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The history of NMR spectroscopy dif-
fers markedly from that of other
spectroscopic techniques. A mere 15
years elapsed between the demon-
stration of the magnetic resonance of
nuclei and widespread commercial
sales of functional NMR spectrome-
ters that altered the manner in
which the field of organic chemistry
was conducted. That period of re-
markable development was possible
because of a rather unusual conflu-
ence of visions, people, and events at
Varian Associates that brought
about a mutually beneficial merger
of science and commerce.

The stage is set

The demand for synthetic materials
during World War II provided an im-
mense impetus for the development
of instruments for chemical analysis.
In 1946 such instruments became
commercially available. There was a
steadily growing market for optical
and mass spectrographic instru-
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ments in the steel and petroleum in-
dustries. Organic chemists, who typ-
ically were limited to using pH
meters, polarimeters, and the Beck-
man DU spectrophotometer, were
considering the first commercial IR
spectrometers.

World War II also caused the wide-
spread deployment of the klystron,
an invention that made airborne ra-
dar possible. The inventors of this
device, Russell and Sigurd Varian,
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also played an important role in the
commercial development of scientific
instruments. Russell was a gifted
physicist; his brother, an airline pi-
lot, was an informally trained but
talented engineer. The Varian broth-
ers firmly believed that scientific in-
novation should be used to serve so-
ciety. The klystron came into
existence in large part because of
their vision of its applications in
navigation and air defense. During
the course of its development both at
Stanford University and at Sperry

Gyroscope, the Varian brothers be-
came close friends with William W.
Hansen and the three men began to
save enough money to have a labora-
tory of their own.

When the war ended, Hansen re-
turned to Stanford, where he con-
tributed to Felix Bloch’s original pa-
per on NMR. (E. M. Purcell studied
the same phenomenon independently
at Harvard University and shared
the 1953 Nobel Prize in Physics with
Bloch for that work. The Harvard
group developed a considerable body
of the theoretical and experimental
work but was not involved in the
commercial development.) A few
months later, Russell accepted a po-
sition as a research associate at
Stanford and, with his unique in-
sight, saw the potential application
of the new phenomenon to the field
of chemistry.

On Dec. 23, 1946, at Russell’s urg-
ing, Bloch and Hansen signed both a
patent application and an exclusive
license to “Varian Associates” to de-
velop the commercial applications of
the nuclear induction device. (The
company was not officially formed
until January 1948. Dorothy Varian,
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The three peaks of ethyl alcohol as first ob-
served in 1951 at Stanford University.

Russell’'s widow and a co-founder of
Varian Associates, wrote an interest-
ing memoir of the Varian brothers,
The Inventor and the Pilot [published by
Pacific Books in 1983], which in-
cludes the history of the company’s
early years.)

Varian Associates secured re-
search contracts with the U.S. gov-
ernment to develop the klystron for
military use and planned to develop
a line of commercial tubes. From the
beginning, Varian was diversified
into two product lines: the klystron,
which had rapidly growing markets
and mature manufacturing tech-
niques, and NMR devices, which had
no market and no manufacturing
techniques. These differing situa-
tions proved to be extremely fortu-
itous. The klystron allowed Varian
Associates access to the capital
needed to grow and prosper while
nurturing an emerging technology
from infancy to maturity. The part-
nership of tubes and instruments
has continued to provide stability
throughout the company’s 45-year
history.

Ongoing work at Stanford showed
that in practice the linewidths of the
signals in liquids were limited only
by the homogeneity of the magnetic
field. Seeking more precise measure-
ments of the nuclear magnetic mo-
ments, Bloch and his group devel-
oped an electromagnet that dwarfed
the motley collection of permanent
and electromagnets then being used.
While testing it, they found that dif-
ferent liquids containing hydrogen
atoms yielded different values for the
proton magnetic moment. The varia-
tion, recognized as a shift in the field
at the nucleus attributable to the
diamagnetic screening by the orbit-
ing electrons, interfered with accu-
rate measurement of the nuclear mo-
ments. Accordingly, or so the story
goes, the physicists christened this
irritating obstacle the chemical shift.

The Stanford group indicated that
Varian Associates needed a homoge-
neous 12-in. electromagnet for its re-
search on chemical applications. To
help pay for construction of such a

large magnet, the company decided
to offer it as a product and issued a
data sheet, typical for electronic
equipment of that period. That deci-
sion changed my life.

In 1941 I had begun my studies in
chemistry at the University of Cali-
fornia, Berkeley. In early 1944 the
U.S. Navy decided that because I
had turned 18, I would make an ac-
ceptable radar operator. When Bloch,
Hansen, and Martin Packard pub-
lished their paper, I was on a tanker
in the South China Sea, with a con-
siderable fund of new knowledge
about electronics and microwave ra-
dar. Because of this experience I de-
cided to explore microwave spectros-
copy when I began graduate work at
the California Institute of Technol-
ogy in 1948,

My adviser, Don Yost, was an in-
organic chemist with a great interest
in electronics who also accepted John
Waugh as a student that year.
Waugh, whose laboratory was adja-
cent to mine, was using an inhomo-
geneous electromagnet powered by a
bank of submarine batteries to build
an NMR device. The electromagnet
was capable of generating a mag-
netic field of several thousand gauss,
but the inhomogeneity—coupled
with the drift caused by battery fa-
tigue—limited his research to solids
in which the natural linewidths were
several gauss. Waugh’s apparatus
demonstrated that interesting infor-

mation could be extracted from the
nuclei of atoms, but it was difficult to
see many practical applications for
chemistry. Nonetheless, I appreci-
ated the simplicity of his detector
relative to the microwave spectrome-
ter in my own laboratory.

