
Highly Excited Atoms 
They are floppy� fragile and huge. Some of them ha ve been found 
to have a diameter of almost a hundredth ofa millimeter� which is 
1 OO� 000 times the diameter of an atom in its lowest energy state 

by Daniel Kleppner, Michael G. Littman and Myron L. Zimmerman 

T
he emblem for the planetary mod­
el of the atom introduced in 19·13 
by Niels Bohr has become a sym­

bol of our times. Since the 1930's, when 
the symbol was adopted by modernist 
sculptors and architects, the familiar 
pattern of electrons orbiting a nucleus 
has stood for scientific knowledge and 
progress. Perhaps the persistence of the 
ubiquitous symbol reflects its ances­
try: Bohr's atomic theory imitates in 
part Newton's planetary theory, and the 
symbol could easily pass for an abstract 
plan of a solar system. Whatever the 
reason, the curious blend of traditional 
and modern ideas that underlies Bohr's 
theory has given it a remarkable vitality. 
The language and the spirit of Bohr's 
work have persisted in physical thought 
long after the model itself was common­
ly acknowledged (by Bohr among oth­
ers) to have served its purpose. 

Bohr's theory of the hydrogen atom 
had a scientifically useful life of a little 
more than a decade. The creation of 
quantum mechanics in the· mid-1920's 
marked its demise. In the past few years, 
however, a new field of atomic physics 
has emerged from the no-man's-land 
between 19th-century classical physics 
and 20th-century quantum mechanics 
that was central to Bohr's early work. It 
is the physics of atoms in which an elec­
tron is excited to an exceptionally high 
energy level. Much of the appeal of the 
study of highly excited atoms comes 
from the clarity with which the atoms 
illustrate the continuity of thought be­
tween the world of classical physics and 
the world of quantum physics. 

The highly excited atoms are often 
called Rydberg atoms, after the Swedish 
spectroscopist Johannes Rydberg. Any 
atom can be made into a Rydberg atom 
by promoting its outermost electron to a 
very high energy level. Rydberg atoms 
have a wealth of exotic properties. In the 
first place they are gigantic: Rydberg at­
oms have been detected whose diameter 
approaches a hundredth of a millimeter, 
which is 100,000 times the diameter of 
an atom in the ground state, or lowest 
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energy level. The Rydberg atoms are so 
large that they can engulf other atoms. 
Rydberg atoms are also remarkably 
long-lived. An ordinary excited atom 
generally returns to the ground state in 
less than a ten-millionth of a second. On 
the time scale of atomic phenomena 
Rydberg atoms live almost forever; life­
times from a thousandth of a second to 
a second are common. Ordinary atoms 
are scarcely affected by an applied elec­
tric field or magnetic field; Rydberg at­
oms can be strongly distorted and even 
pulled apart by a relatively weak elec­
tric field, and they can be squeezed into 
unexpected shapes by a magnetic field. 

Powerful new experimental tech­
niques for studying Rydberg atoms be­
came available about six years ago, and 
laboratories in North America, Western 
Europe and the U.S.S.R. are now en­
gaged in Rydberg-atom studies. At the 
Massachusetts Institute of Technology 
we have been particularly interested in 
the structure of Rydberg atoms in elec­
tric fields and magnetic fields. Our ex­
periments have enabled us to witness 
dramatic atomic phenomena that had 
not been observed before. The experi­
ments have also yielded some surprising 
new insights into the properties of sim­
ple atoms. 

Dydberg atoms are like hydrogen in 
.IX their essential properties. The simi­
larity can be understood from the most 
elementary ideas of atomic structure. 
Every atom consists of a massive nucle­
us with an electric charge of + Z (the 
total charge of Z protons, each having a 
charge of + 1) surrounded by Z elec­
trons, each having a charge of - 1. Z is 
the atomic number of the atom. Hydro­
gen, for which Z is 1, consists of a single 
electron that is attracted to a n ucle us 
composed of a single proton. If the out­
ermost electron of an atom other than 
hydrogen is promoted to a very high en­
ergy level, it takes up a large orbit, well 
outside the orbit of all the other elec­
trons. Hence the excited electron is at­
tracted by a compact ionic core (made 

up of the nucleus and all the inner elec­
trons) whose net charge is + 1, the 
charge of a hydrogen nucleus. As long 
as the excited electron does not come 
too close to the core, the motion of the 
electron is the same as it would be in 
a hydrogen atom. Thus the physics of 
Rydberg atoms is essentially the physics 
of hydrogen. 

According to the Bohr theory, the hy­
drogen atom is a solar system in micro­
cosm. The gravitational attraction that 
binds a planet to the sun and the electro­
static attraction, or Coulomb force, that 
binds an electron to a proton depend on 
distance in the same way: both forces 
decrease as the square of the distance. 
For this reason the motion of an elec­
tron around a proton is identical in form 
with the motion of the earth around the 
sun. Nevertheless, the analogy between 
planetary motion and the motion of the 
electron in a hydrogen atom is not exact. 
According to classical electromagnetic 
theory, the orbiting electron would rap­
idly lose energy by radiating light and 
would eventually crash into the nucleus. 

In order to overcome this problem 
Bohr introduced the extraordinary idea 
that atoms exist only in stationary states, 
that is, in certain allowed energy levels: 
The electron cannot spiral into the nu­
cleus. It can lose energy only by "jump­
ing" from a higher level to a lower level, 
giving off the excess energy as electro­
magnetic radiation, until it reaches the 
ground state. From this lowest level no 
further loss of energy is possible. These 
simple ideas enabled Bohr to account 
for the stability of hydrogen as well as 
for its spectrum: the distinctive pattern 
of sharply defined wavelengths the atom 
radiates. 

The allowed energies of the electron 
in a hydrogen atom are given by the ex­
pression - Eoln2, where Eo is a constant 
and n is a positive integer called the prin­
cipal quantum number, which desig­
nates the energy level of the electron. 
The constant Eo has a value of about 
13.6 electron volts. (One electron volt is 
the energy an electron gains when it is 
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accelerated through a potential differ­
ence of one volt.) The energy is negative 
because work must be done to overcome 
the Coulomb force in separating the 
electron from the proton. The value 
n = 1 designates the ground state, and so 
the electron of a hydrogen atom in the 
ground state has an energy of - 13.6 
electron volts. The energy is determined 
by the combination of the electrostatic 

attraction between the electron and the 
proton and the kinetic energy of the 
electron as it whirls around the proton. 
Higher energy levels are designated by 
increasing values of n. As n approach­
es infinity the energy approaches zero, 
which is the energy of an electron and a 
proton that are far apart and at rest. 

