HY DROGZEN

The Essential Element

JOHN S. RIGDEN



HYDROGEN

The Essential Element

JOHN S. RIGDEN

HARVARD UNIVERSITY PRESS

Cambridge, Massachusetts
London, England



Copyright © 2002 by the President and Fellows of Harvard College
All rights reserved
Printed in the United States of America

First Harvard University Press paperback edition, 2003
Third printing, 2003

Library of Congress Cataloging-in-Publication Data

Rigden, John S.
Hydrogen : the essential element / John S. Rigden.
p. cm.
Includes bibliographical references and index.
ISBN 0-674-00738-7 (cloth)
ISBN 0-674-01252-6 (paper)
1. Hydrogen. 2. Science—Methodology. I. Title.

QDI181.H1 R54 2002
546'.2—dc21 2001051708



Contents

Prologue

In the Beginning: Hydrogen and the Big Bang
Hydrogen and the Unity of Matter: The Prout
Hypothesis

William Prout, 1815

Hydrogen and the Spectra of the Chemical Elements:
A Swiss High School Teacher Finds a Pattern
Johann Jakob Balmer, 1885

T'he Bobr Model of Hydrogen: A Paradigm for the
Structure of Atoms

Niels Bohr, 1913

Relativity Meets the Quantum in the Hydrogen Atom
Arnold Sommerfeld, 1916

T'he Fine-Structure Constant: A Strange Number
with Universal Significance

Arnold Sommerfeld, 1916

T'he Birth of Quantum Mechanics: The Hydrogen
Atom Answers the “Crucial Question”

Werner Heisenberg and Wolfgang Pauli, 1925-26 -
Paul Dirac, 1925-26

12

19

27

43

52

39



vl

10

11

12

13

14

15

16

17

Contents

The Hydrogen Atom: Midwife to the Birth of Wave 74
Mechanics

Erwin Schrodinger, 1926

The Hydrogen Atom and Dirac’s Theory of the 87
Electron

Paul Dirac, 1928

Hydrogen Guides Nuclear Physicists: The Discovery of 96
Deuterium

Harold Urey, 1932

Hubris Meets Hydrogen: The Magnetic Moment of 103
the Proton

Otto Stern, 1933

The Magnetic Resonance Method: The Origin of 113
Magnetic Resonance Imaging

I. I. Rabi, 1938

New Nuclear Forces Required: The Discovery of the 125
Quadrupole Moment of the Deuteron

Norman F. Ramsey and I. I. Rabi, 1939

Magnetic Resonance in Bulk Matter (NMR) 137
Edward M. Purcell and Felix Bloch, 1946

Hydrogen’s Challenge to Dirac Theory: Quantum 150
Electrodynamics as the Prototype Physical Theory

Willis Lamb, 1947

The Hydrogen Atom Portends an Anomaly with the 161
Electron

I. I. Rabi, John E. Nafe, and Edward B. Nelson, 1946
Hydrogen Maps the Galaxy 171
Edward M. Purcell and Harold Ewen, 1951



Contents

18

19

20

21
22

23

T'he Hydrogen Maser: A High-Precision Clock
Norman F. Ramsey and Daniel Kleppner, 1960

The Rydberg Constant: A Fundamental Constant

Johannes Robert Rydberg, 1890 -
Theodor W. Hiansch, 1992

The Abundance of Deuterium: A Check on Big Bang
Cosmology

David N. Schramm, 1945-1997
Antihydrogen: The First Antiatom
The Bose-Einstein Condensate for Hydrogen

Satyendranath Bose, 1924 « Albert Einstein, 1925 -

Eric A. Cornell and Carl E. Wieman, 1995 -
Daniel Kleppner and Tom Greytak, 1998

Exotic Hydrogen-like Atoms: From Theory to
Technology

Epilogue

Notes
Acknowledgments
Credits

Index

Vil

183

197

211

223
234

242

253

257
271
273
249



Prologue

Hydrogen is the most important constituent of the universe.