In late 1951 I completed my thesis
work and began a postdoctoral fel-
lowship under Yost. At his request I
attended an electronics trade show
in Los Angeles to look at the suit-
ability of Varian klystrons for the
microwave spectrometer. Although
our small research budget clearly
could not cover the cost of a klystron
designed to meet military specifica-
tions, I poked around the exhibit and
came across the specification sheet
for the 12-in. electromagnet and an
accompanying stack of reprints of a
“Letter to the Editor” that had ap-
peared in the Journal of Chemical Phys-
ics (1). It was love at first sight.
When I saw the three peaks of ethyl
alcohol (see photo at left), I knew
what I wanted to work on, and I
knew that Varian Associates—dem-
onstrating the foresight to offer a
technologically advanced product so
early—was where I wanted to work.
That decision was bolstered by the
fact that Varian Associates, unlike
other job opportunities, was near
Stanford, not far from my home.

I wrote a letter to the company,
suggesting that commercial accep-
tance of their NMR products by

Russell Varian (right) conferring with Martin Packard, research director of Varian Asso-

ciates Instrument Division in 1954.
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chemists would be greatly acceler-
ated by employing a chemist to de-
velop applications and communicate
them to the world of chemists. I also
modestly pointed out that I would be
available for such a position. By re-
turn mail, I received an invitation to
visit Varian and discuss my idea
with the R&D group. Out of that
meeting came an offer of employ-
ment. Reporting for work in April
1952, T became the 512th person to
join the company.

The first instrument: the HR-30

Discussing the developments that
follow without describing the envi-
ronment in which they occurred
would result in an incomplete and
misleading picture. The Varian
brothers believed in innovation as
the best way to generate profits.
R&D, followed by an aggressive
patent policy and fast-paced product
improvement, would minimize the
chance of competitors gaining a sig-
nificant foothold. The small size of
the company in the early and mid-
1950s made it possible for Russ and
Sig to make rounds of the technical
projects on almost a daily basis to
discuss, suggest, and encourage (see
photo below at left).

Not only was there the excitement
of working on the leading edge of a
technology, but Russ and Sig had
created a unique atmosphere in their
company. They acted on their belief
that every employee had the right to
know the significance of his or her
work and to be treated with equal
consideration and respect. From its
earliest beginnings, long before there
was a public offering of stock, every
employee of six months’ duration
could buy into the company. Because
of those attitudes, employees “were
able to care more about what they
could contribute to the company than
what they could take from it,” stated
Emery Rogers (a member of the
Stanford group [2]).

Not surprisingly, Varian attracted
an awesome pool of talent. Packard
and Rogers were already part of the
Varian team, and Wes Anderson and
Jim Arnold joined shortly after my
arrival. Warren Proctor and Harry
Weaver joined the group somewhat
later; Ray Freeman, Richard Ernst,
and Howard Hill joined the enter-
prise at a much later date.

By the time I arrived, Humble Oil
Company of Baytown, TX, had or-
dered an NMR instrument for about
$30,000! A high-resolution instru-
ment—operating at 30 MHz, with a
magnetic field strength of 7050 G,
and able to resolve the three peaks of

ethyl alcohol—was supposed to be
delivered by late summer. Rogers
was preparing the power supply for
the magnet (a replica of Stanford’s
magnet) for production, and the rest
of the electronics was being built by
the R&D group, headed by Packard.
Packard was the only one who really
understood the whole project. As a
graduate student in 1945, he had
built and operated Bloch’s original
NMR apparatus and had seen the
first nuclear induction signal flit
across the screen.

My task was to design and build
the radio frequency (rf) unit. The
unit consisted of a 30-MHz crystal-
controlled oscillator (to irradiate the
nuclei) and a low-noise, high-gain
receiver at the same frequency (to
amplify the incredibly weak signals
from the sample). Designing circuits
had been part of my graduate work,
but I was not a professional engi-
neer. However, I got the job done.
When I tested the complete system,
which came to be known as the HR-
30, I found that it exceeded the guar-
anteed performance specifications.

With that out of the way, I was
ready to get on with applications re-
search, but the second instrument,
which I would be using, was still be-
ing built. I was given a final assign-
ment: Install the instrument at
Humble Oil. I managed to do that by
September 1952, and in January
1953 I happily opened the Varian
Applications Laboratory, fondly
known as the Applab.

