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My friend and colleague, Fletcher Gabbard, gave me the title of this

talk. He could have read my mind; for Bud Cochran I wish to give a talk

that goes a bit beyond the science and the technology to the historical and

the philosophical aspect of counting atoms. To follow the theme of the

title, I refer to Fig 1 which shows that the modern idea which we call the

atom actually originated in Greek philosophy and goes back to Democritus of

Abdera. Prior to Democritus and his immediate teachers, the only allusion

to physics is said (DeSantillano) to have been made by Homer. He used the

term "physis" to mean the "nature of things," both organic and inorganic.

The concept of the atom is older than physics itself. Ancient Greek

monism in the hands of Thales, Heraclitus, and Parmenides led Democritus of

Abdera to propose one of the most brilliant concepts ever to be injected

into human thought. (Schrodinger humorously alluded to the fact that this

most brilliant idea came from Abdera in ancient Thrace, which was known for

the "stupidity" of its inhabitants.) Often the most brilliant ideas are

the most obvious ones -- for if the world persists in all of its changing

forms eon after eon, then it must be made of invisible particles (atomos)

which can neither be created or destroyed. This was the atom stream of the

genial laughing philosopher, Democritus, preserved for us through the Roman
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poet Lucretius^ ' as follows:

And so the atoms solid, free from void,
Must everlasting be.
And if the primal stuff of things,
Were not endued with power to last for evermore,
Long while ago the things we see,
Would all have passed away

If the idea was so old, why did it take so long to prove it? We cannot say

the idea was vague since even Dal ton's chemistry (see Fig. 2) was contained

in the words of Lucretius:

And often it's a matter of profound significance
With just what atoms other atoms join,
And how they're placed, arranged,
What motions they receive, transmit among
themselves;

Because, you see,
From these atomic shapes are built so many things,

Neither can we say the idea wasn't useful in physics for Democritus may

have sensed the uncertainty principle; while determinism is the rule, the

atom, which we cannot see, may ''swerve,"

All this results,
From that first tiny atom swerve
At no fixed time and no fixed interval of space.

Atomic concepts were also essential to the definition of time (through

entropy),

And likewise time cannot exist itself,
But from the flight of things we get a sense of time.
• • • •

and the making of clocks,

No man, we must confess, feels time itself,
But only knows of the time from flight or rest
of things.



If the concept of the atom was specific, if it eventually became the

essential idea for physics, chemistry, biology, commerce, and human

nature, why did it take so long to prove that it exists? After reflecting

on that question for a long time, I believe it has both a trivial and a

profound aspect. The trivial answer is that scientists are always doubting;

they never accept an absolute and time invariant truth. Scientists

prefer to prolong the fun, to form a hypothesis. I ask you to wait until

the end of the talk for more comments on the question of the acceptability

of the atomic hypothesis.

My personal encounter with the atom started with my encounters with

Bud Cochran in 1947. When I was working for a master's degree at the

University of Kentucky under the able direction of Lewis Pardue, Bud

would come into my lab and offer technical and moral support. Here was

an assistant professor from Casey County who was helping me, a novice

from the hills of Bell County. From the first contact with Bud, I knew

that here was an association that would endure, but I could not know how

interesting and meaningful that association would bel

Professors Pardtie and Cochran introduced me to Geiger-Mueller counters,

the type of detectors which first made it possible to count atoms.

Figure 3 shows a handwritten draft of the first page of the 1908 article

by Rutherford and Geiger on the electrical counter. This was really the

proportional counter which was never trusted by Rutherford because of so

many "spurious" counts; thus he missed the discovery of cosmic rays! The

German "spitzenzahler" avoided cosmic rays, too, by using a very small

sensitive volume near the tip of a wire. Only after the discovery of

cosmic rays (1912) did the large volume proportional counter and Geiger-

Mueller counter (1928) become accepted detectors.



I also had a very pleasant association with Bud Cochran at Oak Ridge

National Laboratory in 1961 when we collaborated on problems in gaseous

electronics. I recall that Bud became an expert on electron diffusion

problems. One of the techniques he used was the Huxley lateral diffusion

apparatus for the determination of diffusion coefficients in several

gases. Here again we had an interesting, though time-delayed, inter-

action with the English physicists. After J. J. Thompson discovered the

electron at the Cavendish Laboratory, one of his students was L. 6. H.