—Gerhard Herzberg

The heroine of this book is nature’s simplest atom, the hydrogen
atom. With one exception—the helium atom—hydrogen is the
mother of all atoms and molecules. The hydrogen atom consists
of a single electron and a single proton; the proton is the nucleus
of the hydrogen atom and serves as the electron’s anchor. The
universe is teeming with hydrogen: every cubic centimeter of dark
interstellar space, essentially void of any other known matter,’
contains a few atoms of hydrogen. At the other extreme, every cu-
bic centimeter of the planet Jupiter’s interior contains in excess of
10 million billion billion (10%°) atoms of hydrogen. And every star,
throughout its long life, illuminates its cosmic neighborhood with
light that originates with the burning of the atom that dominates
its material composition—hydrogen.

One must not dismiss this chemical element because of its sim-
plicity. In fact, it is the simplicity of the hydrogen atom that has
enabled scientists to unravel some of the mysteries of nature. This
humble atom has consistently surprised the most distinguished
(and confident) scientists and contributed to our understanding of
the natural world.

This book, however, is more than a book about the hydrogen
atom. It is a drama, written for the general reader, in which the in-
triguing hydrogen atom plays a starring role. Each chapter un-
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folds a particular episode in which hydrogen has led scientists to
new scientific insights.

Collectively, the twenty-three chapters that follow reveal much
about the conduct of science. On one level it is a focused story
that chronicles the hold the simplest atom has had on the minds
of the world’s greatest scientists over the decades reaching back
into the nineteenth century. Niels Bohr, Arnold Sommerfeld,
Otto Stern, Werner Heisenberg, Wolfgang Pauli, Erwin Schro-
dinger, Paul Dirac, Harold Urey, L. I. Rabi, Norman Ramsey, Ed-
ward Purcell, Felix Bloch, Willis Lamb, Daniel Kleppner, and
Theodor Hinsch all have advanced and refined knowledge of the
physical world through their fascination with the hydrogen atom.

On another level, the story of hydrogen reveals how science is
conducted. Physical theories are created to provide explanatory
schemes whereby the observed world can be understood with
quantitative precision. Those theories that capture the support of
scientists are those that allow detailed predictions to be made and
lead to new insights into the natural world. Good theories are
simple theories that unite disparate realms of experience. Physical
theories, however, must always yield to the demands of experi-
mental data. Experimental facts are incontrovertible. If they are
not accommodated by theory, the theory is held in question. The-
ories, good theories, are not quickly abandoned. Strenuous effort
1s exerted to refine a good theory so that experimental facts can
be explained. In the final analysis, however, experimental results,
once tested and retested, once verified by independent experi-
mental methods, ultimately rule. Dirac’s theory was elegant and
beautiful, but in the face of data from Lamb and Rabi, it fell short.
Their data then became the stimulus for the more powerful the-
ory of quantum electrodynamics.

The experiments on the hydrogen atom chronicled in these
chapters demonstrate the significance of precise measurements.
Although all scientists seek to refine their experimental proce-
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dures to minimize the uncertainties in their measured results,
uncertainties of several percent are typical. However, to expose
shortcomings in theories and to test their limits, precise results
are often necessary. The hydrogen atom has been the premier
physical system for challenging theoretical constructs and precise
measurements are the sine qua non when hydrogen is the subject
of investigation. Furthermore, precise measurements can reveal
unexpected results. In Rabi’s series of experiments to measure
the magnetic moments of the proton and deuteron, uncertainties
were reduced from 26 percent to 0.7 percent. With the improved
precision, evidence for a new property of the nucleus, the qua-
drupole moment, was found lurking in the data.