By that time, H. S. Gutowsky and
his students at the University of I1li-
nois, as well as our team at Varian

Associates, had resolved the fine
structure from chemically nonequiv-
alent protons in molecules and even
hyperfine structure from spin-spin
interactions between nonequivalent
nuclei. Research laboratories with a
tradition of exploring new analytical
techniques, such as the DuPont Ex-
perimental Station and Shell Devel-
opment, followed Humble Oil as
early customers.

Other customers were hard to find.
There was a very limited theoretical
basis for interpreting the fascinating
new spectra. The empirical relation-
ship between observed spectral fea-
tures and the molecular structure of
the sample had to be established.
That first step was too important to
rely on anything but our own efforts.
Thus the main thrust of the Applab
during the first few years was to ac-
quire and publish as much data as
possible, a strategy that would give
the theoreticians the means to test
their developing theories, and every-
one—including us—the means to in-
terpret spectra.

I began the job I had dreamed of:
Almost every new compound I stud-
ied would lead to a paper that could
be published. It was like prospecting
for gold in a field strewn with nug-
gets. I needed only to pick them up—
little or no digging was required.

In 1953 the HR-30 was the state-
of-the-art NMR spectrometer. What
that meant can be illustrated by
comparing it to its popular contem-
porary, a double-beam IR spectrome-
ter. The IR spectrometer was very
stable and gave a highly reproduc-
ible spectrum, a sort of fingerprint of
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Figure 1. Oscilloscope photographs of spectra obtained with the HR-30 for three

compounds and for a mixture of the three.

the sample. Most IR instruments
would fit on a table, required no spe-
cial facilities or services, were rea-
sonably easy to operate, and worked
with dilute samples.

The HR-30 had none of those vir-
tues. Its 5400-1b. electromagnet re-
quired cooling water and heavy-duty
electrical service as well as a sub-
stantial floor. Although it could re-
produce the general features of a
spectrum, the finer details were apt
to vary with the instability of the
magnetic field. Sensitivity was so
poor that only neat liquids or concen-
trated solutions would produce sig-
nals visible above noise, and at the
7050-G field strength, the 10-ppm
range of the proton spectral disper-
sion severely limited the interpret-
ability and usefulness of the spectra.

Furthermore, the HR-30 was an
operator’s nightmare. The photo on
p- 733 A shows the Applab HR-30 in
1953. Virginia Royden, a Varian col-
league, adjusted the field strength to
locate the signals while I acted as
the recorder, hurriedly writing down
observations of the data as the oscil-
loscope beam swept across the scope.
After locating the signal from a sam-
ple of water, we had to place the
probe (which contained the rf coils
and sample) in the homogeneous
spot in the magnet. That spot
changed its shape, size, and location
with changes in temperature and
with the effects of hysteresis caused

by turning the magnet on and off.
The search was a hit-and-miss af-
fair; there were many misses before
scoring a hit.

When the oscilloscope finally dis-
played a satisfactory pattern of de-
caying wiggles, denoting a narrow
linewidth, we calibrated the sweep
width by generating audiofrequency
sidebands of the water signal. If we
needed a permanent record, we took
a Polaroid photograph of the oscillo-
scope screen to establish the refer-
ence point of the chemical shift of
water, and then quickly—before the
field could drift very far—we re-
placed the water sample with the
sample being studied and took a sec-
ond photograph.

Figure 1 shows spectra we obtained
with the HR-30. In spite of the short-
comings, particularly when compared
with current results, we were very
proud of our data. We were ready to
begin sharing the great news with the
scientific community.

Not long after I opened the App-
lab, Rogers was appointed marketing
manager for Varian's Instrument Di-
vision. We decided to build on the
widespread acceptance of IR spec-
troscopy in creating an image for
NMR spectroscopy. Feeling the need
for a similar acronym, and wanting
to avoid the use of the ominous word
“nuclear,” we called the new tech-
nique NMR spectroscopy and used
that term at every opportunity.
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As quickly as possible, we moved
from photographs to high-speed
chart recordings that presented the
NMR spectrum in a format closer to
that of IR instruments. Whereas IR
instruments displayed a wavenum-
ber scale, NMR instruments dis-
played a magnetic field scan in parts
per million. We were unprepared for
the confusion created by that new
meaning for a term previously used
to quantify trace amounts of chemi-
cals. Fortunately, the distinction
soon became clear.

While highlighting the similarities
between NMR and IR techniques, we
still wanted to differentiate them. To
that end, we established the practice
of displaying NMR spectra as peaks
with a positive deflection rather
than as minima like IR spectra. The
choice, we claimed, symbolized the
vitality of the new technique. We re-
ferred to the fine structure arising
from spin—-spin coupling as a multi-
plet rather than an absorption band.
It was years, however, before some
organic chemists abandoned the
term “NMR absorption band.”

