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Experimentation and Scientific Realism

Ian Hacking

Experimental physics provides the strongest evidence for scientific r.ea1~
ism. Entities that in principle cannot be obseryed‘are regularly mampu;
lated to produce new phenomena and to inv.estl.gate other asPects 0
nature, They are tools, instruments not for thlml'c,lrlmg but for domgl. "
The philosopher's standard “theoretical entity” is the.e‘lectron. wil
illustrate how electrons have become experimental entities, or experi-
menter's entities. In the early stages of our discovery of an .entlty, we
may test hypotheses about it. Then it is merely a' hypothetical Ctlentlt)(.
Much later, if we come to understand some of its causal powers and use it
to build devices that achieve well-understood effects in other parts of

nature, then it assumes quite a different status. ‘ e hout
Discussions about scientific realism or antirealism usually taik abou

theories, explanation, and prediction. Debates at that level are neces-

sarily inconclusive, Only at the level of experimental practi.ce is scientif}i]c
realism unavoidable—but this realism is not about tl?e‘ones and truth.
The experimentalist need only be a realist about the entities used as tools.

A PLEA FOR EXPERIMENTS

No field in the philosophy of science is more systematically neglec:ted
than experiment, Qur grade school teachers may have'told us that scien-
tific method is experimental method, but histories of science have become
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histories of theory. Experiments, the philosophers say, are of value only
when they test theory. Experimental work, they imply, has no life of its
own. So we lack even a terminology to describe the many varied roles of
experiment. Nor has this one-sidedness done theory any good, for radi-
cally different types of theory are used to think about the same physical
phenomenon (e.g., the magneto-optical effect). The philosophers of the-
ory have not noticed this and so misreport even theoretical enquiry,

Different sciences at different times exhibit different relationships be-
tween “theory” and “experiment.” One chief role of experiment is the cre-
ation of phenomena. Experimenters bring into being phenomena that do
not naturally exist in a pure state. These phenomena are the touchstones
of physics, the keys to nature, and the source of much modern technol-
ogy. Many are what physicists after the 1870s began to call “effects”: the
photoelectric effect, the Compton effect, and so forth.! A recent high-
energy extension of the creation of phenomena is the creation of “events,”
to use the jargon of the trade. Most of the phenomena, effects, and events
created by the experintenter are like plutonium: they do not exist in
nature except possibly on vanishingly rare occasions.?

In this paper | leave aside questions of methodology, history, taxon-
omy, and the purpose of experiment in natural science. I turn to the
purely philosophical issue of scientific realism. Simply call it “realism”
for short. There are two basic kinds: realism about entities and realism
about theories, There is no agreement on the precise definition of either.
Realism about theories says that we try to form true theories about the
world, about the inner constitution of matter and about the outer reaches
of space. This realism gets its bite from optimism: we think we can do
well in this project and have already had partial success. Realism about
entities—and [ include processes, states, waves, currents, interactions,
tields, black holes, and the like among entities—asserts the existence of at
least some of the entities that are the stock in trade of physics.?

The two realisms may seem identical. If you believe a theory, do you
not believe in the existence of the entities it speaks about? If you believe
in some entities, must you not describe them in some theoretical way that
you accept? This seeming identity is illusory. The vast majority of experi-
mental physicists are realists about entities but not about theories. Some
are, no doubt, realists about theories too, but that is less central to their
concerns.

Experimenters are often realists about the entities that they investigate,
but they do not have to be so. R. A. Millikan probably had few qualms
about the reality of electrons when he set out to measure their charge.
But he could have been skeptical about what he would find until he found
it. He could even have remained skeptical. Perhaps there is a least unit of



156 Experimentation and Scientific Realism

electric charge, but there is no particle or object with .exactly that u}nit. of
charge. Experimenting on an entity does not commit you to ’behevmg
that it exists. Only manipulating an entity, in order to experiment on
something else, need do that. .

Moreover, it is not even that you use electrons to experiment on SOITIE-
thing else that makes it impossible to doubt electrons. ‘Understantclmg
some causal properties of electrons, you guess how to build a very inge-
nious, complex device that enables you to line up the‘electrons the way
you want, in order to see what will happen to something else. Once you
have the right experimental idea, you know in adva}nce roughly how to
try to build the device, because you know that this is the way to get the
electrons to behave in such and such a way. Electrons are no longer ways
of organizing our thoughts or saving the phenomena tl}at have been
observed. They are now ways of creating phenomena in some other
domain of nature. Electrons are tools. .