Through the example of hydrogen, we have also seen how basic
science may lead to practical applications. Basic science typically
operates far from the technological applications that predictably
follow. The objective of basic science is to learn how the world
works. Nonetheless, the knowledge gained through basic research
and the methods developed to probe the natural world frequently
hold within them the potential for very practical and welcome
uses. The magnetic resonance method discovered by Rabi and his
group of students led to nuclear magnetic resonance at the hands
of Purcell and Bloch, which in turn led to the powerful medi-
cal diagnostic tool of magnetic resonance imaging. Ramsey’s and
Kleppner’s hydrogen maser clock is an integral part of the tech-
nology of global positioning systems, which have manifold appli-
cations.

When nature’s ways are understood, applications follow that
can be used for good or bad, for peace or war. Consider the fusion
of hydrogen. Einstein’s relativity theory, basic physics at its best,
showed how nuclear fusion could produce vast amounts of energy.
Applications were soon understood. On the one hand, for exam-
ple, it was understood that the fusion of hydrogen occurs in the
Sun and its energy nurtures life on planet Earth. On the other
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hand, the fusion of hydrogen can occur in a bomb and its energy
can inflict devastating destruction. The hydrogen bomb is an im-
portant part of the hydrogen story and it could have been the sub-
ject of a chapter 1n this book. I decided against it for two reasons.
First, the prominent theme of the following chapters is how the
hydrogen atom led to new basic scientific knowledge. The fusion
bomb does not fit into that theme. Second, there is a vast litera-
ture on the hydrogen bomb and another chapter seemed hardly
necessary.

Science is an international enterprise, which the examples in
this book make clear. Although communities may differ enor-
mously in their cultures, their religious convictions, their artistic
expressions, and their political structures, in the arena of sci-
ence, the world’s diverse human groups are unified. There is no
(German science, no Asian science, no Hindu science. Bose was
Indian, Einstein was German, but the two came together as scien-
tists and predicted a new form of matter—the Bose-Einstein con-
densate, which was eventually verified by American scientists.

This book further illustrates how science itself has changed
over the decades. The early chapters typically have one name
associated with them. In earlier eras, science was such that an
individual could work alone and make significant contributions.
The experimental apparatus was relatively simple, could be con-
structed by one scientist, and put together on a laboratory table.
As science progressed through the twentieth century, however,
it became more specialized, and the experimental apparatus re-
quired became more complex. Many talents are now required to
conduct an experiment and science has become a group activity.
Many scientists have measured the Rydberg constant and could
have been identified along with Hiansch. Four experimental phys-
icists were identified with the discovery of the Bose-Einstein con-
densate, and no one was identified with the discovery of anti-
hydrogen simply because many scientists at different laboratories
were involved.
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The hydrogen atom has intrigued physicists because its sim-
plicity allows conceptual models to be created and then tested
against experimental data. The inherent logic of a conceptual
model is expressed mathematically and the simplicity of the hy-
drogen atom permits the resulting mathematical expressions to be
solved exactly and compared directly with experimental data. This
is physics at its best.

At various times in the history of physics, there has been a ten-
dency for physicists to believe that the time to unravel the final
mysteries of nature was at hand. In response to this malady, I once
wrote a short piece entitled “H Stands for Hydrogen . . . and Hu-
mility.”? (This piece, I am told, hung for a period on an office wall
at CERN, the high energy physics laboratory in Geneva, Switzer-
land.) In the essay I raised a cautionary note about claims that we
were nearing a “grand unified theory” that would explain all phys-
ical interactions or that we were nearing a complete understand-
ing of such momentous questions as how the universe began.
“The hydrogen atom,” I wrote, “still beckons.”



In the Beginning:
Hydrogen and the Big Bang

If God did create the world by a word, the word would have been hydrogen.

—Harlow Shapley

The story of hydrogen begins before there was anyone to notice.
Long before the Earth and its planetary siblings existed, before
the Sun and the Milky Way existed, and even before chemical ele-
ments like oxygen, sodium, iron, and gold existed, the hydrogen
atom was old, old news.

