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Foreword
The Masterclass series of eBooks brings together pedagogical articles on
single broad topics, or by a single author, taken from Resonance – jour-
nal of science education, that has been published monthly by the Indian
Academy of Sciences since January 1996. Primarily directed at students
and teachers at the undergraduate level, the journal has brought out a wide
spectrum of articles in a range of scientific disciplines. Articles in the jour-
nal are written in a style that makes them accessible to readers from diverse
backgrounds, and in addition, they provide a useful source of instruction
that is not always available in textbooks.

The seventh book in the series, ‘Great Experiments in Physics’, is a col-
lection of Resonance articles discussing major experimental breakthroughs
in physics, written over the years by Prof. Amit Roy, a distinguished nu-
clear scientist, presently a Guest Lecturer at Indian Association for the
Cultivation of Science, Kolkata, and Adjunct Professor at Manipal Centre
for Natural Sciences. Prof. Roy earlier served as Director of the Inter-
University Accelerator Centre in New Delhi, and is a widely recognized
expert on experimental nuclear and atomic physics, as well as the design
and construction of nuclear radiation detector systems and charged particle
accelerators.

As always, this book will be available in digital format, and will also
be housed on the Academy website. It is hoped that this book will be valu-
able to both students and teachers as a resource with which to supplement
textbook material on great experiments in physics.

AMITABH JOSHI

Editor of Publications
Indian Academy of Sciences

September 2020
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Preface
Physics is primarily an experimental science. Major advances in Physics
have come through pioneering and path breaking experiments at different
periods. But the way the subject is taught gives one the impression that the
development of the subject has been very structured and continuous. Most
students learn about the significant experiments in their classes but rarely
in a way that allows them to appreciate the efforts and excitement of these
experiments. There can be no substitute to actually repeating the experi-
ments in the laboratory, but a course designed to look at the experiments in
details of their background, planning and preparation and final execution
would hopefully give the students a feel for the experiments. With this
in mind, I had given a one-semester course at TIFR graduate school on
“Great Experiments in Physics” covering a few such experiments. These
experiments were chosen both for their physics impact as well as the in-
genuity and elegance of the experimental method. There is a mix of ex-
periments, some of which were meticulously planned for the execution of
an idea and others which are purely serendipitous. With encouragement
from Prof. N. Mukunda, I began writing about them in Resonance. While
I was contemplating about compiling them into a volume, Prof. Ram Ra-
maswamy informed me that Prof. Subir Sarkar had recently been giving a
course on such experiments at JNU. Prof. Sarkar kindly gave me the list of
experiments he had included for his class and I have added some of them
in this compilation. However, they were not involved in the selection of
the “great” experiments to include in this collection, so responsibility of
any omission is entirely mine. The articles published earlier in Resonance
have been updated in the light of developments since the time of their pub-
lication.

AMIT ROY

August, 2020
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Introduction to the Collection of
Great Experiments
Light was assumed to propagate in a medium called ether which was all
pervading and stationary. Earth’s motion through the ether was expected to
have an effect on the velocity of light in the direction of the relative motion
by the law of addition of velocities. Michelson–Morley experiment used an
interferometric technique to detect this effect and got a null result, which
was the first strong evidence against existence of the ether and eventually
had a natural explanation in special theory of relativity. The 1st article
contains Michelson’s important experiment that resulted in his eponymous
interferometer. Interference is a property of waves and occurs when two
waves overlap, resulting in a pattern of crests and troughs (fringes) in the
overlap region depending on the phase difference between the waves. In-
terferometry depends on measuring these interference fringes and has been
used extensively in astrophysics to measure diameter of stars and cosmic
bodies employing visible light and radio waves. While Michelson’s inter-
ferometer was an amplitude interferometer there is another type where the
intensity interference is utilised. The 2nd article deals with the second type,
intensity interferometry of Hanbury–Brown and Twiss. Accurate measure-
ment of angular size of stars became possible with the advent of stellar
interferometry pioneered by Michelson and Pease which was limited to
only the brightest stars. Only with the discovery of the effect, named af-
ter them, by Hanbury Brown and Twiss, the measurement of stellar sizes
became possible for large number of stars. This method had far reaching
applications in nuclear and high energy physics.

The 3rd article deals with the discovery of cosmic microwave back-
ground radiation, which had a profound effect on the development of our
idea of the cosmos. In 1965, Arno Penzias and Robert Wilson of Bell Tele-
phone Laboratories in USA discovered weak microwave radiation coming
from all directions which was soon realised to be a relic from a hot dense

xi



xii Introduction

early phase of our Universe, the ‘big bang’. This article focuses on the key
experimental techniques and innovations which made this momentous and
‘accidental’ discovery possible.

The concept of symmetry plays a very important part in all areas of
physics and is connected with conservation laws as was shown by Emmy
Noether. Hence the breakdown of the parity symmetry came as a shock to
physicists and opened the door to investigations of the underlying mecha-
nisms of weak interaction and further to the nature of the three fundamental
interactions, viz., strong, weak and electromagnetic. The experiment that
established the violation of parity symmetry is described in article 4.

Measurement of the helicity of the neutrino was crucial in identifying
the nature of weak interaction. The measurement is an example of great
ingenuity in choosing, (i) the right nucleus with a specific type of decay, (ii)
the technique of resonant fluorescence scattering for determining direction
of neutrino and (iii) transmission through magnetised iron for measuring
polarisation of γ-rays. This is described in the 5th article.

After the fall of the parity symmetry in weak interactions, it was found
that weak interactions do not also respect the charge conjugation symme-
try, but it appeared that the combined operation of C and P symmetries is
obeyed by the weak interaction. Even this fix was found to be invalid when
Cronin and Fitch found to everyone’s surprise, that the combined symme-
try was also violated. Sakharov surmised that CP violation may give a
clue to the preponderance of matter over antimatter in our Universe. This
mystery is still unsolved. The story of CP violation is described in article
6.

Transistors have revolutionised the electronics industry and the com-
munications industry. An account of the discovery of the transistor effect
is given in article 7 along with the experiments leading to the discovery.

There are few devices that have seen applications in so many diverse
fields as the laser. In basic research it has triggered a renaissance in optics,
opening up a new field called nonlinear optics. The use of lasers is so vast,
in different branches of physics, chemistry and biology, that no modern
research laboratory is complete without it. Lasers have entered almost ev-
ery domain of our lives as well. It has found applications in medicine for
“bloodless surgery”, for welding of metals in industry, for bar-code readers
in supermarkets and as hand held pointers to aid lecturers. The compact
disk systems for storing data in computers and also for music employ tiny
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lasers. Laser interferometry provides hitherto unachievable accurate deter-
mination of large distances a striking example of which was the accurate
determination of the distance from the earth to moon. Laser is an acronym
for “lightwave amplification by stimulated emission of radiation.” But
before we take up the story of the laser in article 9, we must look at the de-
velopment of its precursor in the longer wavelength, the maser in article 8,
which is an acronym for “microwave amplification by stimulated emission
of radiation.”

The discovery of Superconductivity was totally unexpected by Heike
Kamerlingh Onnes and his co-workers. However, it was due to the sys-
tematic and painstaking efforts of Onnes and his team in liquefying helium
and then measuring the electrical properties of metals at low temperatures
that resulted in this discovery. This phenomena defied proper understand-
ing for more than four decades. It finds applications in generating high
magnetic fields that are used for MRI and brain mapping. All large acceler-
ators today employ superconducting magnets and superconducting cavity
resonators. The story of the discovery is described in article 10.

Tunneling between two superconductors was first predicted theoreti-
cally and then observed experimentally. The discovery of this effect has led
to measurements of extremely tiny magnetic fields, new standard measure-
ments of volt among other things. The experiments in which Josephson
effect was first observed is described in article 11.

The discovery of nuclear fission is the culmination of sustained efforts
led by Hahn and Meitner, among many other scientists, to understand the
production of artificial radioactivity induced by neutrons bombarding Ura-
nium. The large energy release in this process was almost immediately
used for both military and civilian purposes. It also started the large scale
funding of scientific research by governments across the world. The nu-
clear energy is one of the clean sources of energy and contributes very little
to global warming. The story of discovery of nuclear fission is described
in article 12.





1
The Experiment of
Michelson and Morley*

Experiment that Ruled out Ether

The nature of light and its propagation through space and optical media
has always fascinated humans and has engaged many brilliant minds in
recorded history. Newton had given the corpuscular theory of light in or-
der to account for its propagation in straight lines, reflection and refraction.
He had to postulate an “Aetheral (ether) medium” to explain diffraction
in his “Opticks” in 1744. According to him, the vibrations of this ether
were responsible for production of both light and heat. Before Newton,
Huygens had given the hypothesis of light being a longitudinal wave like
sound, travelling through ether. This idea was rejected as it could not ac-
count for the two polarizations of light. Fresnel, on the other hand, intro-
duced the wave theory of light, with light travelling as transverse waves in
ether, since transverse waves can support two polarizations. The ether had
to be omnipresent filling all space and the since the Earth moves in its orbit
around the sun with an average speed of about 30 km/s, theories of ether
drag were proposed. One was the complete dragging of ether by the Earth
proposed by George Gabriel Stokes in 1844 and the other by Augustin-
Jean Fresnel in 1830 of partial drag of the ether by Earth and he developed
a formula to calculate the effect of dragging. The measurement of position
of stars (stellar aberration) ruled out the possibility of strong ether drag.
But, Fresnel’s theory could be made compatible with the measurements.

*Reproduced from Resonance, Vol.22, No.7, pp.633–643, 2017.

1



2 Chapter 1

Armand Fizeau in 1851 performed the experiment on movement of light
in water and measured the fringing of light due to motion of water and the
results were as predicted by Fresnel’s formula. James Clark Maxwell had
in 1878 suggested that it may be possible to measure the differences in ve-
locity of light in two different directions due to the motion of Earth through
ether, but discounted the possibility of measuring such tiny differences in
a ground-based experiment.

This set the stage for Albert Abraham Michelson, who was deeply in-
terested in the nature of light. By 1879 he had established his reputation
as a master experimenter with his measurement of the velocity of light
which was the most accurate measurement at that time (within 0.05% of
the currently accepted value).

During his visit to Germany, Michelson decided to measure the rel-
ative motion between the Ether and the Earth. In 1881, he did his first
experiment at the Physical Institute, Berlin in Hermann von Helmholtz’s
laboratory with an apparatus built for this purpose, which he termed as an
“interferential refractor”, later known as the Michelson interferometer.

Michelson argued that if he measured the time taken by light to travel
a fixed distance in a direction parallel to the motion of the Earth and that
for travelling the same distance in a perpendicular direction, he should ob-
serve a difference, since light moving in the stationary ether would have
different velocities in the two directions. This time difference would give
rise to a phase difference between the two rays of light, and their interfer-
ence pattern (alternate dark and bright bands called fringes) would show
shift in the position of fringes from that if the there was no relative motion
between the Earth and the ether. If the apparatus is rotated by 90 degrees,
the fringes will shift by an equal amount in the opposite direction, and this
difference would be measurable. He discussed the plans with Helmholz,
who pointed out that the only difficulty would be in maintaining the tem-
perature constant over the region of the apparatus during the measurement.

Michelson got the instrument shown in Figure 1.1, built by a German
instrument company Schimdt and Haensch. The schematic of the arrange-
ment is shown in Figure 1.2 [1].

The two arms, bd, bc over a meter in length, were made of brass and
were covered by long paper boxes to guard against changes in temperature.
The source of light a, was a lantern with a collimator (a screen with a
circular hole) and whose flame was placed at the focus of a lens, so that
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Figure 1.1 : Michelson’s interferometer that he used in the experiment at
Potsdam in 1881[1].

Figure 1.2 : Schematic drawing showing the arrangement of source of
light and mirrors in the Michelson interferometer [1].

a parallel beam of light emerged. The mirrors at c and d could be moved
with fine screws to position them at equal distances from the half-silvered
mirror at b. The compensating plate of glass g cut from the same piece
of glass as that for b, was inserted between b and c to equalize the optical
path.
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Box 1.1 : White vs. Monochromatic Light

Bright and dark alternate patterns called fringes were observed in Young’s
two-slit experiment due to interference of the light waves. They are best ob-
served when monochromatic light is used which has high coherence length
(defined as the length over which the light can interfere) resulting in a uni-
form fringe pattern. With white light, the observation of fringes require strict
equality of the optical paths the two light rays would take, due to its low
coherence length. However, white light was chosen by early experimenters
as it produced a distinctive coloured fringe pattern having a central sharply
defined black fringe which could be used as zero reference for all readings.
Changes in a uniform fringe pattern were hard to record, specially in the
early days of measurements. A partially monochromatic light (from a sodium
lamp) was used only for initially setting up the equipment before switching
over to white light.

The light coming from a source a will be split at the partial transpar-
ent mirror b into a reflected ray towards d and a transmitted ray towards
c. These two light rays will be reflected at the mirrors d and c respectively,
meeting together at b and transmitted to the eyepiece of the telescope e,
where the fringes may be observed to see if the waves are in interference.
The mirror b could be moved in fine steps with a micrometer screw m in
the direction eb to the position where the fringes appeared sharpest. The
path travelled by the two light rays in perpendicular directions were first
equalised. The mirrors c and d were first moved up as close as possible to
the plate b and the distances bc and bd made nearly equal. Then the posi-
tion of plate b was adjusted to make the two images of the source coincide
at the eyepiece e. Then a sodium flame placed at source a produced inter-
ference bands which were sharpened by further adjustments of the position
of plate b ensuring that the two optical paths were equal. On switching to
the white light source, the micrometer screw had to be adjusted a little to
get the coloured fringes with a black central band to appear. The displace-
ment of the fringes was measured noting the positions of the dark central
band on the eyepiece (Box 1.1).

The interferometer was placed on a stone pier in the basement of the
institute in Berlin in such a way that the arms of the instrument pointed
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to the north and east, the east pointing arm coinciding with the direction
of motion of the Earth. The entire instrument could rotate around an axis
perpendicular to the two arms. Michelson set about measuring the fringe
shift when the instrument was rotated by 90 degrees so that the parallel
and perpendicular arms interchanged their directions. He had estimated
the fringes to shift by about 0.16 of the distance between fringes for the
arm length of about 1.2 meter, which he thought was possible to measure
with his instrument. However, he found the interferometer to be extremely
sensitive to vibrations and could not take any readings during the day, and
was forced to work only at night. Even then, the fringes could not be
observed continuously over a reasonable time to obtain reliable data.

Obviously, he had to look for another place and the apparatus was ac-
cordingly moved, through the good offices of Helmholtz and H.C. Vogel,
to a cellar in the Astrophysicalisches Observatorium in Potsdam, where
Vogel was the Director. Here, it was possible to measure the fringes as the
place was usually quiet enough. However, the instrument was so sensitive
that Michelson wrote, “Stamping of the pavement, about 100 meters from
the observatory, made the fringes disappear entirely!”[1].

Michelson also worried about the effect of temperature changes on the
fringes as was voiced by Helmholtz. For brass arms of about 1m length,
calculations showed that if one arm should have a temperature only one
one-hundredth of a degree higher than the other, the resulting difference
in their lengths would make the fringes experience a displacement three
times as great as that which would result from the rotation. But, since
the changes of temperature were independent of the direction of the arms,
these changes were not too great, specially in the cellar of the building and
hence their effect could be ignored. Mechanical distortions of the arms
during rotation also affected the measurements which Michelson had to
take into account. Time and again, some mechanical noise or sudden air
currents would make the fringes shift by undefined amounts and these sets
of measurements had to be discarded.

He measured the position of the fringes in the eyepiece in units of
twelfths of the distance between the fringes rotating the instrument in steps
of 45 degrees for five full revolutions in one series of measurement. At the
end of each series the support was turned 90°, and the axis was carefully
adjusted to the vertical by means of the footscrews and a spirit level. Four
series of data were recorded and from the analysis of the observed posi-
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tions of the fringes Michelson found that the displacement of the interfer-
ence bands were consistent with zero within the limits of the errors of the
experiment. He concluded that “the result of the hypothesis of a stationary
ether is thus shown to be incorrect, and the necessary conclusion follows
that the hypothesis is erroneous.”

However, M.A. Potier and later H.A. Lorentz pointed out that Michel-
son did not take into account the effect of the motion of Earth on the path
of the ray at right angles to the motion. This effect would reduce the ex-
pected amount of fringe displacement by half (Box 1.2). Since this value
now was barely outside the limits of the experiment, the conclusion of the
experiment was questionable.

After returning to USA, Michelson took up a faculty position in 1883
at the Case School of Applied Science in Cleveland and teamed up with
Edward Williams Morley, a professor of Chemistry at Western Reserve
College, Cleveland to reduce the measurement errors and repeat the mea-
surements with a new instrument. Their major challenge was to reduce the
effects of external vibrations on the interferometer and mechanical distor-
tion of the set-up during rotation.

They constructed an interferometer which was larger and more sen-
sitive than the original Potsdam interferometer [2]. Morley designed a
vibration isolation support by mounting the interferometer on a massive
sandstone slab floating on a pool of mercury. The path traversed by the
light rays was increased to nearly 11 m (ten times larger than in 1881) by
arranging mirrors for multiple reflections. The increased path length in-
creased the expected displacement of the fringes by a factor of ten over
that in the first experiment.

Following the criticism of Potier and Lorentz, Michelson took into ac-
count the effect of motion of the Earth on the light rays travelling in the
direction perpendicular to the motion and recalculated the expected, dis-
placement of the fringes due to the Earth’s motion. The Figure 1.3(i) cor-
responds to the case when the apparatus is at rest with respect to the ether
and Figure 1.3(ii) represents the apparatus moving along direction sc with
coincident with motion of Earth in its orbit.

In Figure 1.3(i), the two rays of light ab and ac get reflected in the
mirrors b and c and interfere along ad if the paths ab and ac are equal.
In Figure 1.3(ii), the direction ab will no longer be perpendicular to the
mirror at b and will be reflected in the direction ba1 but would still go to
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Box 1.2 : Fringe Shift on Rotation

Let V= velocity of light (in Michelson’s time constancy of velocity of light
was not postulated, we usually denote it by c), v = velocity of the Earth in its
orbit, D = distance ab or ac, in Figure 1.3(i).

Turning to Figure 1.3(ii), the time taken by light to pass from a to c is T =
D/(V − v), and the time light takes to return from c to a1, is T1 = D/(V + v).
Adding these two, T +T1 = 2DV/(V 2− v2). The distance travelled in this
time, aca1 = 2DV 2/(V 2− v2) = 2D(1+ v2/V 2), up to 2nd order.

The length of the other path aba1 = 2(D2 + v2(D/V )2)
1/2 = 2D(1+ v2/2V 2),

up to 2nd order.

Therefore, the difference, aca1 – aba1 = Dv2/V 2.

If, the whole apparatus is turned through 90°, the difference will be in the
opposite direction. Then, the total displacement of the interference fringes
should be 2Dv2/V 2.

Using v ∼ 30 km/s, V ∼ 3×108 m/s, the expected displacement = 2D×10−8.

In the 1881 experiment [1], the displacement was estimated to be 4Dv2/V 2,
a factor of two higher.

In the first experiment, D = 1.2 m ∼ 2×106 wave-lengths of yellow light
and hence the displacement to be expected was 0.04 of the distance between
interference fringes. In the second experiment of 1887, D = 11 m ∼ 2×107

wave-lengths of yellow light, hence the displacement expected was 0.4 fringe
distance. Michelson and Morley estimated that their interferometer was ca-
pable of measuring a shift of about 0.01 fringe.

the focus of the telescope if the objective was large enough. The angle
aba1 is twice the aberration angle, a. The transmitted ray goes along ac, is
returned along ca1, and is reflected at a1, making the angle ca1 equal to 90
– a, therefore still coinciding with the first ray., although they do not meet
at exactly the same point a1. The difference in the two paths aba1, and aca1
would be responsible for shift of the fringes. Michelson was now confident
that even after this correction was incorporated, the expected fringe shift
would be measurable with the new instrument (Box 1.2).
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Figure 1.3 : Schematic drawing of Michelson–Morley experiment of 1887
taking into account the effect of motion of Earth on the light
rays in the direction perpendicular to the motion [2].

A photograph of the experimental set-up is shown in Figure 1.4 [3] and
the vertical section of the mounting system in Figure 1.5 [2]. The stone
slab a measured about 1.5 meter square and 0.3 meter thick resting on an
annular wooden float bb. The wooden float rested on mercury contained in
the cast-iron trough cc, of such dimensions as to leave a clearance of about
one centimeter around the float. A pin d, guided by arms gggg, fits into a
socket e attached to the float to keep the float concentric with the trough
without bearing any part of the weight of the stone. This allowed the whole
interferometer with its support to rotate freely.

To increase the path length travelled by the two light rays, four optically
plane mirrors made of of speculum alloy (2/3 Cu and 1/3 Sn) were placed at
each corner of the stone. Near the center of the stone was a plane-parallel
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Figure 1.4 : Michelson and Morley’s interferometric setup, mounted on a
stone slab that floats in an annular trough of mercury.
https://commons.wikimedia.org/wiki/File:
Michelson_Morley_experiment_1887.jpg

Figure 1.5 : Sketch of the front view of the mounting system for the
Michelson–Morley experiment [2].

https://commons.wikimedia.org/wiki/File:Michelson_Morley_experiment_1887.jpg
https://commons.wikimedia.org/wiki/File:Michelson_Morley_experiment_1887.jpg
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glass, which split the light from a lamp in two perpendicular directions
to the mirrors in the corners. Another identical glass plate was placed
in the path of one of the rays to compensate for the passage of the other
through the same thickness of glass. The whole of the optical portion of
the apparatus was kept covered with a wooden cover to prevent air currents
and rapid changes of temperature [2].

The procedure to get the interferometer ready for observations was the
same as followed in the 1881 experiment. The two perpendicular optical
paths were equalised first using a sodium lamp and then an argand lamp
(invented by Aime Argand in 1780 giving light equivalent of 6-10 can-
dles) was used as a source of white light. The apparatus was revolved
very slowly (one turn in six minutes) and the positions of the interference
fringes were noted at 16 positions in one revolution. The readings were
taken while the apparatus was in motion as the results were much more
uniform and consistent than when the stone was brought to rest for every
observation. Measurements were taken till the apparatus had completed six
revolutions. The observations were repeated at noon and evening for a few
days to check for any diurnal variation. The displacement was expected to
show a sinusoidal variation as the apparatus rotated through 360 degrees.

The experiment yielded a maximum displacement of less than one-
twentieth, rather close to one-fortieth of the expected fringe shift and hence
ruled out any relative motion between the Earth and the ether. Cautious ex-
perimenters that they were, Michelson and Morley added that “But since
the displacement is proportional to the square of the velocity, the relative
velocity of the Earth and the ether is probably less than one sixth the Earth’s
orbital velocity, and certainly less than one-fourth” [2]. The null result ob-
tained by Michelson and Morley is regarded as the first strong evidence
against the existence of the ether.

G.F. FitzGerald and H.A. Lorentz offered an explanation of the null
result using the ad hoc hypothesis of Lorentz–Fitzgerald contraction in
which the apparatus moving relative to the ether contracted in length in
the direction of travel. The amount of contraction was worked out to be
just the right amount needed to compensate for the fringe shift expected.
Einstein showed that the Lorentz–Fitzgerald contraction formula were a
consequence of the special theory of relativity without referring to an ether
at all. Einstein had known about the null results of Michelson–Morley
experiment as a student and it might have influenced his thinking about
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having no fixed inertial reference frame. However, his formulation of spe-
cial theory of relativity was probably based on purely theoretical postulates
of relativity and constancy of velocity of light, and not on the experimental
results.

Over the years, many experiments were performed refining the sensi-
tivity of the Michelson–Morley experiment using new instruments. Recent
experiments using optical resonators to measure anisotropy in the speed of
light have since reduced the possible value to a number very close to zero,
about 10−17 [4].

Michelson’s interferometer finds application in many fields of study
and he himself showed in 1890 that it could be used to measure the diame-
ter of a star [5]. Michelson went on to receive the Nobel Prize in Physics
in 1907 with the citation, “for his optical precision instruments and the
spectroscopic and metrological investigations carried out with their aid”.
Several different interferometers like the Fabry–Perot, followed the princi-
ple of amplitude interferometer demonstrated by Michelson.

Recently, the same interferometric principle has been employed by
LIGO to observe gravitational waves throwing open a new window to ob-
serve the cosmos.
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2
Measuring Diameter of
Stars*

The Hanbury Brown–Twiss
Effect

All of us have sometimes looked up at the night sky and been fascinated
by the twinkling stars. A common way to tell a star apart from the planets
is that stars twinkle and the planets do not. This is commonly attributed
to the stars appearing as nearly point objects whereas the planets appear to
present to us a finite size. But surely the stars must have finite extensions
too. In fact, many of them are very much larger than our very own Sun.
How have the sizes of stars been measured?

Let us go over briefly the history of measurement of stellar sizes. Back
in the 16th century before the advent of telescopic observations, Tycho
Brahe reached the conclusion that a first magnitude star presents a disc
of 120 seconds of arc in diameter and a fifth magnitude star, roughly the
faintest star one can see with the naked eye, has a disc of 30 seconds of
arc (Box 2.1). When Galileo used his telescopes, he found that Tycho was
quite wrong. The stars, even when magnified, still looked like points of
light. Galileo tried to measure the angular size of the bright star Vega by
using a fine silk thread at a distance to occult the star and then measuring
the distance required and the diameter of the silk thread. He concluded that
this value was 5 seconds of arc. About 350 years later the angular size of

*Reproduced from Resonance, Vol.4, No.5, pp.8–18, 1999.
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Box 2.1

Stars are classified by the intensity of light received from them at the Earth.
The Greek astronomers Hipparchus and Ptolemy made a catalogue of stars
and devised a magnitude system for stars, with the brightest given the mag-
nitude 1 and the faintest the magnitude 6. The magnitude system for stars
have survived to this day and astronomers now define the magnitude M of
a star by the relation to its luminosity L or the intensity of light received,
M = 2.5log(L)+ constant. The constant depends on the wavelength of the
light in which the starlight is received.

By angular size, θ , we mean the number of degrees, minutes or seconds of
angle which the star subtends at our eye as shown in Figure 2.1. If we know
the angular size, θ , and the distance, R, of the star, we can know its actual
diameter, D, from the relation, D = Rθ .