There is an important experimental contrast between realism abon.tt
entities and realism about theories. Suppose we say that the latter is
belief that science aims at true theories. Few experimenters will deny th.at.
Only philosophers doubt it. Aiming at the truth is, howe'ver,.somethmg
about the indefinite future. Aiming a beam of electrons is using present
electrons. Aiming a finely tuned laser at a particular atom in order to
knock off a certain electron to produce an ion is aiming at present elec-
trons. There is, in contrast, no present set of theories that c?ne has t.o
believe in. If realism about theories is a doctrine about the aims of sci-
ence, it is a doctrine laden with certain kinds of values. If realism about
entities is a matter of aiming electrons next week or aiming at other elec-
trons the week after, it is a doctrine much more Ineutral between \‘ra'lueg
The way in which experimenters are scientific realists al:.iout entities is
entirely different from ways in which they might be realists about the-
ories. .

This shows up when we turn from ideal theories to present ones. Vari-

ous properties are confidently ascribed to_elect.rons, but mo.st of the cor11-
fident properties are expressed in numerous dlfferen.t theories or moFle s
about which an experimenter can be rather agnostic. Even People in a
team, who work on different parts of the same large experiment, may
hold different and mutually incompatible accounts of electrons. That is
because different parts of the experiment will make different uses of‘elec-
trons. Models good for calculations on one aspect of electrons will be
poor for others. Occasionally, a team actually has to select a mem‘t;‘er
with a quite different theoretical perspective simply to get someone who
can solve those experimental problems. You may choose someone mtl} a
foreign training, and whose talk is well-nigh incommensurable with
yours, just to get people who can produce the effects you want,
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But might there not be a common core of theory, the intersection of
everybody in the group, which is the theory of the electron to which all
the experimenters are realistically committed? I would say common lore,
not common core. There are a lot of theories, models, approximations,
pictures, formalisms, methods, and so forth involving electrons, but
there is no reason to suppose that the intersection of these is a theory at
all. Nor is there any reason to think that there is such a thing as "the most
powerful nontrivial theory contained in the intersection of all the theories
in which this or that member of a team has been trained to believe.” Even
if there are a lot of shared beliefs, there is no reason to suppose they form
anything worth calling a theory. Naturally, teams tend to be formed
from like-minded people at the same institute, so there is usually some
real shared theoretical basis to their work. That is a sociological fact, not
a foundation for scientific realism.

I recognize that many 2 scientific realism concerning theories is a doc-
trine not about the present but about what we might achieve, or possibly
an ideal at which we aim. So to say that there is nao present theory does
not count against the optimistic aim. The point is that such scientific real-
ism about theories has to adopt the Peircean principles of faith, hope,
and charity, Scientific realism about entities needs no such virtues. [t
arises from what we can do at present. To understand this, we must look
in some detail at what it is like to build a device that makes the electrons
sit up and behave.

QUR DEBT TO HILARY PUTNAM

It was once the accepted wisdom that a word such as ‘electron’ gets its
meaning from its place in a network of sentences that state theoretical
laws. Hence arose the infamous problems of incommensurability and
theory change. For if a theory is modified, how could a word such as
‘electron’ go on meaning the same? How could different theories about
electrons be compared, since the very word ‘electron’ would differ in
meaning from theory to theory?

Putnam saved us from such questions by inventing a referential model
of meaning. He says that meaning is a vector, refreshingly like a diction-
ary entry. First comes the syntactic marker {part of speech); next the
semantic marker (general category of thing signified by the word); then
the stereotype (clichés about the natural kind, standard examples of its
use, and present-day associations. The stereotype is subject to change as
opinions about the kind are modified). Finally, there is the actual refer-
ent of the word, the very stuff, or thing, it denotes if it denotes any-
thing. (Evidently dictionaries cannot include this in their entry, but pic-
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torial dictionaries do their best by inserting illustrations whenever pos-
sible, # .