According to current wisdom, our universe began about 15 bil-
lion years ago at a point with infinite density and infinite tempera-
ture. That was the beginning of time; that was the origin of space.
Since then, the original point has expanded in all directions to
the dimensions of the current universe. As the universe expanded,
the cosmic clock ticked and the temperature cooled: at 0.01 sec-
ond after the big bang, the temperature was 100,000 million de-
orees K; 0.12 second, 30,000 million degrees K; 1.10 seconds,
10,000 million degrees K; 13.83 seconds, 3,000 million degrees K.
By the time the universe was four minutes old, the basic ingredi-
ents required for all that was to follow were present and their
basic modes of interaction were established. The stage was set for
everything that followed.!

Hydrogen is the simplest of all atoms. In its dominant form,
hydrogen consists of one electron and one proton; in its rare
form, called deuterium, there are three particles: an electron, pro-
ton, and a neutron. By contrast, ordinary water, a simple mole-
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cule, consists of twenty-eight particles: ten electrons, ten protons,
and eight neutrons. The water molecule is very complicated when
compared to the hydrogen or deuterium atoms. Because of its
simplicity, hydrogen dominates the 15 billion-year tale of our
universe. Approximately 300,000 years after the origin of our
universe, the temperature had cooled to approximately 3,000 de-
grees and the hydrogen and helium atoms took their characteris-
tic forms. Even this early, a particular kind of universe was inevi-
table: a universe that would eventually become a hospitable haven
for life.

When atoms first began to take form, the ingredients available
were limited. There were photons (particles of light) and neutri-
nos, and elementary particles of matter—electrons and protons
(the nucleus of the hydrogen atom is a proton). There were com-
posites of elementary particles—deuterons, a proton plus a neu-
tron (the deuteron is a special part of the story told in this book
because it is the nucleus of the heavy hydrogen atom, deuterium),
and alpha particles, two protons plus two neutrons (the nucleus of
the helium atom is an alpha particle). By the time the universe was
300,000 years old, neutrinos were aloof from their surroundings
and did not participate in the birth of atoms, and photons were
not essential to the atom-forming process. So, to form the first at-
oms of our universe there were electrons, protons, deuterons, and
alpha particles. In this mix, protons outnumbered alpha particles
by about eleven to one. The deuteron was a mere sprinkling in
the mix. Thus, when atoms formed, the ingredients present cou-
pled with the particle recipes for hydrogen and helium resulted in
an atomic mix of about 92 percent hydrogen, 8 percent helium,
and a fraction of a percent deuterium. Today, 15 billion years after
hydrogen and helium were first formed, these elements remain
the most abundant throughout the cosmos: hydrogen makes up
approximately 90 percent of the total, whereas helium comes in at
about 9 percent.

Since the ingredients for hydrogen and helium atoms—elec-



3 HYDROGEN

Figure 1.1 A cosmic cloud of hydrogen, where stars are born, in the

form of a pillar, as seen by the Hubble Space "Telescope. The globules

are forming stars. This picture of this cloud, in M 16, was taken by John

Hester and P. Scowen 1n 1995.

trons, protons, and neutrons—were present in the earliest sec-
onds of the universe, why did it take 300,000 years before atoms
appeared? Dropping temperatures over this span of years slowed
the rapidly moving protons and electrons to speeds that allowed
the electrical attraction between them to challenge their indepen-
dent motions, bring them together, and form stable atoms. In
fact, even the strongest force of nature, the nuclear force, was not
strong enough to pull the frantic protons and neutrons together

into nuclei during the earliest seconds of the universe. It was not
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until the universe was about fourteen seconds old and had ex-
panded and cooled considerably that the first nuclei, alpha parti-
cles, formed. The early formation of alpha particles testifies to
their stability. Deuterons, while simpler than alpha particles, are
not as stable. Consequently, they did not form until the universe
was almost four minutes old.