principal quantum number. Atoms in 
states with n as large as 350 have been 
detected in outer space by radio astron­
omers, but in laboratory experiments" 
typically lies in the range between 1 0 
and 100. Most of the interesting proper­
ties of Rydberg atoms depend on 11 in a 
simple way. The radius of a Bohr orbit is 
proportional to n2, and so the area of the 
orbit is proportional to ,,4. The separa-

A Rydberg atom is an atom with a 
single electron in a state with a large 

ELECTRON-CHARGE DENSITY OF HYDROGEN is graphed 
on a plane passing through the single proton that forms the nucleus 
of the atom (colored dot). The states of hydrogen are described by the 
three quantum numbers II, I and m; II is a positive integer that desig­
nates the energy level of the electron, I is an integer between 0 and 
II - 1 that corresponds to the magnitude of the eccentricity (or angu­
lar mom entum) of the electron's orbit and III is an integer between 
-I and + I that describes the orbit's orientation. In the state where 
II = 8, 1= 0 and 11/ = 0 (upper graph) charge density is a series of con­
centric wavelike peaks. In three dimensions the charge density can be 
visualized as a series of spberical sbells formed by rotating tbe grapb 
about an axis passing tbrougb tbe nucleus. Tbe distance from tbe nu-

c1eus to tbe edge of tbe plane corresponds to 2 X 10 -6 centimeter, 
wbicb is 380 times tbe Bobr radius (tbe radius of a bydrogen atom in 
tbe lowest energy state). In a weak electric field (lower graph) tbe elec­
tron in an /I = 8 state of bydrogen "stands" far to one side of tbe pro­
ton, forming an electric dipole. (In tbis state 11/ = 0 and tbe angular 
mom entum is a mixture of all possible values of I from zero to 7.) A di­
pole consists of two equal and opposite cbarges separated by a fixed 
distance. Many atoms act as dipoles, but most of tbem are not true di­
poles: tbere is no separation of cbarges but only a sligbt distortion of 
tbe cbarge cloud. In tbe diagrammed state the separation is real. An 
atom wbose outermost electron bas been excited to a bigb energy lev­
el is often called a Rydberg atom. All Rydberg atoms are true dipoles. 
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tion of adjacent energy levels varies as 
1/ n3 and the n umber of energy levels in 
a small range of energies increases as n5• 
The dramatic properties of a Rydberg 
atom follow from their dependence on 
large powers of n. For example, when n 
equals 30, the area of the electron's orbit 

in a Rydberg atom is almost a million 
times the area in an ordinary atom. 

In considering the analogy between 
the motion of an electron around a nu­
cleus and the motion of a planet around 
the sun it is important to keep in-mind 
that the most general planetary orbit is 

elliptical. The period of motion of a 
planet (that is, the length of the planet's 
year) depends on the major diameter of 
the ellipse but not on its eccentricity, or 
shape. This law, which was formulated 
by Johannes Kepler at the beginning of 
the 17th century, has a parallel in the 

STATES OF HYDROGEN with II = 8 and III = 0 vary in angular mo­
meutum from 1= 0 to I = 7. Although charge density may seem com­
plex, the nodal lines (where the charge density is zero) are always ei­
ther circles centered on the nucleus or straight lines passing through 
the nucleus. In three dimensions the nodal surfaces are spheres or 

cones. The charge-density graphs were made with the aid of a com­
puter by William P. Spencer of the Massachusetts Institute of Tech­
nology. To make the graphs easier to interpret the charge density was 
multiplied by r2, where r is the distance to the nucleus. The inner­
most node of the charge density is too close to the nucleus to be seen. 
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dynamics of the Bohr atom. The energy 
of an electron in a given level is identical 
for orbits that have the same major di­
ameter, no matter what the eccentricity. 

Because there are infinitely many dif­
ferent ellipses with the same major di­
ameter, there might be an infinite num­
ber of atomic states with the same en­
ergy. Bohr argued that only a finite 
number of orbits should be possible for 
each value of /I. The orbits are distin­
guished geometrically by their eccen­
tricities. The physical variable corre­
sponding to the eccentricity is the angu­
lar momentum of the electron, and Bohr 
postulated that the angular momentum 
can have only values given by Ih!27T, 
where I is any integer from 0 to /I - I 
and II is Planck's constant. 

I n creating his atomic theory Bohr in­
voked an original and ingenious ar­

gument, subsequently named the corre­
spondence principle, that enabled him 
to derive the equations governing the 
hydrogen atom without any knowledge 
of the underlying quantum-mechanical 
laws. The idea of quantum jumps was so 
alien to traditional physics that it pro­
vided no means of predicting atomic 
spectra from first principles. Bohr over­
came this obstacle by considering highly 
excited states of the hydrogen atom, or 
in other words Rydberg states. He ar­
gued that if /I is very large, the effect of 
changing 1/ by one unit must in some 
sense be small. For example, the jump 
from 1/ = 100 to n = 99 should be much 
less drastic than the jump from n = 2 
to 1/ = I. Thus changes in energy be­
tween two highly excited states should 
be smooth compared with the .abrupt 
change in energy between two low-lying 
states. 

Smooth changes are characteristic of 
classical systems, where energy can vary 
continuously. The similarity suggests 
that highly excited atoms should have 
classical properties. In particular an 
electron in an atom should emit elec­
tromagnetic radiation with a frequency 
equal to the orbital frequency. The cor­
respondence principle suggests that the 
frequency of electromagnetic radiation 
emitted as a Rydberg atom jumps to a 
nearby state should approach the fre­
quency at which the electron revolves 
around the proton. This clue was the key 
to the problem. It led Bohr to the correct 
mathematical description of the hydro­
gen spectrum and to the Correct expres­
sion for the energy of the electron. 

Bohr's simple model accounted for 
the most conspicuous features of the 
spectrum of hydrogen, but the model 
incorporated such a jumble of tradition­
al concepts and radical ideas that it 
could not be generalized or extended. A 
new point of view was needed. This 
point of view, which is alien to the classi­
cal outlook of Bohr's theory, was pro­
vided by quantum mechanics. The pic-
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CLASSICAL BOHR ORBIT for the 1/ = 8, I = 5 state of hydrogen is a squat ellipse (iI/set illus­
tration). The diameter of the ellipse is 128 times the Bohr radius. As the electron moves in its 
orhit around the proton the orhital radius r varies between the aphelion distance r a and the peri­
helion distance r p' The classical charge density (graph) is proportional to the relative amount 
of tim e  the electron spends at a distance r from the proton. The charge density varies inverse­
ly with the radial speed of the electron. The classical charge density diverges at aphelion and 
at perihelion, where the radial speed falls to zero as the electron reverses radial direction. 

ture of an electron as a particle was re­
placed by an abstract vision of probabil­
ity theory. According to the new mode 
of thought, knowledge of the electron is 
best expressed in terms of a wave func­
tion: a mathematical expression whose 
value varies in both space and time. The 
probability of finding the electron in 
some small volume V is proportional to 
the product of Vand the intensity of the 
wave function there. In classical physics 
there is no need to speak of probability. 
If an electron is prepared in a known 
way at a given time, one can predict with 
certainty whether or not it will be in Vat 
any future time. In quantum mechanics, 
however, if one prepares the electron in 
the same way and repeats the experi­
ment many times, sometimes the elec­
tron will be found in Vand sometimes it 
will not. 