Figure 2.1

Vega was measured at the Narrabri Observatory in New South Wales and
Galileo’s result was found to be 1500 times too large. Sir Issac Newton,
though, got the right answer by assuming the stars to be bodies similar
to the Sun and calculated how far away the Sun would have to be so that
it gave us as much light as a first magnitude star. He found that at that
distance the angular size of the Sun would be ∼ 2× 10−3 seconds of arc
which is a reasonable estimate of the angular size of a first magnitude star.
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The first successful measurement of the angular size of a star was made
by Michelson and Pease in 1920 using an interferometer. They measured
the angular diameter of the red super giant Betelgeuse (α Orionis) to be
0.047 seconds of arc. The measurements using Michelson’s interferometer
were limited only to a few bright stars in the sky. It was only in the 1950s
with the construction of a new type of interferometer by R.Hanbury Brown
and R.Q. Twiss, that it became possible to measure the apparent angular
size of stars and in some cases the distribution of intensity of light across
their diameters. This information helps in determining the distance of a
star and its size based on its nature.

The principle of this effect is intensity interference between light emit-
ted, whereas previous interferometers all relied on the principle of interfer-
ence of amplitudes.

Why was it necessary to use an interferometer and not just a telescope?
Even a telescope with aperture diameter a of the objective can resolve a
minimum angle, θ , given by the relation, θ = 1.22λ/a, which is identical
to the resolving power of a Michelson’s interferometer. A bright planet
has typically angular diameter of 0.5 min of arc. With a wavelength of
0.0005 mm of light, we need a lens with diameter, a∼ 4 mm before we can
see that the planet is not a point source of light. This is roughly the size
of our eye lens. For a typically bright star with angular size of 0.0005 sec
of arc, we find that the lens should have a diameter of ∼ 200 m. However,
even if such a monstrous telescope could be built, we still would not suc-
ceed in measuring the stellar sizes with it. Unfortunately, the light from the
stars is randomly bent and delayed on its way to Earth by the turbulence
in Earth’s atmosphere. The characteristic size of the turbulent elements is
about 10 cm and they move with the wind. These elements differ in refrac-
tive index and introduce random patches of phase and amplitude into the
starlight falling on the telescope and limit its resolving power roughly to
that of a telescope with 10 cm diameter. Consequently, the actual image of
a star seen through a telescope, no matter how large, is seldom less than 1
second of arc. This is, of course, one of the many reasons why astronomers
would love to build their telescopes on the moon.

Now let us look into the functioning of the Michelson’s stellar inter-
ferometer and its limitations for measuring the angular size of stars. A
simplified outline of the interferometer is shown in Figure 2.2.
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Figure 2.2 : A schematic arrangement of Michelson’s interferometer.

The mirrors M1 and M2 are movable and mounted on a beam so that
their separation can be altered. The mirrors are so oriented that the two
images of the star are superimposed in the focal plane and when the in-
strument is properly adjusted, this image is crossed by alternate bright and
dark fringes caused by interference of the light from the star seen in the two
mirrors. The contrast or “visibility” of these fringes is a measure of the ini-
tial “mutual coherence” of the light beams received at the two separated
mirrors. If the spacing between the mirrors is made very small, so that
effectively they are in the same place then the mutual coherence has the
value unity, i.e., the two light beams are identical and visibility of fringes
is high. As the mirrors are separated they get different ‘views’, so to speak,
of the star and mutual coherence and hence visibility of fringes decreases
until they disappear. The exact relationship between fringe visibility and
mirror separation depends on the wavelength of light used, the angular size
of the star and the way in which light is distributed across the diameter of
the star. This is explained in the accompanying box item.
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The Michelson interferometer worked because the two mirrors were
comparable in size with the 10 cm turbulent elements so that the phase
and amplitude of the light across them was reasonably uniform, at least
for short periods of time. However, the observed visibility of the fringes
depended on the state of the atmosphere. The mechanical precision re-
quired for adjusting the separation between the two mirrors is quite high.
The maximum difference in path length that can be tolerated depends on
the bandwidth of light. The larger the bandwidth, tighter is the tolerance.
(This term strictly refers to the range of frequencies ∆v present in the light,
but can also be used for the range of wavelengths ∆λ since we can always
calculate ∆v from ∆λ , λ and c.) For example, for optical bandwidth of
100 nm, fringes will vanish if two paths differ by 5 wavelengths of light.
The separation between the two mirrors required for measuring angular di-
ameters in the range of 10−3 sec of arc would be∼ 100 m. The largest such
instrument that operated successfully had a maximum spacing between the
mirrors of about 6 m and measured angular sizes > 0.02 sec of arc for only
about 6 or 7 bright stars. These limitations prevented further development
of Michelson interferometer.

Working on the nature of radio sources at the Jodrell Bank experimen-
tal station of the University of Manchester in 1954, R Hanbury Brown and
R Q Twiss showed that instead of adding the amplitudes of the signals if
one multiplied the intensities of light from the mirrors (or in case of ra-
dio waves, the parabolic dish antenna), the correlation between the signals
were still meaningful and the diameter of the star or the radio source could
be measured.

For interference with addition of amplitudes (see Box 2.2), the intensity
variation is given by

I = 2I0(1+ cosδ ),

where δ = ωτ is the phase difference.
In a correlation interferometer where the intensities are multiplied fol-

lowed by a low pass filter to allow only the difference frequency to pass,
the output of the correlator is proportional to,

C(τ) ∝ I2
0/T
ˆ T

0
cosωt cosω(t− τ)dt
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Box 2.2

The amplitudes of the light received by the mirrors are added in a Michelson
interferometer to get the resultant signal. Due to the separation, d, of the
mirrors (these could be two telescopes as well) the signal amplitudes U1 and
U2 from the two mirrors would be

U1 ∝ E exp( jωt) and U2 ∝ E exp j(ωt− τ),

where τ is the delay between the two signals, ω is the circular frequency of
light, t is the time and j is the imaginary number equal to

√
(−1). Thus U1

and U2 are complex numbers.

On adding these signals the resultant intensity would be,

I = 〈(U1 +U2)(U1 +U2)
∗〉

= 〈U1U∗1 〉+ 〈U2U∗2 〉+ 〈U1U∗2 〉+ 〈U2U∗1 〉
= I1 + I2 +

√
I1I2 (exp jωτ + exp(− jωτ)) , I1 and I2 being the

intensities of light received by the individual mirrors.

= I1 + I2 +2
√

I1I2 cosωτ

For I1 = I2 = I0, I = 2I0(1+ cosωτ)

Taking the case of a linear extended source as shown in Figure 2.3, the path
difference, ∆, between two rays reaching the observer from the two mirrors
is given by,

∆ =
√
(l2 +(y+d/l)2)−

√
(l2 +(y−d/l)2)

+
√
(L2 +(u+d/L)2)−

√
(L2 +(u−d/L)2)

Keeping terms only upto 1st order in d/l and d/L, we have

∆ = (d/l)y+(d/L)u,

and the corresponding phase difference is

δ = (kd/l)y+(kd/L)u,

where k = 2π/λ , and denotes the wave number.

Box 2.2 Continued. . .
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If, I(u)du is the intensity of light emitted by a segment du of the source
at point u, the contribution of this segment to the overall intensity of the
interference pattern at a point is given by,

dI(y) = 2I(u)(1+ cosδ )du

Then, I(y) = 2
´

I(u)(1+ cosδ )du

Using the expression for δ , we can write after expanding,

I(y) = Q+C cos(kdy/l)−S sin(kdy/l) = Q+
√
(C2 +S2)cos(kdy/l +α)

where, cosα =C/
√
(C2 +S2), sinα = S/

√
(C2 +S2)

and Imax = Q+
√
(C2 +S2), Imin = Q−

√
(C2 +S2).

The quantities Q, C and S are defined by

Q = 2
ˆ

I(u)du, C = 2
ˆ

I(u)cos(kdu/L)du, S = 2
ˆ

I(u)sin(kdu/L)du

Then the visibility of an interference pattern is defined by,

V = (Imax− Imin)/(Imax + Imin) =
√
(C2 +S2)/Q

In case of the distribution being uniform, u0, the expression for intensity
reduces to

I(y) = 4I0u0[1+ sin(kdu0/L)/(kdu0/L)cos(kdy/l)],

and for visibility
V = |sin(kdu0/L)/(kdu0/L)|

From this relation it follows that the visibility of the fringes depend on the
distance between the slits and the angle at which the source is seen from the
mid-point between the slits. If y = 0 then, for a given d in the Michelson
interferometer,

I = 4I0u0[1+ sin(kdφ/2)/(kdφ/2)],

where φ = 2u0/L and V = |sin(kdφ/2)/(kdφ/2)|.

The first zero of the fringes are thus at φ = 2π/(kd) = λ/d.

A typical visibility and correlation function is plotted in Figure 2.4.
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Figure 2.3 : Extended source observed by an interferometer.

Figure 2.4 : Depiction of the visibility and correlation function.
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For T � 2π/ω , the value of the integral will not be significantly differ-
ent from the average value over one cycle, 2π/ω .

Thus,

C(τ) ∝ (ω/2π)I2
0

ˆ (2π/ω)

0
cosωt cosω(t− τ)dt

∝ (ω/2π)I2
0

ˆ (2π/ω)

0
cosωt[cosωt cosωτ + sinωt sinωτ]dt

or, C(t) ∝ I2
0/2 cosωτ = I2

0/2 cosδ .

Thus we see that the interferometer output varies periodically with the
delay time and hence with the separation between the two mirrors or anten-
nae, much as in case of the Michelson’s interferometer and hence the same
analysis can be performed for the visibility function. This new interferom-
eter was developed at Jodrell Bank experimental station of the University
of Manchester by R Hanbury Brown and R.Q. Twiss in 1950 while inves-
tigating the nature of radio sources. In particular they were studying the
two strongest sources in Cassiopeia and Cygnus. For the radio analogue
of Michelson’s interferometer they figured that the baseline would have to
be about 20000 km to get a resolution of 0.02 sec of arc and their thoughts
turned to the intensity interferometry. How does intensity interferometry
overcome the problems associated with the Michelson’s interferometer?
This instrument does not need the extreme mechanical precision in main-
taining the distance. The path lengths from the detectors to the correlator
have to be equal as in the case of Michelson’s interferometer, but the preci-
sion required is much less, about a million times lower. This is because for
addition of amplitudes the bandwidth is of the order of frequency of light
(about 6×1014 Hz for visible region) and for the intensity interferometry
the relevant bandwidth is of the order of the fluctuation frequency (about
108 Hz) in the currents transmitted to the correlator. Thus the spacing be-
tween the mirrors or the antennae can be made very large. As the turbu-
lences and scintillations have higher frequencies associated with them, this
method works well even if these are present.

The device they built can be schematically described as in Figure 2.5.
Two antennae A1, A2 separated by a suitable distance are connected to
two independent superheterodyne receivers R1 and R2 which had similar
bandwidths and were tuned to same carrier frequency (Box 2.3). A nar-
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Figure 2.5 : Schematic arrangement of the intensity interferometer of Han-
bury Brown and Twiss.

Box 2.3

For transport of signals of a certain frequency e.g., audio or video signals,
they are superimposed in a certain way on a much higher frequency wave
(modulation) called the carrier wave. This is done to prevent neighbouring
signals overlapping with each other and also increase the bandwidth of trans-
mission. The detection of modulated radio waves is usually done using the
superheterodyne receivers, where after the initial amplifying stage, the signal
is mixed with another radio wave of slightly different frequency (local os-
cillator) and the resultant wave with the difference frequency is amplified in
the next stages. For superheterodyne radio receivers this frequency is always
kept 455 kHz and is known as the intermediate frequency. When we tune a
radio set, all we do is to adjust the local oscillator frequency so that it differs
from the broadcasting frequency of the particular station by 455 kHz.
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row band of low frequencies (1–2.5 kHz) in the outputs of their square law
detectors was selected by band-pass filters and these two low frequency
signals were brought together by radio link or by telephone line. Their
correlation, or in other words their similarity was measured by multiplying
them together in a linear multiplier. (If two signals are very similar, then
when they are multiplied the product usually has a positive sign and so
does its average. But when they are unrelated, the average of the product
tends to zero because it is equally likely to be + or –). This correlation,
C(d) when normalised suitably by the signal levels, equals the square of
fringe visibility, V 2(d). Thus by measuring C(d) as a function of the sepa-
ration, d, between the antennae we can find the angular size of a radio star.
The first instrument built by Hanbury Brown and Twiss worked at a fre-
quency of 125 MHz. This was used by R. Hanbury Brown, R.C. Jennison
and M.K. Dasgupta to resolve radio sources at Cygnus and Cassiopeia with
a baseline of 4 km and the aerials had an area of 500 m2. Soon after, Han-
bury Brown and Twiss extended the same technique to the case of visible
light. This created an apparent controversy with some physicists claiming
that the method would not work for photons. This was cleared by E M Pur-
cell as well as by Hanbury Brown and Twiss repeating the measurements
(Box 2.4). For collecting the light signals they employed parabolic mirrors
with photodetectors at their foci. The reflectors were old army searchlights
having backsilvered paraboloids of borosilicate glass of 156 cm diameter
and 65 cm focal length and could focus the star image to a rather crude
patch of 8 mm. The photodetector outputs were multiplied and the resul-
tant beat frequency of about 100 MHz was used. Thus path differences
varying upto 30 cm for the two receivers could be tolerated and scintilla-
tion effects were negligible. The first measurement was made on Sirius at
Jodrell Bank observatory. Over a 5 month period the observation time was
only 18 hrs limited to clear sky conditions. This measurement, however
confirmed that the intensity interferometer was substantially unaffected by
atmospheric scintillations and the technique was capable of giving a high
resolving power. With the encouraging results obtained from this measure-
ment, Hanbury Brown and co-workers looked for a place where clear sky
conditions exist for a large part of the year and built a working stellar inter-
ferometer at Narrabri in Australia, consisting of two 6.5 m reflectors com-
posed of several hundred smaller mirrors. The reflectors were mounted on
trolleys on a circular track of 94 m in radius and provided a variation of
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Box 2.4

Hanbury Brown and Twiss proposed the method of intensity interferometry
for visible light in their laboratory experiment in which light from a pinhole
source was split by a semi-transparent mirror into two beams falling onto
two phototubes. As long as the two light beams were partially coherent, a
finite correlation between the photocurrents were measured by them. This
experiment was criticised by E. Brannen and H.I.S. Ferguson who carried
out a somewhat different test, in which the simultaneous emission of pho-
toelectrons were recorded in a coincidence counter and no difference was
observed by them for coherent or incoherent light beams. A similar experi-
ment by A.Adam, L. Janossy and P. Varga also obtained a null result. They
also suggested that the results of Hanbury Brown and Twiss were due not
to true correlation between arrival times of quanta but to some other causes
such as intensity fluctuation in the light source. Hanbury Brown and Twiss
correctly diagnosed the failure to observe correlation in the experiment of
Brannen and Ferguson due to the large bandwidth of the light falling on the
photocathodes coupled with low intensity of the light source. They repeated
the experiment with a brighter source and using a narrow band of light using
optical filters and got a positive correlation. E M Purcell showed that the con-
fusion arose if photons were treated as classical particles. But photons are
indistinguishable particles and obey Bose–Einstein statistics which allowed
more than one photon to exist in the same quantum state. This would give rise
to bunching of photons emitted within the coherence time of the light which
is given by ∆ν/c. This effect was responsible for the positive correlation in
Hanbury Brown and Twiss’ experiment. For electrons which are fermions,
there would be an antibunching effect and for strictly classical particles there
would be no such correlation.

the distance between the reflectors in the range 10–196 m. A maximum
resolution of 0.0005′′ of arc was achieved with this interferometer and the
angular size of few hundred bright stars were determined.

The group in Australia first planned a bigger version of the intensity
interferometer to study fainter stars with higher resolution. After review-
ing technical aspects, the decision was made to go back to a modernised
Michelson interferometer. Hanbury Brown himself participated in this.
The Sydney University Stellar Interferometer (SUSI) now operates at 80 m
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baseline and will ultimately go to 400 m. This is achieved with separate
small mirrors. Computer control and laser measurements make path ad-
justment possible.

The technique of intensity interferometry pioneered by Hanbury Brown
and Twiss find application in many other branches of physics specially in
high energy and nuclear physics. The problem of finding the size of the hot
zone in nuclear collision poses similar problems as found in determining
the size of stars although the dimensions involved here are extremely small.
Nuclear sizes are usually measured in a unit called the fermi which is equal
to 10−15 m. By observing the correlated emission of radiation (γ−γ , π−π ,
n− n, etc.) in nuclear collisions, it has been possible to infer the size of
the hot source zones in the collision region from where these particles are
emitted.
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3
The Cosmic Microwave
Background Radiation*

Relic of the Big Bang?

Chance enters the realm of scientific discoveries frequently enough so that
the word ‘discovery’ often carry the connotation of accident. Naturally the
role of chance is different in different fields. The whole field of Radio As-
tronomy arose by such an accident, when Karl Jansky of Bell Telephone
Laboratories sought for the cause of a particular kind of radio static and
found that it consisted of noise being received from near the direction of
the center of our galaxy. From that beginning, ‘radio astronomy’ has grown
into a well developed field and has been the means of a number of discov-
eries, some of which are not yet fully understood.

Among these discoveries, the one that perhaps has the greatest impli-
cation for cosmology, is the observation of a background microwave ra-
diation, apparently universal in distribution and well represented as the
spectrum of blackbody radiation at a temperature of 2.7 K. Its discovery by
Arno A. Penzias and Robert W. Wilson in 1965 was truly a serendipitous
discovery, without any experimental or theoretical clues known to them at
that time. The cosmic microwave background (CMB) radiation is consid-
ered to be a relic of the ‘big-bang’ at the beginning of the universe. Among
the theories of development of the universe, one class is characterised by
the assumption that the universe started in a spatially small, highly con-
densed state. The initial stages, at least, of the development from this state

*Reproduced from Resonance, Vol.5, No.11, pp.4–13, 2000.
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Box 3.1 : Big-Bang and Steady State theories

The theories of cosmology can be grouped into two categories, first being the
evolutionary theories and the second, the steady state.

There have been many contributors to the development of evolutionary the-
ories of the universe including Einstein, de Sitter, Friedman. The idea of
the universe starting from a very small region with an explosive event is at-
tributed to Belgian astrophysicist Abbe Lemaitre and was championed by
George Gamow. The observed expansion of the universe follows from the
initial Big-Bang with the local density constantly changing. The universe
could be open or closed, i.e.; the expansion could go on forever or halt at
some stage depending on the amount of matter in the universe. Initially in
the extremely dense phase matter would be in the form of plasma and in
equilibrium with radiation. At a stage in the expansion, when atoms formed,
radiation decoupled from matter and further expansion brought the radiation
to an equivalent temperature of 3 K.

In the steady-state theory, the universe had no beginning nor has any end. It
is assumed to be uniform in space and also unchanging in time when viewed
on a sufficiently large scale This idea was put forward by Herman Bondi,
Thomas Gold and Fred Hoyle. Jayant Narlikar in our country has been a pro-
ponent of this school of thought and one of the architects of the quasi steady
state theory. To take into account the expansion of the universe, the idea of
continual creation of matter is proposed to keep the mean density of matter
unchanged. The universe is not unchanging in detail. Individual galaxies
age and move apart from each other due to the expansion and newly created
matter form galaxies in the intervening spaces. The rate of this creation is, of
course, very low, owing to tenuous distribution of matter in the universe and
the slowness of expansion. To put numbers, in the whole volume of Earth it
would amount to the addition of a tiny particle of dust every million years.
So direct experimental evidence of this creation would be hard to find. One
attractive feature of this group of theories is that there is a clear-cut mathe-
matical basis for them.
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were so rapid as to be explosive, so that the theory is often referred to
as the ‘big-bang’ theory. Ralph Alpher and Robert Herman with George
Gamow recognised in their pioneering work during 1946–1951, that the
early stages of such a universe would be dominated by blackbody radia-
tion and that the remnant of such radiation should still be present [1]. The
CMB is the radiation left over from the early cosmological epoch of the
Universe at about 380,000 years after the Big Bang. This is the era when
the Universe cooled down to a level when electrons could recombine with
protons to form hydrogen atoms and the Universe became transparent to
the photons allowing them to travel freely. Further expansion of the uni-
verse would have reduced the temperature of CMB to a value in the neigh-
bourhood of 5 K in the present era. The verification of the existence of
such a remnant would thus give strong support to the big-bang theory.

Penzias and Wilson were involved in measurements in radio astron-
omy with the 20 feet horn reflector antenna at Bell Telephone Laborato-
ries. Their aim was to measure the absolute radiation intensity from our
Milky Way galaxy at high latitudes, i.e., in the galactic halo region. Ex-
isting low frequency measurements in 1963 indicated that the brightness
temperature of the halo would be less than 0.1 K at 7 cm wavelength. Thus
a background measurement at 7 cm was expected to produce a null result.

Every material body at a finite temperature emits radiation whose spec-
trum is characteristic of the temperature of the body. So a radio telescope
pointed at the sky receives radiation not only from space, but also from
other sources including the ground, the Earth’s atmosphere and the compo-
nents of the telescope itself. An antenna collects radiation from a desired
direction to the exclusion of other directions. So by first pointing the an-
tenna to the direction of a source of interest and then to a background
region nearby, the contribution from the source can be identified. The dif-
ference of the two contributions would subtract out the local noise. The
20′ horn antenna was built by A.B. Crawford in 1960 to be used with an ul-
tra low-noise communications receiver for signals bounced from the Echo
satellite. The basis of the measurement is the fact that any electrical circuit
element at a temperature above absolute zero generates a noise as a con-
sequence of thermal motions (principally of conduction electrons). The
noise power per unit bandwidth, i.e., per unit frequency range, is directly
proportional to the temperature. The coefficient of proportionality depends
in a known way on the electrical properties of the element. This relation-
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Figure 3.1 : A picture of the 20′ horn antenna used by Penzias and Wilson
for their discovery. (Reproduced from Bell Systems Technical
Journal, Vol 40, p. 1097, 1961 with permission from Lucent
Laboratories).

ship can be used backwards to assign an effective temperature to any noisy
element, regardless of whether or not the noise is of thermal origin.

The whole system consisted of three components, viz., (i) antenna, (ii)
radiometer, (iii) reference source at a fixed temperature. Great care was
taken to match the impedance of these three components and to minimise
the losses due to leakage in the joints.

The antenna consisted of a large expanding waveguide or horn, with
an off-axis section parabolic reflector at the end as shown in Figure 3.1.
The focus of the paraboloid is located at the apex of the horn, so that a
plane wave travelling along the axis of the paraboloid is focused into the
receiver at the apex of the horn. The location of the receiver at the horn
apex eliminates the loss and noise contribution of a connecting line. Its
design emphasizes the rejection of radiation from the ground. It is easy to
see from the figure that in the configuration the receiver is well shielded
from the ground by the horn. This feature ensures that when the antenna is
pointed at the sky, very little noise power is received from ground or other
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Box 3.2 : Blackbody spectrum

A blackbody can be defined as one, which absorbs 100% of the radiation
falling on it. Substances such as lampblack (or soot) come very close to
being perfect blackbodies, but not quite 100% absorption. To get a close de-
scription of a blackbody we can imagine a box with a small aperture. If the
dimension of this aperture were made sufficiently small, the box would rep-
resent a perfect blackbody. Any radiation entering the small aperture would
have a chance of emerging only after repeated reflections. At each reflection,
part of the energy is absorbed and for very large number of reflections the
radiation is unable to emerge from the box, i.e.. it is completely absorbed.
The emission from a blackbody can be studied with the help of such a box
and increasing the temperature of the box. The spectrum of emissions from
such a body can be described by a Planckian distribution. This distribution
can be written as,

I( f ) =
2πh f 3/c2

exp(h f/kT )−1

where, f is the frequency, h is Planck’s constant, k is Boltzmann’s constant,
c is the velocity of light and T is the temperature. Such a distribution for a
temperature of 2.7 K is shown in the Figure 3.2.

The higher the temperature, the more distinct the maximum of the radiation
curve, and the wavelength at the maximum of the curve is given by the Wien
displacement law,

λm = 2.886×10−3/T,

where λm is in metres and T is in degrees Kelvin. Another feature of the
radiation curve is that the area under the curve is proportional to the fourth
power of the temperature as given by the Stefan–Boltzmann law.

sides. Since the design is based on geometrical optics and has no frequency
sensitive component, it is extremely broadband. It was also not polarisa-
tion sensitive and thus had same efficiency for any linearly or circularly
polarised radiation.

A radiometer is a device for measuring the intensity of radiation. A mi-
crowave radiometer consists of a filter to select a desired band of frequen-
cies followed by a detector which produces an output voltage proportional
to its input power. Since practical detectors are not sensitive enough for
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Figure 3.2 : A typical blackbody spectrum represented by the Planck dis-
tribution formula corresponding to a temperature of 2.7 K.

the low power levels received by the radio telescope, amplification is nor-
mally used ahead of the detector to increase the signal level. Fluctuations
in the power level of the noise in the first stage of the amplifier and the
transmission line limits the sensitivity of a radiometer. Hence, a very low-
noise amplifier was needed for the first stage. Shortly after the discovery
of the maser amplifier by Townes and co-workers at Bell Laboratories (see
article 8 and 9 on Masers and Lasers), H.E.D. Scovill and his associates
built the then world’s lowest noise amplifier using a ruby maser. These
amplifiers were cooled to 4.2 K by liquid helium and thus contributed only
small noise to the system. This maser amplifier was incorporated in the
radiometer tremendously increasing its sensitivity. Since astronomical ra-
dio sources produce random thermal noise very much like that from a hot
resistor, the power received by the radiometers are quoted in terms of the
equivalent temperature of a resistor which would deliver the same power
to the radiometer. The equivalent noise temperature is proportional to the
received power except in case of very short waves. The maser itself had
a noise temperature of about 3.5 K, a gain of 42 dB and a bandwidth of
15 MHz.

The reference noise source consisted of a 1.22 m piece of 90 percent
copper-brass wave guide connecting a carefully matched microwave ab-
sorber in liquid helium to a room temperature flange at the top as shown
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Box 3.3 : Waveguides and Antenna

We know that for domestic power lines, wires are used to transmit electri-
cal power. This method works for electromagnetic waves at low frequencies,
e.g., at 50–60 Hz. As we go to higher frequencies this method doesn’t work
well because the circuits would radiate energy in all directions. Upto fre-
quencies of several megahertz (106 Hz) i.e., for radio waves coaxial lines are
used, and in the gigahertz frequencies (109 Hz) or microwave region, hollow
conductors are used. These are called waveguides, which allow waves above
a certain cut-off frequency to be transmitted. The geometrical shape of the
waveguide determines this cut-off frequency. A good transmission line would
let the power go through without any appreciable loss on the way. Power lev-
els are usually expressed in their ratios using the logarithmic unit decibel
(abbreviated dB). If the powers being compared are P1 arid P2, then in deci-
bels, dB = 10log10(P2/P1). The sign associated with the number of decibels
indicates which power is greater. A negative sign would mean that P2 is less
than P1. The logarithmic ratio permits representation of an enormous range
of power levels conveniently without using very large numbers.