Putnam thought we can often guess at entities that we do not literally
point to. Qur initial guesses may be jejune or inept,. and not every nam-
ing of an invisible thing or stuff pans out. But when it does, and we frame
better and better ideas, then Putnam says that, although the sterectype
changes, we refer to the same kind of thing or stuff all along. We apd
Dalton alike spoke about the same stuff when we spoke of (mclJrgam?)
acids. J. ]. Thomson, H. A. Lorentz, Bohr, and Millikan were, w1t1"1 their
different theories and observations, speculating about the same kind of
thing, the electron. ‘

There is plenty of unimportant vagueness about when an entity has
been successfully “dubbed,” as Putnam puts it. ‘Electron’ is the name sug-
gested by G. Johnstone Stoney in 1891 as the name for a natural unit of
electricity, He had drawn attention to this unit in 1874. The name was
then applied to the subatomic particles of negative charge, which . J.
Thomson, in 1897, showed cathodes rays consist of. Was Johnstone
Stoney referring to the electron? Putnam’s account does not requ%re an
unequivocal answer. Standard physics books say that Thomson discov-
ered the electron. For once I might back theory and say that Lorentz beat
him to it. Thomson called his electrons ‘corpuscles’, the subatomic part-
icles of electric charge. Evidently, the name does not matter much.
Thomson's most natable achievement was to measure the mass of the
electron. He did this by a rough (though quite good} guess at e, and by
making an excellent determination of e/m, showing that m is about
1/1800 the mass of the hydrogen atom. Hence it is natural to say that
Lorentz merely postulated the existence of a particle of negative charge,
while Thomson, determining its mass, showed that there is some such
real stuff beaming off a hot cathode.

The stereotype of the electron has regularly changed, and we have at
least two largely incompatible stereotypes, the electron as cloud artd the
electron as particle, One fundamental enrichment of the idea came 1n.th-e:
1920s. Electrons, it was found, have angular momentum, or ‘spin.
Experimental work by O. Stern and W. Gerlach first indicatefi this, and
then S. Goudsmit and G. E. Uhlenbeck provided the theoretical under-
standing of it in 1925. Whatever we think, Johnstone Stoney, Lorentz,
Bohr, Thomson, and Goudsmit were all finding out more about the same
kind of thing, the electron. : .

We need not accept the fine points of Putnam’s account of ref.erence in
order to thank him for giving us a new way to talk about meaning. Seri-
ous discussion of inferred entities need no longer lock us into pseudo-
problems of incommensurability and theory change. Twenty-five years
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ago the experimenter who believed that electrons exist, without giving
much credence to any set of Jaws about electrons, would have been dis-
missed as philosophically incoherent. Now we realize it was the philoso-
phy that was wrong, not the experimenter. My own relationship to Put-
nam’s account of meaning is like the experimenter's relationship to a the-
ory. I do not literally believe Putnam, but [ am happy to employ his
account as an alternative to the unpalatable account in fashion some time
ago,

Putnam’s philosophy is always in flux. His account of reference was
intended to bolster scientific realism, But now, at the time of this writing
(Tuly 1981), he rejects any “metaphysical realism” but allows “internal
realism.”” The internal realist acts, in practical affairs, as if the entities
occurring in his working theories did in fact exist. However, the direction
of Putnam’s metaphysical antirealism is no longer scientific. It is not
peculiarly about natural science. It is about chairs and livers too, He
thinks that the world does not naturally break up into our classifications.
He calls himself a transcendental idealist. I call him a transcendental
nominalist, ] use the word ‘nominalist’ in the old-fashioned way, not
meaning opposition to “abstract entities” like sets, but meaning the dac-
trine that there is no nonmental classification in nature that exists over
and above our own human system of naming.

There might be two kinds of internal realist, the instrumentalist about
science and the scientific realist. The former is, in practical affairs where
he uses his present scheme of concepts, a realist about livers and chairs
but thinks that electrons are only mental constructs. The latter thinks
that livers, chairs, and electrons are probably all in the same boat, that
is, real at least within the present system of classification. I take Putnam
to be an internal scientific realist rather than an internal instrumentalist,
The fact that either doctrine is compatible with transcendental nomi-
nalism and internal realism shows that our question of scientific realism
is almost entirely independent of Putnam's internal realism.

INTERFERING

Francis Bacon, the first and almost last philosopher of experiments, knew
it well: the experimenter sets out “to twist the lion's tail,” Experimenta-
tion is interference in the course of nature; “nature under constraint and
vexed; that is to say, when by art and the hand of man she is forced out
of her natural state, and squeezed and moulded.” The experimmenter is
convinced of the reality of entities, some of whose causal properties are
sufficiently well understood that they can be used to interfere elsewhere
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in nature. One is impressed by entities that one can use to test conjectures
about other, more hypothetical entities. In my example, one is sure of the
electrons that are used to investigate weak neutral currents and neutral
bosons. This should not be news, for why else are we (nonskeptics} sure
of the reality of even macroscopic objects, but because of what we do
with them, what we do to them, and what they do to us?