Huxley who set up shop in Australia to study electron transport in gases.

A mutual friend of mine and Bud's is Professor Robert Crompton who, at

the Australian National University, is continuing (brilliantly) the

tradition of J. J. Thompson and L. G. H. Huxley. I hope that Fig. 4,

which is a photograph of J. J. Thompson at work in his laboratory, will

remind Bud of his own contribution to the study of the electron.

Beginning in 1966, I had another wonderful association with Bud when

I came here as Professor of Physics. By that time Bud had risen to the

rank of Provost and could only indirectly associate with my work. If the

association was indirect, it nevertheless was real, as a story will show.

The very first day when I reported for work in the physics building,

carrying my briefcase in the fashion I thought becoming of a professor, I

was met at the door by Karl Schneider, who had a wrecking bar in hand.

Karl wouldn't wait for me to take my briefcase to my nice office before

helping him uncrate the new vacuum ultraviolet (VUV) spectrometer to be

attached to the Van de Graaff accelerator. As we uncrated the spectrometer,

we both felt Bud Cochran's enthusiasm for experimental atomic physics.



Figure 5 shows a schematic of the emission experiments which were

originated in the Physics Department of the University of Kentucky. The

VUV spectrometer was used to study the types of excited states created in

noble gases by proton interactions. Through support and encouragement of

Mark McEllistrem, Bernard Kern, and many more of the nuclear physicists,

the work became very interesting. Ironically, it was the success of these

experiments which led me to return to Oak Ridge in 1970. Whereas the U.K.

accelerator was kept busy around the clock (even on holidays) with a variety

of nuclear and atomic physics problems, and whereas my students and I could

get only a fair share of the time, Karl Morgan arranged for me to have the

full-time use of a small accelerator in Oak Ridge.

The U.K. type of energy pathways studies continued at Oak Ridge for

several years until we finally became so determined to get at the meta-

stable states in helium (which do not contribute to the emission of light)

that we turned to the laser almost in desperation. Figure 6 shows the

incorporation of a laser into the energy pathways experiment. Laser light

can be tuned to select one of the excited state types, e.g., He(2 S), and

promote the excited atom to an even higher energy level, e.g., He(3 P),

from which another photon could cause ionization. The Oak Ridge Photo-

physics Group showed that this process could be saturated so that every

atomic state of the selected type would contribute to the ionization pulse;

hence, absolute measurements of atoms could be made. We called this
(2)resonance ionization spectroscopy (RIS)V ' to distinguish the new way of

ionizing matter from the familiar "ionizing" radiation. Alpha particles,

beta particles, gamma rays, and X rays remove electrons from every type of

atom or molecule in their paths in a process which is neither selective nor



IS' v-

efficient. On the other hand, using RIS with pulsed lasers, one electron

xan-be-removed (100% efficiency) from each atom of a selected type without

ionization of other types of atoms. It is now possible to use just five

RIS schemes to selectively ionize nearly every element in the periodic

table. Figure 7 shows the five schemes and the preferred one for each of

the elements except He and Ne.

Within a few days of the idea of RIS we thought of one-atom detection,

because we remembered that Rutherford and Geiger's proportional counter

could be used to detect just one electron. Figure 8 shows the historical

point that Rutherford may have had a very general idea in mind when he

entitled an unpublished lecture note (courtesy, University of Cambridge

Library) "The Counting of Atoms." He already had the necessary electron

detector (since 1908) but lacked only the modern pulsed laser for com-

pletion of his idea. Figure 9 shows the instrument used for the actual

realization of one-atom detection which occurred in our laboratory in Oak

Ridge in 1976.

Direct observations of fluctuation phenomena on the atomic level

have not been possible in the past due to limited sensitivity for the

detection of atoms. For example, even with the very good sensitivity of

10 atoms per sample, fluctuations of the signal (if random) would be

about 10 that of the signal - too small for reliable measurements.

However, we have now shown that one-atom detection techniques can, in

fact, be used for a variety of fluctuation phenomena at the atomic level.