To transmit power in the radio frequencies and higher, the transmission lines
are connected to an antenna, which then radiates the energy into desired di-
rections in space. The same antenna could be used also to receive signals.
Antennae come in many shapes and sizes depending on the frequency of the
wave and also the application. For radio and television, we are familiar with
the loop and array antenna. For higher frequencies, dish and horn antennae
are used. If a waveguide has an open end, power will be radiated from it.
Since the dimensions of the aperture or the cross section of the waveguide
are usually comparable to the wavelength, the radiation pattern is quite broad
and non-directional. The aperture may be increased by flaring out the waveg-
uide to a horn shape.

in Figure 3.3. The bottom section of the waveguide is filled with liquid
helium and a mylar window at a 30o degree angle keeps the liquid out of
the rest of the wave guide. The design of the cryostat is such that a small
amount of liquid helium (about 20 litres) could provide 20 hours of op-
eration. The temperature of the waveguide was monitored with a series
of diode thermometers and the contribution of each section of the wave-
guide to the equivalent temperature of the reference source was calculated.
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Figure 3.3 : A schematic view of the reference source of Penzias. (Re-
produced from Review of Scientific Instruments, Vol. 36, p68,
1965 with permission from Lucent Laboratories and Ameri-
can Institute of Physics).

When cooled the calculated total temperature of the reference source was
5 K. Robert Wilson built a waveguide switch, shown in Figure 3.4 along-
side the radiometer, with which either the antenna or the reference load
could be connected to the maser amplifier by a simple mechanical rota-
tion. This allowed accurate comparison of the equivalent temperature of
the antenna to that of the reference load.

Signals leaving the maser amplifier needed to be further amplified be-
fore detection. The remainder of the radiometer consisted of a down con-
verter to 70 MHz followed by I.F. amplifiers, a precision variable attenuator
and a diode detector. The output of the diode detector was amplified and
went to a chart recorder. The antenna, radiometer and the reference termi-
nator (This term is used to mean the circuit element placed at the end of
a waveguide or transmission line) were so well matched that a round trip
return loss of more than 55 dB (This means reflected power is smaller than
incident by a factor of 105.5) existed throughout the measurement. Thus the
errors in the measurement of the effective temperature due to impedance
mismatch could be neglected. The estimated error in the measured value of
the total antenna temperature was 0.3 K and came largely from uncertainty
in the absolute calibration of the reference termination.
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Figure 3.4 : A schematic view of the radiometer and the switch used by
Penzias and Wilson. (Reproduced from Astrophysical Jour-
nal, Vol. 142, p1149, 1965 with permission from Lucent Lab-
oratories and American Institute of Physics).

The measurements gave a total antenna temperature for the antenna
pointed at the zenith, of 6.7 K. Three contributions to be subtracted from
this value were that due to (a) atmospheric absorption, (b) ohmic losses
in the antenna, and (c) back-lobe response. The contribution due to atmo-
spheric absorption was obtained by recording the variation in the antenna
temperature with elevation angle and employing the secant law. It is simply
that the effect of the atmosphere is proportional to the path length through
the atmosphere the radiation has to travel. This varies as the secant of the
elevation angle. The sum of these contributions was (2.3 ± 0.3) K, in good
agreement with published values. The contribution from ohmic losses was
calculated to be (0.8 ± 0.4) K. The possibility of losses in the antenna horn
due to imperfections in its seams was eliminated by attaching aluminium
tape along the joints and observing no change in the antenna temperature.
A thorough cleaning of the antenna did not significantly alter the value of
the recorded temperature. (In one of their reports, the authors referred to
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‘white dielectric material’ which had to be removed. This was their hu-
morous allusion to pigeon droppings!). The back-lobe response to ground
radiation was checked with a small transmitter on the ground and was esti-
mated to be (0.1 ± 0.1) K.

From the combination of the above observed values, Penzias and Wil-
son found that an antenna temperature of (3.5 ± 1.0) K remained unac-
counted for. They continued their radio intensity measurements for over a
year, living with this excess antenna temperature. That the value remained
same over this time helped ruling out any unknown source in the solar
system. It was also found to be isotropic and unpolarised.

Penzias and Wilson in the meantime became aware of the calculations
of P.J.E. Peebles in R.H. Dicke’s group in Princeton University on radiation
in the universe. They had considered an extremely hot condensed phase of
the universe in their calculations and had the idea that if the radiation from
this hot phase were large enough, it would be observable. The calculation
of Peebles showed that the universe should be filled with a relic blackbody
radiation of a temperature of about 10 K. The measured results of Penzias
and Wilson were quite close to the expected value for the relic radiation.
The results were published as two side-by side letters in Astrophysical Jour-
nal in volume 142, 1965 [2,3]. None of these papers, however, referred to
the work of Alpher, Herman and Gamow.

For nearly a decade it was uncertain whether the radiation was truly a
blackbody remnant. Several other measurements by other groups in this pe-
riod at wavelengths between 0.33 and 73.5 cm were consistent with a black-
body spectrum at a temperature of about 2.8 K. However, the characteristic
feature of a blackbody spectrum is that it passes through a maximum which
for that temperature occurs at a wavelength of about 0.11 cm given by
Wien’s displacement law. The problem was that measurements at shorter
wavelengths could not be made from the ground because of atmospheric
absorption. Finally in April 1975, a measurement of the entire range from
0.33 to 0.025 cm, made with a balloon borne detector, by David Woody
and collaborators of the University of California and Lawrence Berkeley
laboratory was published [4]. Their result published in the Physical Re-
view Letters, showed clearly the presence of the maximum in the spectrum,
in spite of the sizable uncertainty in the measurement. Penzias and Wil-
son were awarded the Noble Prize in 1978 for their discovery. Refined
measurements of the CMB radiation continued to be made by many work-
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ers, among which the first detailed measurements were made using the
Cosmic Background Explorer (COBE) satellite in 1989. It carried three in-
struments, a Diffuse Infrared Background Experiment (DIRBE) to search
for the cosmic infrared background radiation, a Differential Microwave
Radiometer (DMR, led by George Smoot) to map the cosmic radiation
sensitively, and a Far Infrared Absolute Spectrophotometer (FIRAS, led
by John Mather) to compare the spectrum of the cosmic microwave back-
ground radiation with a precise blackbody. It collected data till 1993[5].
These measurements not only confirmed the blackbody nature of cosmic
microwave background radiation, but also made precise determination of
the characteristic temperature, with a value of (2.725 ± 0.002) K. The spec-
trum obtained is extremely well represented by a blackbody distribution
over more than three decades in frequency.

Penzias and Wilson found the radiation to be isotropic and unpolarised
to the level of 10%. The COBE data show that the radiation is unpolarised
at the 10−5 level but has a dipole anisotropy at the 10−3 level, with smaller
scale anisotropies at the 10−5 level. The anisotropies are the variation
in CMB temperature in different directions of observations and were mea-
sured to scales of 7 degrees. George Smoot and John Mather were awarded
the Nobel Prize in physics in 2006 for their work that led to the “discov-
ery of the black body form and anisotropy of the cosmic microwave back-
ground radiation”. The measurement of these small effects are extremely
important in checking the various models for the development of the uni-
verse. According to current theories, the small fluctuations seen in the
CMB are considered to be the seeds for galaxies and other structure forma-
tion in the Universe. The next satellite mission was the NASA Microwave
Anisotropy Probe (WMAP) launched in 2001 to study these fluctuations
in much more detail and was completed in 2010 [6]. It succeeded in mea-
suring the fluctuations in CMB with resolution down to 0.3 degrees in five
different frequency bands. The ESA Planck Surveyor mission 2009–2013
[7] gave by far the most detailed information about the anisotropies in the
CMB with unprecedented angular resolution of 0.07 degrees in nine fre-
quency bands. These missions have provided very precise measurements
of these anisotropies and can be used for stringent checks on the cosmo-
logical models of the Universe. The discovery of the Cosmic Microwave
Background radiation can rightly be credited with transforming cosmology
from a purely observational science into an experimental science.
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4
Discovery of Parity
Violation*

Breakdown of a Symmetry
Principle

Symmetry principles are very dear to physicists in their quest for the under-
standing of nature. These reflect the regularities that are present in nature
and help in understanding the laws governing them. A good definition of
symmetry in a physical system was given by Herman Weyl as: “A thing is
symmetrical if there is something we can do to it so that after we have done
it, it looks the same as it did before.” In other words the system is invariant
under the operation we performed. A few examples of such operations for
a physical system are: translation in space or time, rotation through a fixed
angle, uniform velocity in a straight line, reversal of time, reflection in
space, interchange of identical particles and change of matter to antimatter.
They arise from our basic perceptions about the nature of space and time
and usually lead to conservation laws. The invariance under translations
in space and time lead to conservation of linear momentum and energy,
respectively. Invariance under rotation leads to the law of conservation of
angular momentum and invariance under mirror reflection, i.e., symmetry
between left and right, leads to conservation of parity (see Box 4.1).

The question of symmetry between left and right belongs to a category,
which is not apparent from our daily life. We appear to move and act differ-

*Reproduced from Resonance, Vol. 6, No. 8, pp. 32–43, 2001.
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ently than our images in a mirror. In biological phenomena, it was known
from Louis Pasteur’s work in 1848 that organic compounds appear often
in the form of only one of two kinds. These molecules rotate polarised

Box 4.1 : Symmetries, Parity, Interactions

Among the symmetry principles, some are continuous and others are discrete
symmetries. Translations in space and time are examples of continuous sym-
metries, whereas mirror reflection is an example of discrete symmetry. The
continuous symmetries always lead to conservation laws in classical physics;
the discrete symmetry does not. However, in quantum mechanics the discrete
symmetries also lead to conservation laws. The left-right mirror symmetry
then leads to the conservation of parity. There are also a number of sym-
metries, which appear only in quantum mechanics without any classical ana-
logue. The concept of parity can be understood considering the simple case
of one-dimensional time-independent Schrödinger equation

(−h2/2m)d2
Ψ(x)/dx2 +V (x)Ψ(x) = EΨ(x). (4.1)

If we now change x→−x, we get the equation for the mirror image position,

(−h2/2m)d2
Ψ(−x)/dx2 +V (−x)Ψ(−x) = EΨ(−x). (4.2)

If the potential energy is symmetric about x = 0, then V (−x) =V (x) and the
equation becomes,

(−h2/2m)d2
Ψ(−x)/dx2 +V (x)Ψ(−x) = EΨ(−x). (4.3)

Comparing (4.1) and (4.3), we find that for the same potential V , there are
two solutions, Ψ(x) and Ψ(−x). These solutions can only differ by a multi-
plicative constant P, i.e., Ψ = PΨ(x).

Now, changing sign of x in the above we get, Ψ(x) = PΨ(−x). Therefore,
P2 = 1 or P = ±1. So the solutions of the Schrödinger equation are either
even or odd under a change of sign in the space co-ordinates if the potential
function is unchanged by the parity transformation. The even solutions have
even parity and the odd solutions have odd parity.

Box 4.1 Continued. . .
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The symmetries and their consequent conservation laws can be classified in
two categories, ‘absolute’ and ‘restricted’. Absolute conservation laws are
those that are obeyed in all situations by all the known interactions, whereas
the restricted symmetries are those which are violated by only some interac-
tions. Parity is the symmetry of mirror reflection and is a restricted symmetry.
The interactions are of four types, viz., strong, electromagnetic, weak and
gravitation. The strengths of these interactions, defined by how they couple
to matter are: 1 (normalised) for strong, 1/137 for electromagnetic, 10−14

for weak and 10−38 for gravitation. The strong and weak interactions have
very short ranges and manifest themselves only in the sub-atomic world. The
electromagnetic and gravitation are long-ranged and their manifestations are
apparent in the macroscopic world. The idea that all these four interactions
are essentially one at some level has driven the efforts for unifying all the in-
teractions through the ages, leading to the current grand unified theory which
unites electromagnetic, weak and strong interactions. Gravity still waits for
the right theory of unification and some current researchers hope that string
theory will be able to provide the unification of all four interactions.

light to the left and are called laevo (left)-rotatory. However, both left and
right rotating molecules occur in inorganic processes and are mirror im-
ages of each other: In fact, Pasteur had considered for a time the idea that
the ability to produce only one of the two forms of molecules was the very
prerogative of life. However, if we stop to think for a while, there is no rea-
son, that a mirror image world, in which the living organisms are made up
of right handed molecules, would not function as effectively as our own.

The laws of physics had always shown complete symmetry between
left and right. In 1924, O Laporte discovered that energy levels in complex
atoms could be classified in two groups, even and odd. He established
selection rules for transitions between the two classes but could not explain
the basis of their existence. E P Wigner later showed that the two classes
of levels follow from the invariance of a system under space reflection.
The magnitude of the wave function does not change but the sign could
be either the same or opposite. The levels for which the wave function
change sign are assigned an odd parity and for those wave function which
remained unchanged an even parity. This symmetry was so appealing that
it was elevated to a dogma. The idea of parity conservation was taken
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over into nuclear and particle physics domains and proved to be immensely
useful. The observed left-right asymmetries in nature were all blamed on
initial conditions.

This was the situation till 1956, when two Chinese–American physi-
cists C N Yang and T D Lee were trying to understand some puzzling ob-
servations in the decay of mesons named τ (tau) and θ (theta). Tau, in the
course of time, disintegrated into three π (pi) mesons and theta into two
π mesons. What baffled everyone was that in every property except the
mode of decay, tau and theta were identical twins. Could they be one and
the same particle? The principle of parity conservation certainly would
not allow the same particle to decay into modes of opposite parity. The
two-pion set had even parity, whereas the three-pion set had an odd parity.

Lee and Yang faced the challenge of reconciling the seemingly incon-
sistent evidences and it appeared to them that the only way out was to
abandon the principle of conservation of parity in the decay of the tau-
theta meson, which belongs to a special class of reactions known as ‘weak
interactions’. They searched the then existing literature and did not come
up with any information on the validity of the principle of left-right symme-
try in the realm of weak interactions. They claimed that the tau and theta
were the same particle (it is now known as the K meson) and that left-right
symmetry was violated in weak interactions. It became then absolutely
essential to gather independent experimental evidence for establishing the
breakdown of parity symmetry. They proposed experimental tests for this
principle in weak interaction processes like beta-decay of nuclei, π − µ

(mu) meson decays and decays of strange particles [1].
The essence of the experiment involving beta-decay was to line up the

spins of the beta emitting nuclei along a given axis and observe whether
the beta particles (electrons or positrons) were emitted preferentially in
one direction or the other along the axis. The two positions of the beta
counter with respect to the axis are mirror images of each other as shown in
Figure 4.1. A positive result would confirm the violation of parity. T D Lee
approached his experimental colleague at the Columbia University, C S
Wu, who had worked extensively on beta-decay of nuclei. She immediately
realised the significance of the experiment and· thought about using a 60Co
beta-source polarised by the demagnetisation method.

Now lining up nuclei is not an easy task, as the only way to manipu-
late nuclei is with their magnetic moment. The magnetic fields required
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Figure 4.1 : Sketches showing conceptually parity violation in beta decay.
The vertical arrow depicts the direction of polarisation of the
60Co nucleus. The situation depicted in (I) and (II) are mirror
symmetric to each other. The difference in counting rates in
detectors 1 and 2 in arrangements (I) and (II) would indicate
parity violation.

for this purpose are too large (∼ 106 gauss) to be generated in a laboratory
even today, and only within atoms themselves do such large fields exist. So
special atoms are first lined up to produce a field (this requires only a few
hundred gauss field), which in turn lines up the magnetic nuclei. The align-
ing force is, however, not strong enough to maintain the orderly alignment
at room temperature. The thermal agitation of the atoms must be reduced
to a minimum and this can obviously be done only at very low tempera-
tures, near a few millikelvin above absolute zero. Such low temperatures
can be produced by the principle of adiabatic demagnetisation (see Box
4.2) of a paramagnetic salt. But once the temperatures are produced, it
needs to be maintained for a sufficient length of time for the experiments
to be performed. Specially designed vacuum bottles known as cryostats
are used where an object can be maintained at these low temperatures.
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This made the experiment considerably complicated, as the electron de-
tector had to function inside a liquid helium cryostat (the electrons would
be stopped in the cryostat walls) and this had not been done before. The
electron detector usually was a scintillator crystal, which produces light
pulses when radiation impinges on it. These light pulses are then detected
by photomultipliers, which convert the light falling upon them to an elec-
trical pulse suitable for handling, by further electronic circuits. The then
available photomultipliers would not work at the low temperatures and
hence the light from the scintillators had to be brought out of the cryostat,

Box 4.2 : Polarisation, Adiabatic Demagnetisation and Angular
Distribution

For particles with a value of spin= h̄/2, the direction of spin could be either
parallel or anti-parallel with respect to the direction of motion (this direction
can be considered as the quantisation direction). Polarisation of a beam of
particles means that the spins of the particles are lined up either parallel to
the direction of motion or anti-parallel to it. The polarisation P is defined as:

P = (N+−N−)/(N++N−),

where N+ is the number of particles with spins lined up along the direction
of motion and N−, the number of those with anti-parallel spins. In the case of
nuclei, an external magnetic field can provide the reference direction along
which the nuclear spins could be lined up. With sufficiently large magnetic
fields H. and at low temperatures T , nuclei with magnetic moment m, may
be lined up to produce polarisation given by,

P = tanh(µH/kT ),

where k is the Boltzmann’s constant.

Nuclear moments are associated with the protons and neutrons, and these are
smaller by a factor of about 2000 than the atomic moments associated with
the electrons. Direct polarisation of the nuclear moments thus requires very
larges fields compared to those for atoms.

Box 4.2 Continued. . .
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In the adiabatic demagnetisation method, the external magnetic field orients
the electron spins of the paramagnetic salt crystal in the direction of maxi-
mum susceptibility, while the crystal is in thermal contact with liquid helium
through the helium gas in the cryostat. The heat of orientation is absorbed by
liquid helium. The sample is thereafter thermally isolated from the helium
bath by removing the helium gas, and the magnetic field is then removed. The
resulting random orientations of the electrons absorb energy from the crystal
lattice, which is thereby cooled.

The 60Co nucleus has a spin of 5+ in its ground state and decays by electron
emission to an excited state with spin 4+ in 60Ni. The decay scheme is shown
in Figure 4.2. The number of electrons emitted in different directions with
respect to the nuclear spin orientation is governed by the change in nuclear
spin value in the decay and the precise nature of the interaction mediating
the decay process. The angular distribution of beta particles emitted can be
represented by the equation

I(θ) ∝ (1+α cosθ),

where, θ is the angle between electron momentum and the nuclear spin direc-
tion, α is the asymmetry coefficient determined by the change of spin value
in decay and the precise nature of the interaction responsible for the decay.
For the case of 60Co decay, the observed value of α = 0.25 meant that parity
was violated maximally.

Figure 4.2 : Decay scheme of the nucleus 60Co.
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Figure 4.3 : Schematic diagram of the apparatus used by C S Wu and oth-
ers. (Reproduced from Physical Review Letters, Vol. 105,
pp. 1413–1414, 1957 with permission from American Physi-
cal Society).

so that the photomultiplier could be placed in room temperature environ-
ment. The beta source had to be located in a thin surface layer (otherwise
the electrons would get absorbed in the material) and polarised for a period
long enough to obtain sufficient number of counts. Wu enlisted the help of
the team of E Ambler, R W Hayward, D D Hoppes and R P Hudson of the
National Bureau of Standards at Washington DC, who were equipped to do
nuclear orientation experiments. Their collaboration resulted in the mea-
surement set-up sketched in Figure 4.3. The set-up took about six months
to design, prepare, test and get ready for the experiment. Wu made the
60Co specimen for the beta-ray measurement by taking a good single crys-
tal of the paramagnetic salt cerium magnesium nitrate (CMN) and growing
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on the upper surface only an additional crystalline layer containing 60Co.
The thickness of the radioactive layer was about 0.05 mm and contained a
few microcuries (= 10−6 Curie, 1 Curie = 3.7× 1010 decays/sec) of activ-
ity. She prepared another specimen with the 60Co activity spread evenly
throughout a CMN crystal for the study of anisotropy of gamma rays. The
beta particles were detected in a thin anthracene crystal 3/8′′ diameter and
1/16′′ thick located inside the cryostat vacuum chamber about 2 cm above
the 60Co source. The scintillation light produced in the anthracene crystal
were transmitted outside the cryostat through a glass window and carried
to a photomultiplier at the top of the cryostat through a 1′′ diameter Lu-
cite pipe 4 feet long. The Lucite head was machined to a logarithmic spi-
ral shape for maximum light collection. The stability of the beta counter
was carefully checked for any magnetic or temperature effects and none
were found. The effect of back scattering of the beta particles from the
CMN crystal was also thoroughly investigated as this could interfere with
the asymmetry effect. Two additional sodium iodide scintillation detec-
tors were installed, one in the equatorial plane and one near the top of the
cryostat, to measure the gamma rays emitted in the decay of 60Co. The
observed gamma ray anisotropy was used as a measure of polarisation and
effectively, temperature. The temperature reached in the experiment was
∼ 0.01 K.

After demagnetisation, the magnet was opened and a vertical solenoid
was raised around the lower part of the cryostat, the solenoid providing
the polarising field. This polarising field was applied in the direction of
minimum susceptibility of the CMN crystal to minimise the heating of
the crystal. This process took about 20 sec, after which beta and gamma
counting were started. The measurements were then taken by reversing the
polarising field. This ensured that beta particles emitted in directions both
parallel to the magnetic field and anti-parallel to the magnetic field were
measured without disturbing the source and the counter.

In their first ‘run’, Wu and her collaborators found that the thick 60Co
source was easily polarised, whereas for the thin surface source, the po-
larisation effect lasted only for a few seconds and then completely disap-
peared. They identified the cause of this correctly as due to the warming
up of the surface layer caused by radiation, conduction or condensation
of the He-exchange gas. They grew ten large size (> 1′′ diameter) CMN
crystals and these formed a housing surrounding the CMN crystal with the
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thin Co source, providing better thermal isolation. With this set-up, they
observed for the first time a genuine asymmetry effect in the emission of
beta particles. More beta particles were observed when the magnetic field
was pointing in the direction of the beta-counter than in the opposite direc-
tion. The asymmetry observed for the beta particles matched exactly with
that expected from the observed gamma-ray anisotropy effect. This effect
was quite large and repeatable. But they still had to prove that this asym-
metry effect was not due to the strong magnetic fields of the CMN crystals
produced at these low temperatures. They also had to show that this ef-
fect was not due to the remnant magnetisation in the sample induced by
the demagnetising field. That the observed beta asymmetry did not change
sign with reversal of the direction of the demagnetisation, ruled out the ef-
fect of remnant magnetisation. Wu and her collaborators then dried a drop
of Co solution on a thin plastic disk and cemented it to the bottom of the
same housing of CMN crystals. In this way, they prevented the Co nuclei
from reaching sufficiently low temperature to produce nuclear polarisation,
whereas the CMN crystals would produce the large magnetic fields as be-
fore. No asymmetry was observed in this case. Thus they could attribute
the asymmetry observed in their experiment to the effect of parity violation.
The observed value of the asymmetry in the beta emission showed that in
this decay parity violation was maximal. This result also indicated that
charge conjugation symmetry was also violated in beta decay and paved
the way for establishing the two-component theory of the neutrino.

While Wu and her collaborators were busy checking their first mea-
sured beta anisotropy and making sure of their result, another group of
colleagues at the Columbia University learned about their result and em-
barked on the measurement of the π− µ− e decay at the Nevis cyclotron
of Columbia University. This group consisted of R L Garwin, L M Leder-
man and M Weinrich. In the course of a week they not only confirmed the
violation of parity but also opened the door to a whole new series of ex-
periments. Both these papers were published in the same issue of Physical
Review Letters next to each other [2, 3].

Lee and Yang had suggested in their paper that parity violation would
manifest itself as an asymmetry effect in the π− µ − e decay, if the emis-
sion of electron was measured with respect to the direction of polarisation
of the mu meson. The π± meson is produced by bombarding high energy
protons on a target. The π± decays in a few nanosecs into a µ± meson
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Box 4.3 : Coincidence Counting

Using coincidence counting techniques, it is possible to establish experimen-
tally if two events occurred within a finite interval of one another. Suppose
the first event is identified in detector 1 producing an electronic pulse and the
second event is identified by another pulse in detector 2. Both these pulses
are fed as inputs to the coincidence circuit and an output is produced only
if these two pulses appear within a short time interval, termed the resolving
time of the circuit. Traditionally, for fast coincidence circuits the resolving
time is a few nanoseconds, whereas for slow-coincidence circuits it is about
a few microseconds. In a delayed coincidence, one of the pulses is inten-
tionally delayed by a known time interval before it is fed to the coincidence
circuit. In modern parlance, the coincidence circuit is an AND gate. Such
coincidence circuits were developed for studying nuclear decays and are now
ubiquitous.

and a neutrino. The µ± in turn decays in about 2 microseconds into an e±

and two neutrinos (or anti-neutrinos). Lederman and Garwin realised that
on the basis of Lee and Yang’s suggestion, muons moving in the forward
direction in the decay of pions would already be polarised if parity viola-
tion occurred. So, all they had to do was to measure the asymmetry of the
emitted electrons (or positrons) reliably. For measuring the electron asym-
metry they had to stop the muons. They were worried that the muon spin
might not retain its initial direction during the stopping process, or that the
muons might be depolarised in the two microseconds before decay.