Interference and interaction are the stuff of reality. This is true, for
example, at the borderline of observability. Too often philosophers
imagine that microscopes carry conviction because they help us see bet-
ter. But that is only part of the story. On the contrary, what counts is
what we can do to a specimen under a microscope, and what we can see
ourselves doing. We stain the specimen, slice it, inject it, irradiate it, fix
it, We examine it using different kinds of microscopes that employ opti-
cal systems that rely on almost totally unrelated facts about light. Micro-
scopes carry conviction because of the great array of interactions and
interferences that are possible. When we see something that turns out to
be unstable under such play, we call it an artifact and say it is not real.”

Likewise, as we move down in scale to the truly unseeable, it is our
power to use unobservable entities that makes us believe they are there.
Yet, I blush over these words 'see’ and ‘observe’. Philosophers and physi-
cists often use these words in different ways. Philosophers tend to treat
opacity to visible light as the touchstone of reality, so that anything that
cannot be touched or seen with the naked eye is called a theoretical or
inferred entity. Physicists, in contrast, cheerfully talk of observing the
very entities that philosophers say are not observable. For example, the
fermions are those fundamental constituents of matter such as electron
neutrinos and deuterons and, perhaps, the notorious quarks. All are
standard philosophers’ “unobservable” entities. C. Y. Prescott, the initia-
tor of the experiment described below, said in a recent lecture, that “of
these fermions, only the ¢ quark is yet unseen. The failure to observe tf
states in e*e- annihilation at PETRA remains a puzzle.” Thus, the physi-
cist distinguishes among the philosophers’ “unobservable” entities, not-
ing which have been observed and which not. Dudley Shapere has just
published a valuable study of this fact.” In his example, neutrinos are
used to see the interior of a star. He has ample quotations such as “neu-~
trinos present the only way of directly observing” the very hot core of a
star.

John Dewey would have said that fascination with seeing-with-the-
naked-eye is part of the spectator theory of knowledge that has bedeviled
philosophy from earliest times. But 1 do not think Plato or Locke or any-
one before the nineteenth century was as obsessed with the sheer opacity
of objects as we have been since. My own obsession with a technology
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that manipulates objects is, of course, a twentieth-century counterpart to
positivism and phenomenclogy. Its proper rebuttal is not a restriction to
a narrower domain of reality, namely, to what can be positivistically
seen with the eye, but an extension to other modes by which people-can
extend their consciousness,

MAKING

Even if experimenters are realists about entities, it does not follow that
they are right. Perhaps it is a matter of psychology: maybe the very skills
that make for a great experimenter go with a certain cast of mind which
objectifies whatever it thinks about. Yet this will not do. The experi-
menter cheerfully regards neutral bosons as merely hypothetical entities,
while electrons are real. What is the difference?

There are an enormous number of ways in which to make instruments
that rely on the causal properties of electrons in order to produce desired
effects of unsurpassed precision. 1 shall illustrate this, The argument—it
could be called the ‘experimental argument for realism’—is not that we
infer the reality of electrons from our success. We do not make the instru-
ments and then infer the reality of the electrons, as when we test a
hypothesis, and then believe it because it passed the test. That gets the
time-order wrong. By now we design apparatus relying on a modest
number of home truths about electrons, in order to produce some other
phenomenon that we wish to investigate,

That may sound as if we believe in the electrons because we predict
how our apparatus will behave. That too is misleading. We have a num-
ber of general ideas about how to prepare polarized electrons, say. We
spend a lot of time building prototypes that do not work. We get rid of
innumerable bugs. Often we have to give up and try another approach,
Debugging is not a matter of theoretically explaining or predicting what
is going wrong. It is partly a matter of getting rid of “noise” in the appara-
tus, “Noise” often means all the events that are not understood by any
theory. The instrument must be able to isolate, physically, the properties
of the entities that we wish to use, and damp down all the other effects
that might get in our way. We are completely convinced of the reality of
electrons when we regularly set to build—and often enough succeed in
building—new kinds of device that use various well understood causal
properties of electrons to interfere in other more hypothetical parts of
nature.