In July 1953 Rogers and I took a
first step in a long-term effort to fa-
miliarize organic chemists with
NMR spectroscopy. We circulated a
report, on which we had collabo-
rated, to the heads of the chemistry
departments of major universities
and the directors of research labora-
tories in large chemical companies.
That report, which included our defi-
nition of NMR spectroscopy, a hypo-
thetical experiment, and a series of
our new spectra, was formally named
“Technical Information from the Ra-
dio Frequency Laboratories of Varian
Associates.” It was popular, and our
mailing list grew steadily. The
“Technical Information Bulletin,” as
it came to be called, evolved into a
series, always liberally illustrated
with spectra, that appeared when-
ever new NMR developments oc-
curred.

Varian’s second step in introduc-
ing NMR spectroscopy, which began
in April 1954, was more conven-
tional: We began a monthly adver-
tisement in ANALYTICAL CHEMIS-
TRY (see box on p. 735 A). Even that
ad was unique. Titled “This Is NMR
at Work,” the ad included a headline
and some promotional copy on the
top quarter of the page, but the box
below rigorously described and illus-
trated a recent example of Applab
work—exactly as if it had been sub-
mitted to a scientific journal. The ad-
vertising department was given
some leeway with the top section but
was strictly forbidden from altering



the material in the technical box.
Scientists were colleagues before
they were customers. Eventually
that attitude became established as
company policy: Varian scientists
can be trusted to make objective as-
sessments, not inflated claims.

A great deal of fine industrial re-
search never sees the light of day be-
cause it is considered proprietary by
the management. The opposite was
true at the Applab: Papers were en-
couraged and supported. Between
1953 and 1956, I wrote or collabo-
rated on 17 published papers convey-
ing a variety of observations and ap-
plications of NMR spectroscopy.

We used technical bulletins, ad-
vertisements, and scientific papers
to circulate information about the
new technique, and we also spoke
about it at every opportunity. Very
few chemists were knowledgeable
about NMR spectroscopy when the
HR-30 was introduced, but chemists
tend to be curious. We not only tried
to be responsive to requests for a
speaker; we actively sought out any
interested parties. Once, in the early
days when Rogers and I traveled to
Albuquerque to speak to a section of
the American Institute of Electrical
Engineers, we outnumbered the au-
dience. We really did work hard at
taking the news to the scientific
community.

There was one final hurdle, how-
ever, that we had not yet crossed. By
mid-1954, chemical shifts and cou-
pling constants had been measured
for a wide range of known structures,
and the effects of relaxation times
and chemical exchange on the spec-
tra were appreciated. But I had not
yet found an example showing that
NMR spectroscopy could be used to
solve a significant problem that
could not be solved by using other,
more established techniques. I was
certain that it could, but I wanted to
be convinced.

E. J. Corey, then working at the
University of Illinois, submitted the
sample that proved to be the turning
point (see Figure 2). He believed that
the sample compound had one of two
possible structures. IR or UV spectra
could not be interpreted unequivo-
cally in favor of one structure. But
the spectrum produced on the Applab
HR-30 showed that the ratio of areas
of the two types of protons, olefinic
and aliphatic, clearly supported one
of the structures. With simplicity and
directness, NMR spectroscopy had
proved uniquely able to solve a chem-
ical problem.

As time went on, more and more of
the examples that appeared in “NMR
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at Work” reported solutions to prob-
lems—-constituting original, publish-
able work. The Applab was occasion-
ally accused of having an unfair
advantage of running its own jour-
nal, whereas other NMR researchers
had to await the usual delays of
technical publication. I was familiar
with such delays. I found it pleasant,
occasionally, not having to deal with
referees.

Product improvement as a way of
life: the HR-40

When a profitable instrument is pro-
duced in multiple quantities, innova-
tion in design is often inhibited. In
the case of the HR-30, which was
difficult to operate and manufacture,
improvement was necessary. With
encouragement from Russ and Sig,
we made product improvement our
priority.

Things go faster if something is
driving them. In this case, with my
daily exposure to problems and my
faith in the ability of electronic engi-
neers (given time and money) to
solve them, I slipped naturally into
the role of product champion. Rogers
generously characterized me as “a
chemist with an antipathy to accept-
ing horizons as they seem to be” (2).
The more practical engineers saw me
as “that chemist guy who won’t take
no for an answer.” In any event,
when I identified needed improve-
ments or heard about good ideas, I
coaxed, cajoled, wheedled, browbeat,

and pleaded for them. When man-
agement was persuaded to budget a
generous percentage of sales income
to R&D, the engineers and physicists
could fully express their innovative
thinking.

Higher field strength. We had to
choose between an electromagnet
and a permanent magnet for further
development of an instrument. Both
Gutowsky at the University of Illi-
nois and Arnold and Anderson at
Stanford were working successfully
with permanent magnets, which had
the advantage of great field stability
but—because of the materials avail-
able at that time—field strengths of
7000 G or less. We decided we
wanted the advantage of greater dis-
persion and sensitivity. Varian spec-
trometers would rely on electromag-
nets, and we would try to solve the
stability problems.

Because chemical shift dispersion
increases linearly with magnetic
field and sensitivity increases as the
3/2 power, I welcomed the news that
the power supply could deliver
enough power to the magnet to oper-
ate continuously at a field strength
of 9600 G, sufficient for operation at
40 MHz. That gave the new Varian
spectrometer, which became avail-
able in 1955 and was christened the
HR-40, the distinction of being the
most powerful high-resolution NMR
instrument.