The experimental arrangement is shown in Figure 4.4. The T-shaped
carbon block of length 8′′ was used to separate the µ+ from the π+ beam
as the mean range of 85 MeV pions from the cyclotron is ∼ 5′′. This ar-
rangement allowed a maximum number of muons to come to rest in the
one-inch carbon block chosen as the stopping material. The stopping of
a muon was signalled by a fast coincidence (see Box 4.3) between coun-
ters 1 and 2. The subsequent beta decay of the muon was detected by the
electron telescope 3–4, which normally required electron energies above
25 MeV to register. A delayed coincidence between counters 1–2 and 3–4
ensured that the electrons were emitted by the stopped muons. At first they
wound a uniform solenoid on a hollow cylindrical lucite shell to serve as



50 Chapter 4

Figure 4.4 : Sketch of the experimental arrangement of Garwin, Lederman
and Weinrich. (Reproduced from Physical Review Letters,
Vol. 105, pp. 1415–1417, 1957 with permission from Amer-
ican Physical Society).

the magnet for producing a uniform magnetic field over the carbon block.
During the initial run the lucite shell overheated and melted down. Then
they wound the wire in the form of a rectangular solenoid directly over the
carbon block. Although neither the muon spin nor its magnetic moment
was known at that time, they assumed a value of one-half for the muon spin
and that the gyromagnetic ratio had the value g = 2. The magnitude of the
solenoid current was calculated on this basis. The electronic coincidence
circuit used for this experiment was developed by Garwin earlier. They set
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about to measure the count rate in their electron counter as a function of the
magnetic field in the solenoid and observed a sinusoidal variation, which
gave the value of the angular distribution parameter, a =−0.33±0.03 for
the decay of µ+. They checked the experimental system by allowing the
end of range pions from the beam to come to rest in the carbon target,
thereby allowing electrons emitted by muons travelling in all directions to
reach the counter. The total electron counting rate in this case did not vary
with the magnetising current. This result confirmed that the asymmetry
observed was due to the precession of the muon spin and confirmed the
violation of parity in π− µ− e decay. From the observed variation of the
asymmetry they could also deduce a value for the gyromagnetic ratio of the
muon, gµ = 2, and hence its spin value of one-half. The asymmetry in µ−

decay was also observed and it gave the same value of magnetic moment as
that for µ+. These results were also verified by Telegdi and Friedman us-
ing the technique of nuclear emulsion to record the π−µ−e decay. Many
precision measurements of the magnetic moment of the muon followed.
The experiment also demonstrated that the muons do not lose their polar-
isation in being stopped in a target material. This fact was exploited in
many experiments to probe solid state effects. Studies on mu-mesic atoms
also proliferated afterwards.

When Lee and Yang first thought of the idea of parity violation, they
searched the literature for experiments which might have tested the left-
right symmetry. One publication which eluded their scrutiny was by R T
Cox, C G McIlwraith and B Kurrelmeyer in Proceedings of the National
Science Academy [4] published in 1928, where the authors reported a study
on the double scattering of beta particles and observed an asymmetry in
the scattering which they attributed to the apparent polarisation of the beta
particles. Other experiments on double scattering of electrons employing
electron gun sources did not show the asymmetry. Since they had no idea
that parity may be violated and no one was even willing to consider this op-
tion, their result remained unexplained for about 28 years. After the exper-
iments of Wu and others were published, L Grodgins from MIT reanalysed
the data of Cox and others and also repeated the double scattering experi-
ment and found that though the magnitude of the asymmetry observed by
Cox and others was right, their sign for the asymmetry was wrong [5]. De-
spite this discrepancy, we find once again that an important experimental
result was ignored as it did not fit into the prevailing notions of the time.
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5
Helicity of the Neutrino*

Determination of the nature of
weak interaction

In the field of art and sculpture, we sometimes come across a piece of work
of rare beauty, which arrests our attention as soon as we focus our gaze
on it. The experiment on determination of helicity of the neutrino falls
in that category among experiments in the field of modern physics. The
experiments on the discovery of parity violation in 1957 (previous article)
had established that the violation parity was maximal in beta-decay and
that the polarisation of the emitted electron was 100%. This implies that
its helicity was −1.

Helicity of a particle is a measure of the relative direction between the
spin direction of the particle and its momentum direction. H = σ .p where
σ and p are the unit vectors in the direction of spin and the momentum,
respectively. The spin direction of a particle of positive helicity is parallel
to its momentum direction, for that of negative helicity the directions are
opposite (Box 5.1). The net polarisation, i.e., the expectation value of
the helicity 〈H〉 is zero if parity is conserved. Why was the measurement
of helicity important? It was crucial to the determination of the nature of
interaction responsible for beta decay. Only experiment could help identify
the correct interaction type(s) responsible. The antineutrino emitted along
with the electron would have a helicity depending on the nature of the
interaction. Thus a determination of the helicity of the neutrino emitted

*Reproduced from Resonance, Vol. 20, No. 8, pp. 699–710, 2015.
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Box 5.1 : Helicity

Helicity for a particle is defined as the projection of particle’s spin along the
direction of motion. For a massive particle, sign of helicity depends on the
frame of reference and the value is given by 〈H〉 = ±v/c, where v is the
velocity of the particle and c is the velocity of light. For massless particles,
the helicity could be either positive or negative. For photons, although its
spin has a value of 1, there exist only two helicities corresponding to left
and right circular polarization. The helicity of the neutrino (or antineutrino)
depends on the form of the beta interaction, since this interaction determines
the β −ν angular correlation.

in the beta decay would settle the issue (Box 5.2). How could this be
achieved?

A team of three scientists at Brookhaven National Laboratory, M Gold-
haber, L Grodzins and A W Sunyar set about to rectify the situation. C S Wu
et al had shown in their experiment that the electrons from oriented 60Co
nuclei are preferentially emitted in the direction opposite to that of the
60Co spin. The electrons are, thus polarised opposite to their direction of
motion. In other words, they have negative helicity. The method used
for measuring the helicity of electrons is to scatter them off oriented elec-
trons and measure the asymmetry of scattering. But this method would
not work for neutrinos, since the neutrinos, having no charge, interact only
weakly and the probability of interaction is too low. A completely new
idea was needed. Goldhaber and his colleagues turned their attention to
the sequence of gamma emission following beta-decay in the decay of a
particular radioactive nucleus 152Eu, which they had investigated earlier.
This nucleus decays by electron capture, a process in which there are only
two particles in the final state as opposed to the case of beta decay, where
three particles are present in the final state. Following Goldhaber, let us
consider the decay of a parent nucleus A with spin JA = 0 to an excited
state B∗ with spin JB∗ = 1 of nucleus B, through capture of an electron
from the atomic s-state. Let this excited state, B∗ decay to the ground state
of daughter nucleus B with spin JB = 0 through gamma emission. The
whole process can be represented by

ek(1/2)+A(0)→ B∗(1)+ν(1/2)→ B(0)+ γ(1)+ν(1/2)
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Box 5.2 : Allowed Transitions and Electron-neutrino angular
correlation

In beta-decay, the selection rules on angular momentum (J), parity (π) and
isospin (I) determine the transitions, which are favoured or allowed. The
terms ‘allowed’ and ‘forbidden’ were given in the early days to broadly clas-
sify beta decay in nuclei according to the rates of decay or inversely to the
decay lifetimes. For ‘allowed’ transitions, the change in angular momentum
between initial and final states, ∆J = 0 or 1 and the product of initial and fi-
nal state parities should be positive, i.e., πi.πϕ =+1. ‘Forbidden’ transitions
are further classified in sub-categories depending on whether they involve a
parity change and/or a change of angular momentum of more than one unit.

For Fermi transitions, ∆J =
〈
Ji− J f

〉
= 0, S = 0 (S denoting the resultant spin

of electron and neutrino. In this case, electron and neutrino spins are anti-
parallel) and for Gamow-Teller (GT) transitions, ∆J = 0, ±1; S = 1 (electron
and neutrino spins are parallel). Thus if we have a transition between spins
Ji = J f = 0, it would be pure Fermi type and ∆J = 1 transitions are pure
Gamow-Teller type. ∆J = 0 and Ji 6= 0 are mixture of Fermi and Gamow–
Teller types.

The electron neutrino angular correlation, which gives the probability of
emission of an electron of energy E and momentum p and antineutrino with
a definite angle, θ , between them is governed by the type of interaction re-
sponsible for the beta-decay. It can be written in the form,

P(E,θ) =C[1+apcosθ/E],

where the value of C depends on the electron energy and momentum and
the antineutrino momentum and a correction factor due to the Coulomb field
of the nucleus. The value of a depends on the strengths, g, of the type of
interaction responsible for the beta decay, i.e., Scalar (S), Pseudoscalar (P),
Vector (V), Axial Vector (A) and Tensor (T).

For a pure Fermi type of decay, aF = (g2
V−g2

S)/(g
2
V +g2

S);
In case of only vector type, the value of aF is +1 and He = –ve, Hν = +ve
for scalar type, the value of aF is −1 and He = –ve, Hν = –ve.

For a pure GT type of decay, aGT = (g2
T−g2

A)/3(g2
T +g2

A);
In case of only Tensor, the value of aGT is +1/3 and He = –ve, Hν = –ve
for only Axial Vector, the value of aGT is –1/3 and He = –ve, Hν = +ve.



56 Chapter 5

Figure 5.1 : The relation between the directions of the emission of the
gamma ray and the recoiling nucleus for different signs of neu-
trino helicity. The solid arrows show the direction of motion
and the hollow arrows show the spin direction.

where the spin values are indicated in the brackets. Now we work out
the consequence of conservation of angular and linear momentum in the
whole process of decay. The nucleus B* must recoil with momentum equal
and opposite to that of the neutrino. So a measurement of the direction
of recoil of nucleus B* determines the neutrino momentum direction. As
the sum of the initial spins of ek and A equals 1/2, we can deduce from
conservation of angular momentum that the spin of B* would be in an
opposite direction to that of the neutrino. Therefore, the nucleus B* has
the same handedness as the neutrino and the helicity of the neutrino can be
determined through a measurement of the helicity of the recoiling nucleus.
The polarised recoiling nucleus B* decays by emitting a gamma ray to the
ground state of B with spin zero, hence a gamma ray emitted opposite to
the direction of the neutrino direction will have the same helicity as that of
the neutrino, i.e., Hγ = Hν . This is shown in Figure 5.1. In general, the
circular polarisation of the gamma ray is proportional to the cosine of the
angle between its momentum and that of the recoiling nucleus, B*.

Thus, the measurement of neutrino helicity requires picking out the
gamma rays emitted in the direction of recoil and then measuring their
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circular polarisation. The conditions for carrying out successfully such an
experiment rested on finding a suitable radioactive nucleus decaying by
electron capture to an excited state of a nucleus having spin 1. All these
conditions were met by the radioactive nucleus 152Eum. The isomeric state
with spin, parity 0− has a reasonably long lifetime of 9.3 hrs and decays
by K-electron capture to an excited state at 961 keV in the nucleus 152Sm
(spin, parity = 1−). The excited state in 152Sm decays to the 0+ ground state
through the emission of a gamma ray. It is interesting to note that at that
time, the decay scheme of the nucleus 152Sm was probably known only to
the Brookhaven team. The level energies determined by Grodzins is shown
in Figure 5.2 [1].

Direct determination of the direction of neutrino emission is extremely
difficult due to the very low interaction probability of the neutrino. Gold-
haber and colleagues chose the ingenious method of resonant scattering of
the 961 keV gamma ray to determine the neutrino direction. The circular
polarisation of the gamma ray was analysed by transmission through fully
magnetised iron.

Let us consider these two techniques in some detail. Resonant fluo-
rescence is a process where the radiation emitted by one atom excited the
same transition in another atom. Resonance fluorescence of optical transi-
tions can be readily observed by using a decay from a level, E0, to supply
radiation which will excite the same level in another atom. The transition
has to involve two states that differ by energy of E0. Such a technique is
usually not possible for high energy gamma rays, where recoil of the nuclei
during both emission and absorption would reduce the gamma ray energy
so much that absorption would no longer be possible. The energy lost
by recoil during emission and absorption is, ∆E = E2

0/(2Mc2), neglecting
higher order terms in terms of recoil velocity. For gamma ray transitions in
nuclei (E0 ∼ hundreds of keV), this energy lost due to recoil is in general
much greater than the level width, Γ. Resonant scattering will only take
place if extra energy equal to the energy lost by recoil is supplied to the
emitted gamma ray. For low energy gamma rays, this may be done by the
Doppler shift from thermal motion or from a spinning wheel or from the
motion of the diaphragm of a speaker as in the case of Mössbauer effect.
For high energy gamma rays the required speed of a wheel would be too
large.
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Figure 5.2 : The decay scheme of the isotope, 152Eu with a half-life of 9.3
hours. It decays via emission of an electron to 152Gd (75%)
and by electron capture to 152Sm (24%). Following electron
capture, the nucleus emits the gamma rays of energies 837
and 961 keV. (Reproduced from Physical Review Letters, Vol
109, pp 1014, 1958, with permission from American Physical
Society).

Goldhaber and colleagues used the recoil from the emission of neutrino
in the case of decay of 152Sm, to compensate for the loss due to the recoil
of the nucleus while emitting and absorbing the gamma ray. The emis-
sion of a neutrino causes the nucleus to recoil and if the de-excitation by
gamma ray occurs before the nucleus slows down, the gamma energy will
be Doppler shifted. If Eν be the energy carried by the neutrino, then the
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resonance condition is Eν cosθ =E0, where E0 is the energy of the level in-
volved in gamma emission and resonant excitation and θ is the direction of
emission. When Eν = E0, it is precisely the “forward” gamma rays, emit-
ted in the direction of the recoiling nucleus, which are able to excite the
state in 152Sm, and are therefore automatically selected by the resonance
scattering. For the 961 keV level in 152Sm, the mean lifetime was deter-
mined to be (3.5±1)×10−14 sec, much shorter than the stopping time of
the recoiling nuclei even in a solid source and hence the gamma ray would
be emitted by the nucleus in flight before any appreciable change in the
recoil momentum.

In the case considered here, Eν = 890±5 keV and E0 = 961 keV. There-
fore, the expected polarisation of the gamma ray would be less than 100%.
The accompanying Figure 5.3 shows the relationships without considering
thermal effects. If the finite level width and the cosθ dependence of the
circular polarisation are taken into account ignoring thermal motion and
capture in L and M shells, the expected polarisation was calculated to be
84%.

Now all that remained was to determine the sense of polarisation of
the gamma rays. This was easily achieved by letting the gamma rays pass
through fully magnetised iron. The electron spins in the iron would be
aligned in the direction of magnetic field. An electron in the iron with spin
opposite to that of the photon can absorb the unit of angular momentum by
spin-flip; if the spin is parallel to the photon it cannot. Hence, for gamma
rays emitted in the same direction as the magnetic field, the transmission
of the iron is greater for left-handed gamma rays than that for right handed
ones. The advantage of the transmission method lies in the fact that the
energy of the transmitted gamma ray is the same as the incident ray. The
disadvantage of the method is that the circular polarisation efficiency is
poor and the intensity of transmission is small.

Goldhaber and collaborators used 152Eum source prepared by neutron
capture in a reactor and then it was placed in the centre of an electromag-
net whose field could be reversed. The gamma rays were made to traverse
about 6.4 cm of fully magnetised iron i.e., about 3 mean free paths (mfp)
for analysis of the circular polarisation. The gamma rays were resonantly
scattered by about 1700 g of Sm2O3 in the form of a ring, placed around a
51mm diameter, 89 mm long cylindrical NaI(Tl) scintillation detector. A
lead scatterer containing an equivalent number of electrons could replace
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Figure 5.3 : Relationship between the energy of the gamma ray and the re-
coil direction of the nucleus for the observation of resonance
absorption. Eν is the energy of neutrino emitted by nucleus
A, Eγ is the energy of gamma ray emitted by the resultant nu-
cleus B, after beta decay and E ′γ is the excitation energy avail-
able for the second nucleus (scatterer B), after subtraction of
its recoil energy. The expressions are obtained using the prin-
ciples of energy and momentum conservation and neglecting
higher order terms in recoil velocity.

the Sm2O3 scatterer as a check on resonant scattering. The detector was
shielded from the direct gamma rays from the source by about 30 cm of
lead. The scattered gamma ray spectrum was recorded by reversing the
magnetic field every three minutes and the cycle of field reversals was such
that decay corrections were negligible. The experimental set-up employed
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Figure 5.4 : Experimental arrangement for analyzing circular polarization
of resonant scattered γ-rays. (Reproduced from Physical Re-
view Letters, Vol 109, p 1016, 1958, with permission from
American Physical Society).

by them is schematically shown in Figure 5.4. A typical spectrum recorded
by them is shown in Figure 5.5. The whole set of measurements were re-
peated nine times, each time with a source of 50 mC strength. The quantity
δ was determined from the number of gamma rays counted with magnetic
field in two opposite directions up (N+) and down (N−) using the formula,

δ = 2(N−−N+)/(N−+N+)

If we assume the circular polarisation of the gamma ray to be 100%, the ex-
pected value of δ would be given by δ exp = 100%× (Effect / mfp )× no. of
mfp. For the magnetised iron 3 mfp long the expected value would be only
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Figure 5.5 : Resonant scattering distribution from a scatterer of ∼ 1850 g
of Sm2O3. (Reproduced from Physical Review Letters, Vol
109, p 1016, 1958, with permission from American Physical
Society)

about 2.1%. This shows that the task of Goldhaber and his collaborators
was far from simple. They had to be sure that no interfering instrumental
effects were present and the error of their measurement had to be much
lower than 2%. To do this they undertook the following procedure.

The gamma ray spectrum was divided into three regions A, B and C as
indicated in Figure 5.5. The sum of counts observed under the two peaks at
837 and 961 keV in region B was taken as a measure of resonant excitation.
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The low energy region A represents Compton scattering in the detector and
the region C was taken as a measure of the background. In all the runs, they
found no significant effect of magnetic field on the count rate in region A.
The count rate in region B decayed with the decay rate of 152Eum, i.e.,
9.3 hrs. Neither decay nor any significant change with magnetic field was
found for counts in region C.

Since magnetic fields can alter the gain of the photomultipliers, which
would change the counts recorded under the peaks, the gain of the ampli-
fier was monitored by observing the position of the gamma ray emitted by
a 137Cs source placed next to the detector. Several dummy runs by replac-
ing the Sm2O3 by a lead scatterer were taken. No effect of the magnetic
field was observed within the accuracy of the measurement in this case.
The 152Eum source was placed at the bottom of the magnet and no effect
of the magnetic field in this case was observed on counts in region B. In
the nine runs they observed an average value of δ = 0.017±0.003, which
corresponds to the value of 67± 10% for the circular polarisation of the
gamma ray. This was consistent with the expected polarisation of 84%
without including thermal motion in the source and also capture in other
than K-shell. Thus they concluded that the neutrino emitted in K-capture
has negative helicity and therefore, the beta decay of the proton proceeds
via the Axial Vector (A) and Vector (V) modes of interaction. This combi-
nation of V and A was shown to be compatible with lepton number conser-
vation and a Universal Fermi interaction by Sudarshan and Marshak and
also subsequently by Feynman and Gell-Mann.

On looking back it appears quite strange that the experiment of Gold-
haber which established the helicity of the neutrino to be −1.0+ 0.2 was
considered conclusive evidence that the neutrino emitted in beta decay was
100% left handed. With the advent of unified models of interactions, the
question of left-right symmetries was reopened as it was rightly felt that
possible admixture of right-handedness was not experimentally ruled out.
This led to a series of experiments to search for right-handed or V+A com-
ponent of the weak interaction. Since the direct measurement of the helic-
ity of the neutrino more precisely than that of Goldhaber et al is difficult,
three different types of experiments were embarked on. These are (i) Com-
parison of β± polarisations in Fermi and Gamow–Teller transitions; (ii)
Decay of the muon and (iii) Double beta decay. The results on longitudi-
nal polarisations in beta decay have yielded limits on V+A admixtures to
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be < 10−4. The limits obtained from muon decay is < 10−3 and from the
double beta decay experiments, the limit so far is < 10−4. Experiments
are continuing even now to refine the limits and establish the true nature of
weak interaction.
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6
Discovery of CP Violation
A possible clue to
matter-antimatter asymmetry

We are made of matter and are surrounded by it. As far as observations go,
there is no indication of clumps of antimatter anywhere in the Universe.
This goes against a basic symmetry principle of Physics in which the laws
should be the same for matter and antimatter. The theory predicts that at
the time of Big Bang some 13.7 billions of years ago, matter and antimatter
must have been created equally. How do we explain the preponderance of
matter in the observable Universe today? If the laws were exactly the same
for both, matter and antimatter would have annihilated each other leaving
only pure energy. The clue may lie in an experiment performed by a team
of Physicists at the Brookhaven National Laboratory in 1964, in which the
violation of CP symmetry was observed.

The discovery of CP violation in 1964 at BNL by J Cronin, V Fitch and
co-workers is a purely surprising experimental discovery without any pre-
cursive indication, whether experimental or theoretical. It was so astonish-
ing, that the first reaction of colleagues was to ask Cronin and Fitch what
went wrong with the experiment. Cronin and Fitch were awarded the No-
bel Prize in Physics in 1980 for this discovery. Here, C stands for Charge
conjugation and P stands for Parity. Earlier, in 1957 the world of Physics
was shaken by the discovery of Parity violation in beta-decay predicted by
C N Yang and T D Lee while explaining the anomalous behaviour of decay
of neutral K-mesons and verified experimentally by C S Wu and collabo-
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Figure 6.1 : The violation of the symmetries, C, P, on the neutrino and
conservation of CP symmetry.

rators, but the combined symmetry of CP was conserved in that process.
The discovery of the failure of CP symmetry was made in the same sys-
tem of neutral K-mesons. Since its discovery in the decay of the neutral
K-meson, the CP violation has been found in the weak decay of B-meson
and recently in the decay of charmed D-mesons.

Under P: r→−r, it is reflection symmetry
and under C: p→ p, particle – antiparticle symmetry.
For example, if P symmetry holds good, a left handed neutrino would

be transformed into a right handed neutrino, while if C symmetry was
obeyed, a left handed neutrino would be transformed into a left handed
antineutrino. As none are found to exist, both P and C symmetries are vio-
lated in weak interaction through which neutrinos interact. Landau realised
that the combined operation of CP transforms a left handed neutrino into a
right handed antineutrino which exists as shown in the Figure 6.1. This CP
invariance was considered to be replacing the separate P and C invariance
of weak interaction.

Let us now go into the physics background of the K meson system.
The K mesons differ from the π mesons (carriers of nucleon-nucleon in-
teractions postulated by H Yukawa) in that they are characterised by an
additional quantum number called strangeness, S, which is conserved in
strong interaction but not in the weak. There are four types of K mesons,
K+ and its anti-particle K−, K0 and its anti-particle K0. The K0 and K+

are assigned the value, S =+1 and K0 and K− are assigned, S =−1. The
K can be produced by non-strange particles in association with a hyperon.



Discovery of CP Violation 67

For example,

π−+p→Λ0 +K0−0.91GeV

π++p→ K++K0
+p−1.5GeV

π−+p→Λ0 +K0 +n+n−6.0GeV

Thus we can produce a pure K0 beam by choosing incident π− energy.
Under CP,

CP|K0〉= C|K0〉= η|K0〉

CP|K0〉= C|K0〉= η′|K0〉
Clearly, K0 and K0 are not CP eigenstates. Landau CP invariance would
mean that for the neutral K0 meson and its antiparticle states should mix.
The physical particles (eigenstates having definite mass and lifetime) will
be linear combinations of the K0 and its antiparticle, K0. At the time only
a particle of short lifetime (τ = 9× 10−11 s), decaying into 2 pions was
known. Gell-Mann and Pais pointed out that a long lived partner of this
particle should exist if CP invariance holds. This particle was subsequently
found with a lifetime of 5×10−8 s, decaying into 3 pions. The masses of
KS and KL were found to be not the same but very close to each other,
mS ≈ mL ≈ 498 MeV, with ∆m/m = 7×10−15.

Then we can write the CP-invariant mixed states, which were identified
with the long and short K mesons, as,

|K0
1〉=

√
1/2

(
|K0〉+ |K0〉

)
≡ KS

|K0
2〉=

√
1/2

(
|K0〉− |K0〉

)
≡ KL

The mixing of K0 and K0 occurs through their weak decay into virtual pion
states in which strangeness is not conserved.

K0↔ π+π−↔ K0

Thus, if we have at t = 0, a pure K0 state and allow it to propagate in free
space, at any later time t, we will have a superposition of both K0 and K0.
The CP conserving state can be written as a linear combination of K0 and
K0,

|K(t)〉= α(t)|K0〉+β (t)|K0〉



68 Chapter 6

Box 6.1 : Strangeness oscillations

The time dependent wavefunction of a state with defined lifetime is given by,

ψ(t) = ψ(0)e−imte−Γt/2,

where m is the mass and 1/Γ is the lifetime and t is the proper time (i.e., time
measured in the rest frame of the particle). Normally, there is an arbitrary
phase, but in the K1−K2 system there are two particles for whom the relative
phase at production is known. The wave function for a neutral kaon that at
t = 0 was pure (S =+1) is then,

|ψ(t)〉=
√

1/2

[
|K1〉e−im1te−Γ1t/2 + |K2〉e−im2te−Γ2t/2

]
= e−im1t/

√
2
[
|K1〉e−Γ1t/2 + |K2〉ei(m1−m2)te−Γ2t/2

]
We have for the K mesons, Γ1 � Γ2 (∼ 500 times). Thus we can assume
e−Γ2t/2 = 1 for the duration corresponding to 1/Γ1. Then,

|ψ(t)〉= e−im1t/
√

2
[
|K1〉e−Γ1t/2 + |K2〉ei∆mt

]
In terms of K0 and K0 components,

|ψ(t)〉= e−im1t/2
[
|K0〉

(
e−Γ1t/2 + ei∆mt

)
+ |K0〉

(
e−Γ1t/2− ei∆mt

)]
and the probability of observing K0 after time t is,

|〈K0|ψ(t)〉|2 = 1/4
[
1+ e−Γ1t +2e−Γ1t/2 cos(∆mt)

]
.

Thus ∆m can be determined from the measurement of either K0 or the K0

intensity as a function of time an an initially pure K0 (S =+1) beam.

This measurement yielded a value, ∆m = (3.56+0.02)×10−6 eV.

The amount of strangeness eigenstates K0and K0 will oscillate with time
(Box 6.1).

Let us now look into the decay characteristics of the short and long
lived K0 mesons, KS and KL.
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2π decay:
π has intrinsic parity = −1, spin = 0. Hence the total wavefunction

should be symmetric under interchange of two particles.
(i) π+π−, C changes π+ to π−, CP|π+π−〉 = (−1)l(−1)l|π+π−〉 =

+|π+π−〉, independent of l.
(ii) π0π0, CP|π0π0〉= (−1)l|π0π0〉=+|π0π0〉, since for identical bos-

ons, only even l is allowed.
Thus the 2π state has CP = +1. KS can be identified through its charac-

teristics 2π (π+π−) decay.
3π decay:

(iii) π0π0π0, Since J(K0) = 0, l between two π0 should be even and
also for that between the third π0 and the di-pion. Hence the overall parity
in this case is negative. Thus, CP|π0π0π0〉=−|π0π0π0〉 independent of l.