The sensitivity afforded by the technique of RIS presents us with an

opportunity to re-examine many questions in statistical mechanics by

making measurements on small populations of atoms or molecules. Since we

can now measure single atoms with good time and space resolution and since



our detectors are both digital (i.e., one atom can be detected) and analogue

(i.e., signals are proportional to the number of atoms in a sample), we

have a tool for the study of the statistical behavior of atomic populations

under various physical or chemical constraints.

An experiment has been designed and implemented which uses RIS techniques

to study various fluctuation phenomena (see Fig. 10). Merely by "resetting

the knobs," one may test fluctuations of (1) molecular concentration, (2)

photodissociation yield, (3) atomic concentration, (4) photoionization

yield, and (5) collision frequency.

By using overlapping lasers (one to dissociate Csl into Cs and I,

another to do RIS detection of Cs) and saturating both the dissociation and

the ionization steps, we measured the fluctuation in the concentration of

molecules in a small volume. To our knowledge, this is the first time that

quantitative measurements of the molecular fluctuations in a macroscopic

volume have been reported. Under conditions where the concentration of

molecules is quite low, we find that molecular concentrations are describable

with Poisson statistics, and thus they appear to be random in time (see

Fig. 11).

Our interest in fluctuation phenomena prompted me to look into the

/history of the Poisson equation. It turns out that Smoluchowski derived
/

/ the probability that a small number of atoms would be in a small compart-

ment of space, and he found for this probability the Poisson equation,

. without referring to Poisson's work. In another example, Bateman and

t Rutherford derived the statistics for the fluctuation of the number of

alpha particles that would decay from nuclei in a given span of time. They

also found the Poisson equation and made no reference to Poisson's work.
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Finally, I found a copy of Poisson's dissertation (see Fig. 12 for the

title page). Poisson's interest in statistics was related to c'vil and

criminal matters. He had no physics problems in mind; presumably, that is

the reason that his derivation was completely ignored by physicists.

Justifying our basic interests with an application is an old art, but it

has its risks!

We have now achieved other forms of atom counting. For instance, Fig.

13 illustrates the detection of a daughter atom of Cs at the very microsecond

in time when it is born from the fission decay of Cs. Such a technique

could make it possible to detect daughter atoms, in general, in time

coincidence with the decay of parent atoms, adding a new dimension to

studies of radioactivity and the practical realization of ultralow-level

counters.

In 1871, James Clerk Maxwell visualized a demon (see Fig. 14) which

could see atoms and would have sufficient intelligence to perceive the

velocity of an atom (or, alternatively, the type of atom). On the basis of

this information the demon could open and close doors to accomplish the

"sorting of atoms." Such a sorting demon would violate the second law of

thermodynamics and was thus a major conceptual problem in physics until

Brillouin, in 1951, showed that the demon would have to be equipped with a

flashlight to see the atom. Taking into account the entropy increase in

the flashlight, the conceptual problem was removed; yet the idea of a

prankish demon remained intact. We are designing several experiments that

will constitute a new form of one-atom detection through practical reali-

zation of the Maxwell demon. Figure 15 shows a schematic of our latest

efforts to create in effect Maxwell's sorting demon for counting noble gas

atoms.



To illustrate how our demon should work, assume we need to count 100

81 1? 8?

or so Kr atoms even when there are 10 atoms of Kr. We use the

following procedure (see Fig. 15):

A. The Kr sample will be frozen onto the cold finger (1)

at liquid He temperature.

B. When the light of a pulsed C02 laser (2) strikes the

cold finger, Kr atoms are released instantly and travel

a few millimeters before

C. A time-delayed ArF-excimer laser (3) is pulsed just

above the cold finger and ionizes a significant fraction

of the Kr atoms in the Z-selective RIS process.

D. The Kr ions pass a high quality quadrupole mass filter
3 81

(4) with an abundance sensitivity of 10 , i.e., Kr ions
3 82

are 10 times more likely to pass through than are Kr.

E. The ions (now both Z and A selected) are implanted at 10-20

kV into a CuBe target (5).

F. Each ion causes the emission of two or more electrons,

insuring counting at nearly unit efficiency with an

electron multiplier (6).

G. Background Kr isotopes (with A f 81) are also implanted

in the target, but ere attenuated by a factor of 10 .

After pumping of the remaining gas, the CuBe foil will

be melted to release the implanted atoms which will

again freeze onto the LHe cold finger.

