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INTRODUCTION

Few persons would dispute the assertion that advances in
technology have profoundly affected recent history. Yet the process
by which technology is developed, refined, and brought to produc-
tion is both complex and subtle, and it evades easy generalizations.
But the very difficulty in grasping the nature of technology develop-
ment should serve more as a spur than as a barrier to understanding.
For one thing, the subject has a strong intellectual fascination. More
important, technology affects each of us, whether we assist in
developing it, consume it, invest in it, or pay taxes to finance it. This
book looks at some of the institutions in which technology develop-
ment occurs. For reasons explained below, we have selected for close
examination primarily those laboratories operated by or managed for
the Federal Government. And we want to answer one question: What
do these institutions do and how well do they do it?

This might seem a fairly easy question to answer. The surprising
thing is how few attempts have been made to answer it and how few
of those have transcended the obvious. There are excellent studies of,
for example, the functioning of large organizations, the formulation
of science policy by the Federal Government and some large private
enterprises, the genesis of scientific concepts, and the sociology of
scientific disciplines. What we lack are accounts of the working of in-
stallations on the order of the National Bureau of Standards, the
Naval Research Laboratory, or Oak Ridge National Laboratory,
where much of the most advanced technology has been developed.
No doubt, we could account for this lack in several ways: Scientists
and engineers may not have found the right words to explain what
they do; the compartmentalization of research and development
makes it difficult for anyone to see the institution whole; and, in
some of the larger laboratories, the best work often occurs entirely
outside formal organizational channels. Whatever the reasons, we do
not have a succinct account of how large technology development
laboratories operate. This book is intended to provide such an ac-
count.

But that account is possible only within self-imposed limitations.
Except in passing, we will have little to say about technology develop-
ment in agriculture, medicine, geology, or the social sciences —say,
the development of computers specifically designed to manipulate
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THE MANAGEMENT OF RESEARCH INSTITUTIONS

large data bases. Instead, our focus will be on the systematic use of
scientific knowledge to produce large, complex hardware systems:
spacecraft, advanced weapons, nuclear reactors, aircraft, and elec-
tronic systems such as radar. This is the most visible and certainly the
most expensive kind of technology development sponsored by the
Federal Government and the very large private corporations, which is
one reason for examining it. A second reason is that these institutions
manifest the issues of “Big Science” in their most acute form: How do
we translate basic scientific concepts into operating systems? How do
we break down the compartmentalization between scientists and
engineers? How do we permit discretionary research within the limits
of a rulebound community? How do we redirect institutions as their
larger programs are completed? And how do we maintain a certain
necessary distance between the laboratory and its sponsoring agency
or corporation?

A third reason for studying the large technology development
laboratories is that the programs that serve to justify their existence
are massive social facts. In one way, this only states the obvious,
since laboratories on the order of Los Alamos National Laboratory
or the Marshall Space Flight Center are vital to the economies of the
regions in which they are located. We mean rather more. Quite sim-
ply, the aircraft and integrated-circuit electronics industries would
have developed quite differently without the stimulus provided by
federally-sponsored defense and space programs or the protocols and
measurement tools developed at the National Bureau of Standards.
The work of large Federal technology development laboratories and
the large privately-sponsored ones served to set the direction that cer-
tain major industries —much of what is now fashionably called “high
technology” —have taken.

In sum, the large technology development laboratory has been
an important (though not easily quantifiable) element in American
economic growth. Whether such laboratories can be directed by some
central agency or the White House toward stimulating economic
growth is still an open question. The notions that the laboratories can
produce innovation on demand as part of some ill-defined “industrial
policy” or that they constitute a republic of science whose members
are accountable only to each other are also very questionable. The
role of the large technology development laboratory is limited
because it is important, important because it is limited. There is no
sense in squandering national resources, and the roles of government
and most commercial laboratories—or rather, laboratories whose
missions are to produce commercial products—are not inter-
changeable. In the course of this book, we shall argue that most
government laboratories exist to do work which commercial firms

X



A Look AT GOVERNMENT LABORATORIES

have no incentive to do; to provide a portfolio of technical concepts,
some of which may be taken up by the parent organization once cur-
rent programs end; above all, to define those technology programs
whose actual development will be mostly in the hands of industrial
contractors. If our book is biased in favor of any thesis, it is that the
greatest strength of the technology development laboratory is in basic
and applied research and not (with rare exceptions) in product
development.

This book, then, is intended as an introduction — for scientists,
research administrators, students in technical areas, and the general
public—to a subject that has not received the treatment it obviously
deserves. Specifically, it is designed to accomplish three things deriv-
ing from our original question: to describe how technology develop-
ment laboratories really operate; to identify conditions that militate
in favor of or against the performance of a laboratory’s mission; and
to draw certain conclusions as to how such laboratories should be
managed. Of course, the conclusions should follow logically from
the analyses that preceded them. If our analyses are correct, we shall
find that successful diversification is most likely to occur in areas
closely related to the laboratory’s core mission, or that the existence
of a technical capability in a laboratory sometimes triggers a national
or a corporate policy based on that capability.

Our work melds (or tries to meld) two viewpoints, two quite dif-
ferent kinds of experience. One of us is a physicist by training, a
research administrator by profession, and a student of the history of
science by avocation. The other is a social scientist specializing in the
study of large technology-based organizations. We hope that our col-
laboration, based as it is on differing experience and perspectives,
has been fruitful, though it has not always been easy.

The Management of Research Institutions originated as a course
of lectures first delivered by one of the authors (Mark) as a Con-
sulting Professor at Stanford University during the 1974-1975
semester. These lectures are the nucleus of this book. But in the proc-
ess of trying to get our thoughts down, the book outgrew its original
framework; we dropped several lectures, expanded others, and added
much completely new material —some two-thirds of the text. We
have tried, however, to retain the immediacy and spontaneity that
mark a good lecture.

While we take full responsibility for everything in the text, we
feel that, insofar as we accomplished what we set out to do, much
credit is due to those persons who encouraged us, criticized our
drafts, and eased the pains of bringing a book to press. John V.
Foster, former director of Development at the NASA Ames Research
Center, and Dr. Chester M. Van Atta, former associate director of
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the Lawrence Livermore National Laboratory, participated in
developing the material for the original lecture series. Jeff Struthers,
of the Office of Management and Budget, Dr. Sylvia Fries, director
of the NASA History Office, and Dr. Malcolm Currie, executive vice
president of the Hughes Aircraft Company, read through our drafts
and offered penetrating criticism. Many institutions patiently
answered our requests for photographs and technical data, and we
are pleased to acknowledge their assistance at appropriate points in the
text. At NASA, Dorothy Kokoski cheerfully supervised our drafts as
they went through typing, and Eleanor Burdette of the NASA
Technical Library supplied research materials as and when we needed
them.

Finally, we acknowledge the help of the late Frank “Red”
Rowsome in bringing two very different authors together and making
this work possible. This book is dedicated to his memory.

Hans Mark
Arnold Levine
Washington, D.C.
August 1984
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CHAPTER |

What is Technology Development?

The Nature of Technology Development

There are certain assumptions in any era that are both widely held
and at least partially true. One of these is the belief in a correlation
between investment in scientific research and national productivity.
Science, so the argument would run, generates technologies which alter
and enrich the fabric of our lives. What was once slow and largely
unconscious has now become a managed process. As Alfred North
Whitehead wrote sixty years ago regarding the nineteenth century, “A
new method entered into life. In order to understand our epoch, we can
neglect all the details of change, such as railways, telegraphs, radios,
spinning machines, synthetic dyes [or: transistors, communications
satellites, computers, nylon, radar, microelectronics]. We must concen-
trate on the method itself; that is the real novelty . . .” (ref. 1.) What has
happened since Whitehead wrote these words confirms their truth.
Technology, conceived as a technique for mobilizing human energies and
for making the most effective use of technical talent, is the dominant
force in driving the economies of modern industrial societies.

But the success of modern product- and mission-oriented technolo-
gical research is, paradoxically, an obstacle to understanding what has
made its accomplishments possible. The inevitability with which research
concepts appear to lead to operating systems is spurious. On the one
hand, there are many urgent social problems for which the requisite
research and development support does not exist; on the other, as Nathan
Rosenberg observes, the rate of diffusion of new technologies is
intimately linked to the speed with which they come to offer distinct
economic advantages over old technologies, which may continue to be
improved, or to offer economic advantages for specific uses.” (ref. 2.)
The successful development of new technology is almost always difficult
and uncertain, depending both on the customer’s needs and on the speedy
transfer of knowledge between disciplines. How the process of
developing new technology occurs in one set of institutions — the
mission-oriented Federal laboratory — is the subject of this book.

For our purposes, technology development can be defined thus: It is
the systematic use of the knowledge and understanding gained from
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scientific research directed toward the production of useful materials,
devices, or methods, including design and construction of prototypes and
demonstration of processes. (ref. 3.) This definition is broad enough to
cover many of the categories used by other writers — and we mean it to
be broad. Starting from a broad definition, we can avoid those subtle
arguments which sprout like toadstools in the literature on science policy.
For example: What are the differences among strategic research, product
research, process research, and operations research? At what precise
point does applied research become development? There would be
nothing wrong with precise definitions, if they did not often lead to
unproductive arguments about what an institution actually does —
hardening of the categories, as it were. There have even been cases where
a Federal laboratory would have reported no basic or applied research if it
adhered strictly to definitions laid down by the National Science
Foundation.* It is better to start with something comprehensive, refining
our categories as we proceed.

Compared to the events that Whitehead discussed, the pace of
technology development has accelerated immensely. (This is true both in
absolute and relative terms, as any reader who owns a pocket calculator
or personal computer or who plays video games can attest. Five years ago
these items were either unavailable, or available only at prices beyond the
reach of ordinary consumers.) In the case of major space and weapons
systems, there must be simultaneous advances along a broad front: in
electronics, materials, guidance and sensor systems, data processing, and
the like. Of necessity, such research draws on many disciplines, since the
problems to be solved are extremely complex; in some cases, new
specialties combining several disciplines, like astrophysics and biochem-
istry, are created.