A simple artifice makes it possible to 
describe the electron without the en­
cumbrance of probability theory. The 
idea is to view the electron not as a 
charged particle but as a cloud of 
charge. One can then imagine a fraction­
al charge in a volume Vthat is the prod­
uct of V and the charge density. Any 
single measurement of the charge in V 
must find either one electron or none, 

but if the electron is prepared in the 
same way and the measurement is re­
peated many times, the average of all 
the results will be the same as the frac­
tional charge calculated from the charge 
density. Hence knowledge of the charge 
density is equivalent to knowledge of 
the probability that the electron is in V. 

At first the concept of charge density 
in an atom seems to bear little resem­
blance to Bohr's picture of an electron 
orbiting the nucleus, but the two views 
are closely related. Consider the proba­
bility of finding an electron in some thin 
spherical shell surrounding the nucleus. 
In quantum mechanics the probability is 
proportional to the prod uct of the shell's 
volume and the intensity of the wave 
function in that volume. In classical 
physics the average charge density is 
proportional to the time the electron 
spends in the shell. The faster the elec­
tron moves through the shell, the less 
time the electron spends in it and there­
fore the less the average charge in the 
shell is. In short, the classical charge 
density varies inversely as the speed of 
the electron. 

In a classical elliptical orbit the dis­
tance from the nucleus to the electron 
varies between two extremes: aphelion 
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and perihelion, to borrow the planetary 
terminology. The radial speed of the 
electron falls to zero as it reverses radial 
direction at these extremes, and so the 
charge density has a peak there. The 
charge density has a minimum where 
the radial speed is greatest, which is 
close to perihelion. The charge density 
is zero at distances less than periheli­
on and greater than aphelion, where the 
electron never ventures. 

The classical and the quantum-me­
chanical charge densities have little in 
common in a low-lying state of hydro-
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gen such as II = 8, 1= 5. As the corre­
spondence principle predicts, however, 
the two charge densities are similar in 
a highly excited state such as 11 = 100, 
1=60 [see illustration below]. Never­
theless, even in these. states there are 
important differences between the two 
kinds of charge density. The quantum­
mechanical char.ge density has wavelike 
features, including nodes and rounded 
peaks, that reflect the underlying wave 
properties of the electron. In the classi­
cal description the wavelike features are 
absent. Moreover, in quantum mechan-

10,000 
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ics the electron can penetrate regions of 
space that are inaccessible to it in clas­
sical physics. For example, the electron 
can venture slightly beyond the aphe­
lion distance. 

The existence of Rydberg atoms has 
been known since before the turn of 

the century. In 1906 R. W. Wood, an 
American spectroscopist, observed ab­
sorption lines in sodium gas for transi­
tions to states as high as 11 = 60. Accord­
ing to the Bohr theory, an atom can ab­
sorb light if the frequency of the light 

15,000 20,000 

QUANTUM-MECHANICAL CHARGE DENSITY (color) is dif­
ferent from the classical charge density (black) in a low-lying state of 

hydrogen such as /I = 8, I = 5 (lIpper graph). In an energetic state such 
as /I = 100, I = 50 (lower graph) charge densities have a similar shape. 
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mUltiplied by Planck's constant is equal 
to the energy difference between the ini­
tial state of the electron and an allowed 
excited state. When light from a lamp is 
passed through a gas and dispersed with 
a spectroscope, dark lines appear where 
the light has been absorbed at the fre­
quencies satisfying the Bohr condition. 
There are impediments, however, to the 
study of Rydberg atoms by this method. 
Highly excited atoms are so large and so 
weakly bound that they rapidly break 
apart when they collide in a gas. 

Isolated Rydberg atoms were first 
observed deep in interstellar space. In 
1965 B. Hoglund and Peter G. Mezger 
of the National Radio Astronomy Ob­
servatory detected radiation from hy­
drogen atoms undergoing transitions be­
tween levels near 1/ = 100. For such 
large values of 1/ the radiation is not in 
the optical region of the electromagnetic 
spectrum but in the microwave region. 

Deep space might seem to be an un­
likely place for finding Rydberg atoms; 
actually it is almost ideal because the 
density of atoms is so low that collisions 
are rare. Of course, the density must not 
be too low: there must be enough atoms 
to provide a detectable signal. A radio 
telescope can look so far into space that 
there are many atoms along the line of 
sight in spite of the low density. The at­
oms are created when free electrons and 
protons recombine to form hydrogen. 
This process of recombination is one of 
the dynamical mechanisms that govern 
the delicate balance between neutral 
matter and charged particles in the gal­
axy. The atoms radiate as they cascade 
to lower Rydberg states. Such recombi­
nation radiation is emitted from many 
regions of the galaxy. 

Dydberg atoms can be created in the 
J.\... laboratory by a number of tech­
niques. The bombardment of a gas with 
charged particles promotes atoms in 
the gas into a wide range of excited 
states, including Rydberg ones. Many 
laboratories, however, including our 
own, rely on another technique. A tun­
able laser is used to excite the atoms. 
This method makes it possible to select 
a particular Rydberg state, an advan­
tage that has revol utionized the field. 

Most experiments with Rydberg at­
oms have been done with the atoms of 
the alkali metals: lithium, sodium, po­
tassium, rubidium and cesium. These el­
ements are commonly chosen because 
they are easily turned into a gas, be­
cause their spectral absorption lines are 
at wavelengths conveniently generated 
by laser light and because they absorb 
light efficiently. The alkali metals are 
the workhorses of atomic physics. 

In our laboratory we excite the alkali 
atoms to Rydberg states with pulsed 
tunable dye lasers. The lasers generate 
brief but intense flashes of highly mono-

chromatic light. Usually we excite an 
atom with pulses from three lasers. The 
first two pulses excite the electron to an 
intermediate state, and the final pulse 
"kicks" the atom into a Rydberg state. 
In lithium, for example, two lasers ex­
cite the electron to the state n = 3, I = 0, 
and the third laser, whose frequency can 
be tuned over a wide range, drives the 
electron into a Rydberg state with a 
large value of n and with I equal to 1. 
The lasers are fired about 10 times per 
second, and each pulse lasts for about 
5 X 10-9 second. The light is so bright 
that most of the atoms in the interaction 
region (whose volume is a cubic milli­
meter) can be made into Rydberg atoms. 