Sample spinning. The HR-40
was equipped with a simple device
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Professor E. J. Corey, Chemistry Department, University of Hlinois.
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for compound B. The measured value of 2.9:1
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Figure 2. First chemical problem solved by high-resolution NMR spectroscopy.
The work was completed in late 1954 at the Varian Applications Laboratory.
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that represented a major break-
through: a sample spinner. Anderson
and Arnold, working in Bloch’s labo-
ratory at Stanford, achieved previ-
ously unattained narrowing of the
NMR lines in liquid samples by spin-
ning the sample with a small air tur-
bine (3). Spinning the sample pro-
duces a special case of “motional”
averaging. All nuclei the same dis-
tance from the spinning axis of the
tube at each point along that axis ex-
perience the same average magnetic
field.

Sample spinning reduced the prob-
lem of optimizing the homogeneity of
the field over the sample to a one-
dimensional search for the minimum
field gradient along the spinning
axis. Previously, the operator had to
search the homogeneous region of
the magnet for a place where the x, ¥y,
and 2 gradients were simultaneously
small. Fortunately, the need to find
only a place where the z-gradient
was minimum made the search much
easier. Sample spinning also im-
proved resolution considerably. How-
ever, we knew that the full benefit of
improved resolution could not be re-
alized until the stability problem was
solved.

Field gradient shimming with
electric currents. The HR-30 and
the HR-40 could not alter the distri-
bution of field gradients unless their
main bolts, which held the pole
pieces to the yoke, were loosened and
unless a thin metal “shim” was in-
serted or removed. The term “shim-
ming” was applied to any process for
adjusting homogeneity at the sam-
ple. An alternative to shimming was
to search for a homogeneous spot by
moving the sample probe around, but
this assumed that there was such a
spot. The group at Stanford had ex-
perimented with current-carrying
coils on the pole faces to modify the
distribution of magnetic flux. At
Varian we realized that this ap-
proach was more sensible than
searching, because it was possible to
fix the sample in the center of the
magnet and bring the corrective gra-
dient to the sample.

The earliest electric shim sets
were very difficult to adjust because
they were highly interactive; adjust-
ing one coil affected the settings of
the others. Mathematical analysis
was carried out, and soon a highly
orthogonal set of coils was devised.
Adjustment of homogeneity, al-
though still requiring some expertise
on the part of the operator, was re-
duced to a systematic procedure.
Furthermore, it became possible to
set a standard performance specifi-



cation for the homogeneity over the
sample volume.

Magnetic flux stabilization.
Obtaining spectra from the HR-40
was like looking through binoculars
at a row of birds on a telephone wire
from the back of a truck bouncing
over a rutted road. The regulation of
the magnet current could not be
made better than ~1 in 107, but we
needed a field stable to 1 in 10® or
better.

I believe the idea of applying de-
generative feedback originated at
Princeton and was communicated to
us by our colleagues at Shell Devel-
opment Laboratory. Once explained,
it was so obvious a solution to the
problem that we wondered why we
had not thought about it sooner. A
pickup coil containing hundreds of
turns was fixed around one of the
12-in. magnet pole pieces. Any
change in the field, even 1 in 10, in-
duced a few microvolts across the
coil. That voltage resulted in a
minute current in a galvanometer
across the coil, and the deflection
was amplified enormously by a light
beam reflected off a mirror attached
to the suspension. A split photocell
gave an error signal indicating ei-
ther an increase or a decrease in the
field, and the signal was then passed
to an operational amplifier that con-
trolled an output current generating
a magnetic flux opposed to the origi-
nal change in the field.

I well remember adjusting the
spectrometer for my first trial of the
device and closing the switch. It was
as if the truck had stopped and the
binoculars were mounted on a tripod.
I could easily see and count all the
birds on the telephone wire. Better
yet, I could even tell if their feathers
were ruffled.

In a fit of marketing enthusiasm,
we called the new device a Super
Stabilizer. It was offered as an acces-
sory that could be retrofitted to ear-
lier spectrometers, thus establishing
a precedent at Varian: Every effort
would be made to make Varian spec-
trometers “living” instruments. It
became a firm policy that once a cus-
tomer purchased a spectrometer,
new improvements to later models
would be available as upgrade kits if
technically feasible.

The Super Stabilizer had the same
effect on the acceptance of high-
resolution NMR spectroscopy as the
double beam principle had on IR
spectroscopy. Magnetic field jitter
was eliminated, and slow drift could
be balanced out by a small voltage. A
perfectly linear sweep could be pro-
duced by injecting a controlled volt-

age at the input of the amplifier. The
sweep could be slowed enough to al-
low the full resolving power to be
achieved. At last the NMR spectrom-
eter had everything needed to pro-
duce a precalibrated spectral chart
except a precise, controlled reference
point from which to start the chemi-
cal shift scale.