In this setting, the role of basic research becomes problematic. In

* There is something both amusing and depressing about arguments over what a
research organization is doing. A study by the Congressional Research Service of the
National Bureau of Standards (NBS) notes that different observers saw the Bureau doing
different things. In 1970 and 1971, the Bureau responded to a survey by indicating that it
was spending between $13 and $15 million annually on basic research. But at a 1971
congressional oversight hearing, the NBS Director “testified that only $3 million was
being dedicated to basic research. Later he explained the apparent discrepancy by
suggesting that the first figures reflected the judgments of individual scientists about their
work rather than the, presumably, more accurate estimates of top management. As he
subsequently told the Visiting Committee, ‘if that’s how the NBS staff view their work
from a motivational view, that is fine.’” Congressional Research Service, The National
Bureau of Standards: A Review of Its Organization and Operations, 1971-1980. A study
prepared for the Subcommittee on Science, Research, and Technology, U.S. House of
Representatives, Committee on Science and Technology, 97th Congress, 1st Session
(May 1981), p. 110.
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basic scientific research the purpose is to find out why things happen as
they do in nature. It depends on experiment and theory to devise a
structure for some finite element of the natural world. The emphasis is
always on the word “why.” But for all the lip service paid to basic
research, the proper relation between it and technology development is
not susceptible to a once-for-all solution. The objectives of basic research
are not always easy to define, and frequently the only quality
control — whether a piece of basic research is good or not — is provided
by the researcher’s colleagues and collaborators. Moreover, research per
se is seldom the objective of a product-oriented institution, or even of
most publicly or privately sponsored research installations. The purpose
of a space probe may be to expand our knowledge of the universe, but the
goal of the installation managing its design is to produce an operating
system within the time and budget allotted. Often, advances in basic
research may be more a permissive than an active element in determining
what kinds of technology development will be on the agenda. Indeed, the
relation can and does run the other way: A technological breakthrough
can be a stimulus to basic as well as product-oriented research, as
producers and users try to understand, and thereby improve, the original
innovation. A breakthrough, as Rosenberg has said, may signal “the
beginning of a series of new developments of great importance, not their
culmination . . . the development of the transistor or the explosion of the
first nuclear device or the first achievement of heavier-than-air flight is
really the announcement of a new set of possibilities far more than their
attainment.” (ref. 4.) There is nothing predetermined in deciding what
kinds of development will be undertaken, especially where improvements
in existing systems are to be more than incremental.

It can be argued that one of the most important changes in the way
that technology is developed is that, over the past twenty years, we have
come to understand the process so much better. If they are so inclined,
research administrators are in a position to know that the lines between
research and technology development run both ways; that the introduction
of new technologies often marks only the beginning of a process of
discovery; that the needs of government agencies have stimulated civilian
industries, notably in electronics; and above all, that the decision to
sponsor a major program of technology development always represents a
political choice. Up to the eve of the Second World War, the rate of
scientific advance was such that scientists, research managers, and
government officials often perceived technology developments as flowing
directly from scientific discoveries. Each new discovery was, in due
course, developed into new technology and then into engineering
projects; examples that come to mind include Roentgen’s discovery of
X-rays, James Clerk Maxwell’s theory of electricity and magnetism, and
John Dalton’s atomic theory.
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This is no longer true. Since technology development is generally
very expensive compared to basic research, choices must be made. We
simply do not have enough money to support all the possible
developments that could be based on current knowledge. For example:
Should we or should we not develop the technology to extract thermal
energy from the oceans? Should we or should we not develop the
technology of moving earth with nuclear explosives? Should we or should
we not develop hypersonic passenger aircraft? All of these things
probably could be done if the decisions to undertake the necessary
technology developments were made, since the knowledge on which
these developments would be based already exists. Yet for reasons of
public policy, none of these programs has been undertaken. Our
mechanisms for making choices regarding the initiation of new
technology developments are still rudimentary. We have, as subsequent
chapters will show, an established pattern, but it is not at all clear that this
pattern is properly geared to the needs of our society.

Thus technology development mediates between basic research and
engineering — that is, the application of the mathematical and natural
sciences to develop ways to utilize the forces of nature for human benefit.
Where a particular field of study attracts a sufficiently large group of
workers under an established name, they tend to form professional
societies, start their own specialized publications, and organize
departments within the university, leading to recognition by the scholarly
community. Sometimes the origin of such a field lies in the recognition of
a need (the splitting of engineering into electrical engineering, civil
engineering, etc., and more recently, into systems engineering and
biomedical engineering), and sometimes in combining two previously
separate disciplines. In contrast to basic research, technology develop-
ment tends to be a group activity rather than an individual enterprise.* In
contrast to engineering, the time scale is longer and the costs —
anywhere from ten million to billions of dollars — greater than for all
but the largest engineering projects. The reasons for undertaking
technology development have included, for example, a perceived crisis
such as that leading to the development of radar and nuclear weapons in
the Second World War, or some large perceived profit if the technology
succeeds, as in the case of Polaroid-Land cameras and very large scale
integrated circuits.

* The difference is much more one of degree than of kind. Basic research in such
disciplines as high-energy physics and astrophysics is a group activity demanding access
to sophisticated facilities and a large supporting staff. By comparison, companies such as
Hewlett-Packard and 3M have deliberately kept their engineering and product
development teams small. Yet there is still a difference in scale between a weapons
development program and an experiment to detect the presence of neutrinos.

4
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To summarize the argument to this point: Technology development
is the process by which newly developed scientific principles are brought
to the point where they can be applied in an engineering sense. Typically,
the time between the beginning of a project and its completion (lead time)
is on the order of five to ten years; a really large program, like the lunar
landing mission, may cost billions of dollars. It has become increasingly
clear since the 1960s that such programs — some of whose features will
be discussed in the next section — cannot be managed successfully in
terms of a classical hierarchical structure. What we are dealing with here
is the “large-scale endeavor,” a concept applied to his agency by the
former Administrator of the National Aeronautics and Space Administra-
tion (NASA), James Webb. The endeavor characteristically results from
a new and urgent need or a new opportunity created by social, political,
technological, or military changes in the environment. Most often, it
requires “doing something for the first time and has a high degree of
uncertainty as to precise results” and it will have second-and third-order
consequences, often unintended, beyond the main objective (ref. 5). A
large-scale endeavor is so complex that senior executives in the
sponsoring organization cannot be expert in all facets of the operation.
“They must delegate important responsibilities to lower echelons and then
find ways to make sure the delegations accomplish their purposes without
harmful compartmentation.” (ref. 6.) The organization must be adaptive;
“no longer can you have a grand idea and then go to work and cut and fit
and try.” (ref. 7.)

Webb’s description can, of course, apply to many endeavors besides
the space program. Recent examples include the attempt to build and
operate a national rail passenger network, to develop a strategic
petroleum reserve, to build the Alaska pipeline, and many programs
related to the national defense — all share many of the features Webb
enumerates. But space and comparable programs have had certain
advantages, stemming from the nature of their missions, in attaining their
goals which most of the endeavors named above lacked.

Consider the American civilian space program of the 1960s. Goals
could be stated in precise, operational terms. NASA would describe a
goal within the broader mission: Put a communications satellite in
synchronous Earth orbit; or, develop an unmanned spacecraft to soft-land
on the Moon and a vehicle with a liquid-hydrogen upper stage to launch
it. Such precision may be contrasted with those Federal agencies charged
with improving the quality of education, fighting alcoholism and drug
abuse, or finding permanent jobs for the hard-core unemployed. As
Lindblom and Cohen have noted, “government agencies are again and
again assigned . . . responsibilities beyond any person’s or organization’s
known competence. They do not typically resist these assignments
because they are funded and maintained for their efforts, not for their

5
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results.” (ref. 8.) However this contrast developed, technology
development managers have the tools and resources to deal with many
technical unknowns and overcome enormous problems of time and
budget. This book is about the logic of this process as it applies to
Federally sponsored institutions.

The Federal Technology Development Laboratory

So far we have discussed technology development as a general
category, without much regard to the sponsoring organization. At this
point, it would be well to define those features which distinguish Federal
from privately-sponsored research and technology development. Howev-
er one defines technology development, the Federal Government is doing
a lot of it. In 1981, Federal spending on research and technology
development amounted to roughly $40 billion, compared to $34 billion in
the private sector (ref. 9).* While some two-thirds of Federal research
and technology development obligations go to industrial firms or for basic
research carried on by universities, the remainder is done under direct
Federal supervision, whether through field installations run by govern-
ment employees, non-profit contract research centers, or government-
owned, contractor-operated facilities.** The impact of these programs
alone would be sufficient reason to discuss them; a really large
development program like Apollo at its height employed over 400 000
persons and generated $24 billion in expenditures, all of which — as
NASA officials liked to point out — were spent on Earth. What makes
Federal technology development distinctive?

First, while there is no “typical” Federal research installation, many
of the larger ones combine basic research with engineering and
technology development. NASA’s Ames Research Center, for example,
has engaged in basic research, notably in the life sciences; it has been the
systems manager for the Pioneer series of interplanetary probes; and its

* But according to the National Science Foundation, 1983 was the first year in which
corporate expenditures, at $41.7 billion, exceeded government research spending. Mark
Potts, “U.S. Companies Probe Technology’s Frontiers,” Washington Post (January 8,
1984), G14.

** According to the National Science Foundation (NSF), about 24 percent of
Federally-supported Research and Technology Development is carried on in some 700
laboratories directly operated by government personnel. Another 9 percent is carried on in
so-called Federally-funded research and development centers, which normally work
exclusively or mainly for a single sponsoring agency. For the purposes of this book, both
kinds of organization are considered to be engaged in intramural research. See Chapters
VII and VIII for a discussion of the role of the research and technology development
laboratory working under contract to a single sponsor. On trends in Federal research and
technology development obligations, see NSF, Federal Funds for Research and
Development, Fiscal Years 1981, 1982, and 1983 (NSF 83-320), Section 2.