In order to keep the Rydberg atoms 
from colliding we do' the experiments 
with an atomic beam. In the case of lithi­
um the metal is turned into a vapor by 
heating in an oven to a temperature of 
about 650 degrees Celsius. The vapor 
flows through a small hole into a vacu­
um chamber; a blocking plate with a 
small aperture collimates the vapor to 
form the atomic beam. The vacuum is 
good enough for an atom to cross the 
chamber without a single collision. 

The detection of electrically neutral 
atoms is usually a troublesome prob­
lem, but that is not the case with Ryd­
berg atoms. We ionize them by applying 
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an electric field large enough to tear 
away the excited electron. Ionizing a 
ground-state atom requires an extraor­
dinarily large field (perhaps 300 million 
volts per centimeter), but a field of only 
a few hundred volts per centimeter is 
sufficient to ionize many Rydberg at­
oms. The field is generated by applying a 
pulse of voltage across two parallel con­
ducting plates centered on the interac­
tion region. The freed electron or the ion 
passes through a grid in one of the plates 
and actuates a detector. The technique, 
which is called field ionization, is so sen­
sitive that we can do experiments with 
one Rydberg atom per laser pulse, al­
though we usually detect thousands of 
atoms per pulse. 

To display a series of Rydberg-atom 
energy levels we slowly vary the fre­
quency of the third laser and record the 
field-ionization current. Whenever the 
laser frequency multiplied by Planck's 
constant equals the energy needed to ex­
cite an atom to an allowed state, some 
atoms are converted into Rydberg states 
and are then promptly ionized. The re­
sult is an experimental "picture" of the 
energy levels. 

We have employed these techniques 
to study a fascinating aspect of Rydberg 
atoms: their properties in an electric 
field. If an electric field is applied to 

LASER BEAMS 

ATOMIC BEAM 

ELECTRON MULTIPLIER 

THREE LASERS are employed to excite atoms of the alkali metals (lithium, sodium, potassi­
um, rubidium and cesium) to Rydberg states in the authors' laboratory at M.I.T. The metal is 
heated in an oven to convert it into a vapor. The vapor flows through a small hole into a vacu­
um where the density is low enough for an atom to cross the entire apparatus without collision. 
A collimator forms the vapor into an atomic beam. Two or three laser pulses excite an atom to 
a Rydberg state. The Rydberg atoms are easily detected by the technique called field ioniza­
tion. A pulse of high voltage is applied across two plates centered on the interaction region. 
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RYDBERG STATES OF LITHIUM are displayed experimentally by slowly varying the fre­
quency of the light in the final laser pulse and recording the field-ionization current. When 
the frequency corresponds to the energy needed to excite an atom, the atom can absorb a pho­
ton, or quantum of light, and becom e a Rydberg atom, which is promptly ionized. The vertical 
axis corresponds to the energy, so that a sharp horizontal peak appears at the position of each 
energy level. The small irregularities are a result of fluctuations in the power of the laser. The 
energy is graphed in spectroscopic units, which have the dim ension of inverse centim eters. 
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STARK EFFECT is a shift in the energy levels of an atom in an electric field. The extent of 
the shift depends on whether or not the energy levels are degenerate. Degenerate levels are 
states with different quantum numbers that nonetheless have the same energy. In nondegener­
ate states (left) the Stark effect is small and varies with the square of the applied field. Adja­
cent energy levels tend to repel each other: the upper level is shifted up and the lower level is 
shifted down. In degenerate states (right) the Stark effect is large and varies linearly with the 
applied field. Rydberg atoms have many degenerate states that often have a large Stark effect. 
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an ordinary atom, its energy levels are 
shifted slightly; the shift is called the 
Stark effect. The amount by which a giv­
en level is shifted depends chiefly on the 
proximity of a neighboring level. The 
nature of the shift is altered radically if 
the energy levels happen to be degener­
ate. Two states are said to be degenerate 
if they are physically distinct (that is, if 
they have different quantum numbers) 
but nonetheless have the same energy. 
In nondegenerate states the Stark effect 
is small and varies quadratically, or as 
the sq uare of the applied electric field. In 
degenerate states the Stark effect is large 
and varies linearly, or by simple propor­
tionality, with the field. Rydberg atoms 
are highly degenerate, and they can dis­
play spectacular Stark effects. 

The degeneracy of Rydberg states 
follows from a unique property of 

hydrogen: for a given principal quan­
tum number the states of different an­
gular momentum all have the same en­
ergy (given by - Eoln2). The states of 
hydrogen are also degenerate with re­
spect to another quantum number, m. 
that describes how the angular momen­
tum is oriented in space. The value of 
m can be any integer from -/ to + [. 
Thus the state of a hydrogen atom is 
specified by the three quantum numbers 
n. / and m. tOther quantum numbers are 
needed to describe the spin of the elec­
tron and the spin of the nucleus, but they 
can be neglected here.) In hydrogen, for 
each value of n the states with all possi­
ble values of [ and m are degenerate. 

Rydberg states of hydrogen and many 
Rydberg states of other atoms have gi­
gantic Stark effects because of the high 
degree of degeneracy and the large size 
of the atoms. In an electric field the de­
generate levels for each value of m split 
into a series of groups, each group hav­
ing a single value of m. If the energy of a 
group is graphed as a function of the 
electric field, the levels form a fanlike 
pattern in which some levels increase 
with the field and others decrease. 

A Rydberg atom of an alkali metal 
such as lithium has a Stark effect that 
seems similar to that of hydrogen, al­
though there are differences. Among the 
m = 1 levels, for example, the states in 
which [ is greater than 1 resemble the 
states of hydrogen: they are degenerate 
and have a linear Stark effect. An elec­
tron in the state [= 1, however, passes 
so close to the core of the atom that the 
electron's energy is slightly lowered. As 
a result the [= 1 state is nondegenerate 
and has a typical quadratic Stark effect 
at low fields. In higher fields the shift 
becomes linear. and the entire system re­
sembles hydrogen. 