[t is not possible to grasp this without an example. Familiar historical
examples have usually become encrusted by false theory-criented philos-
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ophy or history, so I will take something new. This is a polarizing elec-
tron gun whose acronym is PEGGY 1. In 1978, it was used in a funda-
mental experiment that attracted attention even in The New York Times.
In the next section [ describe the point of making PEGGY 1I. To do that, [
have to tell some new physics. You may omit reading this and read only
the engineering section that follows. Yet it must be of interest to know
the rather easy-to-understand significance of the main experimental
results, namely, that parity is not conserved in scattering of polarized
electrons from deuterium, and that, more generally, parity is violated in
weak neutral-current interactions,

PARITY AND WEAK NEUTRAL CURRENTS

There are four fundamental forces in nature, neot necessarily distinct.
Gravity and electromagnetism are familiar. Then there are the strong and
weak forces (the fulfiliment of Newton’s program, in the Optics, which
taught that al} nature would be understood by the interaction of particles
with various forces that were effective in attraction or repulsion over
various different distances, i.e., with different rates of extinction).

Strong forces are 100 times stronger than electromagnetism but act
only over a miniscule distance, at most the diameter of a proton. Strong
forces act on “hadrons,” which include protons, neutrons, and more
recent particles, but not electrons or any other members of the class of
particles called “leptons.”

The weak forces are only 1/10,000 times as strong as electromagne-
tism, and act over a distance 100 times greater than strong forces. But
they act on both hadrons and leptons, including electrons. The most
familiar example of a weak force may be radicactivity.

The theory that motivates such speculation is quantum electrody-
namics. It is incredibly successful, yielding many predictions better than
one part in a million, truly a miracle in experimental physics. It applies
over distances ranging from diameters of the earth to 1/100 the diameter
of the proton. This theory supposes that all the forces are “carried” by
some sort of particle: photons do the job in electromagnetism. We
hypothesize “gravitons” for gravity.

In the case of interactions involving weak forces, there are charged
currents. We postulate that particles called “bosons” carry these weak
forces.'t For charged currents, the bosons may be either positive or nega-
tive. In the 1970s, there arose the possibility that there could be weak
“neutral” currents in which no charge is carried-or exchanged. By sheer
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analogy with the vindicated parts of quantum electrodynamics, neutral
bosons were postulated as the carriers in weak neutral interactions.

The most famous discovery of recent high-energy physics is the failure
of the conservation of parity. Contrary to the expectations of many
physicists and philosophers, including Kant,'? nature makes an absolute
distinction between right-handedness and left-handedness. Apparently,
this happens only in weak interactions,

What we mean by right- or left-handed in nature has an element of
convention. [ remarked that electrons have spin. Imagine your right hand
wrapped around a spinning particle with the fingers pointing in the direc-
tion of spin. Then your thumb is said to point in the direction of the spin
vector. If such particles are traveling in a beam, consider the relation
between the spin vector and the beam. If all the particles have their spin
vector in the same direction as the beam, they have right-handed (linear)
polarization, while if the spin vector is opposite to the beam direction,
they have left-handed (linear) polarization,

The original discovery of parity violation showed that one kind of
product of a particle decay, a so-called muon neutrino, exists only in left-
handed polarization and never in right-handed polarization.

Parity violations have been found for weak charged interactions.
What about weak neutral currents? The remarkable Weinberg-Salam
model for the four kinds of force was proposed independently by Stephen
Weinberg in 1967 and A. Salam in 1968, It implies a minute violatien of
parity in weak neutral interactions. Given that the model is sheer specu-
lation, its success has been amazing, even awe-inspiring, So it seemed
worthwhile to try out the predicted failure of parity for weak neutral
interactions, That would teach us more about those weak forces that act
over so minute a distance.

The prediction is: slightly more left-handed polarized electrons hitting
certain targets will scatter, than right-handed electrons. Slightly morel
The difference in relative frequency of the two kinds of scattering is 1
part in 10,000, comparable to a difference in probability between 0.50005
and 0.49995. Suppose one used the standard equipment available at the
Stanford Linear Accelerator Center in the early 1970s, generating 120
pulses per second, each pulse providing one electron event, Then you
would have to run the entire SLAC beam for twenty-seven years in order
to detect so small a difference in relative frequency. Considering that cne
uses the same beam for lots of experiments simultaneously, by letting dif-
ferent experiments use different pulses, and considering that no equip-
ment remains stable for even a month, let alone twenty-seven years, such
an experiment is impossible, You need enormously more electrons com-
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ing off in each pulse, We need between 1000 and 10,000 more electrons
per pulse than was once possible. The first attempt used an instrument
now called PEGGY 1. It had, in essence, a high-class version of J. J.
Thomson's hot cathode. Some lithium was heated and electrons were
boiled off. PEGGY 11 uses quite different principles.