6
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wind tunnels and other test facilities have placed Ames in the forefront of
aeronautical research. This combining of activities is not fortuitous. As
recently as the early 1960s, it was still possible for engineers at the NASA
Marshall Space Flight Center to build a large part of the lower stages of
the Saturn rocket. Today, the role of centers like Ames and
Marshall — as different as they are in other respects — is rather to draft
the specifications, plan the program, select the prime contractors,
evaluate contractor and system performance, and certify that all design
criteria have been met. The ability to carry on some basic research is a
necessary part of a mission-oriented center’s activities. Basic research in
life sciences or materials processing serves many purposes. It serves to
attract many of the most capable scientists, particularly where Federal
salaries are not competitive with those paid by industry for development
work. It lays the groundwork for future programs; keeps professional
staff abreast of state-of-the-art developments; and, where the agency has
more than one research center, makes a cross-fertilization of ideas
possible.

From this account, a second important feature of the Federal
technology development laboratory, whether it is a NASA center, the
National Bureau of Standards, or a research facility operated under
contract to the Department of Energy, emerges. This is the need to draw
on the support of industry and the universities to achieve its ends, or what
one observer has called “participative responsibility.” (ref. 10.) Because
weapons systems, space, and many energy projects are truly national
projects, the sponsoring agency must go outside the walls for the skills
and expertise necessary to take the project from concept through proof of
concept to the final operational phase. The agency does not stand in
relation to its contractors simply as customer to vendor. In many cases,
the “customer” cannot state very precisely in advance what kind of
operating system is desired. It is this feature which accounts for the long
lead times and cost overuns of certain space and weapons systems. The
role of the technology development center becomes one of working with
the contractor, making midcourse corrections where the program or
project changes its scope, and in some cases dropping a particular
approach once evidence accumulates that it is not an attractive one. Thus,
much of the research carried out at these installations is done, less for its
own sake, than to maintain the center’s ability to deal on equal terms with
its contractors.

Finally, a publicly-supported institution will have to make its case
before a multitude of public bodies. The laboratory’s budget, which
embodies its operating plan, will be reviewed by the Washington
headquarters of the sponsoring agency, the Office of Management and
Budget, and congressional authorizing and appropriations committees.
Compared to the secrecy enveloping most commercial Technology

7
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Development, even defense-oriented Technology Development is carried
out in a goldfish bowl. Yet in the absence of immediate payoffs, center
directors and senior agency officials must solicit that public support
without which no long-term mission can be sustained. For the laboratory
and its sponsor, the political arena becomes the Federal substitute for the
marketplace. They shop for constituencies as companies shop for
customers.

Because the Federal technology development laboratory is not
driven by the incentives of a market system, other incentives must be
found to take its place. The record of Federal laboratories in
commercial-type Technology Development is mixed at best. As one
writer notes, ‘“when government isn’t trying to develop anything for the
commercial market, it often produces commercial wonders; but when
government sets out to foster commercial innovations, it usually falls on
its face.” (ref. 11.) Instead, the laboratory’s mission serves as the driving
force, and perhaps the severest test to which a mission-oriented
installation can be put is how to react to the completion of the original
mission. The center may convert its facilities to new uses, look for new
sponsors, or sell a program to Headquarters in terms of existing
capabilities — or sometimes all three. It is safe to say that at least once in
the life of a large research installation, there will be an “agonizing
reappraisal” of its roles and missions. In many laboratories this
reappraisal is continuous.

While the primary focus of this book is the Federally-sponsored
technology development institution, there are at least two other ways of
“growing” technology. Some very large private organizations are capable
of maintaining mission-oriented technology development laboratories
similar to those sponsored by the Federal Government. The corporate
laboratory of General Electric (GE) in Schenectady, New York is a good
example. This institution was founded by Charles Proteus Steinmetz at
the turn of the century and was led and developed by the great Irving
Langmuir for two decades after the First World War. Both Steinmetz and
Langmuir were scientists of the first rank, but they chose to apply their
great talents to developing new technology rather than to doing pure
disciplinary scientific research. The function of the Schenectady
laboratory was, and is, to perform research and technology development
relevant to the manufacturing divisions of GE. Each of these divisions
also operates product development laboratories which focus on the
specific requirements of the manufacturing divisions. The function of the
corporate laboratory in Schenectady is to provide the broad technological
base on which the product development is based.

The American Telephone and Telegraph Company had much the
same arrangement before the Corporation was broken up in 1983 in the
aftermath of an antitrust case. The corporate laboratories in Murray Hill,
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New Jersey (the Bell Laboratories) provided basic technology
development for the corporation’s manufacturing arm, Western Electric.
Western Electric did operate product development laboratories, but these
depended on the Bell Laboratories for their technology. Similar
arrangements can be found in other large corporations such as E.I.
DuPont de Nemours and General Motors.

These institutions are like Federal laboratories in some ways, quite
unlike them in others. Insofar as these arrangements are comparable to
those of Federal agencies with technical responsibilities, many of the
conclusions drawn in this book with respect to the latter apply as well to
the former. The similarities extend to the number of disciplines under one
roof, the need for expensive facilities and large support staffs, the role of
the laboratories as sources of ideas for their parent organizations, and the
mission orientation of both kinds of laboratory. The chief difference is
that GE Schenectady and Bell Labs are oriented toward profits in a way
not possible for the Goddard Space Flight Center or Los Alamos National
Laboratory. At a laboratory like GE Schenectady, promising projects are
sometimes dropped in favor of others which may yield a greater return on
investment. To support funding for work on nuclear magnetic resonance,
an advanced medical imaging technology, GE has phased down work on
a successful project in ultrasonic medical diagnosis. Again, GE officials
decided that the development of new circuit-board technology had to give
way to a project in video bandwidth compression (ref. 12).

There is yet a third form of research and technology development,
where the sponsoring and research organizations are separate. Under
certain conditions, this “second party” technology development is quite
common in industry: where the individual firm is too small to conduct its
own research; where the industry is regulated, profits are guaranteed as a
reasonable rate of return, and there is little or no incentive for the
individual firm to conduct research in order to increase its market share;
and where the technology is very advanced. In the second and third cases,
even though individual firms may be quite large, it is still to their
advantage to organize cooperative ventures, with each member having
access to the research.

Thus the electrical utilities sponsor the Electric Power Research
Institute in Palo Alto, California; the gas utilities sponsor the Gas
Research Institute (Chicago); the property and casualty insurance industry
sponsors the Insurance Institute for Highway Safety (Washington, D.C.);
while fifteen computer and semiconductor companies recently organized
the Microelectronics and Computer Technology Corporation (Austin,
Texas) to do advanced research on supercomputers and artificial
intelligence. As we shall see in Chapter X, in much of the work
performed at the National Bureau of Standards, the Bureau acts as an
“agent” for other agencies, trade associations, and small-batch
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manufacturers. This way of developing new technology is as legitimate as
doing it oneself or selecting, and then closely supervising, a contractor
responding to an invitation to bid.

Having said all this, we would stress that some fraction of
technology development in the United States is performed in organiza-
tions that will not be treated in this volume. We are speaking here of
small, innovative, privately-financed corporations working in certain
important fields, where large capital investments are not a precondition
for producing new technology. The classical examples are, of course,
computer development and genetic engineering. In both cases, it has
proved possible to make critical contributions to new technology with a
first class staff but only small capital investment in equipment. In
contrast, this is not possible in aerospace, nuclear technology, materials
development, and certain military technologies such as the design of
warships. In all of these cases, large capital investments in equipment and
facilities are required before any technology development can occur. It is
in these areas that the Federal laboratories and those sponsored by the
very large private corporations become important.

Plan of This Book

Our focus will be the research installation as a whole, rather than
project management or systems engineering at one end or the sponsoring
agency at the other. Our subject will be the management of applied
research — its planning, organizing, performance, resource allocation,
administration, coordination, and evaluation. Our timeframe will be the
past twenty years, when many of the principal space and weapons
systems first came “on line.” The process we will explore is how the gap
between basic research and technology development, and between the
acquisition of structured knowledge about the universe and the systematic
use of that knowledge to create products or operating systems, has been
bridged. Our assumptions will be: that few mission-oriented technical
agencies are issued a blank check, and those few not for long;
consequently, that even in basic research, some objective must be
defined; that the task of the research administrator is to find some
non-market incentive in lieu of profit considerations to drive the
organization; that, in Federal installations, one of the problems of the
administrator is to reconcile the annual funding cycle with medium- and
long-range planning; and that another is to ensure that basic research and
technology development can somehow be made compatible within the
same installation. In sum, the theme of this book will be the management
of large research installations under conditions of normal financial
limits.

Rather than begin at once with an account of modern research
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institutions, we propose briefly to trace their development along a
wavering line running from the Institution of Prince Henry the Navigator
in the fifteenth century through the founding of the British Royal Society
in the mid-seventeenth century to the establishment of the great industrial
laboratories of Germany and the United States early in this century.
Chapter III will treat the period from the Second World War to the present,
with emphasis on those features of government-sponsored technology
development mentioned earlier: long lead times amid conditions of
uncertainty; difficulty in specifying end products; the necessity of
procuring services from outside the sponsoring organization; the creation
of contractual instruments to handle very large programs; and the
development of special management techniques for coordinating a
network of suppliers. The reader will note that many of these features
demand quite as much in entrepreneurial talent as in the skill needed to
exploit advances in scientific knowledge.