(iv) π+π−π0, For this decay mode, the energy available is small (∼
83 MeV) and is dominated by l = 0, i.e., all three pions are in a relative s-
state. Thus CP|π+π−π0〉=−|π+π−π0〉 for l = 0. For, l > 0, both positive
and negative CP eigenstates are possible, but these are strongly suppressed
by angular momentum barrier effects.

Thus the 3π state has CP = −1. KL will decay through the 3π mode.
Other 3-body decay modes of the KL would be through (pion + lepton +
neutrino) combination.

Now, suppose we start with a mixed beam of neutral kaons and let it
propagate. Due to their short lifetime, KS will all decay out and only a
pure beam of KL will be left. Because K0 and K0 have different interac-
tions with matter, this pure KL beam interacting with a slab of matter will
produce a different admixture of K0 and K0, which, in turn is a mixture
of KS and KL components. This means that a component of KS is “re-
generated” in the beam (Box 6.2). Drawing an analogy from optics, the KS
and KL system would correspond to left and right circularly polarised light.
The K0 and K0 would correspond to x and y components of linear polarisa-
tion. The slab here acts as the doubly refracting medium like calcite which
has different refractive index for x and y components.

In 1963, Cronin and Fitch with their collaborators Jim Christenson and
Rene Turlay began a systematic study of the neutral K meson system at
the alternate gradient synchrotron (AGS) machine at Brookhaven National
Laboratory, USA. The K0 beam was produced by bombarding a Be-target
with 30 GeV-protons from AGS. The K0 were allowed to propagate freely a
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Box 6.2 : Regeneration

The K0 interacts with matter differently from K0. K0 undergoes elastic scat-
tering and charge exchange reactions whereas K0 has an additional mode of
strangeness exchange reactions producing hyperons (S =−1), e.g., K0

+p→
Λ0+π+ with no corresponding reaction for K0. Suppose we start with a pure
K0 beam and let it travel in vacuum for a sufficient length (∼ 100/ΓK1) of
time, so that all the K1 component has decayed and we are left with a pure
K2 beam. If this beam traverses a slab of material, the strong interaction
will pick out the K0 and K0 components through their different interaction
(absorption) properties.

For the case, Γ1t� 1 and Γ2t� 1,

|ψ(t)〉= 1/2
(
|K0〉− |K0〉

)
e−im1tei∆mt ,

this is a pure K2 state. Assume, R = σ(K0
)/σ(K0)� 1, [ In reality, R∼ 1-2].

After the pure K2 beam traversed a distance d to the slab of matter,

|ψ(td)〉= e−im1td/2
[
|K0〉

(
e−Γ1td/2 + ei∆mtd

)
+ |K0〉

(
e−Γ1td/2− ei∆mtd

)]
If the slab is thick enough, K0 is completely removed and,

|ψ(td)〉= |K0〉
[
e−im1td/2

(
e−Γ1td/2m+ e−i∆mtd

)]
,

Since, |K0〉 = 1/2(|K1〉+ |K2〉), we see that K1 has been regenerated after
the slab of matter.

The K1 component just downstream of the slab is

I(d) = |〈K1|ψ(td)〉|2 = I(0)/4 [1+ e−Γ1td +2e−Γ1td/2 cos(∆mtd)]

distance of 57 feet (17.4 m), during which all the KS would decay leaving
a pure KL to propagate further. Since they wanted to identify the two-
pion decay unambiguously, they used a two-armed spectrometer shown in
Figure 6.2, each arm with spark chambers before and after a magnet so that
the particle tracks could be identified with precision. The angle between
the spectrometer arms was chosen to optimize the detection of K0 mesons
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Figure 6.2 : The two-arm spectrometer employed by Cronin and Fitch to
observe the CP violation in K0 decay (Figure reproduced from
Physical Review Letters 13, 138 (1964) with permission from
American Physical Society).

decaying to two π mesons. The spark chambers were triggered by signals
from the water Cerenkov and scintillation counters positioned behind the
spectrometer in both arms operating in coincidence. The tracks formed
in the spark chambers were recorded photographically, and yielded the 3-
momenta, pπ+ and pπ− of the detected particles.

Since, the dominant mode of decay of KL is to 3π’s, how does one
look for the 2π decay mode. The following two criteria were used by the
experimenters. For the case of 2π decay mode, the vector sum of pπ+ and
pπ− would be in the direction of the K-meson, i.e., at 0°. In case 2π’s
from the more numerous 3π decays (or a pion and a lepton) are detected
by the two arms of the spectrometer, the vector sum would be at an angle
different from 00 as the undetected third pion (or the neutrino) carries away
some momentum, as shown in Figure 6.3. In addition, from the measured
3-momenta pπ+ and pπ− of the pions, the invariant mass (mπ+mπ−) of the
decaying particle can be calculated assuming each charged particle had the
mass of the charged pion. Only in the case of the 2π-decay, the invariant
mass would show a peak at the K0 mass of 498 MeV.
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Figure 6.3 : The kinematics of 2- and 3-body decay of the K-meson.

The regeneration studies provided calibration of the spectrometer. Solid
blocks of different materials, e.g., W, Cu, C and also liquid H2 were used
and an anticoincidence counter was placed immediately behind the regener-
ator, so that the pions produced from the K-decays inside the regenerators
were vetoed out. The coherent regeneration rates measured in W, Cu, C
and liquid H2, were entirely consistent with expected rates. When the de-
cay volume was filled with gaseous He, there was negligible contribution
to the 2π signal. The coherent regeneration of KS subsequently decaying
to π+π− provided calibration of the apparatus.

In their experiment, Cronin and Fitch found that the intensity of the
invariant mass showed a peak at θ = 0° (cosθ > 0.9999) with m = 498±
5 MeV, exactly at the mass of the K0 meson, as shown in the Figure 6.4.
They got 45± 9 events in the forward peak in the proper mass interval
after subtracting the background out of a total corrected sample of 22700
KS decays. From this data Cronin and Fitch established that the branching
ratio for the decay of KL to 2 pions relative to all the charge modes decay
was 2×10−3 [1].

It implies that KL (and as a consequence, also KS) is not a pure CP-
eigenstate and is a linear combination of K1 and K2.

|KL〉= (K2 + εK1)/[1+ |ε|2]1/2,

|KS〉= (K1 + εK2)/[1+ |ε|2]1/2,

with |ε| ≈ 2.3× 10−3. Thus, KL occasionally decays to the forbidden 2π
state though the small admixture of K1 due to the CP violating ∆S = 2 cou-
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Figure 6.4 : The peak in the in-
variant mass spectrum
at zero degree showing
the 2-pion decay of KL
meson.

Figure 6.5 : Direct and indirect CP
violation in the decay
of KL meson.

pling. This is indirect CP violation through mixing of different strangeness
states. However, the standard model predicts that CP is also directly vio-
lated in the decay of KL through ∆S = 1 interaction,

|KL〉= K2→ |π+π−〉

in addition there would be an interference between the direct and indirect
terms. which are characterized by the parameters ε′ and ε, respectively,
as shown in the Figure 6.5. Direct CP violation would make the value
of the fraction of KL decays with a two-pion final state normalized to Ks
dependent on whether the two pions were π+π– or π0π0.

The early version of the standard model was a two-generation theory,
with four quarks grouped into two doublets and four leptons similarly
grouped into two doublets. In 1973, Makoto Kobayashi and Toshihide
Maskawa considered CP symmetry breaking through quark mixing due to
weak interaction extending the work of N Cabibo. This is now known
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as the Cabibo–Kobayashi–Maskawa theory (CKM). They pointed out that
the theory with two generations of quarks conserves CP, and showed that
a minimum of three generations with six quarks allows CP violation, both
direct and indirect. At the time Kobayashi and Maskawa formulated their
3-generation theory, only 3 flavours of quarks, up, down and strange, were
known. The fourth flavour, charm was discovered soon after in 1974 and
the other two, bottom and top in were found only in 1977 and 1995, re-
spectively. The third generation lepton, tau (τ) was also found at SLAC
by Martin Perl’s team soon after in 1977, proving the validity of the CKM
theory.

The CKM theory which is a part of the standard model, relates the real
part of the ratio of parameter ε and ε ′ to the two-pion decay rates through
the relation, Re (ε ′/ε) ≈ 1/6. (1 – RR), where RR is the ‘ratio of ratios’

RR =
Γ(KL→ π0π0)/Γ(KL→ π+π−)

Γ(KS→ π0π0)/Γ(KS→ π+π−)
.

The numerator is the ratio of decay rates Γ for the neutral and charged
modes of the CP-forbidden decay of the long-lived KL. The denominator
is the corresponding ratio for the CP-allowed decay of the short lived KS.

Evidence for direct CP violation was found in K-decay at CERN in the
NA31 experiment in 1988 and also at Fermilab in the KTeV experiment. In
the CERN experiment, the neutral and charged decays of the kaons were
measured simultaneously in the same detector geometry. The KL and KS
beams were therefore run into their detectors one after the other. In the
experiment at Fermilab, neutral and charged decay modes were measured
at separate times while running parallel KS and KL beams into the detectors
simultaneously, a few cms apart. The first result reported from NA31 in
1988 was for, RR = 0.980±0.004(stat)±0.005(syst), giving, Re(ε ′/ε) =
(3.3±1.1)×10−3 [2].

The first results from Fermilab experiment in 1988 was a value for
ε ′/ε = 0.0032±0.0028 (statistical)±0.0012 (systematic) [3]. The CERN
results were subsequently improved in precision by the NA31 experiment
and conclusively established direct CP violation in 1993. The value ob-
tained for the ratio was, Re(ε ′/ε) = (2.30± 0.65)× 10−3 [4]. This value
has been further refined by later experiments to, |ε| = (2.228± 0.011)×
10−3, and Re(ε ′/ε) = (1.65±0.26)×10−3.



Discovery of CP Violation 75

Despite many refinements of the experiments, the constraints on the
theory from measurements of CP violation in the kaon system are not very
stringent. The theoretical calculations become easier with heavier quarks
such as the beauty quark and B mesons (bound states of one beauty and
one anti-down quark) provide a much better system for measurements of
CP violation. The large mass difference between B0 and B0 yields strong
interference effects between direct and indirect CP violation. The exper-
iment entailed measuring the time-dependent decay rates of the B0 and
its antiparticle B0. This is facilitated if the B0 meson moves in the lab-
oratory frame with known velocities, so that their time of decay can be
established by measuring where they decayed in space. It is an indication
of the importance of the subject that a special type of accelerator, termed
the ‘asymmetric B factory’, was devised to study the CP violation in the
B0 meson system. It is an electron-positron collider with the electron and
positron having different energies. Two such machines were eventually
built, one at the Stanford Linear Accelerator Center (SLAC) in California
(9 GeV electrons and 3.1 GeV positrons), and one at KEK laboratory, in
Tsukuba, Japan (8 GeV electrons and 3.5 GeV positrons).

In 2001, CP violation of B0-meson decay was discovered by two ex-
periments: the Belle experiment at KEK [5] and the Babar experiment at
SLAC [6]. Time-dependent CP asymmetry was observed in the decay of
B0 → J/ψK0, where J/ψ is a particle made of one charm and one anti-
charm quark. The results were fully consistent with the CKM predictions
of the standard model. Kobayashi and Maskawa received the Nobel Prize
in 2008 “for the discovery of the origin of the broken symmetry which
predicts the existence of at least three families of quarks in nature.”

Physicists at CERN working with the LHCb detector at the Large Had-
ron Collider (LHC) have found evidence of CP violation in the decay of D0

meson and its antiparticle. The D0 meson is composed of a charm quark
and an anti-up of quark. It decays into either a kaon-antikaon pair or pion-
antipion pair. Analysing the data collected between 2011 to 2018, they
found an asymmetry of (−0.154±0.029)% at a statistical significance of
5.3σ [7]. This result is also consistent with the standard model predictions.

All quark weak decays observed so far, are consistent with a single
set of standard-model parameters. However, calculations show that the
standard model does not provide a satisfactory framework for describing
the cosmological evolution of matter–antimatter asymmetry. The amount
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of the violation observed in the K0, B0 and D0 meson systems do not
account for the actual matter-antimatter asymmetry observed in the Uni-
verse. Hence, the search continues to look for additional mechanisms for
CP violation through Higgs particles and through massive neutrinos. The
discovery of CP violation, a small and rare effect in kaon decay, shows the
importance of precision measurements in opening up an unexpected world.
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7
Discovery of Transistor
Effect*

Experiment that changed the
communication world

Today, irrespective of whichever remote corner of the Earth you may find
yourself in, even on the moon or in outer space, you can be sure of one
thing, that is you can establish contact with your people through either ra-
dio or phone. The tremendous explosion of information technology owes
its genesis to the discovery of the transistor. No other electronic device has
influenced modern life more fundamentally than the transistor. It is a ubiq-
uitous element of electronic circuits ranging from the simplest amplifier
or radio to complicated electronic computers. Though integrated circuits
have lately replaced circuits with discrete transistors in many areas, the
former are merely arrays of transistors and other components built from a
single chip of semiconductor material.

The transistor effect was discovered by three American physicists, Will-
iam Shockley, John Bardeen and Walter Brattain working at Bell Labs in
1947. Were they looking for such a device? It certainly was a goal for them
but they arrived at the discovery quite unexpectedly while trying to un-
derstand fundamental behaviour of semiconductor surfaces (see Suggested
Reading). They received the Nobel Prize in Physics for this discovery in
1956.

*Reproduced from Resonance, Vol. 3, No. 9, pp. 6–13, 1998.
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It is interesting to consider the experiments and studies that preceded
this discovery. The rectifying property of a junction between metals and
sulphides of lead and iron (Galena and Pyrites) was discovered by F Brown
in 1874 and later in contacts made between copper and copper oxide by
A Schuster. By 1904 point contacts on Galena, silicon carbide, tellurium,
silicon, etc. were found to be well suited for the detection of radio waves
which were demonstrated a few years earlier in 1888 by H Hertz. In India,
Sir Jagadish Chandra Bose while working on microwaves had obtained a
US patent on one such device based on Galena in 1904. The understanding
of the action of such semiconductors had to wait the quantum theory of
solids as first developed by A H Wilson in 1931.

However, with the advent of vacuum tubes, the interest in such point
contact devices lagged behind. By 1945, semiconductors were being used
as diodes, varistors and thermistors. There was a hope of making an ampli-
fying device with a semiconductor, as a triode. Following the analogy of
the vacuum tube triode, it was thought that if a grid could be placed in the
space charge layer at the contact, it would be possible to control the flow
of electrons across the contact. Such a space charge layer is, however, only
about one mm in width and putting a grid within such a narrow width is
quite difficult. R Hilsch and R W Pohl had succeeded in 1938 in demon-
strating the validity of this principle by building a triode in an alkali halide
crystal in which the width of the space charge layer was about 1 cm. This
device could amplify frequencies less than 1 Hz and certainly was not a
practical device.

In 1946, Bell Laboratory group headed by William Shockley started
work on properties of semiconductors, mainly silicon and germanium. By
this time they were in a position to make polycrystalline ingots of either n-
or p-type silicon or germanium of specified resistance. Shockley had sug-
gested an alternative way for amplification of AC signal. This was to con-
trol the conductance of a thin film or slab of semiconductor by application
of a transverse electric field. The slab would form one electrode of a paral-
lel plate condenser, the other plate being the control electrode as sketched
in Figure 7.1. A voltage applied across the condenser induces charges in
the slab. If the induced charges are mobile carriers, the conductance would
change with change of voltage on the control electrode. Experiments were
tried in earnest to observe the field effect predicted by Shockley, but the
effect observed was several orders of magnitude less than predicted and
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Figure 7.1 : Sketch of the first experimental arrangement to look for the
field effect predicted by Shockley.

several other predictions of the theory did not agree with experimental re-
sults. The reason for this failure was attributed to the electrons localised
at the surface trapping a large fraction of the charge carriers. The field
effect suggested by Shockley had to wait for improvements in semicon-
ductor technology and it was possible later to make electronic amplifiers
with high gain using the field effect principle. While the evidence on sur-
face states was fairly convincing, it was all of indirect nature. A number
of further experiments which might yield more concrete evidence about
the surface barrier were carried out by Shockley, Brattain and Bardeen.
Shockley’s prediction that a difference in contact potential would be found
between n- and p-type specimens with large impurity concentration was
observed. Brattain argued that illuminating the surface region would ex-
cite electrons and holes which would be separated by the field due to sur-
face charges and thus result in a change of the surface charge and contact
potential. Brattain used the apparatus shown schematically in Figure 7.2
to measure the change in contact potential. The reference electrode was
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Figure 7.2 : Brattain’s experiment to measure change in contact potential
due to effect of light.

made of platinum in the form of a screen so that light could pass through
it. Alternately chopped light falling on the surface with the electrode held
fixed generated alternate voltage across the condenser. Brattain tried sev-
eral ambient atmospheres and different temperatures and observed large
effects when a liquid dielectric filled the space between the electrode and
the semiconductor surface. He along with a colleague, Gibney introduced
different electrolytes and observed the effects attributed to large changes
in the surface barrier with voltage applied across the electrolyte. Evidently
ions piling up at the surface created a very large field which penetrated
through the surface states.

The use of electrolytes to change the surface barrier suggested to the
team to try to observe the field effect predicted by Shockley. Bardeen and
Brattain took a slab of p-type Si which was treated to give an n-type surface
and made a point contact by pushing a metal point onto this surface. They
covered the metal with a thin layer of wax and surrounded it with a drop
of water which acted as an electrolyte. An electrode in the electrolyte was
used to apply a strong electric field in the vicinity of the contact. The exper-
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Figure 7.3 : Schematic view of the apparatus used by Brattain and Bardeen
to observe the field effect.

imental arrangement is shown in Figure 7.3. If the point is biased positive
with respect to the block, it is the reverse bias or high resistance direc-
tion and part of the reverse current consists of electrons flowing through
the n-type inversion layer to the contact. It was found that the magnitude
of this current could be changed by applying a voltage on the electrolyte
probe which resulted in changing the conductance of the inversion layer.
Since under static conditions only a small current flows through the elec-
trolyte, the set up could be used as an amplifier. In the initial tests current
and power amplification was achieved but no voltage amplification was ob-
served. A negative voltage on the probe was found to decrease the current
flowing in the reverse direction to the contact.

The same experiment was repeated with a block of n-type germanium.
Since water would evaporate quickly, they changed the electrolyte to gly-
col borate. A positive change in the voltage on the probe decreased the
reverse current and considerable voltage and current amplification was ob-
served and the experiment showed that a large part of the reverse current
consisted of holes flowing in an inversion layer near the surface. The elec-
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trolyte has long time constants and thus amplification occurred for only low
frequencies, less than 8 Hz. The electrolyte was then replaced by a metal
control electrode insulated from the surface by a thin oxide layer. The sur-
face was anodised first and thin layer of gold was evaporated on several
spots on the anodised surface. A point contact was placed very close to
one of the spots and biased in the reverse direction. A small effect on the
reverse current was observed when the spot was biased positively, but of
opposite direction to that observed with electrolyte. An increase in pos-
itive bias increased rather than decreased the reverse current to the point
contact. The effect was large enough to give some voltage, but no power
amplification. This experiment suggested that holes were flowing into the
germanium surface from the gold spot, and that the holes introduced in this
way flowed into the point contact to enhance the reverse current. This was
the first indication of the transistor effect, i.e., the current being carried
predominantly by minority carriers. Power amplification was observed by
placing metal contacts at a distance of 0.005 cm from each other by evap-
orating gold on a wedge of polystyrene and then separating the gold at the
point of the wedge with a razor blade to make two closely placed contacts
as shown in Figure 7.4a.

The close separation was later achieved by using two appropriately
shaped point contacts placed close together. This was the birth of the point
contact transistor. Using this transistor Brattain had set up a circuit to am-
plify speech and observed distinct gain in speech level which could both
be heard as well as seen on the oscilloscope, with no noticeable change in
quality. The device was made to oscillate the next day. The name transis-
tor was coined by J R Pierce, another famous colleague of Brattain at Bell
laboratories. The discovery of the transistor was publicly announced in
three contiguous letters to the Physical Review several months later (refer-
ences in Suggested Reading). Subsequently Shockley went on to work out
the theory of the p-n junction and predicted the p-n-p and n-p-n junction
transistors which were made by M Sparks at Bell laboratories.

Further development of the understanding of semiconductors and im-
provement in the manufacturing techniques led to the development of new
families of solid state devices. This in turn has brought about a remarkable
technology called microelectronics which has given us the tiny integrated
circuits which then shrank into the Large Scale Integrated circuits (LSI)
and then further into the Very Large Scale Integrated (VLSI) circuits.
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Figure 7.4a : Sketch of the arrangement in which full transistor effect was
observed first.

Figure 7.4b : Image of the arrangement of the first transistor (Reused with
permission of Nokia Corporation and AT & T Archives).
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Box 7.1

Semiconductors have resistance in between metals (good conductors) and in-
sulators. The conductivity of semiconductors (normally group IV elements
like Si, Ge) can be altered by introducing impurities of either group III ele-
ments (B, Al, Ga, In) giving rise to p- type semiconductor or group V ele-
ments (P, As etc.) giving rise to n-type semiconductors. In the p-type semi-
conductor the bulk of the current is carried by holes (majority carriers) and
the electrons are the minority carriers, whereas in n-type semiconductors the
situation is reverse. When a p-type and another n-type semiconductor are
brought together a space charge layer is formed at the junction due to dif-
fusion of holes from the p-side to the n-side and that of electrons from the
n- to p- side. If a voltage is applied across a p-n junction, the current flow
across the junction depends on the polarity of the voltage applied as shown
in Figure 7.5. If positive voltage is applied to the p-type side, the junction
is forward biased and the current is contributed by the majority carriers. A
negative voltage on the p-type side results in a much lower current carried by
the minority carriers and the junction is reverse biased. Such a p-n junction
thus acts as a diode which can be considered as a two terminal device.

Figure 7.5 : Schematic representation of a p-n junction diode in forward
and reverse bias.
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Box 7.2

Point contact diode came into existence when phosphor bronze whiskers
were pressed onto crystals of Galena, pyrites, quartz, etc. to demodulate the
amplitude modulated radio waves. The junction transistor is an extension in
the sense that two such point contacts are made on a semiconductor surface.
The transistor is a three terminal device consisting of two p-n junctions each
of which has the characteristic of a diode. The three terminals are connected
to three sections of the transistor designated for historical reasons emitter,
base and collector. There exist two types of transistors shown schematically
in Figure 7.6, one in which emitter and collector are n-type and base is p-type,
and in the second one the emitter and collector are p-type whereas the base
is n-type. These are called n-p-n and p-n-p transistors, respectively. A good
account of the transistor and its properties have appeared in Resonance, Vol
2, No.12 by D.N. Bose. Of the three terminals, the current between any two
terminals can be controlled by means of small voltages on the third terminal
and power amplification results.

Figure 7.6 : Schematic representation of a p-n-p and an n-p-n transistor.
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Masers and Lasers*

Birth of Quantum Electronics -
Masers

Whenever we look at a light source, say a candle or a light bulb or the
Sun, the light that reaches our eyes have mostly been generated by the
spontaneous emission from the atoms excited in the source. If an atom is
excited by thermal energy or some other source, the excited state is gener-
ally unstable and the atom returns to the ground state by emitting radiation
whose wavelength is determined by the energy of transition. This is true
not only for visible light but also for radiations of shorter or longer wave-
lengths. The intensity of such emissions depends on the temperature of
the source and follows the Planck’s law. Normally, incandescent sources
can have temperatures of a few thousand degrees and this sets an upper
limit on the radiation intensity. However, if we take an atom in an excited
state and bathe it with radiation having the same frequency that the atom
would have normally emitted, another mode of emission of light would oc-
cur. This was recognised by Einstein in 1916 when he tried to account for
the equilibrium distribution of energy states of atoms in interaction with
radiation. He named this process as induced or stimulated emission of
radiation.

For over 35 years after Einstein’s discovery, the subject of stimulated
emission had little or no practical usage. During world war II, the devel-
opment of microwave technology gave rise to a new field known as mi-

*Reproduced from Resonance, Vol. 4, No. 9, pp. 6–13, 1999.
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crowave spectroscopy. In Columbia University, USA, the group headed by
Charles H Townes and in Russia, N Basov and A M Prokhorov recognised
that stimulated emission could be used as a basis for a very high resolution
detector, oscillator or amplifier.

The basic problem with an electronic amplifier or oscillator is that usu-
ally the vital part of the circuit is of the same size as the wavelength gen-
erated. This fact limits the use of electronic amplifiers to wavelengths of
∼ 1 mm or larger. The spectroscopists asked themselves, why not use the
atomic or molecular oscillators built by nature? A single atom, however, ra-
diates very little power and that too intermittently. So the need was to find
a way to synchronise a large number of atoms to produce a coherent wave.
Normally this process would violate the second law of thermodynamics
since the interaction of radiation with atoms at any finite positive tempera-
ture cannot produce amplification. Let us take an atomic species which has
two energy levels. At a given temperature the number of atoms in the lower
level would be larger than that in the higher level and thus there would be
a net absorption of radiation by the atom and no amplification. However,
suppose the number of atoms in the higher level are made larger than that
in the lower level (population inversion or negative temperature, (Box 8.1).
Then we have more stimulated emission than absorption and hence a net
amplification of the radiation with frequency corresponding to that of the
transition. This was the birth of quantum electronics.

Population inversion in two level systems was first discussed by Lamb
and Retherford in connection with their measurement of fine structure of
hydrogen and the first demonstration was done by Purcell and Pound in
their nuclear magnetic resonance experiment (see Box 8.1).

Townes and his co-workers, Gordon and Zeiger achieved this situation
working with ammonia molecules. This molecule has two states corre-
sponding to the superposition of two equivalent positions of the N atom on
either side of the plane containing the three H-atoms as shown in Figure
8.1 [1]. One of these states is symmetric to the interchange of the position
of the N-atom while the other is antisymmetric. The symmetric one has
lower energy and the energy difference of 10−4 eV corresponds to frequen-
cies in the microwave range, 23.87 GHz and a wavelength of 1.25 cm for
the transition. If somehow we could drive away the molecules in the lower
energy state, then we would be left with an ensemble of molecules only
in the upper state achieving population inversion. This is what they pro-
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Box 8.1 : Population Inversion

Suppose an atom or a molecule has two states a and b with energies Ea and
Eb, Ea being lower than Eb. In the presence of electromagnetic field, atoms
in state a (numbering Na) can absorb energy to go to state b. Those in state
b (numbering Nb) can come to state a by either spontaneous or stimulated
emission. If we denote, following Einstein, the absorption probability for
a→ b by Bab and the spontaneous emission probability for b→ a by Aba and
the stimulated emission probability for b→ a by Bba, then the rate of change
of electromagnetic energy, I, is given by,

dI
dt

= AbaNb−BabINa +BbaINb

at equilibrium, dI/dt = 0, and this gives us an expression for

I =
AbaNb

BabNa−BbaNb
=

Aba

Bab(Na/Nb−Bba/Bab)
.

