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| am grateful to Sigma Xi for honoring me with the John P. McGovern award, and
for the opportunity it gives me to spesk to you today, a this forum on ethicd chalenges
in science. | have decided to use my McGovern award lecture to tell the story of the case
againg Robert A. Millikan. Millikan was the founder, first leader, first Nobel
prizewinner and dl-around patron saint of the Cdifornia Ingtitute of Technology, an
inditution that has given me employment for more yearsthan | care to remember. We at
Cdltech fed a solemn duty to defend our hero. He has been accused of mae chauvinism,
anti- Semitism, migtreeting his graduate sudents, and worgt of dl, scientific fraud. My
purpose today isto tell his sory, look into these various accusations, and, to the extent
that | can, mount a defense for Professor Millikan.

Millikan was born in 1868, son of a Midwestern minister. He attended Oberlin
Coallege, got hisPh.D. in physics from Columbia University, did some postdoctoral work
in Germany, and, in the last decade of the nineteenth century, took a position at the
brand-new University of Chicago in a physics department headed by hisidaol, A.A.
Michelson.!

During the next decade, Millikan wrote some very successful textbooks,
but he made little progress as aresearch scientist. Thiswas a period of crucid changein
the history of physics. J.J. Thomson discovered the eectron, Max Planck kicked off the
guantum revolution, Albert Eingtein produced his theories of relativity and the photo-
eectric effect, and Eingein’ s theory and Perrin’ s experiments on Brownian motion
established forever that matter was made of atoms. Professor Millikan made no
contribution to these events. Nearing 40 years of age, he became very anxiousindeed to
make his mark in the world of physics. He choseto try to measure the charge of the
electron.

Cathode-ray tubes had been around for decades when, in 1896, J.J. Thomson in
England succeeded in showing thet al cathode rays are dectricaly charged and have the
sameratio of eectric charge to mass. This was the discovery of the dectron. It was the
first demonstration that atoms had internal parts® The chdllenge then was to measure
separately the eectric charge of the eectron. Thomson and his colleagues tried to do that
by observing the effect of an gpplied dectric field on the rate of gravitationd fall of
clouds of water droplets that had nucleated on ionsin acloud chamber. The upper edge
of the cloud, which had the smdlest droplets, could be assumed to contain single charges.
In thisway, a crude but correct estimate of the unit of dectric charge could be obtained.
These cloud chamber experiments were the starting point of Millikan's efforts.

Working with a graduate student named Louis Begeman, Millikan had the idea of
applying amuch stronger dectric field than had previoudy been used in the hope of



stopping completely the descent of the cloud. To Millikan's surprise, what happened
instead was that nearly dl of the droplets with their different positive and negetive
charges dispersed, leaving in view just afew individua droplets that had just the right
charge to permit the electric force to come close to balancing the effect of gravity.
Millikan quickly redlized that measuring the charge on individua ionized droplets was a
method far superior to finding the average charge on dropletsin a cloud.

It may have been during this period that Millikan' s wife, Greta, attending asocid
event while Millikan spent one of his many long eveningsin the lab, was asked where
Robert was. “Oh,” she answered, “He s probably gone to watch anion.” “Wdll,” one of
the faculty wives was later overheard to say, “| know we don't pay our Assstant
Professors very much, but | didn’t think they had to wash and iron!™*

Unfortunately the sngle-droplet method had a serious flaw. The water
evaporated too rapidly to alow accurate measurements. Millikan, Begeman and anew
graduate student named Harvey Hetcher discussed the Situation and decided to try to do
the experiment with some substance that evaporated less rapidly than water. Millikan
assigned to Hetcher the job of devising away to do the experiment using mercury or
glycerin or ail.

Fletcher immediately got a crude gpparatus working, using tiny droplets of watch
oil made by means of a perfume atomizer he bought in adrugstore. When he focused his
telescope on the suspended oil droplets, he could see them dancing around in what is
cdled Brownian mation, caused by impacts of unseen air molecules. Thisitsdf wasa
phenomenon of consderable current scientific interest. When Hetcher got the busy
Millikan to look through his telescope at the dancing suspended droplets of ail, Millikan
immediately dropped al work on water, and turned his attention to refining the oil-drop
method.