H. After a small number, n, of these cycles, an enrichment

of 103n will be achieved and the 81Kr atoms will be

counted by implantation into the final fresh CuBetarget.
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Just as the ancient Greeks presaged, the counting of atoms is a

useful art. It is interesting that many very timely problems in physics

can now be considered seriously for the first time because Maxwell's

demon for counting noble gas atoms is becoming available. More than any

other person, Ray Davis has guided me into considering some of these

problems. Although he is participating in this symposium, it is quite

appropriate to summarize some of those problems here.

By far, the most interesting of these applications involves the work

of Ray Davis and his group at Brookhaven National Laboratory. Figure 16

is a very attractive photograph of his neutrino tank in Lead, South

Dakota. Ray filled the 100,000-gallon tank with perchloroethylene so that

the enormous flux of neutrinos from the sun that pass through the earth
^7 ^7 t̂7 ^7

can convert a few atoms of C1 to Ar via the process Cl(v,e ) Ar.

After exposure to neutrinos from the sun for about 6 months, Ray is able

to remove the 100 or so Ar atoms, take them back to his laboratory, and

count them as they decay in a proportional counter. Another interesting

measurement could be made by using Br(v,e ) Kr. Here the "direct"
81counting of Kr atoms is essential because even Ray Davis doesn't have

5 81
the patience to wait 10 years for 100 atoms of Kr to decay in his
proportional counter! I hope he does have enough patience to wait for

81the development of Maxwell's demon which could then count the Kr atoms

in a few minutes. The very new idea in weak interaction physics that

neutrinos could have a finite rest mass, and hence oscillate between

neutrinos of different types (e.g., electron, muon, and tau neutrinos}^'"

can also be tested by using these detectors.

Another interesting test of weak interaction physics involves the
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measurement of double beta (e~~&~~) decay. For example,

82Se -> 82Kr + e~3~

op

can occur even though Se is stable against e decay. The p e half-
19life is uncertain by more than an order of magnitude but is about 10 or

20 82

10 years. Direct measurement of Kr with a RIS technique is quite

feasible and is the basis of a collaboration between ORNL, BNL, and Jack

UHman of the Herbert H. Lehman College in New York. Peter Rosen and

Wick Haxton at Perdue University are interested in extending these

studies to the g~V~ decay of Te to Xe.

There are many other interesting problems in fundamental physics

where atom counting is thought to provide a viable approach, but, for

balance, we leave that subject and consider something that affects all of

us every day — the climate. Lest we think the connection between atoms

and climatology is new, we look again at Lucretius:
When spray from clouds confronts the sun,
A rainbow's colours then are seen among black clouds,
Now all the other things that come to be in sky,
And all the things that grow in sky and gather
in the clouds-

Snow and winds and hail and chilly frosts,
The might power of ice, strong to rein in swift
streams,

To learn the laws of all is not so hard,
To understand how they have come to be,
And how they're made,
When once you've learned the power to atom stuff
- assigned.

Figure 17 shows a modern effort to obtain climatic history by drilling

ice cores in Greenland. Professor Hans Oeschger's group at the University

of Bern (Switzerland) is interested in using Kr to date the polar ice
81caps and to obtain climatic history from them. Since Ur has a long
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half-life (2 x 10 years), they can go much beyond the era of Democritus;

even Homer predates us by just over 1% on the 81Kr scale. At any rate,

given the low concentration of 81Kr atoms in ice (about 1400 atoms per kg

of modern ice) and the long half-life of 81Kr, millions of kilograms of ice

would have to be melted to obtain a sample for decay counting. The direct

counting of Kr atoms, via our Maxwell demon, would require less than 1 kg

of ice.

Oceanography, especially the study of oceanic circulation, is another

aspect of climatology where atom counting could pay off. At the Scripps

Institution of Oceanography, Harmon Craig and Robert Willis (the latter now

on assignment to ORNL) are devising a technique for measuring the "age" of
39ocean water by counting Ar atoms. Thus, we see in Fig. 18 how they

sample the ocean by taking several tons of water at a given location. From
39this water they extract Ar which contains small amounts of Ar made by

cosmic ray interactions with atmospheric argon. When our version of Maxwell's
39demon is made to work so well that he can find 400 atoms of Ar amid

6 x 10 atoms of Ar, the Scripps group will be able to date water at the

bottom of the seas by taking samples as small as 1 liter.