PEGGY I

The basic idea began when C. Y. Prescott noticed (by chancel) an article
in an optics magazine about a crystalline substance called gallium arse-
nide. GaAs has a curious property; when it is struck by circularly polar-
ized light of the right frequencies, it emits lots of linearly polarized elec-
trons. There is a good, rough and ready quantum understanding of why
this happens, and why half the emitted electrons will be polarized, three-
fourths of these polarized in one directon and one-fourth polarized in the
other,

PEGGY I uses this fact, plus the fact that GaAs emits lots of electrons
owing to features of its crystal structure. Then comes some engineering—
it takes work to liberate an electron from a surface. We know that paint-
ing a surface with the right stuff helps. In this case, a thin layer of cesium
and oxygen is applied to the crystal. Moreover, the less air pressure
around the crystal, the more electrons will escape for a given amount of
work. So the bombardment takes place in a good vacuum at the tem-
perature of liquid nitrogen.

We need the right source of light. A laser with bursts of red light (7100
Angstroms) is trained on the crystal. The light first goes through an ordi-
nary polarizer, a very old-fashioned prism of calcite, or Iceland spar®—
this gives linearly polarized light. We want circularly polarized light to
hit the crystal, so the polarized laser beam now goes through a cunning
device called a Pockel's cell, which electrically turns linearly polarized
photons into circularly polarized ones. Being electric, it acts as a very fast
switch. The direction of circular polarization depends on the direction of
current in the cell. Hence, the direction of polarization can be varied ran-
domly. This is important, for we are trying to detect a minute asymmetry
between right- and left-handed polarization. Randomizing helps us guard

against any systematic “drift” in the equipment.’ The randomization is
generated by a radioactive decay device, and a computer records the
direction of polarization for each pulse.
A circularly polarized pulse hits the GaAs crystal, resulting in a pulse
of linearly polarized electrons. A beam of such pulses is maneuvered by
magnets into the accelerator for the next bit of the experiment, It passes
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errors were analyzed and linearly added to the statistical error. To a stu-
dent of statistical inference, this is real seat-of-the-pants analysis with no
rationale whatsoever, Be that as it may, thanks to PEGGY I the number
of events was big enough to give a result that convinced the entire physics
community.l* Left-handed polarized electrons were scattered from deu-
terium slightly more frequently than right-handed electrons. This was the
first convincing example of parity-violation in a weak neutral current
interaction.

COMMENT

The making of PEGGY Il was fairly nontheoretical. Nobody worked out
in advance the polarizing properties of GaAs—that was found by a
chance encounter with an unrelated experimental investigation. Al-
though elementary quantum theory of crystals explains the polarization
effect, it does not explain the properties of the actual crystal used. No one
has got a real crystal to polarize more than 37 percent of the electrons,
although in principle 50 percent should be polarized.

Likewise, although we have a general picture of why layers of cesium
and oxygen will “produce negative electron affinity,” that is, make it
easier for electrons to escape, we have no quantitative understanding of
why this increases efficiency to a score of 37 percent,

Nor was there any guarantee that the bits and pieces would fit to-
gether. To give an even more current illustration, future experimental
work, briefly described later in this paper, makes us want even more elec-
trons per pulse than PEGGY II can give. When the aforementioned parity
experiment was reported in The New York Times, a group at Bell Labora-
tories read the newspaper and saw what was going on. They had been
constructing a crystal lattice for totally unrelated purposes. It uses layers
of GaAs and a related aluminum compound. The structure of this lattice
leads one to expect that virtually all the electrons emitted would be
polarized. As a consequence, we might be able to double the efficiency of
PEGGY II. But, at present, that nice idea has problems. The new lattice
should also be coated in work-reducing paint. The cesium-oxygen com-
pound is applied at high temperature. Hence the aluminum tends to ooze
into the neighboring layer of GaAs, and the pretty artificial lattice be-
comes a bit uneven, limiting its fine polarized-electron-emitting prop-
erties.’” So perhaps this will never work. Prescott is simultaneously re-
viving a souped up new thermionic cathode to try to get more electrons,
Theory would not have told us that PEGGY II would beat out thermionic
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PEGGY 1. Nor can it tell if some thermionic PEGGY I will beat out
PEGGY II.
Note also that the Bell people did not need to know a lot of weak neu-

tral current theory to send along their sample lattice. They just read The
New York Times,

MORAL

Once upon a time, it made good sense to doubt that there were electrons.
Even after Thomson had measured the mass of his corpuscles, and Milli-
kan their charge, doubt could have made sense, We needed to be sure
that Millikan was measuring the same entity as Thomson. Thus, more
theoretical elaboration was needed, and the idea had to be fed intoc many
other phenomena. Seclid state physics, the atom, and superconductivity
all had to play their part.