A couple of years later (around 1910) Fletcher and Millikan had produced two
results. One was an accurate determination of the unit dectric charge (called €) from
observing the rate of fal or rise of oil dropsin gravitationd and eectric fieds, and the
other was a determination of the product Ne, where N is a separate constant called
Avagadro’s number. The product Ne came out of observations of Brownian motion.
Millikan approached his student Fletcher with aded. Fletcher could use a published
paper ashis Ph.D. thesis, but only if he was sole author. Millikan proposed that Fletcher
be sole author on the Brownian motion work and that he, Millikan be sole author on the
unit dectric chargework. Thisisthe source of the assertion that Millikan migtreated his
graduate students. No doubt Millikan understood that the measurement of e would
edtablish his reputation, and he wanted the credit for himself. Hetcher understood this
too, and he was somewhat disappointed, but Millikan had been his protector and
champion throughout his graduate career, and so he had little choice but to accept the
dedl. Thetwo men remained good friends throughout their lives, and FHetcher saw to it
that this versgon of the story was not published until after Millikan's death, and after his
own death.*



Let usturn now to the question of scientific fraud. In 1984, Sigma Xi published a
booklet caled Honor in Science. More than aquarter of amillion copies were digtributed
before it was replaced recently by anewer verson. Honor in Science includes a brief
discusson of the Millikan case that begins, “One of the best-known cases of cooking is
that of Physicist Robert A. Millikan.”® Cooking, meaning “retaining only those resuilts
that fit the theory and discarding others,” is one of the classic forms of scientific
misconduct, first described in an article by Charles Babbage written in 1830.° According
to Honor in Science it isawdl-established fact that Millikan has been accused, tried and
convicted of cooking hisdata What is going on here? There are redly two stories. One
is the question of what actually happened back in the period 1910-1917, and the other is
how, much more recently, he came to be accused, tried and convicted. It'stimeto tell
both of these stories.

The accusation againgt Millikan, very briefly, isthis. After the 1910 paper (with
Millikan done, not Hetcher, as author) presenting his measurement of the unit of dectric
charge, Millikan found himsdf embroiled in controversy with aViennese physcist
named Fdix Ehrenhaft. Ehrenhaft, usng an gpparatus rather smilar to Millikan's, found
cases of dectric charges much smaller than Millikan' s vaue of e (Millikan refers to these
as“subdectrons’). In order to refute Ehrenhaft’ s assertion of the existence of
subelectrons, Millikan (now working aone; Fletcher had gotten his doctorate and Ieft)
made anew series of measurements, published in 1913, in which the charge on every
single droplet studied was, within avery narrow range of error, an integer multiple of a
gnglevduedf e. The 1913 paper succeeded in dispatching Ehrenhaft, and contributed
sgnificantly to Millikan's 1923 Nobd Prize. However, an examingaion of Millikan's
private |aboratory notebooks (housed in the Catech Archives) revedsthat he did not in
fact report every droplet on which he recorded data. He reports the results of
measurements on 58 drops, whereas the notebooks reveal data on approximately 175
drops in the period between November 11", 1911 and April 161, 1912.7 Inaclassic case
of cooking, the accusation goes, he reported results that supported his own hypothesis of
asmdlest unit of charge, and discarded those contrary results that would have supported
Ehrenhaft’ s position. And, to make matters very much worse, he lied about it. The 1913
paper, presenting Millikan's results contains this explicit assertion: “It is to be remarked,
too, that thisis not a selected group of drops, but represents al the drops experimented
upon during 60 consecutive days, during which time the apgparatus was taken down
severd timesand st up anew.” (Emphasisin the origind).” Thus, Millikan is accused of
chesating, and covering up his chesting by lying about it in one of the most important
scientific papers of the twentieth century. There couldn’t be a clearer case of scientific
misconduct.

Let uslook at some of the pagesin Millikan’s private |aboratory notebooks.

Thefird figure shows a page, dated at the top, November 18, 1911. At thetop
right the temperature, t-18.0°C (obvioudy, Millikan’s lab was not well heated for the
bitter Chicago wesather) and the pressure, 73.45 cm (possibly astormy day). On the |eft,
acolumn of figuresunder G, for gravity. These were the times taken for atiny droplet, a



pin-point of light, too small to focusin his telescope, to fal between scratch marksin his
telescope sfocd plane. These measurements gave the termind velocity of the drop when
the force of gravity was baanced by the viscosity of ar. From this measurement aone,
he could determine the size of the tiny, spherica drop. Then thereis another column
under F for “fidd.” These were the times taken for the drop to rise between the scratch
marks under the combined influence of gravity, viscosty and the gpplied eectric field,
which had been turned off during the“G” measurements. The combined “F’ and “G”
measurements made it possible to determine the charge on the drop. We can see that the
“F’ measurements change from time to time. The first series give an average of 8.83,
then 10.06, then 16.4 and so on. That happens because the charge on the drop changes
from time to time, when the drop captures an ion from the air. Millikan made use of the
changes to help deduce the number of units of charge on the drop. To theright of these
columns, a series of laborious hand ca culations (not necessarily done on the same day as
the data were taken), using logarithms to do multiplication and square roots, then findly,
bottom right, the comment, “very low something wrong” with arrows to “not sure of
distance....” Needlessto say, thiswas not one of the 58 drops Millikan published.