We have studied the Stark effect in 
Rydberg atoms by applying a steady 
voltage across the plates centered on the 
interaction region. Again we slowly var­
ied the frequency of the laser and detect­
ed the excited atoms by ionizing them 
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FANLIKE PATTERN is generated when the Stark effect splits the 
degenerate energy levels of a Rydberg atom. For hydrogen a series of 
levels with II = 15, m = 1 and a mixture of values of I is shown. In addi­
tion levels with II = 14 and m = 1 enter the map from below and levels 
with II = 16 and m = 1 enter it from above. The Stark-effect map of the 
comparable states of lithium resembles the map of hydrogen except 
for two features. If there is no external field, the 1/ = 15, 1= 1 state 
of lithium is not degenerate with the other angular-momentum states 
where II equals 15. The reason is that the 1= 1 orbit approaches the ion-

ic core (the inner electrons and the nucleus). As a result an electron 
with 1 equal to 1 is subject to a slightly stronger field than it is in a hy­
drogen atom. The 1 = 1 state is not precisely degenerate in a weak field, 
so that it is subject not to a large linear Stark shift but to a small quad­
ratic one (color). In a field stronger than 300 volts per centimeter 
the shift becomes linear and the 1 = 1 state resembles the correspond­
ing state of hydrogen. The other difference between the two maps 
is subtle but significant. In the Stark-effect map of lithium the en­
ergy levels never cross, as they always do in the map of hydrogen. 

ELECTRIC FIELD 
.05 INVERSE 
CENTIMETER 2 VOLTS PER 

CENTIMETER 

AVOIDED CROSSING in the Stark-effect map of the lithium atom 
is shown in a high-resolution view of the close approach of an /I = 18 

level and an II = 19 level. The colored lines represent theoretical cal­
culations of the Stark-shifted energy levels made by the authors. 
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with a high-voltage pulse a microsecond 
or two after the lasers were turned off. 
The energy-level diagram was recorded 
and the process was repeated at increas­
ing values of the applied field. A map of 
the shifted energy levels made from the 
data resembles a map we constructed 
from the theoretical methods of quan­
tum mechanics [see illustration below]. 

There is a subtle but important differ­
ence between the Stark structure of 

hydrogen and that of lithium. As the ap­
plied electric field increases, the energy 
levels of hydrogen cross one another. At 
a value of the field where two levels 
cross they are degenerate. It should be 
emphasized that degeneracies are not 
the rule in quantum mechanics but the 
exception. Wherever a degeneracy is 
found there is some underlying symme­
try, or simplicity, in the problem. For 
example, the degeneracy in hydrogen of 
all the angular-momentum states of a 
given II follows from the exact inverse­
square nature of the Coulomb force. 

An analogous symmetry in planetary 

motion is connected with the fact that 
the orbit of a planet is an ellipse whose 
orientation is fixed in space. If the in­
verse-square gravitational force is even 
slightly perturbed, however, the orienta­
tion is no longer constant; the ellipse 
slowly precesses, or changes its direc­
tion in space. The precession of the peri­
helion of Mercury is a famous example 
caused in part by small relativistic ef­
fects. 

If the pure Coulomb field is slightly 
perturbed, the underlying symmetry of 
the Stark structure is lost. Such is the 
case in lithium. Near the ionic core of 
lithium (or of any atom other than hy­
drogen) the inverse-square law does not 
hold exactly because of the influence of 
the core electrons. The consequences 
are dramatic: when the levels are shifted 
by the Stark effect, none of them cross. 
Two levels can come close, but at some 
point they repel each other and turn 
away. By observing such avoided cross­
ings we can obtain a sensitive test of the 
accuracy of our calculations. Alterna­
tively we can use the data to reveal the 

presence or absence of an underlying 
symmetry of the system. 

Although the energy-level map of the 
Stark structure may look complex, it il­
lustrates a simple idea about the distri­
bution of the electric charge in a Ryd­
berg atom. The most striking feature of 
the map is the linear variation of the 
energy with the field. Such a variation is 
characteristic of an electric dipole: a 
configuration of two equal and opposite 
charges separated by a fixed distance. 
Many atomic and molecular systems ex­
hibit the characteristics of a dipole, but 
most such systems are not true dipoles: 
there is no actual separation of charges 
but only a slight distortion in the shape 
of a charge cloud. In Rydberg atoms, 
however, the separation of charges is 
quite real [see illustratioll 01/ page 131]. 

Field ionization is often employed 
to detect Rydberg atoms because it is 
simple, efficient and essentially free of 
noise. The physical process that under­
lies field ionization is quite interesting 
in itself. It is the process of tunneling, 
which is purely quantum-mechanical; 
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ST ARK-EFFECT MAP OF LITHIUM is made by recording the 
field-ionization signal as the electric field increases in strength. The 
horizontal peaks mark the ion signals that are generated when the fre­
quency of the final laser pulse, which is slowly varied, matches an en-
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ergy level of the atom. The energy levels (that is, the straight lines 
along which the horizontal peaks fall) can be clearly seen by turn­
ing the page sideways and looking along the surface. The levels are 
the same as the ones in the top illustration on the preceding page. 
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STRUCTURE OF THE UNITED STATES ECONOMY 

WHAT MAKES THE U.S. ECONOMY TICK? 
The editors of SCIENTIFIC AMERICAN have prepared a wall chart displaying for the 1980's the Input/Output Structure of the U.S. 
Economy based on the latest interindustry study from the U.S. Department of Commerce. 

The SCIENTIFIC AMERICAN Input/Output wall chart does for economics what the table of elements does for chemistry. It answers at 

a glance questions about the linkage between the microeconomics of the firm and the macroeconomics of the system; about the 

web of technological interdependencies tohat tie industry to industry; about the industry-by-industry direct and indirect conse­

quences of swings in public and private spending; about the impact of change in technology, and about any other topic you can 

think of. You are rewarded by surprise as well as by confirmation of your hunches. For teaching and practical and theoretical 

studies, here is a powerful, graphic tool. 

In the familiar format of the SCIENTIFIC AMERICAN Input/Output 

wall charts for the 1960's and 1970's, the wall chart for the 

1980's measures 65' X 52' and is printed in eight colors. Each 

of the nearly 10,000 cells in the 97 -sector interindustry matrix 

shows (1) the interindustry commodity flow, (2) the direct input/ 

output coefficient and (3) the "inverse" coefficient. Where the 

direct input/output coefficient exceeds .01, the cell is tinted in 

the color code of the industrial bloc from which the input comes. 

This device, combined with triangulation of the matrix, brings the 

structure of interindustry transactions into graphic visibility. 

A supplementary table displays, industry by industry, the capital 

stock employed; the employment of managerial, technical-pro­

fessional, white·collar and blue-collar personnel; the energy con­

sumption by major categories of fuel, and environmental stress 

measured by tons of pollutants. 

The editors of SCIENTIFIC AMERICAN are happy to acknowledge the col· 
laboration, in the preparation of this wall chart, of Wassily Leontief, origi· 
nator of input/output analysis-for which contribution to the intellectual 
apparatus of economics he received the 1973 Nobel prize--and director 
of the Institute for Economic Analysis at New York University. 