At a given temperature T , considering Boltzman distribution of the atoms,

Na

Nb
= exp

(
Ea–Eb

kT

)
.

Comparing this to the Planck’s radiation formula Einstein came to the con-
clusion that Bba = Bab and then,

I =
Aba/Bab

exp[(Ea−Eb)/kT −1]

Then we have
dI
dt

= ANb−BI(Na−Nb)

Since Ea < Eb , it follows that at normal temperatures Nb < Na and dI/dt
is negative. Only if we can make Nb > Na, dI/dt would be positive and
radiation energy would be amplified. This is called population inversion. We
can see that the situation when more atoms are in state b than in state a, is
mathematically equivalent to the temperature, T , being negative. The first
experimental evidence of population inversion was obtained as early as 1928
by H Kopfermann and R Ladenburg working in the Kaiser Wilhelm Institute
in Berlin (see [8]). They achieved it by controlling the excitation current in a
discharge tube filled with neon. However, the idea of using it for maser/laser
process did not occur to anyone till the historic work of C Townes.
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Figure 8.1 : The ammonia molecule. (a) Classical representation.
(b) Quantum mechanical states are superposition of these two
representations.

ceeded to do using another important property of the ammonia molecule,
its electric dipole moment. Although the ammonia molecule does not have
a permanent electric dipole moment, an applied electric field will induce
one and its sign is opposite for the two states mentioned above. If the elec-
tric field is inhomogenous, there will be a force on the molecule which
also has opposite signs for the two states. The lower energy state is at-
tracted by a strong field whereas the upper energy state is repelled by it.
An electrostatic quadrupole lens provided the required electric fields.

They needed a directional beam of molecular ammonia which was
achieved by stacking fine tubular channels of size 0.05 mm × 0.15 mm
and length 6 mm together forming a circular array of radius 5 mm. Gas
from a tank of anhydrous ammonia was maintained behind this array at a
pressure of few mm of Hg to produce a strong directed beam of ammonia
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Figure 8.2 : The experimental arrangement used in the observation of
maser action.

molecules flowing in the direction of the tubular channels. The four elec-
trodes of the focusser were arranged as shown in the Figure 8.2 to form a
strong quadrupole field. As the molecules passed through the focusser, the
molecules in the upper state would preferentially go towards the axis where
the field was zero. The molecules in the lower state were attracted by the
electrodes and were lost from the beam direction. A diffusion pump was
used to evacuate the system, but it proved inadequate to pump the large
amount of ammonia gas from the source. They made the focusser elec-
trodes hollow and filled them with liquid nitrogen to provide cryopumping.
At the boiling point of nitrogen∼ 77 K, the vapour pressure of ammonia is
< 10−6 mm of Hg and so the cold electrode surfaces provide a large trap-
ping area which helped maintain pressures < 10−5 mm of Hg. However,
this gave rise to a complication as the build up of solidified ammonia on
the electrodes distorted the focusing fields and eventually the flow of am-
monia was impeded. So they had to run the system intermittently for small
periods, warming up the system in between.

The molecules emerging from the focusser were predominantly in the
upper state. They were then made to enter a cylindrical cavity resonator
of 1.5 cm diameter and 11.4 cm length made of copper whose natural fre-
quency matched the transition frequency of 23.87 GHz. Microwave power
could be fed in through an input hole at one end of the cavity and could be
taken out of the cavity through a hole on the sidewall. Amplification of the
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input signal was obtained with extremely low levels of noise. The power
output of the first maser was about 10−9 W [2]. The reason for the low
level of noise is that the molecules are neutral objects carrying no charge.
Their motions in contrast to that of electrons in electronic circuits, produce
no unwanted random electromagnetic signals. Only source of noise in it is
the thermal noise in the cavity from the walls. In fact if we cool the cavity
to near 0 K the limiting noise fluctuation is equivalent to only one quantum

Box 8.2 : Resonant Cavity and Linewidth

A resonant cavity is an enclosure where standing waves of electromagnetic
radiation are sustained and it does not radiate. The wavelengths of the waves
for which standing waves can be sustained are naturally determined by the
dimensions of the cavity and its geometric shape. In the microwave range
the frequency of a cavity can be tuned over a small range by either deform-
ing the walls or by introducing a small piece of metal which changes either
the effective capacitance or the inductance of the cavity. For visible light,
the frequency can be tuned by either using a dielectric material or chang-
ing the cavity length by moving one end mirror over a desired amount. The
frequency of a laser cavity can also be changed by rotating a grating fixed
on a fine motion control stage at one end so that the wavelength for which
feedback occurs changes.

The transition probability for any molecule at low field strengths is given by,

Pab =
1

(2πh)2 |µab|2
∣∣∣∣ˆ ε(t)exp(−Iω0t)dt

∣∣∣∣2
where, µab is the dipole matrix element for the transition, and ε(t) is the rf
electric field at the position of the molecule.

The total power emitted by the beam is given by,

P = NhvPab,

where v is the velocity of the molecule and Pab is an average over the trajec-
tories, velocities and matrix elements for all the molecules of the beam.

Box 8.2 Continued. . .
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Considering the length, L, of the cavity to be only one half wavelength in the
axial direction, the emitted power has a maximum at the natural transition
frequency ω0 and a total width at half maximum of ∼ v/L as given by the
inverse of the time of flight of the molecules in the cavity. For transitions off
resonance,

Pab =
1

(2πh)2 |µab|2 |ε0[exp(I(ω−ω0)t)+ exp(−I(ω +ω0)t)]dt|2

The second term oscillates too rapidly and averages to zero. The first term on
integration gives a value,

=
1

(2πh)2 |µab|2ε
2
0

(
L
v

)2 sin2[(ω−ω0)L/v]
[(ω−ω0)L/v]2

The linewidth given by this function is shown in Figure 8.3.

Figure 8.3 : Linewidth of a maser transition.
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of energy in the cavity which makes a maser yield the most perfect amplifi-
cation allowed by the uncertainty principle. The maser also had extremely
narrow bandwidth of a few kHz governed by the length of time required
for the molecules to travel the length of the cavity.

In electronics any system that amplifies can be modified to oscillate
by introducing feedback coupling. Maser has not been an exception to
this. It only required enough ammonia molecules in the upper energy state
to enter the cavity so that the number of photons emitted by stimulated
emission more than compensate those lost to the walls of the cavity. The
oscillations in the maser were extremely stable and due to its narrow band-
width, produced very nearly perfect sine waves. A clock regulated by a
maser would gain or lose no more than one second in few hundred years
and masers found immediate application in providing an accurate measure
of the second in conjunction with an atomic transition in the cesium atom.

However, as an amplifier the use of the ammonia maser was very lim-
ited as the frequency of the transition can not be easily changed. A practi-
cal amplifier needs to be tuneable. Also the ammonia maser can not work
continuously, but in bursts. The maser action stops once all the molecules
in the upper state make a transition to the lower state. This shortcoming
was removed a couple of years later in the idea of the three-level param-
agnetic maser introduced by Nicolaas Bloembergen of Harvard University
[3]. Basov and Prokhorov had already proposed a rather similar three-level
pumping scheme for application to molecular beam system. They utilised
the fact that the separation between the (2S + 1) energy levels of a para-
magnetic atom with spin S when placed in a magnetic field, depend on
the value of the magnetic field. In the case when spin is ½, the two levels
would be split and the frequency corresponding to the separation is given
by ∆ν = 2.8(H)MHz, where H is the magnetic field in gauss. In case of
spin 3/2 there would be four levels as happens to be the case with Cr2+ ions
in ruby crystals placed in a magnetic field of 3900 gauss as shown in Fig-
ure 8.4. The populations of level 1 and 3 tend to become equal if enough
power is provided for the pump transition. This would then establish a pop-
ulation inversion between level 3 and 2. If the decay or relaxation rate of
level 2 to 1 is more rapid than the decay from level 3 to 2 then continuous
operation is possible. Since the transition frequency between these levels
depends on the strength of the magnetic field, varying the magnetic field
we can easily tune the frequency.
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Figure 8.4 : The three level maser system using the excited levels of ruby
placed in a magnetic field of 3900 gauss.

A short time later G Fehler, H E D Scovill and H Seidel at Bell Labs
built a solid state maser based on this principle using the levels of the rare-
earth Gadolinium ion (Gd3+) in a crystal of Lanthanum ethyl sulphate [4].
An explosion of activity on solid-state masers followed soon [5]. It was
soon realised that ruby crystal provided a more suitable choice and was
used for the three level maser. As the energy separations of the maser
transitions is small, it was necessary to cool the crystal to low tempera-
tures to reduce the thermal contributions to the excited states, especially
the lower maser level, thus allowing for rapid radiative de-population of
the middle level 2. Low temperatures are also required in order to re-
duce non-radiative processes such as phonon collisions (lattice vibrations)
which compete with the radiative processes and can reduce the lifetime of
the upper laser level 3 (it must have a longer lifetime than that of the lower
laser level). Such a ruby maser was used as a low noise amplifier by Arno
Penzias and Robert Wilson at Bell Labs for their discovery of 3 K cosmic
microwave background radiation. Masers have been used for making accu-
rate atomic clocks for timekeeping and used or boosting signals for deep
space missions. So far, microwave sources and amplifiers for these appli-
cations were based on electronic circuits called crystal oscillators and sen-
sitive detectors known as superconducting quantum-interference devices,
which usually require low temperature for their operation.
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The development of organic crystals, of the compound p-terphenyl
doped with pentacene molecules as the maser gain medium, in 2012 pro-
vided a breakthrough for operation of a maser at room temperature [6].
However, the maser operation requires a pumping laser and since organic
molecules cannot withstand high laser power, the p-terphenyl maser could
work only in the pulse mode and not continuously. Recent innovations
to make continuous masers work at room temperature have been success-
ful using diamond crystals with defects called nitogen-vacancy centres [7].
Such a defect comprises a nitrogen atom, which replaces a carbon atom in
the diamond crystal, and the void of a nearest-neighbour carbon atom. A
laser pumps the nitrogen vacancy centres to produce population inversion.
At room temperature, the maser worked continuously for up to 10 hours
without noticeable degradation in power and has the potential to make the
maser as ubiquitous as the laser.

Acknowledgments: I am indebted to Prof. P K Kabir for bringing to
my notice the work of Kopfermann and Ladenburg.
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9
Birth of Quantum
Electronics – Lasers*

Once the validity of the principle of the maser had been proven, it was
natural to try to extend it to optical frequencies and realise the laser. This
step, however, was far from trivial. Some of the problems were discussed
and solutions to them proposed in a paper entitled ‘Infrared and Optical
Masers’ by Townes and his brother-in-law Arthur Schawlow in 1958 [1].
These are,

1. The use of a resonant cavity could not be extended even to the in-
frared, let alone to the visible range. This is because, to maintain a
single isolated mode in a cavity the linear dimensions of the cavity
would need to be of the order of one wavelength and thus too small
at these higher frequencies. The cavity dimension had to be made
much larger than the wavelength resulting in a multimode operation.

2. A problem of using multi mode operation is the possibility of os-
cillations being set-up in one mode jumping over to another mode
causing sudden jumps in the frequency of the operation of the ampli-
fier.

3. Spontaneous emission probability increases with the cube of fre-
quency, so the minimum power required to sustain oscillations may
be rather large.

*Reproduced from Resonance, Vol. 4, No. 10, pp. 8–15, 1999.
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Schawlow and Townes got over the main difficulty of selecting a single
oscillatory mode by using a cavity formed by two partially silvered mir-
rors which are strictly parallel and separated by a distance large compared
to their diameter. This arrangement is a variant of the Fabry–Perot interfer-
ometer and A M Prokhorov in Moscow and R H Dicke at Princeton also
independently suggested similar arrangements for masers at short wave-
lengths. A beam of light travelling along the axis joining the two mirrors
would travel back and forth many times. During these journeys stimulated
emission from the pumped atoms in the enclosed space would reinforce
the beam. If the build-up were enough to compensate for the losses at the
mirrors a steady wave would result. Part of the wave can escape through
the partially silvered mirror giving the output of the optical maser. The
different modes would be separated by the strict directionality of the re-
flected beam and a single mode could be selected (Box 9.1). Schawlow
and Townes gave an example of a possible optical maser using potassium
vapour and a potassium lamp as the excitor. Potassium atom has a set of

Box 9.1 : Mode Selection

In case of optical range, the wavelengths are small compared to the dimen-
sions of the cavity and many modes would be supported in the cavity. Con-
sider a rectangular cavity of length L and two square end walls of dimension
D (L�D) which are semi transparent and other surfaces perfectly reflecting.
Transparency of the end walls provides coupling to external space by a con-
tinuously distributed excitation which corresponds to the distribution of field
strengths at these walls. The resulting radiation produces a diffraction pattern
which can be easily calculated at a large distance from the cavity. The field
distribution along the end walls is proportional to sin(πn1x/D)cos(πn2y/D)
and the resonant wavelengths for waves travelling in near axial directions are
given by,

λ =
2

[(m/L)2 +(n1/D)2 +(n2/D)2]1/2
,

where m is the number of half wavelengths along the axial direction and n1
and n2 are integers with m� n1,n2. For strictly axial direction, n1 = n2 = 0.

Box 9.1 Continued. . .
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We can write approximately,

λ =
2L

m[1− (Ln1/Dm)2/2− (Ln2/Dm)2/2]
.

The Fraunhofer diffraction pattern of the radiation emerging from the end
wall has an intensity variation in the x direction given by,

I ∝
(2πn1)

2 sin2(πDsinθ/λ +πn1/2)
(πn1 +2πDsinθ/λ )2(πn1–2πDsinθ/λ )2 ,

where θ is the angle between the direction of observation and the axial di-
rection. For a given value of n1 the diffraction maxima occur at sinθ =
±n1λ/2D and the 1st minima on either side occur at sinθ = ±n1λ/2D±
λ/D.

Thus the maximum of the radiation from a mode designated by n1 + 1 falls
approximately at the half intensity point of the diffraction pattern from the
mode designated by n1, so that they can be resolved. There may be more
than one mode which has similar values of n1 and n2 but different values of
m and radiate in essentially identical directions. However, the frequencies of
such modes are appreciably different and may be sufficiently separated from
each other by an appropriate choice of the distance L between the end plates.
The frequency separation between modes for small n1 and n2 is given by the
Fabry–Perot condition, δν = c/2L. If this value is greater than the atomic
line width, then only one axial mode can oscillate at a time. The axial mode
has an angular width due to diffraction of about λ/D and if this comparable
to D/L, then all off-axis modes are appreciably more lossy than the axial
mode and their oscillations are suppressed.

energy levels suitable for pumping a metastable state and the required pop-
ulation inversion. They also considered the use of crystals of rare earth
salts in which metastable states were known to exist. However, they were
somewhat less optimistic about optical maser action using solids as the ac-
tive material because of two reasons. First, the spectral lines are generally
broader in solids making mode selection difficult and second, pumping
radiation at the appropriate frequencies required for the solids were not
readily available.
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Figure 9.1 : The energy levels of ruby used for the laser action.

After Schawlow and Townes published their paper on the possibility of
laser action in the infrared and visible spectrum, it wasn’t long before many
researchers began seriously considering practical devices. The work to-
wards the realisation of the laser proceeded in two directions, one through
optical pumping in solids and the other through collisional excitations in
gas mixtures. Most experts were speculating that gases would be the first to
lase in the optical and infrared. It came as a surprise that ruby was the first
substance to produce laser action in the visible spectrum (Maiman, 1960).
The work on gas mixtures at Bell Labs eventually led to an important class
of lasers, the continuous wave (CW) helium-neon laser.

Ruby is a crystal of Al2O3 with a fraction of percent of Cr2O3 as impu-
rity and in addition to being a gemstone, is a useful substance for a physi-
cist. It can be synthesised fairly easily. Moreover, the crystal structure
is simple enough to be tractable but not trivial. The Cr ions have mag-
netic and optical properties that can be utilised readily. In fact, ruby was
a widely used medium for solid state masers. T H Maiman at the Hughes
Research Laboratories in USA was working with ruby in this connection
and was thus concerned with the behaviour of Cr ions. He noted that when
a ruby crystal is excited with green light, often the return to the ground
state takes place with the emission of red fluorescence near 6900 Å. This is
schematically shown in Figure 9.1. He proceeded to demonstrate that sig-
nificant depletion of ground state could be produced and he reported this
in a paper to the Physical Review Letters in 1960. He took a crystal of ruby
and mounted it between parallel silvered plates to form a microwave cav-
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ity resonant at the ground state zero-field splitting frequency (11.3 GHz).
The reflection coefficient of the cavity was monitored on an oscilloscope
while a short pulse (200 msec) of light from a flash tube irradiated the crys-
tal. The magnitude of the microwave magnetic absorption was observed
to decrease abruptly and then return to equilibrium with a time constant of
about 5 msec. This delay could be attributed to a temporary depletion of
the ground state population with subsequent decay back from the fluores-
cent level.

The next step was to produce an actual population inversion and stim-
ulated emission. In mid-May of 1960, Maiman and his assistant Irnee J
D’Haenens got their first signs of lasing. They needed a high intensity
pumping source. For a uniform illumination with isotropic (uniform in all
directions) radiation the required power level was > 555 watts/cm2. To take
care of the heat dissipation problems, the experiments were performed us-
ing a pulsed source. For the case in which the exciting light pulses are
short compared to the fluorescence life-time, the requirement on the flash-
tube is that the energy per unit area is∼ 1.67 J/cm2. The source used was a
Xenon filled quartz flash tube, having a spectral efficiency of 0.064 (ratio
of required light output to electrical input energy) and a radiation area of
25 cm2. A crystal of dark ruby was used in the form of a cylinder 3/8′′ di-
ameter and 3/4′′ long with the ends flat to within λ/3 at 6943 Å. The ruby
crystal was supported inside the helix of the flash tube which in turn was
enclosed in a polished aluminium cylinder as shown in Figure 9.2. Provi-
sion was made for forced air cooling to take care of the heat dissipation.
One flat end of the crystal was made opaque by deposition of a thick layer
of silver and the other end was made semi-transparent with a thinner layer
of silver with a small opening at the centre. The energy to the flashtube
was obtained by discharging a 1350 mF capacitor bank and the input en-
ergy varied by changing the charging potential. The output radiation was
monitored with a photomultiplier tube which was calibrated at 6943 Å by
comparison with a thermopile to radiation at this wavelength with a band
200 Å wide. Since the intensity of emitted light was high once lasing took
place, attenuation of the light was necessary to ensure linear response of
the photomultiplier. This was achieved by use of calibrated neutral density
gelatine filters. Peak output power and details of the output pulse were
obtained from the phototube output across a 1000 W resistor on an oscillo-
scope, the system having a response time of 0.1 msec.
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Figure 9.2 : The schematic of apparatus used by Maiman and co-workers
for the ruby laser.

The first ruby crystal had poor optical properties and thus they did not
observe an abrupt onset of laser action but exhibited the line narrowing
by a factor of only 4 or 5, a faster (0.6 msec) but smooth time of decay
compared with that for fluorescence. The output beam angle was ∼ 1 rad.
Maiman reported this in a paper in Nature [2]. Better quality crystals ex-
hibited pronounced line narrowing of nearly four orders of magnitude, an
oscillating behaviour of the output pulse and a beam angle of 10−2 rad and
a very clear-cut threshold for the input energy where pronounced laser ac-
tion occurred. Their apparatus is schematically shown in Figures 9.2 and
9.3.

Thereafter, very soon, lasers with several other types of active materi-
als were produced. Sorokin and Stevens at IBM got the Uranium doped
CaF2 crystal to lase as also the samarium laser. Schawlow and Devlin at
Bell labs and independently Wieder and Sarles at Varian Associates demon-
strated lasing action in dark Ruby. Ali Javan and co-workers got the He-Ne
system to lase in Dec 1960. This was the first continuous laser. So in the
span of six months, lasers were available in five different varieties. In 1962,
Basov and Oraevskii proposed that rapid cooling could produce population
inversions in molecular systems. A few years later others suggested that
this could be accomplished by expansion of a hot gas through a supersonic
nozzle. This creates a highly non-equilibrium region where a strong popu-
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Figure 9.3 : Schematic diagram of the electronics for ruby laser.

lation inversion takes place. Very high laser output power can be achieved.
And in 1966, the first gas dynamic laser was successfully operated at the
Avco Everett Research Lab.

Another very important class of lasers came through the discovery
that a p-n junction of GaAs through which a current is passed can emit
near infrared light from recombination processes with very high efficiency.
Robert Hall and co-workers at the General Electric Laboratory got the first
semiconductor laser in 1962 using crystals of GaAsP in the near-infrared
band of the spectrum at 850 nm [3]. Later that year, Nick Holonyak, Jr
at General Electric Co. made the GaAs to lase in the “visible red” wave-
length. With this development it was possible to construct lasers of the
size of a transistor, and equally important, at about the same cost. All the
early lasers had more or less fixed wavelengths. With the introduction of
pumped dye lasers the frequency or the wavelength of the lasing light could
be varied over a wide range. This was a great boon to the spectroscopists
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and other researchers worldwide. Search for new lasing media with higher
efficiency, power, and tunability continues even today. Free electron lasers
where high energy electron beams are passed through periodically varying
magnetic fields are able to provide these features. Several free electron
lasers are now in operation in several countries.

Due to its enormous commercial potential, there was a bitter legal bat-
tle over who invented the laser, that lasted for about 30 years. However, as
it often happens in science, Mother Nature has pre-empted the maser/laser
action a long time ago. Not long after the discovery of laboratory masers
and lasers, the first natural masers were discovered in interstellar and cir-
cumstellar gas clouds. Javan in 1958 predicted that negative absorption
might eventually be discovered in radioastronomy. Seven years later the
Radio Astronomy Group led by H Weaver at Berkeley California discov-
ered radio emissions at 1670 MHz coming from OH molecules near stars,
which can excite a population inversion by radiation or other energy mech-
anisms. Today hundreds of maser transitions are known in more than 36
molecules. Astrophysical masers, due to their extremely high intensity
and spectral purity, are valuable tools in studies of the birth and death of
their associated stars. They can be observed from the ground with special
instruments, but the major part of the infrared spectrum where potential
lasers might be seen is hidden from the ground observer by Earth’s ab-
sorbing atmosphere. Townes, a frequent investigator onboard the flying
Kuiper Astronomical Observatory (KAO), was among the discoverers of
the first strong astrophysical water masers. The long awaited discovery of
a natural laser was made on the last scheduled flight of the KAO instru-
ment – the Ames Cryogenic Grating Spectrometer that permitted sensitive
detection of emission from atoms and molecules throughout the mid- and
far-infrared spectral domain. Astronomers have discovered a powerful ul-
traviolet laser beam, several times brighter than our sun, shooting towards
Earth from a super-hot ‘death star’. The observations, made with NASA’s
Hubble Space Telescope have identified a gas cloud that acts as a natural
ultraviolet laser, near the huge, unstable star called Eta Carinae – one of
the most massive and energetic stars in our Milky Way Galaxy.

Lasers are now available in almost all wavelengths from infrared to ul-
traviolet with the possibility of X-ray lasers very promising. The frequency
or the wavelength of the lasers can be tuned at will making it an extremely
powerful tool for spectroscopists as well as in many other applications like
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isotope separation. The power available for current lasers is truly awe-
some (in the range of petawatts), the largest of them being used for fusion
research and welding of materials. They can be operated in the pulsed
mode or in the continuous wave mode depending on the need. At the other
end of the scale we have tiny diode lasers having an output of a milliwatt.
Tiny lasers have been fabricated inside silica sphere just 44 nanometres
in diameter, about 10 times smaller than the wavelength of light through
the amplifications of surface plasmons, which, in turn produce laser like
light [4]. This device has the potential for nanocircuits that could process
information thousand of times faster than microelectronic chips.

The technological applications of the laser follow from the property
of high intensities, extremely narrow bandwidth and coherence, which al-
low the light to be focused to an extremely narrow spot. The use of lasers
in welding and microsurgery are due to these properties. Already lasers
are playing an ever increasing role in communications via fibre-optics and
further work is continuing to enhance its capabilities. Laser light has been
used to slow and trap atoms in what is termed “Optical Molasses” that finds
application in precision atomic clocks and also to study Bose-Einstein con-
densation. High power lasers are being used for initiating nuclear fusion
through inertial confinement. High power lasers have been used to demon-
strate to generate extremely high electric fields, thousand times higher than
possible in conventional accelerators, that has generated expectations for
table-top high energy particle accelerators. What started as a search for a
spectroscopic tool for basic research has now entered our everyday lives as
a ubiquitous technology.
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10
Story of
Superconductivity*

A serendipitous discovery

Electricity is carried through metallic wires, called conductors. In the pro-
cess of transport of electricity, electrons move through metallic conductors
that offer resistance (the value depends on the particular metal used), to the
passage of electrons. This leads to the production of heat and loss of energy
in the process. This heating process is utilised in many electrical devices.
However, for transmission of electrical energy from the power plants to
the user and in many other applications, it would be a great boon if no en-
ergy was lost to resistance. The discovery of superconductivity by Heike
Kamerlingh Onnes in 1911 at Leiden offered a glimmer of hope to make
this dream possible. It was a discovery totally unexpected at that time and
we owe this discovery to the painstaking, and methodical investigations of
Onnes, first to produce very low temperatures and then measuring proper-
ties of materials at these freezing temperatures.

The story of discovery of superconductivity is intertwined with the liq-
uefaction of helium by Kamerlingh Onnes in 1908 that made his laboratory
the coldest place on Earth to conduct experiments and it would not be out
of place to briefly recount the story of his success in liquefying helium.

The element Helium was identified by French astronomer Pierre Jules
Cesar Janssen in spectral lines from chromosphere of the Sun on August
1868 observing a solar eclipse in Guntoor, India. The English astronomer

*Reproduced from Resonance, Vol. 22, No. 5, pp. 461–473, 2017.
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Box 10.1 : Liquid Helium

Helium liquefies at the lowest temperature of all gases. Its inversion temper-
ature itself is ∼ 51 K. Its boiling point is 4.2 K at 1 atmosphere, lowest of all
gases. Its latent heat of boiling is also quite small ∼ 20 J/g. Hence helium
has to be pre-cooled before Joule-Thomson expansion for cooling the gas can
take effect. Kamerlingh Onnes pre-cooled helium to this low temperature us-
ing liquid Hydrogen.

