Certain substances like uranium glass or quinine sulphate acquire “due to the
electric light very vivid colours called fluorescence”. Introducing fluorescent
substances in Geissler tubes extremely bright effects can be obtained6. Some of
these tubes are represented in [Fig. 4].
Using the new Geissler pump, Julius Plücker (1801-1868) could improve his
experiments, having observed that the walls of the glass tube emitted a phosphorescent light in the region of the cathode. He also noticed that the position
of this light was affected by the variations of magnetic fields.
These observations anticipated the important discovery of cathode rays made
by Hittorf (1824-1914), a disciple of Plücker. The cathode rays, called this way
due to their position in the discharge, were also studied by Goldstein (18501930), and interested many other physicists [Fig. 5].

Fig. 4 3 Electric discharges in rarefied gases:

1. Discharge in alcohol vapour.
2.3.4.5. Geissler tubes enclosing rarefied gasses (2. shows
fluorescence of calcium sulphyde, 4.shows fluorescence of
uranium glass, 5. shows fluorescence of strontium sulphide)
6. Fluorescence of uranium glass and quinine sulphate
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This step in the evolution of the study of gas discharges may be used in the
teaching of physics, not only to describe the framework of fundamental discoveries, but also to enlighten the role of technical innovations in the progress of
science. In fact, the discoveries resulting from a better performance of discharges
may be considered spectacular.
The experiments with discharges, that are not too difficult to perform, may be
a good pedagogic tool in the teaching of physics. Actually in the teaching of
spectroscopic methods in the classes of Chemistry and Physics in the Science
Faculty of the University of Lisbon, from their beginning, Geissler and Plücker
tubes were used to observe the emission spectra of gases. In Plücker’s or Geissler’s
tubes, [Figs. 6 and 7], electrical discharges obtained with a Ruhmkorff coil8
[Fig. 8], that is an induction coil that allows obtaining high voltages, passed

Fig. 6 3 Plücker tubes*

(Photo Marília Peres, courtesy Museum
of Science, University of Lisbon)

* 3 Plücker tubes belonging
to the Science Museum of the
University of Lisbon (inventory
numbers MCUL.00483 and
MCUL.00484).

Fig. 7 3 Standing for spec-

troscopy with Geissler tubes**

(Photo Marília Peres, courtesy
Museum of Science, University
of Lisbon)

** 3 Standing with Geissler

tubes prepared to hold two
metallic wires or two fragments
of a mineral, also belonging
to the Science Museum of the
University of Lisbon (inventory
number MCUL.03386).

Fig. 8 3 Ruhmkorff coil
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through the gases at reduced pressures. The thinner and more illuminated parts
of the tubes were set in front of the collimator slit of the spectroscope. This way,
the rays of the spectrum of the substance that was analyzed, could be observed.
By the end of the 19th century and beginning of the 20th century, the scientific
instruments makers used to send to research and teaching laboratories, like the
ones of the Polytechnic School of Lisbon and of Escola Pedro Nunes, their
catalogues, where a large choice of gas discharge tubes was available for different
kinds of demonstrations and scientific work [Figs. 9 and 10].
In secondary schools of the beginnings of the 20th century discharges tubes
were purchased mainly for demonstrations, and are in some cases displayed in
vitrines or small museums, but more often when they “survived” they are kept
in boxes or drawers.
Fig. 9 3 Pulfrich refractometer with

Geissler tube, of Carl Zeiss maker9

Fig. 10 3 Vacuum globes of E.

Leybold’s Nachfloger maker10
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The spoil of the secondary school Pedro Nunes [Fig. 11], founded in 1906
has several interesting discharges tubes most of them in good conditions and
displayed in the physics laboratory [Fig. 12]*.
A sample of the discharge tubes existing in the secondary school Pedro Nunes
is presented in [Fig. 13].

Fig. 11 3 Façade of the secondary school Pedro Nunes (ESPN)

* 3 Photographs not dated
produced during the activity of
Estúdio Mário Novais: 19331983. http://www.flickr.com/
photos/biblarte/5570452159/
(accessed on 20-03-2011)

Fig. 12 3 Physics Laboratory of the ESPN

** 3 Tubes for gas discharges

belonging to the Escola
Secundária de Pedro Nunes
(inventory numbers R.2.7,
R.2.7A, R.2.8 and S.2.10).

*** 3 All photographs of the
instruments of the ESPN were
taken by the trainee teachers of
Physics and Chemistry in 2004.

Fig 13 3 Tubes for gas discharges**

(Courtesy Escola Secundária de Pedro Nunes)***
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From Plücker
to the discovery
of radioactivity:
a pedagogic example

* 3 Classic Crooks tube

belonging to the Escola
Secundária de Pedro Nunes
(inventory number S.2.9)