The next figure shows observations on two drops, taken November 20 and 22,
1911, with amilar columns of figures. To theright a the bottom of the first observation
we see again “very low something wrong” and below that, “found mead urement of
distanceto the holedid not....” Once again, not up to snuff. But, on the third dide, a
page dated “Wednes. Dec. 20, 1911” (the temperature now a comfortable 22.2°C — did
the University turn the heet on in December?) we find the remark “Thisis amost exactly
right, the best one | ever had!!!”

Millikan, in hiscrucid 1913 paper, did not publish any of the drops for which the
raw data are shown in these first three dides, not even “the best one | ever had.” This
was al part of awarm-up period during which Millikan gradudly refined his gpparatus
and technique, in order to make the best measurements anyone had ever made of the unit
of dectric charge. Thefirst observation that passed muster and made it into print was
taken on February 13", 1912, and dl of the published data were taken between then and
April 16", 1912, actually a period of 63 days (1912 was a leap year). Raw datataken
during this period are shown in the fourth dlide, dated March 14", 1912. Our eyeis
immediately drawn to the comment, on the top center part of the page, “Beauty Publish.”
Note also the pressure, 16.75 cm, too low for even the ssormiest day in Chicago.

During the period February 13 to April 16, 1912, Millikan recorded in his
notebooks data for about 100 separate drops. Of these, about 25 are obvioudy aborted
during the run, and so cannot be counted as complete data sets. Of the remaining 75 or
30, he chose 58 for publication. Millikan's standards for acceptability were exacting. If a
drop were too small, it was excessvely affected by Brownian motion, or &t least by
inaccuracy in Stoke's law for the viscous force of air (more about this later). If it was too
large, it would fal too rapidly for accurate measurement. He aso preferred to have a
drop change its charge a number of timesin the course of an observation, so that he could
have changes in charge, aswdl asatotd charge, that had to be integer multiples of a
sngle unit of charge. None of this could be determined without actually taking and
recording data on a candidate drop. Thus, it should not be surprising that Millikan chose



to use the data on only 58 of the drops he observed during the period when he and his
apparatus had reached near perfection. Furthermore, he had no specid biasin choosing
which dropsto discard. A modern reanalysis of Millikan's raw databy Allan Franklin
revedsthat his result for the unit of charge and for the limits of uncertainty in the result
would bardly have changed at dl had he made use of dl the data he had, rather than just
the 58 drops he used.’

| don't think that any scientist, having studied Millikan’ s techniques and
procedures for conducting this most demanding and difficult experiment, would fault him
in any way for picking out what he consdered to be his most dependable measurements
in order to arrive a the most accurate possible result. 1n the 1913 paper, he cites his
result with an uncertainty of 0.2%, some 15 times better than the best previous
messurement (which reported an error of 3%). Furthermore, the modern value of the
charge of the eectron agrees with Millikan’s result within his cited uncertainty of 0.2%.
The experiment was nothing less than a masterpiece, and the 1913 paper reporting itisa
classc of scientific exposition. Nevertheless, it containsthe phrase”...thisis not a sdect
group of drops but represents dl of the drops experimented upon during 60 consecutive
days....”, which ismanifedly untrue. The question is, why did Millikan mar his
magterpiece with whet is unquestionably an outright lie?

Many years after the fact, Millikan’swork was studied by historian Gerad
Holton, who told the story of the Millikan-Ehrenhaft dispute, and contrasted Millikan's
published results with whet he found in Millikan's laboratory notebooks™® Holton did
not accuse Millikan of misconduct of any kind, but instead found in the unpublished
laboratory notebooks an opportunity to contrast a scientist’ s public, published behavior
with what went on in the privacy of the laboratory. Holton'swork was seized upon by
two journdigts, William Broad and Nicholas Wade, who in 1982 published a book about
misconduct in science called Betrayers of the Truth.** Broad and Wade, both of whom
were then reporters for Science magazine, and both of whom now write for the New Y ork
Times, are the ones who tried and convicted Robert Millikan of scientific misconduct.
Others, like the writer of Sigma Xi’sHonor in Science smply bought their argument a
face vaue.