Once upon a time, the best reason for thinking that there are electrons
might have been success in explanation. Lorentz explained the Faraday
effect with his electron theory. But the ability to explain carries little war-
rant of truth. Even from the time of J. J. Thomson, it was the measure-
ments that weighed in, more than the explanations. Explanations, how-
ever, did help. Some people might have had to believe in electrons be-
cause the postulation of their existence could explain a wide variety of
phenomena. Luckily, we no longer have to pretend to infer from explana-
tory success (i.e., from what makes our minds feel good). Prescott and
the team from the SLAC do not explain phenomena with electrons. They
know how to use them. Nobody in his right mind thinks that electrons
“really” are just little spinning orbs about which you could, with a small
enough hand, wrap your fingers and find the direction of spin along your
thumb. There is, instead, a family of causal properties in terms of which
gifted experimenters describe and deploy electrons in order to investigate
something else, for example, weak neutral currents and neutral bosons.
We know an enormotis amount about the behavior of electrons. It is
equally important to know what does not matter to electrons, Thus, we
know that bending a polarized electron beam in magnetic coils does not
affect polarization in any significant way. We have hunches, too strong
to ignore although too trivial to test independently: for example, dust
might dance under changes of directions of polarization. Those hunches
are based on a hard-won sense of the kinds of things electrons are. (It
does not matter at ali to this hunch whether electrons are clouds or waves
or particles.)



168 Experimentation and Scientific Realism

WHEN HYPOTHETICAL ENTITIES BECOME REAL

Note the complete contrast between electrons and neutral bosons. No-
body can yet manipulate a bunch of neutral bosons, if there are any.
Even weak neutral currents are only just emerging from the mists of
hypothesis, By 1980, a sufficient range of convincing experiments had
made them the object of investigation. When might they lose their hypo-
thetical status and become commonplace reality like electrons?—when
we use them to investigate something else.

I mentioned the desire to make a better electron gun than PEGGY 1.
Why? Because we now “know” that parity is violated in weak neutral
interactions. Perhaps by an even more grotesque statistical analysis than
that involved in the parity experiment, we can isolate just the weak inter-
actions. For example, we have a lot of interactions, including electromag-
netic ones, which we can censor in various ways. If we could also statisti-
cally pick cut a class of weak interactions, as precisely those where parity
is not conserved, then we would possibly be on the road to quite deep
investigations of matter and antimatter, To do the statistics, however,
one needs even more electrons per pulse than PEGGY II could hope to
generate. If such a project were to succeed, we should then be beginning
to use weak neutral currents as a manipulable tool for looking at some-
thing else. The next step toward a realism about such currents would
have been made.

The message is general and could be extracted from almost any branch
of physics. | menticned earlier how Dudley Shapere has recently used
“observation” of the sun's hot core to illustrate how physicists employ
the concept of observation. They collect neutrinos from the sun in an
enormous disused underground mine that has been filled with old clean-
ing fluid {i.e., carbon tetrachioride). We would know a lot about the in-
side of the sun if we knew how many solar neutrinos arrive on the earth.
5o these are captured in the cleaning fluid. A few neutrinos will form a
new radioactive nucleus {the number that do this can be counted}, Al-
though, in this study, the extent of neutrino manipulation is much less
than electron manipulation in the PEGGY Il experiment, we are never-
theless plainly using neutrinos to investigate something else, Yet not
many years ago, neutrinos were about as hypothetical as an entity could
get. After 1946 it was realized that when mesons disintegrate giving off,
among other things, highly energized electrons, one needed an extra non-
ionizing particle to conserve momentum and energy. At that time this
postulated "neutrino” was thoroughly hypothetical, but now it is rou-
tinely used to examine other things.
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CHANGING TIMES

Although realisms and antirealisms are part of the philosophy of science
well back into Greek prehistory, our present versions mostly descend
from debates at the end of the nineteenth century about atomism. Anti-
realism about atoms was partly a matter of physics; the energeticists
thought energy was at the bottom of everything, not tiny bits of matter.
It also was connected with the positivism of Comte, Mach, K. Pearson,
and even ]J. 8. Mill. Mill's young associate Alexander Bain states the
point in a characteristic way, apt for 1870:

Some hypotheses consist of assumptions as to the minute structure and operation
of bodies, From the nature of the case these assumptions can never be proved by
direct means. Their merit is their suitability to express phenomena. They are Rep-
resentative Fictions.!®

“All assertions as to the ultimate structure of the particles of matter,”
continues Bain, “are and ever must be hypothetical. . . . The kinetic the-
ory of heat serves an important intellectual function.” But we cannot
hold it to be a true description of the world. It is a representative fiction.

Bain was surely right a century ago, when assumptions about the
minute structure of matter could not be proved. The only proof could be
indirect, namely, that hypotheses seemed to provide some explanation
and helped make good predictions. Such inferences, however, need never
produce conviction in the philosopher inclined to instrumentalism or
some other brand of idealism.

Indeed, the situation is quite similar to seventeenth-century epistemol-
ogy. At that time, knowledge was thought of as correct representation.
But then one could never get outside the representations to be sure that
they corresponded to the world. Every test of a representation is just an-
other representation. “Nothing is so much like an idea as an idea,” said
Bishop Berkeley. To attempt to argue to scientific realism at the level of
theory, testing, explanation, predictive success, convergence of theories,
and so forth is to be locked into a world of representations. No wonder
that scientific antirealism is so permanently in the race. It is a variant on
“the spectator theory of knowledge.”

Scientists, as opposed to philosophers, did, in general, become realists
about atoms by 1910. Despite the changing climate, some antirealist
variety of instrumentalism or fictionalism remained a strong philosophi-
cal alternative in 1910 and in 1930, That is what the history of philosophy
teaches us. The lesson is: think about practice, not theory. Antirealism
about atoms was very sensible when Bain wrote a century ago. Antireal-
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12. But excluding Leibniz, who “knew" there had to be some real, natural dif-
ference between right- and left-handedness,

13. lceland spar is an elegant example of how experimental phenomena persist
even while theories about them undergo revolutions, Mariners brought calcite
from Iceland to Scandinavia. Erasmus Bartholinus experimented with it and
wrote it up in 1609. When you look through these beautiful crystals you see
double, thanks to the so-called ordinary and extraordinary rays. Calcite is a natu-
ral polarizer. It was our entry to polarized light which for three hundred years
was the chief route to improved theoretical and experimental understanding of
light and then electromagnetism. The use of calcite in PEGGY 1I is a happy
reminder of a great tradition.

14. It also turns GaAs, a 3/4 to 1/4 left-hand/right-hand polarizer, into a 50-50
polarizer,

15. T owe these examples to conversation with Roger Miller of SLAC.

16. The concept of a “convincing experiment” is fundamental. Peter Gallison.

has done important work on this idea, studying European and American experi-
ments on weak neutral currents conducted during the 1970s,

17. I ewe this information to Charles Sinclair of SLAC.

18. Alexander Bain, Logic, Deductive and Inductive (London and New York,
1870}, 362, :
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Explanation and Realism

Clark Glymour

1

One way to argue to a theory is to show that it provides a good explana-
tion of a body of phenomena and, indeed, that it provides a better expla-
nation than does any available alternative theory. This pattern of argu-
ment is hot bounded by time or by subject matter, One can find such
arguments in sociology, in psychometrics, in chemistry, and in astron-
omy, in the time of Copernicus and in the most recent scientific journals.
The goodness of explanations is a ubiquitous criterion; in every scien-
tific subject it forms one of the principal standards by which we decide
what to believe. The ambition of philosophy of science is, or ought to be,
to obtain from the literature of the sciences a plausible and precise theory
of scientific reasoning and argument: a theory that will abstract general
patterns from the concreta of debates over genes and spectra and fields
and delinquency. A philosophical understanding of science should, there-
fore, give us an account of what explanations are and of why they are
valued but, most important, it should also provide us with clear and
plausible criteria for comparing the goodness of explanations. One half
of the subject of this essay concerns a fragment of such a theory. I will try
to describe, without gratuitous formality, some features that generate
clear and powerful criteria for judging the goodness of explanations.
That is half of my subject; the remainder concerns what such criteria
determine about what we ought to believe. Both halves are prompted by
Bas van Fraassen's recent and delightful book, The Scientific Image.
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