Joseph Norman Lockyer observed the same spectra in October 1868 and
proposed the name ‘helium’ after the Sun (Helios). On the Earth, Sir
William Ramsay found helium after treating cleveite, a uranium mineral
from Norway with mineral acids in 1895. Ramsay sent the sample to Nor-
man Lockyer who was thrilled to confirm it spectroscopically. Ramsay
also extracted helium from the mineral thoronite received from India and
Ceylon.

Kamerlingh Onnes started working on reaching low temperatures and
made liquefaction of helium (Box 10.1), the only permanent gas that re-
mained to be liquefied, his goal when he joined the Leiden University. He
built from scratch a cryogenic laboratory and established a school for in-
strument makers at the University. He built an oxygen liquefier by 1894
and succeeded in building a hydrogen liquefier after a protracted three year
long bureaucratic struggle to get a license for handling and storing hydro-
gen from the Leiden city council, in 1906. He was now ready to take on the
challenge of building a helium liquefier. His liquefier machine was ready
in the beginning of 1908. Helium was not available in large quantities at
that time and he began with small amounts sent to him by William Ram-
say. With the help of his brother Onno, who was then Director of the Office
of Commercial Intelligence in Amsterdam, he procured large quantities of
monazite sand from USA and could extract about 360 litres of helium gas
from it through a laborious process. Onnes finally succeeded in liquefying
helium on 10th of July in 1908. It was the culmination of a heroic effort
with painstaking attention to detail and the development of all the required
technical skills in his laboratory. He had worked for more than 25 years
from the time of his appointment to the chair in physics with his colleagues
and students to achieve this result.
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Kamerlingh Onnes immediately set about systematically measuring
properties of matter at liquid helium temperature, a temperature that he
alone in the world could then access. He concentrated first on the mea-
surement of conductivity of pure metals as he was looking for a good ther-
mometer material! He was using Helium gas thermometers all the while
and looked for a suitable metal with linear variation of resistance at low
temperatures. But certainly Onnes’ interest in the resistance of metals at
low temperatures was much deeper. He had a long interest to understand
the mechanism of variation of resistance at very low temperatures.

The prevailing theories of electrical conductivity of metals during that
period had different predictions for its behavior as the temperature was
lowered. It was accepted that conduction of electricity was due to the flow
of free conduction electrons in metals under the influence of an electric
field and resistance arose due to the scattering of the electrons from the
metal ions. With lowering of temperature, the thermal agitations would
decrease, thus reducing the scattering and the resistance would keep falling
down to zero as the absolute zero was approached. However, according to
Lord Kelvin, in addition to the lowering of resistance due to reduction of
scattering, at very low temperatures, it would increase due to the decrease
in free electron density (free electrons were assumed to be frozen around
the ions at zero temperature).

The attention to detail and the level of perfection that Onnes brought
to his work is evident in the way he went on building his equipment for
these measurements. Since the cryostat in the liquefier itself lacked ad-
equate space to house a platinum resistor, a separate cryostat was built
totally made of glass (Box 10.2). It was ready for operation on 12 March
1910 as noted down in Onnes’ notebook [1]. It describes the first attempt to
transfer helium to a cryostat with a double-walled container and a smaller
container connected with it which could be pumped using a series of vac-
uum pumps. He planned to transfer the liquid to the new cryostat and then
decrease pressure so that the vapour also condensed and pump further to
a much lower pressure of 0.1 mm of Hg. The pumps worked well and a
new low-temperature record of about 1.1 K was reached. In the next ex-
periment, four months later, resistance of the platinum resistor that had
previously been calibrated down to 14 K was to be measured. But the extra
heat capacity of the resistor caused violent boiling of the small amounts of
liquid He that could be transferred using the existing transfer tubes and the
experiment had to be abandoned.
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Box 10.2 : Cryostat

Cryostat is a container to hold a cold object so that its low temperature can
be maintained over a long period of time. It is designed to reduce the influx
of heat from the outside to the inside of the cryostat. There are three ways
heat propagates, viz., conduction, convection and radiation. In a cryostat
care is taken to minimise all three contributions to heat transfer. The material
chosen for the container and all the support structures has low conductivity.
The container is evacuated to eliminate the contribution of convection and
the radiation loss is minimised by the use of surfaces with low emissivity and
also providing thermal shields at intermediate temperatures between outside
and the cold surface. For example, if a surface at liquid helium temperature
(4 K) is directly visible from a surface at room temperature (∼ 300 K), the
radiation heat transfer to the cold surface, Qr ∝ (3004−44). Now if we insert
a surface cooled at liquid nitrogen temperature (77 K), then the radiation load,
Qr ∝ (774−44) and is lower by about a factor of 16.

James Dewar invented the vacuum-insulated, silver-plated glass Dewar flask
in 1892. This can be considered to be the first cryostat built in the world.

So a completely new liquid He transfer system to take care of the initial
cooling of the resistor was designed. Since this design was taking a long
time to implement, Onnes decided in the meanwhile to expand the original
liquefier so that it could house a platinum resistor and continue the mea-
surements at lower temperatures. On 2 December 1910, he made the first
measurement of R(T ) for a metal at liquid helium temperatures. Cornelius
Dorst, Gerrit Jan Flim assisted Onnes with the measurements. Gilles Holst
made the resistance measurements using a Wheatstone bridge and a mirror
galvanometer [1]. The resistance measurement set-up was kept in a room
far away from the liquefier, otherwise the big pumps used in the liquefier
would induce large vibrations.

The resistance of a platinum wire became constant below 4.25 K, con-
trary to that predicted by Kelvin. The same behaviour was observed in
the case of a gold wire. He found that by taking a specimen of gold with
lower levels of impurity resulted in a lower value of resistance at these low
temperatures. Onnes correctly attributed the additional contribution to re-
sistance to the impurities remaining in the metals. So he looked for some
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Figure 10.1 : Bottom part of the Cryostat in which resistance of Hg was
determined. Reprinted with permission from Ref 2. © The
Nobel Foundation (1913).

metal that he could get in a purer form. The choice fell on mercury (Hg) as
it could be made in purest form in his laboratory. His assistant Gilles Holst
had already perfected the art of purifying Hg. Hg would solidify at about
−39°C (234 K) and would take the shape of a wire in capillary tubes.

The new cryostat took nine months to build and was ready in the begin-
ning of April 1911 for its first cooldown. It was a marvel of glass blowing
skills of Onnes’ laboratory as can be seen from the complexity in the sketch
given in Figure 10.1, in which the bottom part of the cryostat is shown. It
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had 7 capillary U-tubes filled with pure Hg with Pt feedthroughs (a con-
ducting wire vacuum sealed inside glass or ceramic insulators to carry
current inside a vacuum chamber from outside) with thin copper wires
forming the connecting leads. A Wheatstone’s bridge and a mirror gal-
vanometer were used for measuring the resistance. Small bulbs with Hg
were attached to the top of the tubes, so that during freezing of Hg, there
would be no discontinuity in the Hg wire in the capillary tubes. The trans-
fer tube was a double walled glass tube with the annular region pumped to
maintain vacuum and was cooled by liquid air circulating through a copper
capillary coil wrapped around the outer tube. A stirrer connected to a mag-
net was provided so that a well defined temperature could be established
inside the cryostat during the measurement.

The crucial experiment was performed on 8 April 2011 [1], when Onnes
decided to transfer liquid He to the new cryostat. Onnes’ assistants started
the experiment in the morning at 7 AM and it took almost the whole day
for cooling the cryostat to about 5 K before liquid helium started to collect
in the cryostat. Half an hour later enough helium was collected so that
the function of the stirrer could be checked. They made sure that liquid
helium itself did not conduct electricity and determined its dielectric con-
stant. Holst made precise measurement of resistance of Hg and Au and the
temperature was measured by Dorsman.

The team then started to reduce the vapour pressure of the helium, and
it began to evaporate rapidly. They measured its specific heat and stopped
at a vapour pressure of 197 mm Hg (0.26 atmospheres), corresponding to
about 3 K. The resistances of the gold and mercury were determined again
and exactly at 4 PM, Onnes noted in his book the historic entry, “Kwik
nagenoeg nul” in Dutch, meaning “mercury practically zero” [1]. Mer-
cury was not offering any resistance to the passage of electrical current.
It was such a surprising observation that the measurements were repeated
with gold again to check that the system was behaving normally and there
were no electrical shorts. The results obtained are shown in Figure 10.2
[2]. Measurements were continued at lower temperatures and at the end of
the day another curious phenomenon was observed. Dorsman, found the
temperature surprisingly hard to control near the end of their experiment.
They observed that just before the lowest temperature [about 1.8 K] was
reached, the boiling suddenly stopped and was replaced by strong evapo-
ration in which the liquid level shrank rapidly [1]. They did not pursue
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Figure 10.2 : Data taken on 8 April, 1911. Reprinted with permission from
Ref 2. © The Nobel Foundation (1913).

this aspect of the observation further. They had probably witnessed the
phenomenon of Superfluidity, but its significance eluded them.

Later measurements of resistance were performed on 23 May 2011
and 26 October 2011 [1] with improved voltage resolution of the system.
Onnes wanted to find out how quickly the resistance changed with temper-
ature near the transition. The team first measured resistance starting from
4.3 K down to 3.0 K and then went back up to higher temperatures. The
increase of temperature could be done much slower than the decrease and
hence the temperature could be controlled more precisely. While increas-
ing temperature, they found that at 4.00 and 4.05 K there was no rise but at
4.12 K resistance begins to appear abruptly and within 0.01 K the resistance
jumps from less than 10−6Ω to 0.1Ω. The historic plot shown in Figure
10.3 (this is shown in most text books), is from the data taken from this
experiment and reported in proceedings of Royal Netherlands Academy
of Arts and Sciences (KNAW), November 2011 [3]. Kammelingh Onnes
called the phenomenon “Supraconductivity”.
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Figure 10.3 : Graph showing the superconducting transition of Hg from
Ref 5. © Huygens ING (KNAW) 2008-2012 under Creative
Commons License, CC BY 2.0.

Onnes later took mercury that contained impurities like gold, cadmium
or amalgam and found that these were also superconducting so that it was
not necessary to have pure mercury. Later trying other materials, they
found that tin and lead also behaved as superconductors below tempera-
tures of 3.7 K and 7.2 K, respectively. Heike Kamerlingh Onnes received
the Nobel Prize 1913 “for his investigations on the properties of matter at
low temperatures which led, inter alia, to the production of liquid helium”.

The vanishing of resistance of the superconductors led Onnes to the
thought of large magnetic fields using these materials, which could be
used to ‘destroy the atom by force’ and hence increase our knowledge of
matter. During his visit to the USA while lecturing at the Third Interna-
tional Congress of Refrigeration at Chiacgo in September 1913, Kamer-
lingh Onnes had said, “The solution of the problem of obtaining a field of
100,000 gauss could then be obtained by a coil of say 30 cm in diameter and
the cooling with a plant which could be realized in Leiden with a relatively
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Figure 10.4 : The world’s first superconducting magnet, consisting of a
wire coil made of lead, was manufactured in the Leiden (The
Netherlands) Physics Laboratory in 1912. Reprinted with
permission from [4].

modest financial support”. The world’s first superconducting magnet, con-
sisting of a wire coil made of lead, was manufactured in the Leiden (The
Netherlands) Physics Laboratory in 1912 and is shown in Figure 10.4 [4].
But Onnes was disappointed that the coil lost its superconducting property
as the magnetic field was increased to the modest value of 600 gauss at
4.2 K. In his Nobel lecture [2], Onnes acknowledged this saying, “Thus an
unexpected difficulty in the production of magnetic field with coils with-
out iron faced us. The discovery of the strange property which causes this
made up for the difficulties involved”.

The discovery of superconductivity spurred research in many laborato-
ries in the world as low temperatures were made available to them. Further
understanding of superconductivity came with the discovery by Meissner
and Ochsenfeld in 1933 [5], that magnetic flux was totally excluded from
superconductors making them perfect diamagnets in addition to being per-
fect conductors (Box 10.3).

Efforts to generate large magnetic fields with superconductors had to
wait for the discovery in 1937 of Type II superconductors by Lev Shub-
nikov at Kharkov, Ukraine [6], which had two critical magnetic fields (Box
10.4). He found that in some alloys, the magnetic field was expelled from
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Box 10.3 : Meissner Effect

As a superconductor is cooled through its critical temperature, it expels to-
tally the magnetic flux from its interior. This property was discovered by
Walther Meissner and Robert Ochsenfeld working at Berlin in 1933, who
measured the field outside two cylindrical single crystals of tin as they were
cooled in a magnetic field. The effect was completely reversible, showing
that superconductivity is an equilibrium thermodynamic state which does not
depend on the history of the superconductor. The brothers Fritz and Heinz
London, working in Oxford, wrote down the equation bearing their name
to describe how the electrons respond to magnet field in a cooperative way,
screening the interior of the sample such that the magnetic field inside is al-
ways zero. However, the magnetic field penetrates at the surface of the super-
conductor decaying over a short distance, known as the London penetration
depth.

Figure 10.5 : (left) Magnetic lines of flux avoiding the superconductor.
(right) Magnetic flux lines penetrating the material in its
non-superconducting state.
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Box 10.4 : Type I and Type II Superconductors

There are two basic types of superconductors, aptly termed type I and type
II superconductors as shown in Figure 10.6. Type I superconductors are usu-
ally metals (e.g., Hg, Sn, Pb, Nb) and are known as ‘soft’ superconductors
since their transition temperatures are much lower than those of type II. Type
I superconductors show perfect diamagnetism below their critical magnetic
field. When a magnetic field greater than the threshold is applied to a type I
superconductor, its superconducting state ceases abruptly.

Type II superconductors are usually referred to as ‘hard’ superconductors.
They are composed of metallic alloys (e.g., NbTi, Nb3Sn, V3Ga), metal ox-
ides and ceramics (e.g., YbBa2Cu3O7, BiSrCaCuO). Type II superconduc-
tors have higher critical temperature than the type I superconductors. They
show perfect diamagnetism till a lower critical magnetic field and maintain
the superconducting properties in the presence of higher magnetic fields till
a higher critical value is reached.

a) b)

Figure 10.6
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the bulk up to a lower critical value beyond which the magnetic field could
penetrate the material without loss of superconductivity till the higher crit-
ical field was reached.

Many stalwarts worked to find the theory of superconductivity includ-
ing Einstein, Bloch, Pauli, Landau, Bohr, Heisenberg, Brillouin and Feyn-
man without success. Finally, John Bardeen, Leon Cooper and Robert
Schrieffer were able to explain superconductivity in 1957 [7], a full 46
years after the phenomenon was discovered. It led to the Nobel Prize in
1972 for Bardeen (second Nobel in Physics), Cooper and Schrieffer. The
successful theory incorporating thermodynamic basis of superconductivity
was worked out by Ginzburg, Landau, Abrikosov and Gorkov.

High magnetic fields became accessible only using Type II supercon-
ductors. The alloy Nb3Sn was discovered by B Matthias at Bell Laborato-
ries to have a critical temperature of 18.6 K [8] and NbTi was discovered
by J Hulm and R Blaugher at Westinghouse laboratory with a Tc of 11 K
[9]. With these alloys the dream of reaching Onnes’s dream of magnetic
fields greater than 10 tesla could be achieved. Today most of the high field
magnets in use employ these two alloys of Nb, while other alloys are also
being explored. Large scale of applications of superconductivity occur for
particle accelerators in the form of high field magnets and superconducting
radio frequency cavity resonators. Superconducting magnets provides the
plasma confining fields for nuclear fusion studies in Tokomaks and is being
used extensively in the International Thermonuclear Experimental Reactor
(ITER) project. High field magnets are used in Magnetic Resonance Imag-
ing (MRI) for medical diagnostics and recently Superconducting Quantum
Interference Device (SQUID) arrays are being employed for brain map-
ping.

There has been a constant search for materials that would be super-
conducting at higher and higher temperatures and in 1986, Georg Bed-
norz and Alex K Mueller of IBM Zurich Research Laboratory discov-
ered a lanthanum-based material that became superconducting at 35 K [10],
which was then a record high temperature. In 1987 Paul Chu of the Univer-
sity of Houston substituted yttrium in Bednorz and Mueller’s compound
and produced yttrium-barium-copper-oxide with a transition temperature
of 92 K [11]. This was a big breakthrough as liquid helium was no longer
necessary to cool the superconductor and liquid nitrogen would suffice
for these high temperature superconductors (HTS), making them much
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cheaper. Efforts are now on to find materials which become supercon-
ductor at higher temperatures with the goal of finding a room temperature
superconductor. In 2014, it was found that hydrogen sulphide transforms
into a superconductor at about 200 K when compressed to nearly 2 million
times atmospheric pressure in a diamond anvil and in 2018, lanthanum hy-
dride was found to be superconducting at about 250 K and probably even
higher when subjected to a pressures of million bars. Already, HTS materi-
als are being increasingly employed in different applications in the form of
filters for Cell phone stations, connecting of power lines to networks, etc.

Kamerlingh Onnes dream of destroying atoms by the force of magnets
has not been realised, but large accelerators employing giant superconduct-
ing magnets are providing ever increasing details of innermost constituents
of matter. The discovery of Superconductivity exemplifies the dictum of
Louis Pasteur, “Chance favours the prepared mind”.
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11
Tunneling in
Superconductors:
The Josephson
Effect*

Tunneling is the name given to the penetration of a particle through a re-
gion which is classically impossible for the particle to enter, from energy
considerations. Imagine a ping-pong ball being thrown repeatedly at a
brick wall. We would always see the ball bounce back and would not be-
lieve our eyes if it went through the wall without breaking the wall. But if
the ball is replaced by an electron and the wall by an energy barrier like a
thin insulator layer on a metal surface, we would observe the electron go
through the barrier some times if the experiment is repeated a large number
of times. The penetration of such energy barriers is essentially a quantum
mechanical phenomenon (Box 11.1).

Familiar examples of such barrier penetration occur in the alpha de-
cay of a nucleus, field emission of electrons from metals, flow of nutrients
across cell membranes in biological systems, etc. It has long been known
that an electric current can flow between two metals separated by a thin
insulating film when a voltage is applied across the barrier because of this
tunnel effect. For metals, the thickness of such insulating films should be
few tens of Angstroms or less for such tunneling to be observed. Similar
tunneling currents would flow if either or both metals are replaced by super-

*Reproduced from Resonance, Vol. 3, No. 11, pp. 8–17, 1998.

121



122 Chapter 11

Box 11.1

The current-voltage characteristics for single electron tunneling between two
metals separated by a thin insulating layer can be understood if we use the
concept of density of states. In a metal, the energy levels are filled with elec-
trons upto the Fermi level (E f ) at T = 0. For finite temperatures, thermally
excited electrons occupy higher levels and the I-V curve is a straight line as
shown in Figure 11.1a. When one metal is a superconductor as shown in Fig-
ure 11.1b, the electron density of states for the superconductor has an energy
gap centred at the Fermi level and the I-V curve is shown on the right. At
T = 0, no current can flow until the applied voltage corresponds to half the
energy gap, beyond which the current rapidly increases and approaches that
for normal metals. For finite T , a small current can flow even for the smallest
voltages due to the presence of electrons above the gap region. When both
metals are superconducting as is the case in Figure 11.1c, no current can flow
at T = 0 till the voltage is equal to half the sum of energy gaps on two sides.
But for finite T , a current will flow at the smallest voltages and will increase
till the voltage is equal to half the difference in energy gaps. As the voltage
is increased further, the number of electrons taking part in the tunneling pro-
cess remains the same but the density of states goes down and the current will
decrease till the voltage reaches half the value of the sum of the energy gaps,
beyond which again there is a rapid rise as in the case of normal metals.

conductors. This single electron tunneling was used as a probe for studying
the superconducting energy gap by Ivar Giaevar in 1959. In 1961, Brian
D Josephson, then a graduate student at Cambridge, made the startling pre-
diction that not only single electrons but also pairs of electrons (Cooper
pairs) can tunnel through sufficiently thin insulating gaps between two su-
perconductors. This would give rise to tunneling currents even when the
voltage across the barrier is put to zero. He had definite predictions for the
tunneling current for dc and ac bias across the junction [1]. Josephson’s
own efforts to verify his predictions were unsuccessful but P W Anderson,
a scientist from Bell Laboratories, who was lecturing at Cambridge when
Josephson got this idea came back to USA and set to work along with J M
Rowell to verify Josephson’s predictions. Their efforts fructified in a short
while and the Josephson effect went on to provide the then most accurate
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Figure 11.1 : I-V characteristics for the tunneling current between (a) two
metals (b) superconductor-metal and (c) two superconduc-
tors separated by a thin layer of insulator.

determination of the fine structure constant α , the standard of voltage mea-
surement and one of the most sensitive devices to measure weak magnetic
fields, the Superconducting Quantum Interference Device (SQUID).

Anderson realised that Josephson’s efforts at Cambridge failed as his
specimens had too high resistances leading to higher noise which masked
the effect. His colleague J M Rowell at Bell Laboratories prepared a low
resistance (0.4Ω) junction of size 0.025×0.065 cm2 by sandwiching a tin
oxide layer (< 2 nm) between evaporated layers of tin and lead films each
approximately 200 nm thick. A sketch of the junction is shown in Figure
11.2. Tin was evaporated first and the oxide layer was thermally grown
on it before depositing the layer of lead film. The junction was cooled
to ∼ 1.5 K, well below the superconducting transition temperature of both
lead and tin by pumping on liquid helium. They applied a voltage to two
arms of the junction from a 1 kW potentiometer and measured the result-
ing current flow by recording the voltage across a series resistor of 10Ω.
The voltage appearing across the barrier was measured directly from the
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Figure 11.2 : Type of junction used by Anderson and Rowell to observe
the Josephson effect.

other two arms of the junction. The current was found to increase up to a
value of 0.3 mA with no voltage appearing across the barrier. Such a cur-
rent could also be due to small superconducting shorts or bridges across
the insulating barrier. Many workers in this field had observed these an-
noying shorts appearing in the junctions prepared by them. In fact in 1960,
Nicol, Shapiro and Smith had published a paper in which such a current
was observed, but as Josephson’s theory did not exist at that time, the obser-
vations were explained as a characteristic feature of a negative resistance
region. Of course, real shorts could exist due to pinholes in the insulating
layer. So great care is required in preparing good junctions (Box 11.2). An-
derson and Rowell were armed with the knowledge of Josephson’s theory
and they proceeded to check the current at zero voltage by subjecting the
junction to different values of magnetic fields, since the Josephson current
would be extremely sensitive to small values of magnetic fields whereas the
shorts would not be. The junction was carefully shielded by a mu-metal (a
very high permeability material) container with a measured interior field of
6×10–3 gauss. The zero voltage current increased from 0.3 mA to 0.65 mA
and when a field of 20 gauss was applied, this current disappeared. The I-V
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Box 11.2 : Tunnel Junctions

Several types of tunnel junctions exist. The superconductor-insulator-super-
conductor layers deposited in perpendicular directions forming the pattern
of a cross was used by Rowell and Anderson and also by Langenberg and
collaborators as shown in Figure 11.3a. A Dayem bridge (Figure 11.3b) is
a weak link junction in which two superconductors are coupled by a narrow
constriction. In a variation of this junction, a normal layer of metal is overlaid
on the area of the bridge. Josephson originally considered the type shown in
Figure 11.3c. A simple junction which was developed in the early days is the
slug (Figure 11.3d) formed by surrounding an oxidised niobium wire by a
blob of ordinary solder which becomes superconducting at low temperatures.

Figure 11.3 : Different types of Josephson tunnel junctions, (a) Josephson
tunnel junction; (b) Dayem bridge; (c) S-N-S junction; (d)
SLUG.
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Figure 11.4 : The current-voltage (I-V ) characteristics observed by An-
derson and Rowell showing the effect of magnetic field
on the zero voltage current. In the Earth’s magnetic field
(∼ 0.4 gauss) the current was 0.3 mA which increased to
0.65 mA when the junction was shielded by a mu-metal con-
tainer. Also shown in the figure by the solid line is the curve
when 20 gauss field destroys the effect.

curve obtained by them is sketched in Figure 11.4. Additional observations
which supported the explanation of tunneling current were: (i) the effect
occurred only if both the metals were superconducting, (ii) the value of
the conductivity of the junction was much lower than could be attributed
to shorts and (iii) that all attempts to burn out the ‘shorts’ by passing large
currents across the junction failed to change the zero voltage current until
sufficiently high voltages destroyed the whole junction [2].

The clinching evidence of Josephson tunneling came from further ex-
periments by Rowell who used several lead-insulator-lead junctions and
subjected them to a magnetic field whose magnitude he could vary in a con-
trolled manner. The junctions were immersed in liquid helium at 4.2 K or
at 1.3 K. The magnetic field was provided by a copper wound solenoid sur-
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Figure 11.5 : The behaviour of the tunneling current as a function of the
magnetic field. The zeros of the current occur at magnetic
field values corresponding to multiples of flux unit being con-
tained in the area of the junction.

rounded by a mu-metal container both immersed in the liquid helium bath.
The mu-metal shield reduced the magnetic field at the sample from other
sources to < 10–2 gauss. As the magnetic field was first increased, Rowell
observed the zero voltage current to decrease by a factor of 600 at a field
of 6.5 gauss. On increasing the field further, the current first increased and
then again went through minima at 13.0 and 19.5 gauss with successively
decreasing maxima in between as shown in Figure 11.5. The value of
6.5 gauss between the successive minima has a special significance. Con-
sidering the area of the junction containing the flux this value of the field
gives a value of 2.0×10–7 gauss-cm2 for the flux in the junction, which is
indeed the flux unit.

We understand the behaviour of superconductors in terms of transport
of coupled electron pairs or ‘Cooper pairs’. The coupling is provided by
the interaction of the electrons with the lattice or in other words electron-
phonon interactions. The binding of the electrons into Cooper pairs is
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extremely weak as revealed by the fact that it is disrupted by thermal disor-
der at a few degrees K. Because the attraction is weak, the two paired elec-
trons are, on an average, separated by a distance that is thousands of times
greater than the distance between lattice ions and hence the wave functions
of electrons of each bound pair range over a volume that contains millions
of other pairs. The Bardeen–Cooper–Schrieffer theory showed that this
gives rise to correlated motion of all the electron pairs. This implies that
the waves describing the pairs in a superconductor have the same wave-
length and also the same phase. If two superconductors are isolated by a
barrier the phases of the wave function, ψ , in each can be altered indepen-
dently, ψ = ψ0 exp(iφ), where φ is the phase.