In Betrayers of the Truth, Broad and Wade want to make the point that scientists
cheat. Chapter 2, Deceit in History garts out with aligt of culprits: Claudius Ptolemy,
Gdileo Gdlilel, 1saac Newton, John Daton, Gregor Mendel and Robert Millikan. At the
veay leadt, Millikan isin good company. Of Millikan they say he®...extengvely
misrepresented hiswork in order to make his experimenta results seem more convincing
than wasin fact the case”

| would argue that this statement is profoundly incorrect. Incidentdly, adthough |
have no time to make the case today, the accusations against most of the other scientists
ontheligt are equaly spurious.



For the stlatement by Broad and Wade to make sense, Millikan’s principal
experimentd result would have to be that there exists a smalest unit of electric charge.
We would have to imagine that the existence of dectrons, and by implication, the
existence of atoms, was an issue of burning controversy in 1913, with Millikan on one
sde and Ehrenhaft on the other, and that the whole point of Millikan's exercise was to
prove that “subelectrons’ did not exist. In fact, there were, in 1913, a smal number of
respectable scientists who till insgsted that the existence of unseen atoms was an
unnecessary and unscientific hypothesis, but they had by then been left far behind by the
mainstream of science, and besides, even they would not have chosen Ehrenhéft as their
champion. To Millikan, who had seen Brownian mation with his own eyes, the existence
of atoms and dectrons was beyond question. Every revison of histechnique, every
improvement of his apparatus, every word he wrote, public or private, was directed to
onegod only: the most accurate possible measurement of the charge of the eectron.
Ehrenhaft and the supposed controversy are never so much as mentioned. And it isworth
remembering that history has vindicated Millikan in thet hisresult is still regarded as
correct. Neverthdess, we are il stuck with the blatantly false satement, “...al the
drops experimented upon during 60 consecutive days.”

To understand the sgnificance of that satement, | must make asmdl digresson.
Millikan's oil drops rose and fell under the influence of three countervailling forces:
gravity, dectricity and viscosty. Thefirgt two of these were very well understood. For
the third, the nineteenth- century hydrodynamicist George Stokes had produced an exact
formula gpplicable to a sphere moving dowly through an infinite, continuous viscous
medium. The conditions that would make Stokes' law exact were well-satisfied by
Millikan’s oil dropsin dl respects except one: the drops were so smdl that the air
through which they moved could not safely be consdered a continuous medium. In fact
(asMillikan firmly believed) the air was made up of molecules, and the average distance
between molecules was not completely negligible compared to the size of an ail drop.
For this reason, Stokes' law could not be depended on as absolutely correct.

To ded with this problem, Millikan assumed, entirely without theoreticd basis, as
he stressed in his paper, that Stokes' law could be adequately corrected by an unknown
term that was gtrictly proportiona to theratio of the distance between air molecules to the
gze of the drop, so long as that ratio was reasonably smdl. To test thisidea, he
purposely made that damaging ratio larger than it had to be by pumping some of the air
out of his experimental chamber. That isthe reason he recorded such low pressurein the
page we looked at from his notebook dated March 14, 1912. Then, when he had
assembled dl of hisdata, he used atrick that would be appreciated by any
experimentalist. He plotted a graph of dl his datain such away that, if his suppostion
was correct, dl the data points would fal on asingle straight line, and the pogtion of the
line on the graph would give the magnitude of the unknown correction term. Thus, if it
were successful, this procedure would al a once prove that the proposed method of
correcting Stokes' law was justified, and give the magnitude of the necessary correction.
In other words, this procedure, like everything ese in this experiment, was designed not
to question whether charge came in units, but rather to measure the unit of charge with
the greatest possible accuracy.