For the remainder of the book, we will focus on the administration of
the large technology development laboratories sponsored by NASA, the
Department of Defense, and the Atomic Energy Commission and its
successor agencies. In Chapters IV and V, we shall consider the
identifying features of modern research institutions — those features that,
whatever the difference in missions, are common to a contractor-operated
facility like the Jet Propulsion Laboratory, an agency facility like the
Ames Research Center, and a nuclear weapons development center like
Lawrence Livermore National Laboratory. From the structure of
institutions, Chapter VI turns to the management of projects, that
combination of centralized planning and control with decentralized
execution so characteristic of modern research institutions. Chapter VII
focuses on the management of professional personnel, with emphasis on
problems of career development and transition. Chapters VIII and IX will
cover supporting functions and the techniques by which institution
directors manage manpower and funds. In Chapter X, we shall consider
the relation between technology development institutions and their
sponsors, with special emphasis on congressional authorization and
appropriations cycles. The final chapter will gather all these threads
together by reviewing three major problems — or one problem with three
aspects — within the organization: how to adjust to changing roles and
missions, how to find or keep sponsors, and how to define the role of
basic research in an engineering environment. In sum, the question to be
answered (and the one being considered all along) is how innovation
within the organization can best be fostered and maintained.
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CHAPTER 1I

The Technology Development Laboratory
From its Origins to the Second World
War

The present technology development laboratory is a relatively young
institution with roots deep in the past. While we could jump immediately
into the problems of the contemporary research institution, to do so would
omit some of the most interesting parts of the story. Few institutions
wholly outgrow their origins, and today’s mission-oriented laboratories
are lineal descendants of the institutions established by the Royal Society
of Great Britain, the German chemical laboratories of the early twentieth
century, and the research bureaus sponsored by the Government of the
United States. Neither systems engineering nor contract research nor the
captive research facility with essentially one client emerged full-blown,
as the result of some inexorable process. Nor are the technology
development laboratories, on one hand, and the institutes devoted to
theoretical research, on the other, absolutely distinct. Such things as the
justification of research for utilitarian ends, the focusing of scientific
activity in a group, and the need to justify continuously the organization’s
goals, are common to both. Because the origins of both kinds of
institution are bound up with each other and because we believe that an
inquiry into their common sources can provide a deeper understanding of
today’s Federally-sponsored research, we chose to begin there.

Origins of the Technology Development Laboratory

If an institution is to be judged by the extent and duration of its
influence, the Lyceum of Aristotle was the most successful, as it was the
earliest, of all research institutions (ref. 13). Founded by Aristotle during
his last long residence in Athens (335-323 B.C.), the Lyceum was a
combination of university, research center, and scientific academy. Like
most research centers today, the Lyceum had a government sponsor,
Alexander the Great, who had been Aristotle’s pupil. The mission, as we
would say, of the Lyceum embraced a vast research program; unlike
Plato’s Academy, whose work was purely theoretical, the Lyceum had a
strongly practical bent, with important accomplishments in biology,
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psychology, and anatomy. The work of the Lyceum included assembling
a collection of maps and manuscripts, and the delivery of public lectures.
In fact, almost all of Aristotle’s surviving works consist of his lecture
notes. The Lyceum long survived Aristotle, and its influence extended
through the Middle Ages down to the seventeenth century, by which time
Aristotelianism had become a byword for a dry, hairsplitting philosophy
totally out of tune with the new system of the natural sciences. But in its
origins, the Lyceum was precisely the opposite.

Although the results of Aristotle’s research proved immensely
significant, his method of organized scientific research lapsed after his
death and had to be rediscovered some eighteen centuries later. The first
tentative revival of goal-oriented research probably occurred in the early
fifteenth century, when the growth of commerce made improvements in
navigation (especially the determination of longitude), improved ship
design, and improved artillery imperative. Perhaps the earliest institution
with the earmarks of a modern technology development laboratory was
the organization set up by Prince Henry of Portugal, or Henry the
Navigator (1394-1460) (fig. 1), near Sagres at Cape St. Vincent in
southwestern Portugal. Opinions differ about the nature of Henry’s
“laboratory.” One historian (J.H. Parry) states flatly that “the story of a
school of astronomy and mathematics at Sagres is pure invention,” while
another (Marie Boas) says that he set up “a veritable research institute” at
Sagres (ref. 14). From the little that we do know, certain conclusions
follow:

® Henry’s institution was multidisciplinary. We would not go so far as
Parry, since it appears that mathematics, astronomy, cartography,
navigation, and certain things connected with the preservation of
food and water were represented. In conducting the affairs of his
“laboratory,” Henry recognized the importance of establishing
relations with the creators of new knowledge. Thus he founded the
chair of mathematics at the University of Lisbon.

® The “laboratory” was mission oriented, since its purpose was to
master the art and science of navigation. According to Parry,
“Prince Henry placed gentlemen of his own household in command-
of the ships, and set them definite geographical objects to be reached
and passed. Thus from the habit of making fishing and casual trading
voyages along a relatively short stretch of coast, there developed a
programme of progressive, though intermittent, exploration much
further south.” (ref. 15.)

There was, then, a stress on applications and practical results
and — what is less certain — an interest in scholarship and research, so
far as these made the former possible. Henry wanted to open profitable
new trade routes, to convert pagans, and to make contact with any
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National Museum of Ancient Art, Lisbon, Portugal

FIGURE 1. — Prince Henry of Portugal (1395-1460). Prince Henry, also known as
Henry the Navigator, established what was probably the world’s first
technology development center in 1420.
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Christian rulers who might be found. To achieve these ends, he
encouraged improvements in cartography and navigational instruments.
Partly through his efforts, Lisbon, by the late fifteenth century, was the
most important center in Europe for practical astronomy.

The institution founded by Prince Henry in 1420 did not survive,
although it remained a center for the study and promotion of navigational
enterprises for some years after Henry’s death in 1460. We know, for
example, that Christopher Columbus spent several years at Sagres before
his epoch-making journey in 1492. However, it is probable that the
Portuguese Government did not realize the importance of what Henry had
started in Sagres. Thus, Henry’s institution was more of a short-lived
experiment than an enterprise with the base of support necessary to
become a permanent feature of Europe’s technological landscape.
Henry’s institute was finally completely destroyed by Sir Francis Drake in
his famous preemptive strike against Spain in 1587 — the “singeing of
King Philip’s beard” of our high school history textbooks — the year
before the Duke of Medina Sidonia led the Spanish Armada on its
abortive expedition against England. Did Drake realize how important
Henry’s institution was and thus make it a special target? It is interesting
to speculate, but we do not know.

There were, however, two concepts that Henry’s organization
showed in embryonic form — the yoking together of scientific
investigation to practical ends, and the concept of research as a
cooperative enterprise — with a promising future. But that future lay
beyond the Iberian Peninsula. First in Italy, followed by France and
England, groups of scholars met for discussions, to exchange ideas with
foreign correspondents, and, where funds permitted, to publish their
proceedings. The oldest such society devoted to scientific investigation
was the Academie des Lincei, founded in Rome in 1600, of which
Galileo was an active member. More significant was the informal society
founded by the French priest Mersenne in 1635, which brought together
scientists and philosophers like Descartes, Hobbes, and Pascal. This
society became the nucleus of the Academie des Sciences (1666) and,
through the activities of its founder, the nexus for scientific
communications throughout much of northern Europe.

By the mid-seventeenth century many of the preconditions for
technology development institutions existed. As we have seen, a network
for the exchange of ideas covered much of Europe; it became fashionable
among the clergy, the nobility, and public officials to dabble in scientific
experiments; while the new philosophy represented an attempt to
incorporate a scientific world view. The great philosopher Baruch
Spinoza, for instance, earned his living as a lens-grinder, and his
philosophy can be considered as an attempt to give a completely
naturalistic view of the world. But the most influential voice on behalf of
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organized scientific inquiry was that of Sir Francis Bacon (1561-1626),
politician, essayist, and propagandist for the scientific method. Although
his own scientific work was insignificant, Bacon saw very clearly the
importance of corporate scientific activity. In his Advancement of
Learning (1605) and especially in The New Atlantis (1627), Bacon set
forth the program adopted by the Royal Society forty years later. As Hall
puts it, “The object of Bacon’s model organization was not merely to
bring men together, but to set them to work in common on the tasks most
important for science, so that it resembled a scientific institute more than
a modern scientific society. The vast realm of natural knowledge, he felt,
was too vast for one man to tackle single-handed . . . To the efforts of
individual pioneers, as Sprat put it later in speaking of the Royal Society,
‘we prefer the joint Force of many Men.’ > (ref. 16.)

It was out of this soil that the Royal Society of London for
Improving Natural Knowledge grew. Like its counterparts in France and
Italy, it originated in meetings of private persons — in this case,
meetings that began during the English Civil Wars of the 1640s and
continued under Oliver Cromwell’s Commonwealth. The Society was
founded in 1660, only becoming “Royal” when it received a charter in
1662. In the beginning it was nothing but an association of gentlemen
who were friends of the newly restored Charles II. It had no laboratories,
its members received no government stipends, and it never had the funds
to sponsor the Baconian research program in which many of its members
believed. But absence of government funding also signified absence of
government control. The founders of the Royal Society were free to
pursue their interests, although from time to time they were called upon
by the government to provide scientific advice.

There were several features of the Royal Society which serve to
explain how it set the pattern for the establishment of learned academies
throughout Europe and elsewhere. While the Society benefited from a
cultural climate in which science was fashionable, it also did something
to create that climate. In its origins the Royal Society’s purpose was
strongly utilitarian, and a large portion of its early research was devoted
to socio-economic needs: to methods of determining a ship’s position,
especially its longitude; to studies of times of tides; to experiments in ship
construction and ship accessories; to studies of methods of mine
ventilation, metallurgy, and general mining techniques; to experiments
with gunpowder, measuring the velocity of bullets, and relating the
length of a gun barrel to the range of a bullet (ref. 17). The research
sponsored by the Royal Society could be justified on both practical and
religious grounds. Science was a means of increasing the nation’s wealth,
whether by increasing the depths to which mines could be worked or by
determining nautical longitudes; it could serve the interests of the state by
improving military technology; it was a mental discipline, better than the
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outworn Aristotelianism at which much of the Society’s propaganda was
directed; and in a country still under the cultural influence of Puritanism,
it was a means by which the glory of God’s handiwork could be revealed
(ref. 18).

Thus the Royal Society, in its origins, had a strongly practical bent,
which was reflected in what Bishop Sprat, the Society’s first historian,
called the “plain and naked” style of the papers delivered by its members.
For the Society was an agency, not only for producing new knowledge,
but for disseminating it. Beginning in 1665, the Royal Society published
its Philosophical Transactions, the first journal to print original scientific
communications regularly (fig. 2). Given a culture favorable to the
growth of science, the influence of such members as Christopher Wren,
Robert Hooke, and Isaac Newton (President from 1703 to 1727) and the
Society’s emphasis on applied research, the Royal Society did more than
any other institution of its day to promote the advancement of research
applied to social needs.