Packaged with the chart is an index showing the BEA and SIC code indus· 
tries aggregated in each of the 97 sectors. 

r- - - --- -- -- ---- -----------, I SCIENTIFIC I 
I AMERICAN I 
I 

415 Madison Avenue, Dept. I/O, New York, N.Y. 10017 

I 
YES, send me the new SCIENTIFIC AMERICAN 1980's INPUT/OUTPUT wall 

I chart-printed in eight colors on heavy paper measuring 65' X 52'. I 
I 

I understand my chart(s) will be shipped prepaid, uncreased', flat- I 
rolled and in a sturdy mailing tube. (Allow 4-6 weeks for delivery) 

I I enclose a check for $ ___ for ___ chart(s) at $35 each, saving I 
me $5 each in handling charges. 

I Bill me for $ ---for ___ chart(s) at $40 each. I 
�� I I Company ____________________________________________ _ 

I Street Address I 
City, State, Zip Code I I YSAl81 
'Charts shipped international require one fold. 

I Make check payable to SCIENTIFIC AMERICAN. Please add sales tax for I 
Lalifornia, IIlinoi�a.::.c:.:t�iChig�O.:: � N..: �._.J 
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there is nothing like it in classical me­
chanics. Tunneling is the motion of a 
particle through a region where classical 
mechanics does not allow it to be. 

In both quantum mechanics and clas­
sical mechanics the total energy of a 
particle has two components: kinetic en­
ergy and potential energy. For a hydro­
gen atom both components of the ener-

gy can be represented in a graph that 
gives the energy of the electron as a 
function of distance from the nucleus 
[see illustration on page 142]. Since the 
total energy, - Eo 111 2, is constant for 
any given value of n, it is plotted as a 
horizontal line. The potential energy var­
ies inversely with distance and forms a 
hyperbola. Where the curves represent-

ELECTRIO FIELD 

ing the total energy and the potential 
energy intersect, the kinetic energy is 
necessarily zero, and so the electron's 
velocity is also zero. An electron mov­
ing away from the proton comes to rest 
there and then starts falling back to­
ward the proton under the attraction of 
the Coulomb force. The intersection 
is called a turning point. According to 

HYDROGEN ATOM IN AN ELECTRIC FIELD can assume many 
shapes because of its high degree of degeneracy. The charge distribu­
tion for the 1/ = 8, m = 0 states can have any of the eight shapes shown. 
In each state the angular momentum has a mixture of values from 
I = 0 to I = 7. The specific shape a Rydberg atom assumes depends on 
the experimental conditions under which it is formed. The same fam-

i1y of states is shown in the illustration on page 132. The electron­
charge cloud is displaced from the proton, giving rise to a linear Stark 
effect. The Stark effect is proportional to the average distance' be­
tween the proton and the electron, which is different for each state. 
In three dimensions the charge distribution has a cylindrical symme­
try about colored axis; nodal surfaces are paraboloids of revolution. 
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classical physics, the electron cannot go 
beyond the turning point because the ki­
netic energy would be negative there. 
(The kinetic energy is proportional to 
the square of the velocity. In classical 
physics it can never be negative.) 

The energy diagram must be modified 
somewhat when a hydrogen atom is put 
in an electric field. Near the origin the 
force on the electron stems chiefly from 
the influence of the proton, but at large 
distances, wher.e the Coulomb force is 
small, the force associated with the ap­
plied field dominates. The potential­
energy curve, which is determined by 
both the Coulomb force and the applied 
field, has a maximum where the two 
forces balance. If the total energy is less 
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than the maximum, the potential-energy 
curve forms a barrier to the motion of 
the electron. The horizontal line repre­
senting the total energy meets the poten­
tial-energy curve at both an inner turn­
ing point and an outer one. An electron 
at rest at the outer turning point would 
start to move radially outward, acceler­
ated by the applied field. In classical 
physics an electron that is between the 
proton and the inner turning point is 
trapped forever by the potential barrier; 
it cannot escape unless its energy is 
boosted to a level higher than the top of 
the barrier. 

When the quantum-mechanical dis­
tribution of charge is superposed on the 
energy diagram, the "tail" of the distri-

DISTANCE 

DISTANCE 
TUNNELING OF AN ELECTRON through a potential-energy barrier is the quantum­
mechanical m ecbanism that underlies field ionization. At the top left is a grapb of tbe total en­
ergy (solid lil/e) and tbe potential energy (broken lil/e) of tbe electron in the bydrogen atom. Tbe 
energy is graphed as a function of the electron's distance from the nucleus. The kinetic energy 
(tbe difference between tbe total energy and tbe potential energy) can never be negative in clas­
sical m echanics, and so tbe electron is confined to the region (gray) between tbe proton and the 
turning point (A), wbere tbe potential energy is equal to tbe total energy. According to classical 
pbysics, an electron moving away from the proton would come to rest at the turning point and 
tben start falling back toward the proton; the electron cannot pass into tbe region beyond the 
turning point (color). At tbe top rigbt tbe quantum-mechanical charge density is superposed 
on tbe energy diagram. The charge distribution has a ''tail'' tbat extends beyond tbe turning 
point, and so tbere is a finite probability of finding tbe electron in the classically forbidden re­
gion. At the bottom is tbe energy diagram for a bydrogen atom in an electric field. The poten­
tial-energy curve is determined by botb tbe Coulomb-force field and tbe applied electric field, 
and as a result tbere are two turning points (B, C). At tbe bottom left is tbe situation in classical 
pbysics. An electron cannot go from tbe region between tbe proton and the inner turning point 
(B) to tbe region beyond tbe outer turning point (C) because it would have to pass through 
tbe forbidden region (color). Tbe electron is permanently bound to the proton. The quantum­
mecbanical charge density at the bottom right sbows that t�e tail of the charge distribution ex­
tends beyond the outer turning point. Therefore the electron can tunnel through the potential 
barrier and escape from the atom. Tbat bappens wben the atom is ionized by an electric field. 
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bution extends beyond the outer turning 
point, which indicates that the electron 
can escape from the at9m. The quan­
tum-mechanical state is no longer a sta­
tionary state; sooner or later the electron 
will tunnel through the barrier and be 
carried away by the applied field. 

Tunneling is the fundamental mecha­
nism of field ionization. It also governs 
physical phenomena ranging from the 
radioactive decay of nuclei to the emis­
sion of electrons from a sharply point­
ed conductor. The lifetime of the elec­
tron (the average time for it to tun­
nel through the barrier) varies with the 
height of the potential barrier in a spec­
tacular way. In the case of alpha-parti­
cle emission by a nucleus the lifetime 
ranges from microseconds to billions of 
years depending on the energy of the 
alpha particle. In the field ionization of a 
Rydberg atom the lifetime typically de­
creases by a factor of a million when the 
field is increased by only 20 percent. 