A quantum leap: the HR-60

Having committed ourselves to the
electromagnet and solved the stabil-
ity problems, it made sense to capi-
talize on its strong point: superior
field strength. Tapering the pole
caps and narrowing the gap would
increase the field at a given current,
whereas increasing the current to
the limit of the power-handling abil-
ity of the power supply and cooling
system would give still higher fields.

HE SUPER
STABILIZER HAD THE
SAME EFFECT ON THE

ACCEPTANCE OF

HIGH-RESOLUTION
NMR SPECTROSCOPY
 AS THE DOUBLE-
 BEAMPRINCIPLE

A magnetic field of 14,096 G (cor-
responding to 60-MHz operation)
was chosen, probably because we
could get the magnet to reach this
field without narrowing the gap and
redesigning the sample probes. That
represented a 50% increase in field
(and chemical shifts) and a doubling
of sensitivity. Many metallurgical
problems had to be dealt with to
manufacture pole caps that would
give predictable high-resolution per-
formance at 14,096 G. A curved pro-
file was developed that produced a
large homogeneous region in the
magnet gap.

The resulting HR-60, announced
in 1958, immediately showed that its
problem-solving ability was vastly

superior to that of the HR-40. It was
a commercial success but, more im-
portant, it was a vehicle for demon-
strating what we so firmly believed
at Varian: Overcoming sensitivity
and spectral complexity problems
would open up unlimited NMR appli-
cations in the fields of chemistry and
biochemistry.

Large numbers of chemists began
turning out at our presentations to
ACS sections, Gordon Conferences,
and analytical chemistry meetings.
By 1960 I had described the princi-
ples of NMR spectroscopy and the
potential of its chemical applications
to ~20,000 people. Many audiences
were in other countries; Varian pro-
vided a generous travel budget, be-
lieving that it was a good investment
in the market for the growing family
of NMR spectrometers. That led to
the rapid acceptance of the technique
throughout the world.

In October 1957 the Instrument
Division held the first of a series of
annual workshops on NMR spectros-
copy. The workshops provided a com-
prehensive picture of the current
state of the art for chemists seriously
considering the use of the new and
still fairly mysterious technique. The
faculty of Varian physicists, engi-
neers, and chemists discovered that
working together in that combined
educational and promotional venture
had a further value: It solidified mu-
tual respect among the disciplines
and gave the whole group a sense of
direction.

As the interest in NMR spectros-
copy increased, Rogers and I began
considering various analytical meet-
ings and instrument exhibits; we
were planning to participate and, if
possible, to operate a spectrometer in
the midst of a crowd. In 1957 we de-
cided to attend the Pittsburgh Con-
ference, which was meeting for the
ninth consecutive time on the elev-
enth floor of the William Penn Hotel
in Pittsburgh. Our experiences there
confirmed that the exhibitors at this
meeting were indeed our kind of peo-
ple and that the attendees repre-
sented an excellent cross section of
potential NMR instrument users.

We asked about booking space for
1958 and were informed that the
only remaining space suitable for a
monster like a high-resolution NMR
spectrometer was out in the hallway
adjacent to the elevators, a corner
booth about 15 ft. square. The booth
was somewhat larger than most, but
the location was deemed undesirable
because of the traffic around the ele-
vators, so the price was right. Hav-
ing no other choice, we booked it and
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the next year brought an HR-60 to
display.

Taking a 5400-pound magnet to
the eleventh floor in an elevator can
be a challenging and exciting project.
Providing it with cooling water and
three-phase 220-V power in a hotel
added to the excitement. We also had
some problems with stability during
our first attempt to operate the in-
strument, but those were resolved
when our electronics wizard, Forest
Nelson, realized that we had placed
the magnet against the wall of the
elevator shaft. The arrival and de-
parture of the elevator did terrible
things to the spectra, but because
magnetic effects fall off rapidly with
distance, the problem was solved by
moving the magnet to the other side
of the exhibit space.

Far from being a problem, the traf-
fic at the elevator was a great asset.
Everyone who planned to enter the
instrument exhibition was greeted
by the sight of the Varian booth with
its gargantuan magnet. It was like
being at 42nd Street and Broadway;
everyone passed by, and most of
them stopped to look. The HR-60,
successfully installed, proved to be a
smash attraction. Over the years,
other instrument exhibits claimed a
share of the promotional budget, but
none of them contributed as much as
the Pittsburgh Conference to ex-
panding chemists’ awareness of this
new kind of spectroscopy.

About the same time, seeking a
wider readership for “NMR at
Work,” we explored the availability
of advertising space in the Journal of
the American Chemical Society. We
found that the only full-page adver-
tisement available was the maga-
zine’s back cover. We had misgivings
but contracted for the space. The ad
caught on. We were told on many oc-
casions that the first thing our audi-
ence did was turn the magazine over
and find out what was new in the
NMR field. In all, nearly 100 differ-
ent “NMR at Work” examples were
published.

The wider readership brought
hundreds of samples pouring into the
Applab for analysis. We were forced
to select those that would produce
results that could be published and
also pushed the limits of NMR tech-
niques. It was an enormous and
stimulating privilege for me to col-
laborate with leaders in many fields
of chemistry throughout the world.