Much of the Royal Society’s work was carried out through
institutions with which it had working relations. The most important of
these was the Royal Observatory which was founded in 1675 as a separate
institution, although the Society came to exercise a “vague surveillance”
over it (ref. 19). The Royal Observatory (fig. 3) was located in
Greenwich, several kilometers downstream from London, at the site of
one of the royal dockyards. Once again, a mastery of navigation was the
motive behind much technology development. National power and
prestige depended on the ability to conquer, colonize, and then trade and
exploit, and this could only be done by securing the best possible ships
and the best trained crews. The first Astronomer Royal, John Flamsteed,
was an independent character, and the government recognized that if the
Observatory was to be useful in providing navigational data, it would
have to exercise control. To this end a Visiting Committee consisting of
Isaac Newton, Christopher Wren, and several others — all members of
the Royal Society — was appointed in 1703. The Visiting Committee
managed to gain control of the Observatory, thus establishing a pattern
that persists to this day, by which governments exercise control over their
technology development institutions through the various academies of
sciences. This implies programmatic, not administrative, control. The
administration of the Observatory then and of laboratories today goes
through different channels. But the program content of the laboratory,
then as now, tended to be determined by scientific and technical
committees representing the academy of sciences of the nation involved.

When Edmund Halley, who joined the Board of Visitors of the
Observatory in 1710, succeeded Flamsteed as Astronomer Royal ten
years later, the Observatory became more and more a prototype of a
technology development laboratory. Two examples will bear this out:
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The accurate measurement of longitude, and the voyages of Captain
Cook. While the major function of the Observatory from the beginning
had been astronomical observations and the production of accurate charts,
other problems began to attract the attention of the scientists and
instrument makers working there. The most famous of these problems
(and one that preoccupied the Royal Society) was the vexing one of
determining longitude.

FACIES  SPeCuLE  SEPTEN.

Royal Observatory, Greenwich, England

FIGURE 3. — The main building of the Royal Observatory at Greenwich. Designed by
Sir Christopher Wren and erected, 1675-80, it still stands and is still in use.

Latitude is easy to determine; all one has to do is to measure the
azimuth of the pole star and one can determine one’s latitude.
Determining longitude is much more difficult. There are astronomical
methods for determining longitude, but these tend to be difficult and
require a skill not often available to the average mariner, especially if the
measurements have to be made from the heaving deck of a ship. The
easiest way to determine longitude is to determine the local time by
measuring the Sun at its azimuth at noon and comparing it with
“Greenwich” time, i.e., the time at the Greenwich Observatory. Since the
rate of the Earth’s rotation is known, the longitude can be calculated from
this measurement. Obviously, this method requires an accurate clock or
“chronometer.” This problem was considered so important that a Board
of Longitude was appointed in 1714 under the Royal Society and a prize

20




A Look AT GOVERNMENT LLABORATORIES

of £20,000 offered for solving the problem of producing an accurate
chronometer. The prize was finally awarded in 1773 to John Harrison
who, over a span of forty years, developed five models (ref. 20). The
principal problem was to develop a spring clock with a constant tension
spring independent of the environmental conditions of temperature and
humidity. To do this, Harrison invented bimetallic strips, many of which
were tested in what today would be called “environmental test chambers”
located at the Observatory.*

The chronometer thus produced (fig. 4) was tested by Captain James
Cook on his three famous voyages (1768-1771, 1772-1775, 1778-1779).
These voyages were carried out under the joint sponsorship of the Royal
Society and the Royal Navy, and the Greenwich Observatory played an
important role in their development. They mark the high point of
scientific exploration in the eighteenth century. A Yorkshire native like
Harrison, Cook (1728-1779) was a remarkable character (fig. 5). He was
a farmer’s son, was completely self-taught, and rose in the ranks of the
Royal Navy through sheer ability. His three voyages served the interests
of science in several ways. On his first voyage he measured the transit of
Venus across the disk of the Sun from the island of Tahiti in 1769. This
measurement was necessary to establish precisely the parameters of the
solar system and was of great practical importance in establishing an
accurate calendar. On his second voyage Cook — who had failed to find
the “Terra Incognita Australis” the Admiralty thought might exist —
searched again for a southern continent. This voyage accomplished three
things: It marked the first important tests of Harrison’s chronometer;
Cook developed a cure for scurvy after assuming (correctly) that it was
caused by the lack of fresh fruits and vegetables in the sailors’ diet; and it
marked the beginning of the first thorough investigation of the large-scale
ocean currents and weather patterns in the Pacific. More than any other
person, Cook laid the foundations for the systematic study of Pacific
geography. '

From the late eighteenth century, the British Government, either
directly or through autonomous bodies, increased its sponsorship of
scientific research. The government maintained observatories at
Greenwich and the Cape of Good Hope and research laboratories at Army
and Navy installations; subsidized occasional expeditions, like the
voyage of HMS Challenger (1873-1876), one of the pioneer events in the
history of oceanography; and, beginning in 1849, made an annual grant
of £1,000 to the Royal Society, raised to £4,000 in 1882.

* The prize was awarded only after George III intervened personally, owing to the
reluctance of the Royal Society and the Board of Longitude to award the prize to a
Yorkshire clockmaker.
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FIGURE 4.— The Harrison Chronometer, the first clock with accuracy sufficiently
good for the precise determination of longitude at sea.

By mid-century, the government had created a pattern of aid to
science which was to have a lasting influence on science-government
relations in Britain and the United States. Where possible, the
government preferred to work through small committees of scientists
empowered to provide stipends for researchers and to consider grant
applications. And the scientists were ready to oblige. By this time a
well-organized scientific community had come into being with official
spokesmen, professional societies like the British Association, publica-
tions like Nature and a political program with a “lobby” to back it. This
program’ had three goals: financial support from the government, more
science in the university curriculum and, to make science policy more
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British National Maritime Museum, London, England

FIGURE 5. — Captain James Cook, Royal Navy, the most accomplished navigator
and explorer of the eighteenth century.

uniform, creation of a Ministry of Science with Cabinet rank (ref. 21).
But scientists had to contend with the reluctance of officials to extend
their spheres of influence or to initiate any policy that might mean some
increase in expenditure or staff, no matter how trivial. The government’s
conservatism extended to providing scientific and technical education.
Before 1870, there was no provision even for universal elementary
education, although there was nothing in it inconsistent with a
philosophy of economic liberalism. More important, no system of
secondary education (let alone advanced scientific instruction) was
possible until elementary education had been provided for.
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Put differently, in Britain (unlike Germany) the industrial revolution
preceded the educational revolution. To the extent that Britain did train
scientists for industry, it was emphatically not because of pressure from
manufacturers. Few industrialists understood either the value of planned
research or the relevance of a scientific discovery to industrial production.
The facts were public and notorious: the discovery of aniline by an
Englishman, Perkin, in 1856 and the transfer of the industry to Germany
within a dozen years; the total dependence of British industry on
Germany for scientific instruments; the fact that the crucial inventions in
the mass-production of steel were made by Bessemer, an independent
inventor, Siemens, a German resident in England, and Gilchrist Thomas,
a police-court clerk. The difference between British and German industry
was between one based on planned innovation and another based on rule
of thumb and non-standardized production. It is hardly surprising that few
university graduates chose scientific careers. Jobs were few, salaries
miserable, advancement unlikely. In 1900, there were only 200 scientists
in government service, rising to 300 on the eve of the First World War.

We have examined the origins of applied research in Britain because
the British approach to the organization of scientific research has been
extremely influential. We can go even further: The technology
development laboratory, at least in the United States, is the offspring of
the German research laboratory and quasi-public scientific associations
modeled on the Royal Society. On the eve of industrialization, the states
comprising the German Empire (after 1871) had an educational system
superior to Britain’s. Education tended to last longer, to cover a much
higher percentage of children of school age, and to link elementary
classes with the middle and secondary classes where technical education
began. And while in Germany rigorous scientific research began in the
universities (with Liebig’s laboratory at Giessen in the 1820s), by the
1860s industrialists had begun to perceive that progress in the sciences
opened a variety of alternative paths for economic development. As
Ben-David notes, “An original idea with practical implications could now
be explored and exploited within a short period of time by a group
working in concentrated fashion.” The most striking examples of such
applied work were the development of aniline dyes — building on
Perkin’s discoveries — and immunizing vaccines. Both “led to the
establishment of nonteaching research laboratories employing profession-
al researchers who were not professors.” (ref. 22.) In Germany, but not in
Britain, it was possible, not only for a university graduate to pursue a
scientific career, but to move into the ranks of the managers and directors
of the giant enterprises (BASF, Bayer, Hoechst, AEG, etc.) made
possible by research.

Thus by 1900, most of the elements of the technology development
laboratory were in place. These were, first, the existence of a pool of
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university-trained chemists, physicists,and engineers; second, an under-
standing of the process by which research could be transferred from the
laboratory to the factory; third, a system by which government could
draw on quasi-official learned societies for unbiased advice; and fourth,
an educational system which produced the technicians and administrators
who supported the scientific enterprise. How these processes worked
themselves out in the United States up to the eve of the Second World
War comprises the rest of this chapter.

Research and Development Institutions in the United States

The United States did not have a formal research establishment
supported by the Federal Government until well into the country’s
history. While there were learned societies established before and during
the Revolutionary War, like the American Philosophical Society
(founded by Benjamin Franklin in 1743) and the American Academy of
Arts and Sciences (1780), they had very limited funds and supported no
development institutions. In fact, the first academy supported by the
government, the National Academy of Sciences, was not chartered by
Congress until 1863.

In the United States most, if not all, of the research institutions
supported by Federal funds originated as the result of war or a crisis
perceived by the public as major. The first of these institutions was the
U.S. Naval Shipyard in Washington (1798). Here as in England,
maritime technology set the pace for publicly-funded applied research,
owing to the importance of warships and fleets in keeping ocean trade
routes open. During the Revolutionary War the U.S. Navy had no ships
designed from the keel up as warships; all the warships used were
converted merchant transport ships mostly procured from foreign
shipyards. When the Navy was disbanded after the war, U.S. flag vessels
were at the mercy of Barbary Coast pirates, as well as England and
France, both of whom took American ships almost at will during the
Napoleonic Wars.