The Rydberg atom is an ideal system 
in which to study tunneling because the 
lifetimes can be calculated precisely and 
can be varied simply by turning the 
knob that controls the applied voltage. 
In our laboratory we have measured the 
lifetimes of Rydberg stateS of sodium. 
The experiment is simple in concept. A 
Rydberg atom is formed in the applied 
field by a short laser pulse, and the time 
it takes for an ion to appear is measured 
by an electronic timer. The measure­
ment is repeated thousands of times and 
the average lifetime is calculated. To 
avoid confusion no more than one atom 
is observed in each laser pulse. (As we 
mentioned above, single-atom experi­
ments are quite practical.) Our results 
are in good agreement with theoretical 
predictions. We have found that the 
measured lifetimes are so sensitive to 
changes in the strength of the field that 
the lifetimes can be employed to deter­
mine the field with a high degree of ac­
curacy. 

Unlike atoms in strong electric fields, 
atoms in strong magnetic fields are 

not well understood. It is surprising that 
such an elementary problem in atomic 
physics remains unsolved. In the case of 
hydrogen the physical system (an elec­
tron, a proton and a magnetic field) is 
not complex and the equations that de­
scribe the system are simple. General 
methods for solving the equations have 
not yet been developed, however, and 
much of the physics remains a mystery. 
It is a mystery worth some effort to 
solve, because it will almost certainly 
lead to the discovery of interesting new 
phenomena. 

An electric field tends to pull an 
atom apart, and when the field exceeds 
some critical strength, the atom simply 
ionizes. In contrast, a magnetic field 
squeezes an atom, which remains stable 

© 1981 SCIENTIFIC AMERICAN, INC



© 1981 SCIENTIFIC AMERICAN, INC



What if you chose 
as a technica1 

UPcan be your business 
computer partner too! 
The new, top-of-the-line HP 3000 
Series 44 computer-with advanced 
systems software-makes it easy 
for novices to enter, process, and 
retrieve data from up to 96 termi­
nals . Thus, it' s a powerful tool for 
high-volume distributed data pro­
cessing. And, as a member of the 
compatible HP 3000 family, the 
Series 44 uses HP' s award winning 
data base management software, 
and can be networked for instant 

• •  

information access and resource 
sharing. Update kits for smaller 
3000' s are available. 

'�t Nikon, UP computers 
save us $750,000 
annually on our 
production line alone;' 

Nippon Kogaku K . K .  (Nikon) is a 
leading Japanese optical company 
and maker of world-famous Nikon 
cameras.  Nikon's Camera Division 
uses 13 HP 1000's in its Computer 
Aided Manufacturing process.  

Shigehide Segawa, General Manager 
of Camera Production Engineering, 
says, "The HP 1000 is our capital 
partner in manufacturing cameras 
noted for precision and ease of use . 

"With integrated circuits automating 
the camera's operation, our accep­
tance testing of Ie's, adjustment 
and inspection of circuits during 
assembly, and final inspection of 
the end product depend heavily on 
computer control.  

"Our HP 1000' s have saved us 
$750, 000 a year in production.  But 
their total contribution to quality 
and reliability cannot be expressed 
by a number. " 

99-percent uptime 
service guarantee! 
This unprecedented guarantee is 
available under full-service mainte­
nance plans on Series 44' s within 
100 miles of any of the 43 HP ser­
vice centers throughout the U . S .  

World's most powerful 
computer on a chip. 
HP has developed II] 
a new proprietary � J .. • 
chip containing I.!J . 
450, 000 transis-

.-
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Hewlett-Packard 
�otnputer p artner? 

tors, more than double the number 
previously considered the techno­
logical limit. Shown here beside 
a paper match at 2X magnification, 
this computer on a chip is an exam­
ple of the leading edge technology 
that keeps HP computers among 
the world's most advanced. 

HP's new Microsystem: 
modular and low in cost. 
The HP 1000 Model 5 is the smallest, 
lowest-priced complete system in 
HP's family of real-time computers.  
It is easy to configure for a wide 

range of industrial 
and lab operations, 
and uses software 
packages up­
wardly compatible 
throughout the 
HP 1000 line, 

including networking, data base 
management, and graphics.  Prices 
start at under $10,000*. 

• Domestic u.s. prices on]y. 

'1\t Spectra-Physics, an 
HP computer tests laser 
life, and has increased 
sales by $140,000 a year." 

Spectra-Physics' Component Laser 
Division, in Mountain View, Calif. , 
manufactures low-power lasers for 
the OEM market. An HP 9845 com­
puter system runs a test program to 
determine life expectancy and per­
formance of a variety of laser tubes.  

"We chose the HP 9845 system be­
cause it gives us the data handling 
and documentation capabilities we 
need, " says Richard Rudy, Manager 
of Quality Assurance . "Its printouts 
are used by our marketing people as 
sales tools .  

"With information called up from 
our test program, we can show cus­
tomers exactly what the performance 
characteristics and life expectancy 
of our laser tubes are. On the basis 
of the increased sales this documen­
tation has generated, as well as 
early warnings of potential produc­
tion problems, our HP system paid 
for itself in the first 11 months . "  

A working partnership 
with HP. 

HP offers a free, 75-page catalog of computer 
products that provide solutions for Original 
Equipment Manufacturers. For your copy, 
call Dept. 304A toll free, (BOO) 547-3400 (except 
from Alaska and Hawaii). Oregon residents 
call 758-1010. Or write A.P. Oliverio, Vice­
President, Marketing, Hewlett-Packard Co. , 
1502 Page Mill Rd. ,  Palo Alto, CA 94304. 

When performance must r/iOW H EW LETT 
be measured by results �� PAC KAR D  
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even in an arbitrarily strong field. Even­
tually the magnetic force exceeds the 
Coulomb force and the electron charge 
cloud assumes a new shape. Atoms 
under these conditions are sometimes 
called magnetic atoms. 

Magnetic atoms are a tempting sub-

ject of study because their structure is 
quite different from that of ordinary at­
oms. They have not been studied in de­
tail mainly because the magnetic field 
needed to convert a ground-state atom 
into a magnetic atom is more than 1 ,000 
times as strong as the strongest field that 

can be created in the laboratory. Never­
theless, the subject has attracted consid­
erable interest. 