Pushing the limits: the HR-100

Once the magnet for the HR-60 was
developed, we immediately set our
sights on the highest field that the

The A-60 spectrometer intrduced in 1961 at the Pittsburgh Conference.

magnet could reach while keeping
constant the ratio of pole face diame-
ter to gap, thereby maintaining a
reasonably homogeneous volume.
The narrower gap required a re-
designed sample probe and stabilizer
coils. Magnetic saturation of the iron
set a practical limit of 23,490 G, cor-
responding to 100 MHz. The resolv-
ing power of the new instrument was
better than 1 part in 10%; astrono-
mers, using a telescope with equal
power, would be able to see two cats
on the moon sitting a foot apart. The
resulting product, the HR-100, was
the world leader in chemical shift
dispersion and sensitivity from the
time it was introduced in 1959 until
the first high-resolution supercon-
ducting magnet was built at Varian
in 1962.

Quantitation. From the outset,
NMR spectroscopy enjoyed a funda-
mental advantage for quantitative
work: The various signals being com-
pared all arise from the same spec-
troscopic transition. The protons in
different parts of a molecule or in
different molecules all have the same
transition probability and therefore
can be compared directly—unlike
UV-vis and IR spectroscopy, which
account for differing absorption coef-
ficients. Assuming identical line-
widths, all that was required was to
compare the amplitudes of the peaks,
or—for signals of different widths—
the total area under the peaks. Un-
fortunately, whereas the electronic
integration of peak areas was
straightforward, the stability of the
dc amplifiers was inadequate. The
minute drifts in the baseline intro-
duced large errors in the integrals.
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The drift problem was solved by
modulating the magnetic field at a
fixed 2-kHz frequency and selecting
the ac signal components while sup-
pressing the sidebands with a bal-
anced phase-sensitive detector. Am-
plification at this audio frequency
was free of dc drift, the effects of
probe balance, rf level, and stray
pickup. In 1960 I wrote an article in
which I showed, both theoretically
and experimentally, that NMR sig-
nals from chemically shifted protons
could be compared with an accuracy
of 1% or better using this approach
(4). The model 3521 NMR integrator
became a valuable accessory for lab-
oratories with HR-60 or HR-100
spectrometers.

Spin decoupling. The theory and
experimental verification of various
modes of spin decoupling were pub-
lished in 1955 (5). This technique
takes advantage of the long lifetimes
of nuclear spin states, allowing the
chemist to tamper with the energy
levels of the coupled system and to
deduce which nuclei share common
energy levels. Those showing cou-
pling must be located in atoms that
are close neighbors in the molecular
structure.

However, spin decoupling was not
routinely applied in spectral analysis
until 1961, when a minor modifica-
tion of the NMR integrator and the
addition of a variable-frequency
audio-oscillator made it possible to
irradiate a proton or group of pro-
tons strongly at any location in the
spectrum while detection occurred
for some other selected multiplet in
the spectrum. Leroy Johnson wrote
an article describing the modifica-



tions and how they worked, includ-
ing an example of the application of
spin decoupling to a structural prob-
lem (6). Earlier HR-60 and HR-100
spectrometers were retrofitted with
integrator/decouplers, and organic
chemists soon found that the analy-
sis of complex spectra could be
greatly facilitated with spin decou-
pling data.

The end of the beginning:
the A-60

There are times in the evolution of
an instrumental technique when the
necessary infrastructure is in place
and a significant leap forward can be
made. One of those times occurred in
1957, setting in motion events that
transformed both high-resolution
NMR techniques and the way in
which chemists used them.

With help from the R&D group,
Rogers and I developed a proposal to
embark on a four-year project that
would cost several million dollars.
The end product would be an afford-
able, reliable, conveniently sized and
shaped, proton-only spectrometer
with high stability and sensitivity.
Some specifications and features
were so far from realization that it
seemed a miracle had to occur in or-
der to meet them. But we believed in
miracles and had faith in ourselves
and our co-workers. So did Varian
Associates.

Our specifications called for a
6-in. electromagnet operating at
14,096 G (60 MHz) with resolution
equal to that of the 12-in. electro-
magnet of the HR-60. But we wanted
the new magnet styled to fit into a
laboratory environment. The console
would have an attractive, user-
friendly cabinet for electronics, a
control panel with logical groupings
of controls, and a flatbed recorder for
producing the NMR spectrum on a
large precalibrated chart. The con-
sole also had to incorporate a method
of locking the ratio of magnetic field
and frequency.

The instrument would scan the en-
tire proton NMR spectrum (a little
less than a 10-ppm range) slowly
enough to avoid distorting the NMR
lineshapes (as long as 500 s) while
reproducing the spectrum within the
pen width on the chart. The sensitiv-
ity for a 5-mm sample had to be
comparable to that of the HR-60. In
addition, the instrument had to be
simple enough that any organic
chemist or graduate student could
operate it with the aid of the man-
ual. Its reliability would be one-year
mean time to failure. And all of this
was supposed to cost only a little

more than the better IR instruments
and considerably less than a labora-
tory mass spectrometer.