These conditions drove the United States to establish and develop a
Navy. The Navy Department was established in 1798 as the first
“regular” service. From then until the Civil War, the Navy sponsored
many important technical developments. Beginning with the construction
of the Washington Naval Shipyard, the Navy undertook to build warships
that no private shipyard would build, because there was no profit in
building them for a nearly bankrupt government. Under Joshua
Humphreys, who was appointed “Naval Constructor” in 1799, the Navy
designed and built the famous heavy frigates that dominated the War of
1812. These ships—the “Constitution” (fig. 6), “Constellation,”
“President,” and “United States”—were the most advanced of their time.
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FIGURE 6. — The U.S.S. “Constitution,” one of the class of heavy frigates designed
and built by Joshua Humphreys that were so technologically superior that they
dominated single ship actions with the Royal Navy during the War of 1812.

Because they were built of pine rather than oak, they were much faster
than similar ships and carried more guns. During the War of 1812 they
proved superior to any ships the Royal Navy could muster against them.

The War of 1812 confirmed the Navy’s importance. Between the
Treaty of Ghent, which ended the war, and the outbreak of the Mexican
War in 1846, the Navy sponsored several important developments: the
construction of the first “slide” or “ways” (1821), so that ships could be
hauled out of the water for scraping, painting, and general maintenance;
the building of the first steam engine intended for a ship (1826); and, most
important, the use of steam for the propulsion of ocean-going ships and
the replacement of wood by iron in their construction. The first steam
warships were built at the Washington Yard in 1842. These ships were
sidewheelers and, as such, were involved in the lengthy controversy over
the best means of using steam propulsion. At the time, the Navy was
experimenting with steam propulsion and especially with propellers for
large ships—experiments which led to the steamships employed in the
Mexican War (1846-1848). This war first saw the large-scale use of
steamships by the U.S. Navy and, with it, the problems of keeping
steamships at sea. Among the latter were:
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® Boilers. It is well known that boiler scale is deposited inside hot
water boilers and pipes. The maintenance of boilers and pipes at sea
was a major problem for the Navy.

® Metal fatigue. Little was known as to why metals became brittle
with use and broke.

® Gaskets and glands. No one knew what were the best materials for
sealing rotating shafts to the glands in the hull through which the
shafts passed.

These problems were not solved during the war, but had to await the
more leisurely approach possible during peacetime. The attack on these
problems was made by Commodore Matthew C. Perry who, after serving
in the Mexican War, became commandant of the Brooklyn Navy Yard.
He persuaded the Navy to subsidize construction of six iron steamships,
which were built for commercial services but could be converted to
commerce raiders in the event of war. The ships were leased to a private
shipping line, which proceeded to use them as packets in the North
Atlantic service. In this way, many of the problems Perry encountered
during the war were studied and solved. This represents one of the earliest
examples of the transfer of technology from military to civilian
applications.

The other major consequence of the Mexican War was that
something was done about the dismal state of the ordnance. Guns were
both inaccurate and dangerous. In 1844, for example, a gun burst and
killed the Secretary of State and the Secretary of the Navy as they were
inspecting the frigate “Princeton.” During the war, in 1847, a young
lieutenant named John Dahlgren joined the staff of the Washington Naval
Shipyard. Dahlgren was one of the most innovative of American
engineers. He was the first to apply systematically important new
scientific principles to the construction of guns. He successfully
developed and constructed rifled cannons and built first-class foundries,
laboratories, and test facilities. Without question, his work as Chief of the
Ordnance Department of the Washington Naval Shipyard contributed
greatly to the favorable position of the Union Navy during the Civil War.
When he died in 1870, he had turned the Naval Shipyard from an
institution that was primarily a shipbuilding establishment into a
technology development center. As Dupree notes: “Thus the Navy in the
Civil War came to terms with every important phase of the technological
revolution that affected it. Under constant criticism from outside and
riven by internal controversy, the department nevertheless managed to
find officers well qualified to handle the new research technology and put
them in positions where they were able to act. In no important way did
they further the naval revolution, but to keep pace with it was a major
accomplishment which hinted at government’s potential ability to apply
scientific procedures to technological problems.” (ref. 23.)
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The Civil War spawned three other important developments of a
technological nature. The first was the encouragement of railroad
technology, particularly the standardization of the gauge of American
railroads at four feet eight inches (or 1.42 meters) and the devising of new
methods for the rapid laying of tracks. The second was a concurrent
improvement in civil engineering techniques. At the end of the Civil War,
there were several institutions for technical education loosely modeled on
the example of France’s Ecole Polytechnique founded in 1794: the U.S.
Military Academy at West Point (1802), which was also the nation’s first
engineering school; Rensselaer Polytechnic Institute in Troy, New York
(1824); the Brooklyn Polytechnic Institute 1854); and the Massachusetts
Institute of Technology (1865).

Yet the two most important structures of the immediate postwar
period — the Eads (1867-1874) and Brooklyn Bridges (1869-1883) —
were designed by men who received their training elsewhere. James
Buchanan Eads made his fortune by developing a method of salvaging
boats that had gone to the bottom of the Mississippi; during the war he
built a fleet of armor-plated boats to defend the waterways for the Union.
His great bridge (fig. 7) over the Mississippi at St. Louis was unique in
the number of innovations it embodied: It was the first large structure
anywhere to use steel for the structural members; the first in America to
use pneumatic caissons to found the piers; the first arch bridge to use
cables to cantilever the arches out from the masonry in order to keep the
channel open while the bridge was under construction; and finally, it was
one of the first bridges in America where each part was manufactured and
tested to the most rigorous specifications. John Roebling, on the other
hand, had studied in Berlin under Hegel and after immigrating to the
United States for political reasons, farmed before turning to engineering.
The Brooklyn Bridge, which Roebling designed but did not live to build,
embodied all of the basic elements of the modern suspension bridge. It
was also, when it was completed, half again as long as the next longest
span — Roebling’s bridge over the Ohio at Cincinnati.

But the single most significant event of the period, so far as it
affected American technology, was the enactment of the Land Grant Act
of 1862. This farsighted legislation, introduced by Congressman (later
Senator) Justin Smith Morrill of Vermont, provided for Federal subsidies
for the support “of at least one college (in each state) where the leading
object shall be, without excluding other scientific and classical studies
and including Military tactics, to teach such branches of learning as are
related to agriculture and the mechanic arts in such manner as the
Legislature of the states may prescribe . . .” The Morrill Act, as it is
often known, accompanied the Homestead Act of 1862, which made it
possible for many Civil War veterans to migrate westward and farm what
had been public land. The institutions of learning constructed under the

28



A Look AT GOVERNMENT LABORATORIES

Morrill Act concentrated on agriculture and engineering, those fields vital
to the rapid development of the new lands. In 1890, Morrill secured an
act which appropriated for each land-grant college an annual sum
gradually increasing to $25 000; in 1900, this support became permanent.

Smlthsonlan Instxtute Museum of Amencan Hlstory Washlngton D.C.

FIGURE 7. — The bridge over the Mississippi River at St. Louis built by James B.
Eads, 1867-74. An example of “high technology” in the nineteenth century.

Great as the impact of the two Morrill Acts has been on American
education, their impact on science policy has been greater still. The 1862
act, as well as the creation of a Department of Agriculture the same year,
marked the first time that Congress implicitly recognized that its
constitutional duty to provide for the general welfare included sponsoring
some scientific research. When the Hatch Act was passed in 1887 as an
addition to the Land Grant Act, it required the establishment by each of
the land-grant colleges of agricultural and engineering experiment
stations which were to ‘“acquire and diffuse useful and practical
information on subjects connected with agriculture.” At a stroke, the
Hatch Act (in Dupree’s words) changed the Department of Agriculture
“from a single central agency into a nexus of a system of semiautonomous
research institutions permanently established in every state.” (ref. 24.)
This system, supported since 1934 by the Agricultural Research Center at

29



THE MANAGEMENT OF RESEARCH INSTITUTIONS

Beltsville, Maryland, has done much to give the United States the
preeminent position in agriculture it enjoys.

Yet it must be conceded that until the Second World War, scientific
research was a rather peripheral activity of the Federal Government. In
addition to its arsenals and shipyards, the government had several
bureaus engaged in scientific research. Beginning with the Coast Survey,
founded in 1807, the most important included the Public Health Service
(1818),* the Naval Observatory (1842), the Geological Survey (1879),
the National Bureau of Standards (1901), and the National Advisory
Committee for Aeronautics (1915), as well as the Smithsonian
Institution, chartered by Congress in 1846 as an independent establish-
ment which, nevertheless, received congressional appropriations. When
we consider that such early Presidents as Jefferson, Madison, and John
Quincy Adams followed the progress of science with the keenest interest,
it seems surprising that they and their successors did so little to promote
scientific research. Don Price, in his Scientific Estate, has provided a
clue: “One half of Jefferson’s theory defeated the other half. Jacksonian
democrats were quite willing to follow Jefferson in opposing
establishments and class privilege, and relying on applied rather than
theoretical science. But they were not interested . . . in building up . . .
scientific institutions that would bring America up among the leaders of
science.” (ref. 25.)

There was, then, no possibility of a centralized scientific
establishment, no Department of Science, such as the National Academy
of Sciences advocated. Indeed, until the First World War the Academy’s
role as science advisor to the government was negligible. Not until 1916,
when the National Research Council (NRC) was created to serve as the
Academy’s operating arm (the NRC was made permanent by executive
order of the President in 1918) did the Academy have the mechanism to
stimulate research contributing to the national welfare.