Now let usturn to Millikan's actua published paper. It beginson p. 109 of
Volumell, no. 2 of the Physica Review. He explains how the experiment is done, and
using specific drops as examples, how he andlyzes his data, using changes in the charge
on adrop to help determine the total number of units of charge on the drop. Then, on p.
133, he writes:

“Table XX contains a complete summary of the results obtained on dl of the 58
different drops upon which complete series of observations were made during a period of
60 consecutive days.” Aswe have dready seen, his published results came from
measurements made over aperiod of 63, not 60 days, but | think we can forgive him that
lapse. The clear implication of the sentence is that there were only 58 drops for which
the data were complete enough to beincluded in the andlysis. Page 133 isfollowed by
two pages of Table XX, and an additional two pages of the graph of the sraight line test
of the correction to Stokes' law described above. On page 138, Millikan discusses his
test of his presumed correction to Stokes' law. He points out that al of the points do
indeed fdl ontheline, andin fact, “...thereis but one drop in the 58 whose departure
from the line amounts to as much as 0.5 percent.” And then, the very next sentenceis, “It
isto be remarked, too, that thisis not a selected group of drops but represents al of the
drops experimented on during 60 consecutive days,...”. The damning remark is made,
not in regard to whether charge comes in units, but in regard to getting the correction to
Stokes' law right. What he meansto say is, every one of those 58 drops | told you about
confirms my presumed formulafor correcting Stokes' law. And, dthough in Physica
Review it comes 5 pages after the remark that quaified the choice of those 58 drops, the
intervening pages are tables and graphs. 1n the typescript submitted by Millikan (which
does not survive, to my knowledge) it would have followed dmost immediately after the
qudifying satement. Thus a careful reading of the context of Millikan's words gresatly
diminishes their apparernt sgnificance as evidence of misconduct.

In fairness, it should be pointed out that when, in 1917, Millikan published his
book The Electron, he did take the trouble to confront Ehrenhaft explicitly, and, very
effectively, demolish Ehrenhaft's arguments.*? He also used verbatim the section of his
1913 paper on Stokes' law, thus repesting the offending assertion of having used every
drop, without the earlier qualifying statement. Most probably by 1917, he had forgotten
the very existence of the other drops he had observed, however incompletely, between
February and April of 1912. | believe, after reading The Electron that Millikan'sred
riva was never the hapless Ehrenhaft. Millikan'sred riva was J.J. Thomson, not
because they disagreed scientificaly, but because both wanted to be remembered in
history as the father of the electron.

In recent times, Millikan has become ajuicy target for certain historians because
he was white, mae, very much a part of the establishment, and, of course, heis no longer
here to defend himsdf (I'm trying tofill in on that last point). For example, thereisa
|letter, noted in feminist circles, in which Millikan advised the President of Duke
University not to hire awoman professor of physics. This occurs much later, in 1936,
and Millikan is now famous and powerful, heed of the Cdifornia Inditute of Technology
(as Chairman of the Executive Committee. He never accepted the title President). W.P.
Few, Duke s president, had written to Millikan in confidence, asking his advice on this



deicateissue. Millikan's reply shows hisunease: “1 scarcely know how to reply to your
letter....” he begins. “Women have done dtogether outstanding work and are now in the
front rank of scientigts in the fields of biology and somewhat in the fidlds of chemigtry

and even astronomy,” Millikan writes later, “but we have developed in this country as yet
no outstanding women physcids” He points out thet “Fraulein Meitner in Berlin and
Madame Curiein Paris’ are among the world's best physicigts, but that’ s Europe, not the
U.S. “I should therefore,” he concludes his confidentia advice, “expect to go farther in
influence and get more for my expenditureif in introducing young blood into the
department of physics | picked one or two of the most outstanding younger men, rather
than if | filled one of my openings with awoman.”*

In his private correspondence, Millikan aso revedls an attitude toward Jews that
would not be acceptable today. For example, writing from Europe to his wife, Greta, he
describes physicist Paul Ehrenfest (not to be confused with Felix Ehrenhaft) as*...a
Polish or Hungarian Jew [Ehrenfest was, in fact, Audtrian] with avery short, stocky
figure, broad shoulders and absolutely no neck. His suavity and ingratiating manner are a
bit Hebraic (unfortunately) and to be fair, perhgps | ought to say too that his geniad opent
mindedness, extraordinarily quick perception and air of universd interest are dso
characteristic of hisrace”*

What are we to make of these lapses? They are certainly not the rantings of a
mindlessbigot. Undoubtedly Millikan's biases were typicd at the time of aman of his
upbringing and background. 1t should be said that, regardless of whatever preudices he
harbored, they never interfered with hisjudgment of scientists. Hishero A.A. Michelson
was Jewish, as were many of the stars Millikan persondly recruited to Catech: Paul
Epstein, Albert Eingtein, Theodore von Karman and Beno Gutenberg among others. On
the other hand, Caltech was an dl-mae schoal in Millikan'stime, and remained so until
long after his degath.

That, asbest as | cantdl it, isthe story of Robert Millikan. Ladies and gentlemen
of this Sgma Xi forum on ethicsin science, the defense rests.
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