The primordial period of nuclear synthesis was all over by the
time the universe was four minutes old. Nuclei heavier than that
of helium—nuclei of beryllium, boron, and carbon, for example—
did not form because these heavier nuclei could not compete with
the inherent stability of the helium nucleus. Thus, all the free
neutrons that were still available at the four-minute point took
refuge in either the helium nucleus or the heavy hydrogen nu-
cleus.

Essentially all the heavy hydrogen in the universe today origi-
nated during the first minutes of cosmic time. One thousand tons
of heavy water, used to detect solar neutrinos, fill the tank at the
Sudbury Neutrino Observatory in Sudbury, Ontario. This heavy
water, each molecule of which consists of one oxygen atom, one
hydrogen atom, and one deuterium atom, brings together deute-
rium that was formed when the universe was about four minutes
old. When you hold a tube of heavy water in your hand, you hold
primordial atoms, remnants from the first moments after the big
bang.

loday, 473 muillion billion seconds atter the big bang, the tem-
perature of the universe has dropped to three degrees above abso-
lute zero. Embedded in this frigid environment are galactic sys-
tems distributed across the far reaches of the observable universe.
Each galaxy consists of stars and dust clouds. Each star, each dust
cloud in each and every galaxy consists of about 90 percent hydro-
gen atoms and 9 percent helium atoms. Because of this composi-
tion, established approximately 15 billion years (or 473 million
billion seconds) ago, the stars twinkle and the Sun shines.

The Sun is a typical star. The composition of the Sun (as well as
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other stars) reflects the cosmic abundance: about 90 percent of
the atoms making up the Sun are hydrogen. And it is the fusion of
hydrogen that fuels the Sun. Every second, 600 million tons of
hydrogen are fused into helium in the core of the Sun, releas-
ing prodigious energy that slowly makes its way from the core to
the Sun’s surface, heating it to a temperature of 5,800 K. The
Earth, 92 million miles away, basks in this life-giving warmth.

Approximately 3.5 billion years ago, life emerged on at least
one planet orbiting one star. There may be planets other than
Earth that nurture life: we simply do not know. On planet Earth,
hydrogen remained obscure for many centuries. Paracelsus (born
Theophrastus Bombast von Hohenheim) noted during the early
years of the sixteenth century that when acids attacked metals,
flammable gas was a by-product. He had unknowingly observed
hydrogen. Other chemists and physicists produced hydrogen and
in 1671 Robert Boyle described its properties. As is frequently the
case in science, the credit for discovering hydrogen rests on how
“discovery” is defined. The credit for isolating and characterizing
hydrogen goes to Henry Cavendish, who isolated hydrogen and
determined its density in 1776. The French chemist Antoine-
Laurent Lavoisier, whose head was severed by the guillotine on
May 8, 1794, gave hydrogen its name.

The world as we know it is a consequence of the balance be-
tween the number of hydrogen nuclei and the number of helium
nuclei, established in the early moments after the big bang. Per-
haps it is preferable to say that the world is a consequence of the
basic laws that produced this particular blend of hydrogen and he-
lium. Did the laws of nature exist prior to the origin of the uni-
verse? Did the laws of nature take their present form at the instant
of the big bang? One millionth of a second after the big bang? No
one can say. Looking back, however, we can say the following: if
the weak force had been just a little weaker, the free neutron
would decay a little more slowly and, as a result, the universe
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would have started out as predominantly helium rather than hy-
drogen. A world without hydrogen is a world without water, a
world without carbohydrates, a world without proteins—a world
without life.

So take your pick. We can say that the world is the way it is be-
cause the laws of nature are the way they are. Or we can say that
the world is the way it is because hydrogen is the way it is. Which-
ever you select, one or the other, is a matter of preference. Either
way, the little hydrogen atom commands the stage on which the
long and enchanting drama of our universe, the story of galaxies,
stars, planets, and life, unfolds.