A final example of atom counting is taken from the electronics industry.

As the industry progresses into smaller (submicron) and faster solid state

devices, the effects of impurities become enormous. For instance, in a Si

boule (Fig. 19), which is sliced into wafers for ion implantation to make

electronics devices, impurities of Na at a level of 1 part in 10 atoms of

Si can affect device performance. This is about one impurity atom per

electronic device! Santos Mayo at the National Bureau of Standards has

shown that atom counting (using RIS) can be achieved at these levels of
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impurities. Much interest is seen in this area of atom counting^ because

of the importance of maintaining a strong U.S. position in the electronics

industry.

Our honored guest speaker in this symposium for Lewis Cochran is

engaged in neutrino research and other aspects of weak interaction physics.

Ray Davis is famous for his work on the search for neutrinos from the sun,

and he is interested in other problems such as double beta decay and even

the stability of the proton. In these areas, the idea of single atoms that

can be counted one by one, as we count people in this room, is absolutely

essential as a method of measurement. We use atom counting (which presumes

atom reality) to find out if the proton (hence the atom) is stable, endures,

and is real!

Thus, out of metaphysics and often vague Grecian philosopy — a philos-

ophy that debated existence apart from psychic mind — the concept of the

atom emerged. But one r.dy judge a thing to be real if observers agree on

their response to it or if it is predictable in a new circumstance. By

whatever standards we judge reality - since the atomic theory of matter has

been predictable since Rutherford and Bohr, since atonio hava been "seen" on

surfaces and in crystals, and since free atoms can be sorted CL't and counted

one at a time — w e are tempted to conclude that atoms are real. However,

in view of modern trends in particle and weak interaction physics, the

atomic hypothesis must remain only a hypothesis.

So we come back to our original question, "Why did it take so long to

accept the atomic hypothesis?" A more provocative and philosophical answer

to this question may be to suggest that to prove the reality of the atom

requires a proof of reality itself — and that brings us full circle to the
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question which preoccupied Greek philosophers for more than two centuries

before physics existed. The atomic hypothesis has been extremely fruitful

as a physical concept but infertile as a monistic philosophy.
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Figure Captions

Fig. 1. Simplified illustration of the history of the atomic hypoth-

esis. Note the long period of time in which electricity, matter, and

light were visualized as independent phenomena. Physics as we know it

originated about 200 B.C., some 250 years after the introduction of the

atom as a philosophical concept. (Illustration courtesy of John Holbrook)

Fig. 2. One of John Dalton's charts of the elements showing some .

molecular models in the foreground. (Courtesy of the Science Museum,

South Kensington, London)

Fig. 3. Draft of the first page of the Rutherford-Geiger paper on

the electrical counter. This first electrical counter was the propor-

tional counter which preceded the Geiger-Mueller counter by approximately

20 years. (Courtesy of the University of Cambridge Library)

Fig. 4. J. J. Thomson and his laboratory in which he discovered the

electron. (Courtesy of the Cavendish Laboratory, University of Cambridge)

Fig. 5. Schematic of energy pathways experiments that were origi-

nated at the University of Kentucky. Vacuum-ultraviolet spectrometers are

used to study excited states of noble gases. Proton beams are used to

excite resonance and metastable states of the various noble gases.

Fig. 6. Schematic of the first resonance ionization spectroscopy

experiment developed at ORNL to study the absolute population and the time

decay of He metastable states created by pulsed beams of protons.

Fig. 7. Resonance ionization spectroscopy has been generalized so

that with five laser schemes, shown as an inset, every element in the

periodic table can be selectively ionized except He and Ne.
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Fig. 8. Rough draft of a note by Rutherford on "The Counting of

Atoms." (Courtesy of the University of Cambridge Library)

Fig. 9. Artist's conception of the original one-atom detection

experiment at ORNL. A laser beam was directed through a proportional

counter to ionize single atoms of Cs which diffused from a small metallic

source.