In the post-Civil War period, there was a notable growth of “private”
research institutions — those sponsored by industry, universities (espe-
cially those, like Johns Hopkins, modeled on the German graduate
school), and the great foundations. It is important here to distinguish
technology development from product development. The point is that
private investment without government sponsorship (directly or through
subsidies and tax credits) had insignificant impact on technology
development before 1900. In product development almost all investment
has been private, and there it has been exceedingly important. The great

* Although the Public Health Service was not formally established until 1912, 1818
marks the establishment of the Surgeon General’s Office and the Army Medical
Department, with authority to prevent and treat disease. See Appendix II for details.
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research establishments of E.I. DuPont de Nemours in the Brandywine
Valley of Delaware, those of General Electric in Schenectady, New York
(fig. 8), and the Bell Telephone Laboratories, Murray Hill, New Jersey
(founded in 1925) dominated applied product-oriented research in the
United States well beyond the Second World War.

1y

General Electric Company, Schenectady, New York

FIGURE 8. — The Corporate Research Laboratory of the General Electric Company
at Schenectady, New York.

Consider the development of electrical technology in the United
States. American entry into electrical technology came relatively late.
The Americans — Morse, Bell, Edison, Westinghouse, and others —
tended to be brilliant amateurs, while the Europeans (for example, the
Siemens brothers) were professionals. A generation later, rationalization,
sustained by a supply of newly-minted engineers and Ph.D.s (most of
whom got their degrees in Germany), set in. Charles P. Steinmetz,
founder of GE’s Laboratory, is shown in figure 9. GE played a prominent
role in advancing radio technology, with Alexanderson’s work on the
alternator and Langmuir’s (fig. 10) on the vacuum tube and the feedback
circuit. At Bell Labs there was Davison’s work demonstrating the wave
nature of electron beams, which led to L.H. Germer’s method of studying
the crystal structure of surface films, Harold Black’s principle of negative
feedback as applied to amplifiers and, in 1947, the work of Bardeen,
Brattain, and Shockley in developing the transistor. Yet neither GE’s
Schenectady laboratory nor Bell Labs were by any means centers for
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General Electric Company, Schenectady, New York

FIGURE 9.— Charles P. Steinmetz, founder of the General Electric Company’s
Laboratory and the man responsible for much of the technology development in
the early days of the electrical industry.

theoretical research. Team-work dominated Bell Labs, most projects
required prior approval by the laboratory director, and very few scientists
enjoyed Davison’s liberty to follow his research wherever it led him (ref.
26). The industrial laboratory was oriented, overwhelmingly, toward
goals set by corporate management.

Where government collaborated with industry, the former tended to
become a service agency responding to specific problems set by the latter.
A classic example of this relationship was the history of the National
Advisory Committee for Aeronautics. In contrast to electrical technolo-
gy, aviation was something that began in the United States. The U.S.
military saw advantages in aviation and in 1908 awarded the Wright
brothers their first military contract. However, this did not represent
continuing sponsorship of aeronautical research. The United States did
not create an aeronautical technical organization until the First World
War, when the major European powers quickly developed a number of
sophisticated combat aircraft. This event did not go unnoticed in the
United States, and in the 1915 Naval Appropriations Act a rider was
attached establishing the National Advisory Committee for Aeronautics
(NACA).

The NACA was empowered to conduct research and development in
aviation, as well as to advise the President on how best to develop
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General Electric Company, Schenectady, New York

FIGURE 10. —Irving Langmuir, one of the distinguished scientists who worked at
General Electric Laboratory. He received a Nobel Prize in 1932.

aviation technology. The Langley Memorial Laboratory was established
in 1917, followed by the Ames and Lewis Laboratories in 1939 and 1940.
After dropping its advisory role in 1926, NACA concentrated on
conducting aeronautical research, with emphasis on the needs of industry
and the services. Yet the relationships engendered made it difficult, if not
impossible, for NACA to do the kind of long-range research implied by
its charter. In certain critical areas, like boundary layer research, NACA
took no official interest until research had been underway in Europe for
almost twenty years. In effect, NACA ended by becoming captive to the
interests of its sponsors. “Pressed by the need to get the next generation of
fighter aircraft into operation or the next prototype into production, both
the services and industry tended to focus . . . on immediate problems, on
incremental advances in the state of the art, on refinement of the
equipment at hand.” (ref. 27.)
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Conclusions

By 1939, the organization of Federally-sponsored research and
development had taken on many of the features it still retains. The system
was strongly pluralistic and decentralized, with no central department for
science confronting some nonprofit organization representing a united
scientific community. The government operated through a network of
research bureaus, laboratories, and research stations, down to the level of
the county extension agent. In contrast to what was soon to follow, the
role of the government contractor was mostly limited to supplying
specific kinds of equipment; the Federal Government had not reached the
point where it would delegate to industry the management of entire
installations, supervision of huge R&D projects, and responsibility for
monitoring thousands of subcontractors. The work of the pre-1939
research bureaus, whether it involved setting product standards, testing
airplane models in wind tunnels, or mapping the United States, was either
repetitive or so long-term in effect that it never would come to a definite
end.

Yet the system, such as it was, was exceedingly flexible. From the
modest beginnings of the Washington Naval Shipyard and the Coast
Survey, the Federal Government had gradually assumed responsibility in
many other areas impinging on the general welfare. What was more,
there was no hard and fast division between basic and applied research,
between the university and industry, or between the scientist employed by
the Federal Government and one whose research was subsidized by a
land-grant college. Competition was the order of the day: state
universities competing with private universities, and Federal research
bureaus competing with each other for funds. Finally, within the
constraints of a Federal bureaucracy, most of the requirements for
research in government service — conditions formulated by Ferdinand
Hassler (the first director of the Coast Survey) as far back as
1842 — were partially met: need for long-term support, need for
flexibility in objectives, freedom to publish, access to the international
scientific community (ref. 28), and improvements in the position of the
professional scientist. How the system was transformed under the stress
of war into the nodes of mission-oriented scientific agencies, depending
heavily on the private sector for contract services, is the theme of our next
chapter.
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The Technology Development Laboratory
From the Second World War to the Early
1970s

The United States’ entry into war after Pearl Harbor did much to
shape the organization of science and technology development. Put
simply, because of the exigencies of war, the government was now
prepared to spend almost unlimited amounts to achieve a single
technological objective. Where scientists in and out of government had
had little political influence, their chief spokesmen now had direct access
to the President; and where the government contract had been at best a
clumsy device for procuring research and technology development, it
now became a flexible instrument, once freed from the restraints of
competitive bidding. Much depended on the timeliness of the principal
administrative decisions. The entry into war was preceded by more than a
year-and-a-half of careful planning, based on the knowledge that: The
United States was being drawn into war on the side of Britain; that,
lacking some mechanism to coordinate relations between government and
scientists, the United States would be ill-equipped to use the most
advanced military technology; and that Germany had the potential to
develop a nuclear bomb far more powerful than any conventional
weapon.

The prime mover in the creation of a wartime scientific organization
was Dr. Vannevar Bush (fig. 11). In 1940, he was President of the
Carnegie Institution of Washington, Chairman of the National Advisory
Committee for Aeronautics, and a former Vice President of the
Massachusetts Instiiute of Technology (MIT). Bush numbered among his
friends some of the most influential scientists in the country, including
Frank Jewett, President of the National Academy of Sciences, Karl
Compton, President of MIT, and James B. Conant, President of Harvard.
All of them were disturbed at the United States’ lack of military
preparedness, especially since they believed that the next war would be
highly technological (ref. 29). They also believed that to mobilize science
and technology a new Federal agency, rather than a reconstituted
National Research Council, "was needed. Bush eventually met with
President Roosevelt, who (on June 27, 1940) approved the establishment
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FIGURE 11.— Vannevar Bush. An early pioneer in computer research, he later
became one of the great organizers of technology development during the Sec-
ond World War when he headed the Office of Scientific Research and Develop-

ment (OSRD).

of the National Defense Research Committee, with Bush as chairman.
One year later this was expanded by executive order into the Office of
Scientific Research and Development (OSRD), again with Bush as head.

The establishment of the OSRD marked a radical break with earlier
science-based agencies. It operated no laboratories and did not take over
projects already underway. Rather, it sponsored whatever research and
development — from theoretical work to development of weapon
systems — was deemed necessary to the war. The contract was the
OSRD’s favorite instrument. Between 1940 and 1941, most of the
obstacles to procuring research and technology development were
removed. The National Defense Expediting Act of 1940 authorized the
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services to buy through negotiated contracts involving either fixed price
or cost-plus-fixed-fee, while the War Powers Act of 1941 freed the
services “of most legal restraints and restrictions in the way of speedy
procurement; the sole consideration was whether the action proposed
would facilitate the prosecution of the war.” (ref. 30.) The OSRD broke
down the compartmentalization between public and private universities,
and “for the first time in the nation’s history, substantial federal funds
were going to university laboratories” (ref. 31) outside the field of
agriculture. The OSRD also began to emphasize functional distinctions in
its own staff which were to become important in post-war sponsorship of
science and technology development: between the contracting officer,
who was responsible for the fiscal aspects of the project, and the scientific
officer, who was responsible for the substantive aspects.

In essence, the OSRD established the framework within which
mission-oriented research and technology development could be carried
on. And of all the missions originally sponsored by the OSRD, the most
far-reaching was the program to build a nuclear weapon. It was the largest
Federally-sponsored technology development program to that time; it led
directly to the post-war programs in weapons development and the
peaceful uses of atomic energy; and it created institutions like the Los
Alamos National Laboratory and the Argonne National Laboratory which
are still among the nation’s foremost technology development laborator-
ies today. Because the nuclear weapons program is the prototype of one
kind of Federally-sponsored technology development, the facts deserve to
be retold.