Now if the barrier is gradually reduced to zero, the properties of the
system should go over continuously from those of two isolated supercon-
ductors to that of a single superconductor. This would imply that the phases
φ1 and φ2 of the waves on two sides would not be independent of each other
and would get locked together. The coupling of phases is provided by the
tunneling of the pairs of electrons across the barrier. Josephson figured out
that it should be possible to modify the phase locking which should have
observable consequences. His calculation showed that the tunneling cur-
rent, J, was a sinusoidal function of the phase difference, δ = (φ1− φ2),
J = J0 sinδ where δ = δ0 + 4πe/h.Vt, δ0 is a constant, e is the electron
charge, h is Planck’s constant and V is the voltage applied across the bar-
rier. The equation predicts the frequency of the sinusoidal current to be
given by ν = 2e.V/h. Since the value of h is small, the frequency is large
and the net current is zero in the presence of a net voltage. But if V = 0
then also there is a finite current, J0 sinδ0. This is the dc Josephson effect.

Now if V contains a high frequency component V =V0+vcosωt, then
it is found that the current, J, would increase in magnitude if the frequency
ω of the applied voltage satisfies the condition ω = n.(4πe.V0/h), where n
is an integer.

The presence of a magnetic field also would change the phase of the
wave associated with the electron pairs. If a tunnel junction is put in a
uniform magnetic field in the plane of the barrier, the difference between
the pair phases in the two superconductors would increase linearly in the
direction at right angles to that of the field and also would be proportional
to the value of the magnetic field. Since the current density depends on the
phase difference, this results in oscillations of the tunnel current in space
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and may reverse its direction at several points in the junction depending
on the value of the magnetic field. There can thus be interference between
the currents from different parts of the junction analogous to the case of
diffraction from a single slit. The maximum net tunnel current through the
junction therefore varies periodically as the magnetic field is increased.

Just with the observation of tunneling currents, the Josephson effect
would have remained an interesting scientific curiosity but for the discov-
ery of the a.c. Josephson effect. The ac manifestation of this effect can be
divided into two types, dc biased and RF biased.

In the dc biased case, if two weakly coupled superconductors are main-
tained at a dc potential difference V , there would exist an alternating su-
percurrent across the junction with frequency v = 2eV/h. In the RF bi-
ased case, the application of an RF field across a weakly coupled junction
leads to a region of current steps in the dc I-V characteristics at bias volt-
ages which are integer multiples of h f/2e, where f is the applied radiofre-
quency. In other words Vn = nh f/2e, n = 0,1,2, . . .

The ac effect was first observed by S Shapiro in 1963 using Al-Al2O3-
Sn tunnel junction [3]. Two 127 µm wide strips of Al were evaporated
onto a glass slide and then oxidised in a glow discharge in dry oxygen at-
mosphere and then 127 µm wide cross strip of Sn was evaporated forming
two samples on a substrate. A low impedance source was used to drive the
loop containing the sample and the current measuring resistor. Most data
were taken at a temperature of 0.9 K below the transition temperature of Al
and Sn. They observed the zero voltage Josephson current and negative re-
sistance switching behaviour towards single particle tunneling as had been
seen by Anderson and Rowell previously. Shapiro mounted the samples in
a resonant cavity and irradiated the system with microwave at frequencies
of 9.3 GHz and 24.85 GHz. With few tens of microwatts applied Shapiro
observed that the zero-voltage currents became noisy and gradually van-
ished resulting in regions of zero slope (or almost zero slope) in which
current rose at (or almost at) fixed voltage across the sample as sketched
in Figure 11.6. The voltage at which the zero slope regions occurred was
equal to ±h f/2e, where f is the microwave frequency confirming the ac
Josephson effect. As more power was applied, further zero-slope regions
appeared at still higher voltages. The interval in voltage from one zero
slope region to the next was not always h f/2e, sometimes a step was miss-
ing giving the voltage interval of h f/e.
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Figure 11.6 : The effect of applying microwave to a Josephson junction.
The steps in the I-V curve occur at multiples of (h f/2e), ver-
ifying the ac Josephson effect.

The effect was utilised by Langenberg, Parker and Taylor at the Uni-
versity of Pennsylvania to measure accurately the value of e/h and thus
determine the value of fine structure constant α [4]. It also led to the set-
ting up of a ‘standard volt’ based on the Josephson effect.

Josephson junctions have in subsequent years found a very important
application in the superconducting quantum interference devices (SQUID)
as the most sensitive detector of magnetic fields. Operated at extremely
low temperatures these have been made powerful enough to pick up even
the magnetic field generated by electrical activity in the human brain and
the human heart. SQUID magnetometers could soon replace the traditional
electrocardiograms that doctors use to monitor heart activity. Other uses
of Josephson junctions arise from their ability to switch rapidly from the
superconducting state to the resistive state in just one or two picoseconds.
They can thus be used as components in ultrafast digital circuits.
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12
Story of Fission*

Unlocking Power of the
Nucleus

The discovery of fission of Uranium in 1939 changed forever, the way
society at large supported scientific research. Till that time individual re-
searchers or small groups would pursue their subjects of interest with what-
ever resources they could muster either from government or private indi-
viduals. With fission promising the prospect of energy release of unprece-
dented amounts, governments all across the globe started funding research
in a big way leading to big organised research by large teams.

How did it all begin? It all started with the chance discovery of Ra-
dioactivity in 1896 by Henri Becquerel, which paved the way for study of
matter at the atomic scale for the first time. J J Thomson showed that atoms
were no longer indivisible with his discovery of the electron in 1897. The
radiations emitted by radioactive elements were identified in the works
of Ernest Rutherford and Frederick Soddy at Montreal and Pierre Curie
in Paris. They found that these radiations carried unprecedented amounts
of energy. Work on radioactivity was carried on fruitfully by Pierre and
Marie Curie, who discovered the elements Radium and Polonium. Ruther-
ford took the next major step in the progress towards understanding the
heart of matter. Rutherford, from the experiments performed with his col-
leagues Hans Geiger and Ernest Marsden, discovered the Nucleus in 1911.
Investigating further, Rutherford and Blackett discovered transmutation of

*Reproduced from Resonance, Vol. 21, No. 3, pp. 247–258, 2016.
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elements in 1919 when they observed proton tracks on bombarding nitro-
gen with alpha particles in the reaction

14N+α→ p+ 17O.

Speculations about release of energy residing inside atoms were rife
soon after the discovery of radioactivity. The St. Louis Post-Dispatch
in 1903 describes atomic energy. . . “The most wonderful and mysterious
force in the universe–the atom’s power–will be inconceivable. It could
revolutionize the illumination system of the world. It could make war im-
possible. It is even possible that an instrument might be invented which
at the touch of a key would blow up the whole Earth and bring about the
end of the world.” The science fiction writer H G Wells had written about
the potential of nuclear power in “The World Set Free”, published in 1914.
The speculations went on to such an extent that Rutherford came out and
made his opinion public in 1933 at a scientific meeting, and his remarks
were published in the scientific journal Nature: “These transformations of
the atom are of extraordinary interest to scientists but we cannot control
atomic energy to an extent which would be of any value commercially, and
I believe we are not likely ever to be able to do so. . . Our interest in the
matter is purely scientific, and the experiments which are being carried out
will help us to a better understanding of the structure of matter.” He was to
be proven wrong in a matter of just six years!

The stage was set for rapid progress towards exploration of the nuclear
world with the discovery of neutron by Rutherford’s student James Chad-
wick in 1932.

A flurry of activities started when Irene Curie and Frederick Joliot dis-
covered artificial radioactivity by bombarding Aluminium with alpha parti-
cles producing radioactive Phosphorous in their laboratory at Paris in 1934.
In his laboratory at Rome, Enrico Fermi with his band of students used the
recently discovered neutron to bombard almost every available element,
producing artificial radioactivity in many elements. The most significant
discovery was that the artificial radioactivity induced by slow neutrons was
very much larger than that for fast neutrons. These experiments have been
described in detail in the article on Fermi in Resonance [1].

Fermi had found that in all the heavy elements neutron bombardment
resulted in one of the following scenarios: (i) capture of the neutron lead-
ing to a heavier isotope of the element or (ii) the next element with higher
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proton number following beta decay, or (iii) the emission of a proton or al-
pha particle. These processes generated usually radioactive products with
only one or two different half-lives. In case of neutron bombardment of
Uranium, activities with a large number of different decay half-lives were
measured. Since all of these products emitted beta rays and none of these
had chemical properties similar to that of U or nearby elements, Fermi and
collaborators attributed these activities to the production of new transuranic
elements with Z = 93 and 94. Aristid von Grosse, working in Chicago, re-
peated the experiment and thought that one of the elements with half-life
of 13 minutes produced by n-bombardment of U behaved like Protactinium
(Pa).

Ida Noddack (a German chemist who, with her husband Walter, had dis-
covered the element rhenium) made a criticism of Fermi’s conclusion and
suggested that “when heavy nuclei are bombarded by neutrons, it is con-
ceivable that the nucleus breaks up into several large fragments. . . ” How-
ever, she did not suggest any mechanism for this type of a break up. She
wrote to both Fermi and Hahn but her suggestion was considered too pre-
posterous and unlikely and was ignored. She also did not pursue this line
of thought any further.

Otto Hahn and Lise Meitner in Berlin had discovered the element Pa
in Berlin. Aristid von Grosse had worked with Hahn earlier in Berlin on
Pa. Hahn and Meitner felt that they had to investigate the identification
of Pa further. They had little trouble to show that von Grosse was wrong
using the method of co-precipitation (Box 12.1). The task of identifica-
tion of all the activities was not at all easy since the chemistry had to be
done with very tiny amounts of the unknown activities in the presence of
much more intense U activity. They asked Fritz Strassmann to join them in
their quest. They followed traditional analytical methods of chemical sep-
aration and precipitation whenever possible. But in all their analysis, they
concentrated only on the identity of the ‘transuranes’ i.e., elements they
thought to be heavier than Uranium. To do this they dissolved the products
of neutron bombardment of U and separated out the ‘transuranes’ from the
solution for follow up. They never looked at the leftover solute for any ac-
tivity since it contained the dominant natural activity from U. Meitner used
cloud chamber photographs to establish that the ‘transuranes’ emitted only
beta particles. They identified nine radioactive species based on their de-
cay half-lives and proposed three chains of radioactive elements resulting
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Box 12.1 : Co-precipitation

Co-precipitation is a procedure where a compound of an element is added to
precipitate out all elements in the same group out of a solution containing
a mix of many elements. Hahn and Meitner used this technique to sepa-
rate the activities corresponding to different group elements. Expecting the
‘transuranes’ to be similar to Re and Pt, they added potassium perrhenate and
platinum chloride to the solution containing all the products of neutron bom-
bardment of U, and then precipitated out the elements with z = 90, 91 and
92 with sodium hydroxide. The higher Z elements were expected to remain
in solution that could be co-precipitated with Re and Pt by passing hydrogen
sulfide through the solution to form corresponding sulphides. Similarly, Pa
was ruled out by adding known element Pa to the solution and precipitating
it out completely. No activity corresponding to Pa was found.

from the n-bombardment of U in their publication in Zeitschrift fuer Physik
and Chemische Berichte in 1937 [2]. These are shown below as appeared
in their publication. Out of these, only process 3 identifying the 23 min
activity to U was on firm ground.

1. 92U + n → (92U + n) [β, 10 sec] → 93EkaRe [β, 2.2 min] → 94EkaOs
[β, 59 min] →95EkaIr [β, 66 hr] → 96EkaPt [β, 2.5 hr] → 97EkaAu?

2. 92U + n → (92U +n) [β, 40 sec] → 93EkaRe [β, 16 min] → 94EkaOs
[β, 5.7 hr] →95EkaIr?

3. 92U + n → (92U + n) [β, 23 min] → 93EkaRe?

[The term ‘eka’ was used first by Mendeleev for naming elements he found
similar to others in chemical properties and put them in the same group in
the periodic table. For example, Germanium (Ge) was termed Eka Silicon
(Si). Origin from Sanskrit, ekam = same/similar.]

The results were unusual on two counts, first there were three parallel
chains and secondly, length of the first two of the chains exceeded hitherto
all known beta decay chains.

The curious results on radioactivity induced in U by neutrons also at-
tracted the attention of Irene Curie and her collaborator Pavel Savitch in
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Paris. Instead of chemically separating the ‘transuranes’, they measured
the activities present in the entire solution. They used a pair of ion cham-
bers with absorbers of different thickness to eliminate the effect of natural
activity of U. They found the known 40-second, 2-minute, and 16-minute
activities and in addition a new strong 3.5-hour activity with the highest en-
ergy beta rays. They selected this activity by covering their samples with
thick sheets of brass and measuring only the radiation penetrating the brass
sheet. Since the 3.5 hour activity could be separated from uranium, it was,
therefore, neither a ‘transurane’ nor uranium. First they postulated it to be
an isotope of thorium (Th) from its chemical behaviour in their publication
[3]. The Berlin group repeated their measurements but could not find any
trace of Th and after they informed Curie about their negative result, Curie
and Savitch retracted their Th result. After more tests Curie and Savitch
found the activity to behave more like actinium (Ac). This was not consid-
ered very likely by others as it would require emission of an alpha particle
on neutron bombardment that was considered highly unlikely due to the
Coulomb barrier.

Around this time, Meitner asked her student Gottfried von Droste to
look for long-range alpha particles from U during neutron bombardment
using an ionization chamber. Droste used an aluminium foil to stop the
alpha particles naturally emitted by U and did not observe any long-range
alpha particles, which had to be present if any radium or actinium isotopes
were produced by n-bombardment. If only Droste had not used the foils to
stop the natural alpha particles, the fission fragments would not be stopped
and the ionization chamber would have recorded the fragments.

Curie and Savitch persisted in studying the 3.5 hr activity and in May
1938 found that this activity could be precipitated with a Lanthanum (La)
carrier and could be separated from Ac completely. However, they did not
firmly identify the activity with La and in their publication with the French
Academy of Sciences, wrote, “It appears, therefore, that this substance can
only be a transuranic element, with properties very different from those of
the other known transuranic elements.”

Lise Meitner lost her job at the Kaiser Wilhelm Institute due the poli-
cies of the Nazi regime and left Germany in July, 1938 for Holland without
a visa and then to Sweden. Strassmann and Hahn continued with the exper-
iments and Hahn continued to inform Meitner about their results through
his letters.
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Box 12.2 : Fractional crystallization

Fractional crystallization is a method of purifying substances based on differ-
ences in solubility. Marie Curie had used this process for isolating Radium
from the ore containing Barium using the chloride and bromide salts. In this
process, the temperature of the solution containing a mixture of two or more
substances in solution is reduced resulting in crystallization, the least solu-
ble substance would crystallize first. The proportion of components of the
mixture in the precipitate will depend on their solubility products. If the solu-
bility products are very similar, the crystallization process has to be repeated
a number of times for a complete separation.

Strassmann thought that the 3.5 hr activity could be an isotope of ra-
dium (Ra) and decided to separate out this activity with their refined chem-
ical analysis that resulted in much lower contaminations. First they re-
moved the transuranic elements from the solution and found the activities
to resemble radium isomers and their actinium decay products. Hahn rea-
soned in their publication in November issue of Naturwissenschaften [4]
that the formation of radium was the result of emission of two alpha parti-
cles successively, represented as

238U + 1n → α + 235Th → 231Ra + α.

Among the products, they listed three radium and three actinium iso-
mers. Hahn and Strassmann had found, as had Curie and Savitch before
them, that the process leading to radium was significantly enhanced when
slow neutrons were used. The emission of alpha particles with a high prob-
ability was hard to understand, especially for slow neutrons since the alpha
particles would face the Coulomb barrier, and this was criticized by Bohr
and Meitner when Hahn visited Copenhagen in November 1938.

Hahn and Strassmann decided to reinvestigate the evidence for radium.
From the chemical reactions these could only be either radium or barium.
They tried to separate artificial “radium” from the inactive barium ballast
material by fractional crystallization (Box 12.2). Despite the most var-
ied techniques, Hahn and Strassmann failed to separate the “radium” from
the barium. Starting with a solution of the presumed barium radium mix-
ture, Hahn and Strassmann added bromide to the solution in four steps;
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with each step, a fraction of the barium (and radium) would precipitate as
crystals of barium bromide. Because radium was known to co-precipitate
preferentially with barium bromide that is, the proportion of radium that
precipitated was larger than the proportion of radium in solution, the first
barium bromide fraction was expected to be richer in radium than those that
followed. To their surprise, Hahn and Strassmann measured no difference
at all: the “radium” activities were evenly distributed among the succes-
sive barium bromide fractions. They identified the following sequence of
decays:

“RaI”? [β, < 1 min] → AcI [β, < 30 min] → Th?
“RaII”? [β, < 14+2 min] → AcII [β, ~2.5 h] → Th?
“RaIII”? [β, 86+6 min] → AcIII [β, ~several days] → Th?
“RaIV”? [β, 250-300 h] → AcIV [β, < 40 h] → Th?
Thinking that something might have gone wrong with their procedure,

they ran control experiments using known radium isotopes. They carried
out two separate fractionations adding natural radium isotopes, mesotho-
rium 1 and 2; MsTh1(228Th) and MsTh2(228Ac) as tracers to the long lived
activity they called Ra IV. On using MsTh1, they found that with barium
bromide, the concentration of MsTh1 was increased whereas that of Ra
IV was not, and the activity remained at the same level for fractions with
equivalent barium content. Ra IV was behaving as barium itself.

Following this, Hahn wrote to Lise Meitner on 19 December, 1938. [5]

“. . . But we are coming steadily closer to the frightful conclu-
sion: our Ra isotopes do not act like Ra but like Ba. ... All
other elements, transuranes, U, Th, Ac, Pa, Pb, Bi, Po are out
of the question. I have agreed with Strassmann that for now
we shall tell only you. Perhaps you can come up with some
sort of fantastic explanation. We know ourselves that it can’t
actually burst apart into Ba. Now we want to test whether the
Ac-isotopes derived from the “Ra” behave not like Ac but La.”

Similarly, for the activity labelled Ac II, they found on adding pure ac-
tinium isotope MsTh2 (228Ac) and precipitating with lanthanum oxalate,
the MsTh2 was concentrated whereas AC II was not; leading to the inex-
orable conclusion that it was lanthanum itself. They submitted their find-
ings to Naturwissenschaften on 22 December and it was published on 6
January 1939 [6], with the very hesitant conclusion.
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Figure 12.1 : Schematic of the sequence of experiments leading to the dis-
covery of fission by Hahn and Strassmann. (from http:
//chemwiki.ucdavis.edu/)

http://chemwiki.ucdavis.edu/
http://chemwiki.ucdavis.edu/
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“We come to the conclusion that our radium isotopes have the
properties of barium. As chemists we should actually state
that the new products are not radium, but rather barium itself. . .
As chemists we really ought to revise the decay scheme given
above and insert the symbols Ba, La, Ce, in place of Ra, Ac,
Th. However, as nuclear chemists, working very close to the
field of physics, we cannot bring ourselves yet to take such
a drastic step which goes against all previous experience in
nuclear physics. There could perhaps be a series of unusual
coincidences which has given us false indications.” (translated
by H.G. Graetzer) [7].

Otto Robert Frisch went to visit his aunt, Meitner in Sweden during Xmas
vacation. Meitner had meanwhile received Hahn’s letter with the irrefutable
evidence for production of barium from Uranium on neutron irradiation.
While taking a stroll in the snow, the idea of splitting of a nucleus came to
Meitner and Frisch on the basis of Bohr’s liquid Drop model. According to
this model such a drop might on getting excited, execute collective vibra-
tions leading to elongation, and divide itself into two smaller drops. They
worked out the energy that would be released in such a process following
two methods. One was to consider the change in the binding energy in
this process from the mass defects and the other was to calculate the elec-
tric repulsion energy between the fragments from their atomic numbers.
The two calculations matched and gave approximately an energy release
of 200 MeV.

Frisch returned to Copenhagen and found Bohr getting ready to leave
for America. He describes what transpired between him and Bohr to a
letter to his aunt (5),

“Dear Tanterl, I was able to speak with Bohr only today [3
January 1939] about the splitting of uranium. The conversa-
tion lasted only five minutes as Bohr agreed with us imme-
diately about everything. He just couldn’t imagine why he
hadn’t thought of this before, as it is such a direct consequence
of the current concept of nuclear structure. He agreed with us
completely that this splitting of a heavy nucleus into two big
pieces is practically a classical phenomenon, which does not
occur at all below certain energy, but goes readily above it. . . ”
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Meanwhile, back in Denmark, Frisch was busy following a suggestion of
George Placzek to measure the fragments released in the splitting of U
directly. In Frisch’s own words (8),

“I rigged up a pulse amplifier for the special purpose, and I
also built a small ionization chamber; but the whole thing only
took me about two days, and then I worked most of the night
through to do the measurements because the counting rates
were very low. But by three in the morning I had the evidence
of the big pulses.”

Frisch had used a U- lined Ionization chamber and a Raα + Be source of
neutrons, for measuring the fragment pulses. Following a caution from
Meitner about the presence of large background from natural alpha decay
of U which her assistant Droste had suppressed by using aluminium foil
(thereby stopping the fragments as well), Frisch electronically biased his
counters against detecting the natural alphas. He set a threshold of > 5×105

ion pairs so that it could count the relatively rarer fragments from the split-
ting of U, which were about 15 per minute. The binary fission fragments
carry energy roughly 100 MeV each and will produce a large number of ion
pairs. The energy required for creation of an ion pair is typically 30 eV and
hence complete stopping of one of the 100 MeV fission fragment should
yield approximately 3.6× 106 ion pairs. The natural alphas having typi-
cally 5 MeV energy, will produce if stopped completely only 105 ion pairs.
Presence of paraffin around the neutron source doubled the rate of the large
fragments. Substituting U by Thorium also resulted in large pulses, except
that surrounding the neutron source with paraffin reduced the count rate in
case of Th.

Frisch communicated two papers to Nature and these were published
in consecutive issues of Nature. First one [9] was the paper by L Meit-
ner and O R Frisch, in which, the term “fission” occurs for the first time.
Frisch had asked an American biologist, William A Arnold working in von
Hevsey’s laboratory what one calls it when a cell divides itself. Second pa-
per was by Frisch alone on Physical Evidence for the Division of Heavy
Nuclei under Neutron Bombardment [10].

Bohr worked on the idea of splitting of U on the six day journey by sea
and he already had the sketch of a theory. After reaching USA he worked
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with John Wheeler on the theory of fission that was published in the Phys-
ical Review in 1939 [11]. This paper is relevant even after 75 years in the
field of study of fission, a process whose finer details are still being investi-
gated. In their paper, Bohr and Wheeler also pointed out that slow neutrons
cause fission in 235U and fast neutrons in 238U. Immediately experiments
were conducted to verify the predictions of this theory by Alfred O Nier,
E T Booth, J R Dunning and A V Grosse at Columbia University in 1940
(12). It led to a flurry of activity in all leading laboratories of the world
including Bose Institute, Kolkata [13].

The media picked up the intense activity following discovery of fission.
Speculation about the vast stores of energy in the nucleus prompted a New
York Times editorial in February 1939.

“The possibility of harnessing the energy of the atom crops
up again. Rutherford. . . and other distinguished physicists
did their best in late years to discourage speculations on the
subject, because bombardment was so inefficient that more en-
ergy was expended on the atom than ever came out of it. Now
the picture is changed. . . Romancers have a legitimate excuse
for returning to Wellsian utopias where whole cities are illumi-
nated by energy in a little matter.”

Subsequent work on demonstration of chain reaction in a nuclear reac-
tor carried out under the leadership of Fermi and the development of the
atomic bomb have been described in detail in a previous article on Fermi in
Resonance. The establishment of the Manhattan project has an intriguing
history. On August 2nd 1939, encouraged by a group of fellow physicists,
Albert Einstein, wrote a historic letter to President Roosevelt.

“Some recent works by E. Fermi and L. Szilard which has been
communicated to me in manuscript, leads me to expect that the
element Uranium may be turned into an important source of
energy in the immediate future. . . This new discovery would
also lead to construction of bombs. . . ”.

However, no action seemed to have been taken on the letter by Einstein
till a memorandum written by Frisch and Rudolf Peierls to the British in-
telligence reached USA. The Frisch–Peierls memorandum (14) was the
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first technical exposition of a practical atomic weapon. The memorandum
contained new calculations about the size of the critical mass needed for an
atomic bomb. The memorandum led to a report by the British MAUD Com-
mittee and resulted in the Tube Alloys project and the Manhattan Project.

Otto Hahn received the Nobel Prize for Chemistry in 1944 “for his
discovery of fission of heavy nuclei”. It was announced only after the end
of World War II in 1945. Many including this writer feel that both Lise
Meitner and Fritz Strassmann should have shared the award.

Electricity was generated for the first time from a nuclear reactor at
Idaho, USA on 20 December 1951. Today, more than 10% of electricity
need of the world is met by nuclear reactors employing nuclear fission as
the source of heat energy. In India we have nearly 22 reactors generating
about 3% of the electricity requirement. Discovery of nuclear fission is a
prime example of fundamental research leading to a phenomenon that has
given rise to technology of lasting value to society at large. Even after 75
years of its discovery, this field of research continues to be an enigma. The
happenings in this exciting field of research are highlighted in the recent
conference on 75 years of nuclear fission (15, 16).

It would be interesting to note that nearly 2 billion years ago there was
a natural fission reactor operating on the Earth in an underground uranium
deposit in Oklo, Gabon, Africa. The discovery of this is an interesting story
in itself. Evidence of the Oklo reactor was discovered in 1972 through
studies of the fission products found in the uranium mine. A French techni-
cian working in a nuclear fuel processing plant noticed a tiny discrepancy
in the ratio of the occurrence of two isotopes in some of the U samples.
The difference was that the abundance of 235U was only 0.717% instead
of 0.7202% in all other natural samples. It was necessary to trace the ori-
gin of this discrepancy since 235U is the fissile material and every gm of it
had to be accounted for and tracked. Investigations showed that this lower
value of 235U occurred only in the ores coming from the Uranium mines
in Gabon. More than a dozen sites in the Oklo/ Okelobondo area were
found, where such natural reactors operated on and off for more than hun-
dred thousand years [17]. Evidence of fission products and their isotope
ratios were found to support cyclical self-sustained operation of the reac-
tors without any runaway explosion. The fission reaction continued – off
and on – for hundreds of thousands of years. Eventually, the reactors shut
down. These natural reactor sites are being investigated even today as they
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might provide some clues as how to enmesh radioactive fission products in
other minerals and hold them stably for billions of years.
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