Fig. 10. Schematic of an experimental arrangement developed at ORNL

for studies of the statistics of freely diffusing atoms. An alkali halide

is first seeded into the gaseous medium which is then dissociated with a

source laser, SL, to produce free alkali atoms which then diffuse into a

detector laser, DL, beam. Electrons created by the RIS process occurring

in the DL beam are drifted into a proportional counter for sensitive

measurements. By varying the delay between SL and DL and by changing p,

detailed studies of the diffusion of atoms in an unbounded medium can be

made. Essentially, this is just the arrangement visualized by Einstein and

Fu'rth in their gedanken experiment to test the ergodic hypothesis.

Fig. 11. Experimental data on the concentration fluctuation of Csl

molecules in a small volume above a Csl source. (Data taken by Jacinto

Iturbe, on guest assignment at ORNL from the Universidad de Bilbao, Spain)

Fig. 12. Title page of Poisson's thesis showing that the first

application of his statistics was to civil and criminal matters rather than

to physics.
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Fig. 13. Schematic of an experiment which demonstrated that single
252

atoms of Cs could be detected just as the;/ were released from Cf in a

binary fission process. The apparatus Is first cleared of the million

electrons created by the slowing down of the heavy fission fragment. A

laser is then pulsed onto the tip of the track, ionizing a single Cs atom.

This one electron is now drifted into a proportional counter where it is

recorded as one event.

Fig. 14. Illustration of Maxwell's sorting demon. Note that the

demon has been provided with Brillouin's flashlight so that he is able to

recognize a single atom. (Illustration courtesy of J. E. Parks and Jimmy

Green, Western Kentucky University)

Fig. 15. Modern version of Maxwell's sorting demon. See the text

for a description of how the resonance ionization spectroscopy process can

be used with modern pulsed lasers to find each atom of a selected isotope

of a noble gas in a large enclosure.

Fig. 16. Photograph of the original tank used to detect neutrinos

from the sun. After long exposure (six months to one year), neutrinos
37

from the sun can produce a few hundred atoms of Ar due to neutrino inter-

action with 37C1 and a few hundred atoms of 81Kr duu. to neutrino interaction
81* 81

w±th^£iJ4r due to neutrino interaction with Br. (Courtesty of Ray Davis,
Brookhaven National Laboratory)

Fig. 17. Photograph of a crew removing a core from a polar ice cap
81"eenland for I

University of Bern)

in Greenland for Kr dating. (Courtesy of Hans Oeschger, Physics Institute,
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Fig. 18. Photograph of a crew taking a water sample from the ocean

for 39Ar dating. (Courtesy of Harmon Craig, Scripps Institution of

Oceanography)

Fig. 19. A boule of Si crystal grown for electronic device fabri-

cation. Impurites at the level of one part in 10 in Si can seriously

affect the precision of electronic devices. (Courtesy of Jim Baucus,

Hughes Research Laboratories, Malibu)
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The counting of atoms

During the past twenty five years, a variety of methods have been develop

-ed to estimate the mass of the individual atom of natter and the number

of atoms in any definite weight of material.*hlle all these methods give

conoordaat results, the precision of measurement varies widely in th* dl#

different cases .Amongst others, we have been able to deduce the mass of

the atom from a study of the'' Brownlaa Movement la the continuous agltat-

atlon of mall particles in liquids and gases,from a study of th* blue

of the sky,and from the determination of the unit of electric charge-^pK

Under certain conditions it has been possible,as In the ease of the a

particle from radium,to oount the individual atoms and the number of

c, atoms present in a definite volume of helium gas.Vethods have also been

developed to observe the tracks of single electrons and 'a particles

In swift motion,In their passage through a gas.

the underlying Idea of the atomic constitution of

matter was pit forward by the Greek phllo*ppja^f,i2500 years ago,and was

generally current at the beginning of the solentlflc age,the atomic

theory,as we know it today,dates from Its application by Dalton in 180$

to explain the combination of atoms In multiple proportions.This theory

coupled with Avogadro's hypothesis that equal volumes of gases at the

same temperature and pressure contained an equal number of molecules,haa

made It possible to fix with considerable precision the relative atomic

weights of all the known elements.

TOille the great superstructure of modern chemistry has been

reared on the philosophic foundation of the atomic theory,It is' unneeeee-

-ory &t-ptjjnnlk to make any definite assumption as to the size and mas*

of the individual atoms,but with the growth of scientific knowledge

Fig. 8
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