Some years ago it was discovered that 
when a solid-state analogue of the hy­
drogen atom called an exciton is put in a 
magnetic field, it exhibits the properties 

MAGNETIC FIELD 

HYDROGEN IN A MAGNETIC FIELD can assume a third set of 
sbapes for the family of 1/ = 8, In = 0 states, where the angular momen­
tum has a mixture of values from 1 =  0 to I = 7. (Other shapes for the 
same family of states are shown to the same scale in the illustrations 
on pages 132 and 140.) Little is known about the properties of atoms 
In a strong magnetic field. In the hydrogen atom the system is quite 
simple and the equations describing the system are easily stated, but 

no general methods for solving the equations are known. The difficul­
ty in developing a general theory of magnetic atoms is in part that 
the nodal lines cannot be described by any known coordinate system. 
Near the proton the nodal surfaces are spherical because the Coulomb 
force dominates, but far from the proton the nodal surfaces are cylin­
drical because the magnetic force is more important. (The magnetic 
force is directed not toward the proton but to the axis of tbe field.) 
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of a magnetic atom. (Excitons are ob­
served in semiconductors, where charge 
is carried both by electrons and by 
"holes," the positively charged voids 
formed by the absence of an electron. 
An exciton consists of a single electron 
and a single hole bound by the Coulomb 
force. Significantly, the exciton is an 
exceptionally large atom.) More recent­
ly astrophysicists realized that neutron 
stars (stars so dense that the electrons 
of their atoms have been squeezed onto 
the protons, neutralizing their electric 
charge) can have a magnetic field up 
to 10 million times stronger than the 
strongest field man can create. These 
discoveries have stimulated much theo­
retical work on the structure of magnet­
ic atoms. Relatively little spectroscopic 
information has been obtained from ex­
citons or from stellar objects with strong 
magnetic fields, so that much of the the­
ory remains untested. 

In the past few years magnetic atoms 
have been formed in the laboratory 
by applying a moderate magnetic field 
to Rydberg atoms. To understand the 
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properties of Rydberg atoms in magnet­
ic fields it is helpful to view atomic mag­
netism from the elementary perspective 
of the Bohr theory. Two magnetic inter­
actions are associated with an electron 
in a Bohr orbit. (We shall neglect some 
small effects that are the result of elec­
tron spin and nuclear magnetism.) The 
first interaction comes from the orbital 
motion of the electron. An electron 
moving in an orbit is equivalent to a 
small current flowing in a loop of wire; 
the moving electron is a tiny electro­
magnet. The strength of the magnet, 
called the magnetic moment, is so small 
that even in a strong applied field the 
interaction is feeble. Nevertheless, the 
interaction can be detected: it causes 
the lines of the atomic spectrum to 
be shifted in frequency, although the 
shifts are so small that some skill IS 
needed to observe them. They were first 
seen by the Dutch physicist Pieter Zee­
man and are called the Zeeman effect. 

The second magnetic interaction is a 
result of the law of electromagnetic in­
duction formulated by Michael Fara-

4 

MAGNETIC FIELD ( TESLAS) 

day: A changing magnetic field gives rise 
to an electric field. If a magnetic field 
perpendicular to a loop of wire increas­
es, the induced electric field causes a 
current to flow in the loop. The current 
is proportional to the area of the loop 
and is called the diamagnetic current. 
Similarly, the diamagnetic current in­
duced in a Rydberg atom by an external 
magnetic field is proportional to the 
area of the orbit of the excited electron. 
Since the area of a Rydberg orbit in­
creases as n4 ,  the diamagnetic interac­
tion also increases as n4 .  On the other 
hand, the electrostatic energy that binds 
the electron to the nucleus varies as 
l /n2. Thus the ratio of the magnetic en­
ergy to the electrostatic binding energy 
increases as n6• For /I = 30 the ratio is 
almost a billion times larger than it is 
for II = 1. The ratio for n = 30 is so 
large that the magnetic force can no 
longer be thought of as a small perturba­
tion to the electric force of the nucleus .  
On the contrary, it  is  the electric force 
that is the small perturbation. 

The situation is actually more compli -
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MAGNETIC STRU CTURE of a Rydberg atom is found by varying 
the strength of the applied magnetic field and recording the ioniza­
tion signal. The energy-level diagram may seem chaotic, but actually 
it has strong regularities. The energy levels form families of smooth­
ly varying curves. Colored lines have been drawn through several of 
the curves. The lines can be seen best by viewing the illustration diag­
onally from the lower left. The fact that the energy levels cross with-

out any visible repulsion indicates there is an underlying symmetry 
in the system. The symmetry is not known, but if it could be identi­
fied, it might provide the key to a general solution to the magnetic­
field problem. The data were gathered by Jarbas C. Castro and Ran­
dall G. Hulet of M.I.T. The horizontal scale has been made propor­
tional to the square of the magnetic field because the interaction of 
the atom with the field is proportional to the square of the field. 
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cated. The magnetic force on the elec­
tron is huge when the electron moves 
perpendicular to the magnetic field, but 
it is zero when the electron moves paral­
lel to the magnetic field. Therefore the 
magnetic force dominates motion in the 
plane perpendicular to the field, whereas 
in the third dimension (that is, in the 
direction of the field) the electric force 
reigns. As a result the motion is extraor­
dinarily complicateg and the present 
theoretical understanding of it is incom­
plete. It seemed to us, however, that a 
system as basic as an electron, a proton 
and a magnetic field should not be com­
plex but simple. We decided to measure 
the energy levels of Rydberg atoms in 
strong magnetic fields in the hope that 
the data would lead to some new under­
standing. 

We plotted the energy levels at nu­
merous values of the magnetic field in 
much the same way as we took data in 
the case of an electric field. The results 
came as a pleasant surprise [see illustra­
tion on opposite page]. The energy-lev­
el map has so much structure that to 
the casual eye there is no rhyme or rea­
son (as one might expect for some ex­
tremely complicated motion); actually, 
however, the map shows great regulari­
ties. If one views the energy levels from 
the proper perspective, a simple pattern 
emerges. Each energy level is shifted as 
the magnetic field increases, but the se­
quence of shifted levels forms a pattern 
of straight lines. Furthermore, the levels 
from different groups appear to cross 
freely. As we pointed out in our discus­
sion of Stark structure, levels can cross 
only when there is some special symme­
try in the problem. The existence of such 
a symmetry suggests that there is an un­
derlying regularity in the motion. If we 
could identify the regularity, it should 
provide the key to a complete solution 
to the problem. 

Our findings came as a surprise be­
cause no one has been able to identify a 
special symmetry in the magnetic-field 
problem, and it is widely thought that 
none exists. Our findings do not actually 
contradict this view, because we have 
found that the symmetry is not exact. If 
we examine not Rydberg states but low­
lying stafes, the symmetry is conspicu­
ously absent: the energy levels are disor­
dered and the system looks discourag­
ingly complex. The symmetry is never 
exact, but it becomes a better approxi­
mation as n increases. For the values of 
n we studied, the symmetry is exact for 
all practical purposes. 

We are still searching for the symme­
try and attempting to understand the im­
plications of our findings. Whether or 
not we manage to solve the magnetic­
field problem, the experiments have al­
ready taught us much. Apparently na­
ture still has surprises in store even in 
the simplest systems, provided we make 
the effort to look. 
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