The project was funded and man-
power assigned in 1957. John Moran,
the project engineer who coordinated
the team of engineers, physicists,
and artists, used a new method of
critical path analysis to keep the
project on schedule and within bud-
get. An applications chemist was as-
signed to the project to see that pro-
totype performance continued to
meet the requirements when engi-
neering compromises had to be made.

The code name for the project was
ASP. That was not a symbol for a
venomous attack on competitors,
some of which had appeared by this
time, but rather an acronym for the
project schedule: As Soon as Possi-
ble. We thought long and hard about

the model designation, which we
hoped would become a household
word to chemists. We finally settled
on the A-60, A for analytical, and 60
for the frequency and what we hoped
would be the year of release.

The toughest technical chal-
lenge—to lock the frequency to the
magnetic field—was solved in an in-
genious way. A small sample of wa-
ter in the probe near the analytical
sample was irradiated at 60 MHz
and modulated by an audio fre-
quency generated by closing a loop to
create a nuclear sideband oscillator,
or NSBO. The audio circuit would
oscillate only at a frequency that
placed the sideband exactly at the
water resonance line frequency. The
very rapid response of the device
made it easier to regulate the mag-
net, thus lessening the demands for
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Figure 3. Two of the 700 spectra from the Varian spectra catalog, first distributed

in 1961.
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stability on both the power supply
and the flux stabilizer.

The final test of the prototype (see
photo on p. 738 A) that would be in-
troduced at the 1961 Pittsburgh
Conference is a particularly happy
memory for me. I put a sample into
the instrument, adjusted the resolu-
tion, and ran a spectrum on the pre-
calibrated chart. It was perfect. But
could the A-60 reproduce a spectrum
with the fingerprint quality of the IR
instrument? I moved the pen back to
the start and restarted the scan. I
was momentarily distracted, and
when I looked back I saw only one
line on the chart. “Why didn’t the
second scan run properly?” I asked.
The answer came back, “It did!”
Amazed and almost incredulous, I
returned the pen three more times.
It laid down five identical spectra
with a single trace showing on the
paper! At that instant, I knew that
the field of organic chemistry would
never be the same again.

We decided that if chemists became
familiar with a standard format for
the NMR spectrum, they would de-
velop a feel for the interpretation. To
that end, we prepared a two-volume

catalog containing 700 spectra of a
carefully selected variety of chemical
compounds (7). The catalog, which
was shipped with each A-60, was
available to anyone at a nominal cost.
(Figure 3 shows a page from the cata-
log.) Over the years, it became the
laboratory companion for numerous
organic chemists.

During the late 1950s a contro-
versy was brewing in the scientific
community regarding the presenta-
tion of spectral data. One group fa-
vored establishing the reference
peak, tetramethylsilane (TMS), at 10
ppm, with the 10-ppm spectral scan
beginning at 0 ppm and increasing
from left to right. At Varian we fa-
vored a system with TMS at 0 ppm,
beginning at 10 ppm on the left and
decreasing from left to right. Argu-
ments could be made for both sys-
tems, and the NMR world was break-
ing into two camps. The design of the
A-60 precalibrated, printed chart
backed up by the catalog of 700 spec-
tra made it easier to decide. The
other system fell into disuse.

The A-60 met with overwhelming
acceptance. More than 120 instru-
ments were sold the first year, and

during its lifetime, more than 1000
were shipped. It proved exceptionally
reliable and sturdy, and it became
more than just an analytical tool; for
many chemists it became the instru-
ment of choice for following the
progress of synthetic work and ana-
lyzing the structures of synthetic and
natural products. NMR spectroscopy
had come of age, and we had come to
the end of the beginning.

By current standards, the A-60
looks like a primitive instrument,
but its capabilities could hardly have
been imagined a decade earlier. It
clearly triggered an avalanche of ac-
ceptance of NMR spectroscopy. From
the time it was introduced, improve-
ments have continued at an acceler-
ated rate. The 1960s saw the appli-
cation of superconducting solenoids
to high-resolution NMR spectros-
copy, the invention of the pulsed FT-
NMR spectrometer and its marriage
to the digital computer, and the de-
velopment of a vast body of data and
solved problems. The 1970s brought
polarization transfer experiments,
laid the groundwork for multidimen-
sional NMR spectroscopy, and sent
problem-solving power soaring along
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with the field strength of supercon-
ducting magnets. The 1980s wit-
nessed an explosion of new two-
dimensional experiments capable of
giving selective information and a
growing understanding of the spin
dynamics of nuclear spin systems.
We entered the 1990s able to solve
problems that in the 1950s were
never, in our wildest flights of imag-
ination, possible to attempt.

Being part of the beginnings of
NMR spectroscopy was a great privi-
lege and the source of much personal
satisfaction. Being asked to recount
those experiences at the Pittsburgh
Conference has enriched the plea-
sure of seeing our faith vindicated
and our fondest dreams surpassed.
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