** 3 Crooks railway
tube belonging to the
Escola Secundária de Pedro
Nunes (inventory number
S.2.7) – out of order.

It can be said that the experimental conditions created by Plücker, Geissler,
Hittorf and Goldstein, as well as the results they obtained, led the research in
gas discharges through new paths. The facts discovered stimulated, not only the
experimental researchers who began looking at discharges as powerful tools to
obtain a large amount of interesting data, but also theoretical physicists.
Some of the most famous names of Physics and Chemistry of the 19th and
20th centuries were interested in gas discharges and studied the nature of the
radiations detected, namely the cathode rays. Among them we count William
Crookes (1832-1919), Arthur Schuster (1851-1934), Lord Kelvin (18241907), J. J. Thomson, Jean Perrin (1870-1942) and W. Hertz (1857-1894).
In 1878 William Crookes started a series of experiments on gas discharges that
until then was a privileged field of work mainly of German physicists. This
work allowed him to be extremely keen in the difficult “art of vacuum”, so that
the devices using reduced pressure gases are frequently called “Crookes tubes”
[Fig. 14].
The experiments performed by Crookes produced great interest in the scientific community, as until then it was thought that the improvement of vacuum
would not lead to obtaining new data. But it was his success in obtaining vacuum in the range of one millionth of an atmosphere that allowed the discovery
of X-rays and of the electron.
In the Museum of Science of Lisbon and in the Secondary School Pedro Nunes
there are several “Crooks tubes” of different sizes and models, like the “Crooks
railway tube” [Fig. 15], made also by Leybold’s Nachfloger, which has a paddle
wheel that moves along the tube with the discharge.

Fig. 14 3 Classic Crooks tube with Maltese Cross*

Fig. 15 3 Crooks railway tube**

(Courtesy Escola Secundária de Pedro Nunes)

(Courtesy Escola Secundária de Pedro Nunes)
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Several other tubes exist in the Museum and are also presented in catalogues.
Among them the X-rays tubes also called initially Röntgen’s tubes [Fig. 16].
One of the X-rays tubes of the School collection [Fig. 17] is an interesting instrument – a cold cathode X-rays tube that employs Villard’s osmosis method
of regulating the tube’s internal gas pressure, manufactured by the Emil Gundelach company in Gehlberg, Germany. The company’s logo, a scale hanging
from the inside of a large “G,” [Fig. 18] can be seen on the stem of the tube.
Crookes work also opened the door to later researches with gas discharges undertaken by another famous English physicist, J. J. Thomson, a scientist who

Fig. 16 3 Röntgen’s tube (X-rays tube) of E.

Leybold’s Nachfloger maker11

* 3 X-rays tube
belonging to the
Escola Secundária
de Pedro Nunes
(inventory number
S.2.16).

Fig. 18 3 Logo of the company Emil

Gundelach in Gehlberg, Germany12

Fig. 17 3 X-rays Villard tube (1898-1905) *

(Courtesy Escola Secundária de Pedro Nunes)
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actively participated in the elaboration of theories about the origin of cathode
rays and also in the polemics established around this issue13. But, beyond that,
he performed and promoted the performance of experiments that allowed clarifying the characteristics and origin of those phenomena.
Thomson was convinced that cathode rays were constituted by charged particles, instead of being “troubles of the aether” as the Germans thought. In the
same year that Thomson carried out experiments of deflection of cathode rays
in a magnetic field, Röntgen discovered the X-rays. But two years later, in 1897,
Thomson shows that cathode rays are electrified corpuscles – later on called
electrons – and he measures the ratio between the mass and the electric charge
of those corpuscles, showing that in a discharge this ratio is independent of
the material of the electrodes, as well as of that of the gas existing in the tube.
The scientific community took some time to accept that matter was constituted
by corpuscles, but finally that idea was established.
Thomson tried other experiments where charged particles could be obtained,
focusing ultra-violet radiation on a metal or heating fine wires. The values of the
ratios between mass and electric charge of the particles released in such processes
were approximately the same as this ratio for the corpuscles of the cathode rays.
The discovery of the electron is considered the third step in the beginning of
the new era of physics. Although it may seem less withstanding than the other
two – X-rays and radioactivity – the consequences of this discovery are also very
significant.
This is an aspect of the history of physics that can be stressed from a pedagogic
point of view: the importance of discoveries varies along time with the development of the relevant scientific area. Although by the time of the discovery by J.
J. Thomson, the ratio between mass and charge of a corpuscle was not exactly
a new phenomenon, its meaning would contribute to change the existing conceptions about matter.
The tubes for gas discharges are certainly scientific instruments that contributed significantly for the “new era” of physics, by the end of the 19th century.
In fact, they were not only the experimental instruments used in the discovery
of X-rays, but they are indirectly in the origin of the discovery of radioactivity.
Actually, Henri Becquerel carried out several research experiments in fluorescence and phosphorescence and after the discovery of X-rays, he considered the hypothesis of relationships among these different types of radiation.
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The results of Becquerel’s first experiments were negative, meaning that fluorescent substances did not emit radiation for which matter is transparent, like
X-rays. But he did not give up his experiments and used uranium salts to study
their fluorescence. By chance he discovered that these salts are responsible for
the emission of a radiation that, like X-rays, sensitizes a photographic plate and
ionizes the air. This radiation, initially called “Becquerel rays” was later called
radioactivity by Marie Sklodowska Curie, who studied it in great detail.
This story that can be told in a few words has a great pedagogic potential.
Although the discovery of radioactivity did not cause immediately in the scientific community the same excitement that the discovery of X-rays produced,
it had developments of paramount importance. This fact, in itself, may be
a pretext for discussions that can lead to valuable learning outcomes. But, besides that, the word “radioactivity” encompasses different development lines,
not only in the evolution of Physics and Chemistry, but also in the social
and ethical impact. The origin of this entire story is surely in the Becquerel
and Curie laboratories, but also in the gas discharges.
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