The Manhattan Project

During the 1930s, major advances were made in the study of the
atomic nucleus. The neutron was discovered by James Chadwick in 1932.
In 1938, two German chemists, Otto Hahn and Fritz Strassmann, in order
to explain the results of experiments involving the bombardment of
uranium with neutrons, advanced the radical hypothesis that after
capturing a neutron, the uranium nucleus may break up into two or more
large fragments each fragment being the nucleus of an atom of
intermediate mass. When these results were published in 1939, the
German theoretical physicists Lise Meitner and Otto Frisch speculated on
the fracture of the uranium nucleus, which they called “fission.”” From the
known dependence of the binding energy of nucleons within the nucleus
as a function of the nuclear mass, they predicted that a large quantity of
energy would be released by each fission event and that neutrons, perhaps
more than one for each fission event, would be released. Thus a ‘“chain
reaction,” in which each fission event emitted neutrons which in turn
induced fission events in other uranium nuclei, might be possible.
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By 1940, the established scientific facts justified assuming that a
nuclear chain reaction could be achieved. The Second World War began
with Germany’s invasion of Poland in September 1939. The scientific
developments mentioned above had been carried out in Germany at a time
when the possibility of creating a chain reaction — possibly one of
violent, explosive force — was freely discussed between scientists of
many nations. It could only be assumed therefore that Germany would
attempt to be first in producing such a device — a nuclear bomb.

During the 1930s, many of the most outstanding European scientists
came to America to escape dictatorial regimes. More than most American
scientists, they were aware of the dangers of National Socialism and
undertook to awaken American officials at the highest levels to that
danger. In July 1939, the emigre scientists, Eugene Wigner, Edward
Teller, and Leo Szilard persuaded Albert Einstein to write a letter to
President Roosevelt, alerting him to the danger of Germany developing a
nuclear bomb of far greater explosive power than any other conventional
bomb. As a result, the Advisory Committee on Uranium was established
and held its first meeting in October 1939, with Lyman Briggs as
chairman. The committee reported to the President’s military aide,
General E.M. Watson. The first funding for the committee was $6 000
for the purchase of enough uranium to investigate the feasibility of
designing a nuclear explosive.

The task became more urgent when, early in 1940, it became known
through intelligence channels that the Germans were indeed working on
the problem of the fission bomb (table 1). After June 1940, the American
uranium program expanded rapidly. The Uranium Committee became a
section of the National Defense Research Committee, and also
established a working relationship with the British, who had independent-
ly started work on the uranium problem.

During 1940 and 1941, under the guidance of the Uranium
Committee, several projects were begun, primarily in university
laboratories. The most important results of these projects were the
following:

® Uranium fission process. Experiments conducted at Columbia
and Princeton Universities confirmed the model of nuclear structure
developed by Niels Bohr and John Wheeler in Copenhagen (ref. 32). In
particular, it was demonstrated that slow-neutron fission of uranium-235
produces, on the average, nearly three neutrons per fission.

® Chain reactions. In principle there are two types of chain
reaction — the fast or explosive type — and the moderate type, in which
a “moderator” is used to slow down the neutrons to speeds more likely to
cause fission reactions in uranium-235. Enrico Fermi proposed the use of
low-atomic-number materials with low neutron absorption properties as
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Table 1. U.S. and German Research on Building a
Nuclear Explosive, 1939 to 1943

Time

1939

September 1, 1939

War starts
1940

1941

December 7, 1941
Pear]l Harbor

1942

1943

United States

Einstein Letter
(July)

Uranium Committee
(October)

Section I of NDRC organized

Plutonium experiment in
Berkeley

Isotope separation research

Theoretical work

National Academy Study.
Positive Feasibility (November)

OSRD organized to take over
the work

Manhattan District organized
(September)

First reactor (December)

Oak Ridge, Argonne, Los
Alamos, and Hanford organized

Germany

Discovery of uranium fission

German program established
(August)

Distinguished German scientists
brought into Program

Feasibility report positive.
Either carbon or D,0
moderations.

No isotope separation

Pu™ selected as best potential
fuel. D,0 selected as moderator.

Many small-scale reactor
experiments. Technical
difficulties and administrative
problems.

Heisenberg successfully makes
subcritical assembly (October)

British destroy Norwegian D,0
Plant (February)

Plant returned to full production
(June)

American bombers attack D,0
facility (November).

German military officers
discontinue production, causing
Germany to abandon effort to
build nuclear weapon.
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moderators. Heavy water (water containing only the heavy isotope of
hydrogen, deuterium), beryllium metal, and graphite were regarded as
prime candidates. But the time needed to build a separation plant and
produce enough heavy water for a pilot chain-reacting “uranium pile” was
too great; and beryllium was too scarce and required a level of
purification beyond what existing technology could provide. Graphite
was soon identified as the material of choice; fairly pure graphite was
already in production for other purposes, so that improvements in existing
industrial processes were believed feasible (ref. 33).

In 1939 and 1940, experiments on the slowing down of neutrons in
graphite were carried out at Columbia University (ref. 34). Concurrent
theoretical studies based on diffusion theory made it possible to predict
the results to be expected in various arrangements of uranium and
graphite moderator, including the number of neutrons that would escape
from lattices of various designs and dimensions. At about the same time,
Enrico Fermi and his colleagues at Columbia University hit on the
concept of arranging separated chunks of uranium in a matrix of graphite
moderator. Their idea was that, by separating the uranium into small
chunks, the neutrons would escape into the surrounding moderator and be
slowed down below the uranium-238 resonance capture range (i.e.,
discrete velocity ranges at which atomic nuclei absorb neutrons) before
entering another chunk of uranium. The result would be to set the
proportion of neutrons lost by capture in uranium-238 and that available
for fission of uranium-235. The essential features of the chain-reaction
“uranium pile” were thus produced and the first nuclear chain reaction
was carried out in December 1942 (ref. 35).

® Plutonium. In 1940, Edwin McMillan, Philip Abelson, and
Glen Seaborg, working at the University of California in Berkeley,
bombarded uranium with neutrons and high-energy deuterons using
Ernest Lawrence’s newly constructed cyclotron. In so doing, they
produced the first two transuranic elements, neptunium and plutonium
(ref. 36). Both plutonium-238 and plutonium-239 were important
discoveries. Plutonium-239 had slow-neutron fission properties similar to
uranium-235 and could be used to produce a chain reaction. In May 1941,
Ernest Lawrence suggested to the Uranium Committee that if a controlled
chain reaction could be achieved with natural uranium, it might be
possible to produce plutonium-239 in large amounts by neutron capture in
uranium-238. The plutonium could be separated from the uranium by
chemical means — a far simpler process than that of separating the
uranium isotopes. The product would be a highly concentrated form of
fissionable material with which a violently explosive device with less
total weight could be built than with imperfectly separated uranium-235.
The committee immediately incorporated Lawrence’s suggestion into the
program.
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® [sotope separation. The separation of the uranium iostopes to
obtain weapons-grade uranium-235 was one of the key technical
constraints in the uranium program. In 1940 to 1941, three techniques
were considered: the gaseous diffusion of uranium hexafluoride through
porous barriers; the separation of isotopes by the centrifuge method; and
the electromagnetic separation of isotopes. Under the emergency
conditions of wartime, all of these methods were pursued and enormous
investments were made in the construction of pilot plants. As things
turned out, only the gaseous diffusion method was practical at the time.

By late 1941, work on the uranium project was far advanced. In its
report of November 6, 1941, the National Academy of Sciences, which
reviewed the project periodically, concluded that a bomb of superlatively
destructive power could be made by bringing a sufficient mass of
uranium-235 together quickly; that the mass required for explosive fission
was between 2 and 100 kg; that the energy released by such a device
would be equivalent to 300 tons of TNT; that the separation of uranium
isotopes in sufficient quantity to devastate Germany’s military capability
could be achieved; and finally, that if an all-out effort were undertaken,
fission bombs could be produced within three to four years.

This report to the President led to the complete reorganization of the
uranium program. With the attack on Pearl Harbor and American entry
into the war a month later, the urgency of the program greatly increased.

Until the end of 1941, the uranium program was carried out under
the OSRD. In March 1942, Bush predicted that the fission bomb could be
completed in 1944, and recommended to the President that the Army
Corps of Engineers be brought in for the construction of full-scale plants.
A new district of the Corps of Engineers was formed in August 1942 to
carry out the “DSM Project” (Development of Substitute Materials), as
the fission bomb project was designated. In September 1942, Brigadier
General Leslie R. Groves was appointed head of the new ‘“Manhattan
Engineering District” (so named because its head office was then in New
York) and given full responsibility for DSM, under the guidance of a
Military Policy Committee chaired by Bush. The OSRD Uranium
Committee continued to act in an advisory capacity, but responsibility for
all research activities and production plant design, construction, and
operation was rapidly transferred to General Groves and his Manhattan
District staff. The intensified research and development effort was
concentrated in several major organizations, in part by expanding existing
laboratories, in part by setting up new facilities.

While a detailed account of the Manhattan Project is beyond the
scope of this chapter, its efforts on the nature of American science and
technology development were profound. The Manhattan Project created
(or assigned new responsibilities to) research and development facilities
which survived the project and played a critical role in post-war science
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and technology development. The most important of them were the
Metallurgical Laboratory of the University of Chicago, where Enrico
Fermi and his group produced the first controlled chain reaction in
December 1942; the Argonne National Laboratory, which became the
center for the study of reactor designs of all types; Ernest Lawrence’s
Laboratory at Berkeley, which was assigned responsibility for developing
the electromagnetic method of separating uranium isotopes and designing
a production plant for the large-scale separation of uranium-235; the
Clinton (Tennessee) Engineering Works, originally built for the
production of uranium-235 by the gaseous diffusion method, which
became the Oak Ridge National Laboratory and played a major role in the
development of atomic power reactors; the Hanford (Washington)
Engineering Works, at which the first great reactors to produce plutonium
were located, and most importantly, the Los Alamos (New Mexico)
Scientific Laboratory. Located at the top of an isolated mesa some 50
kilometers from Santa Fe, the laboratory was established in March 1943,
with J. Robert Oppenheimer as director. At Berkeley, Oppenheimer had
been carrying forward the theoretical work on fast-neutron chain
reactions, and his job now was to achieve the ultimate goal of the
Manhattan Project. (The key personnel in the Manhattan Project are
shown in figures 12 through 14.)

The goal was to produce fission bombs. As other tasks of plutonium
and isotope separation were transferred from scientific to plant
engineering personnel, top-flight scientists from the various segments of
the program were brought to Los Alamos to solve the ultimate problems
of designing the bomb: in particular, determining the optimal method for
detonating the critical mass and figuring out how the critical mass of
uranium or plutonium would behave in the interval between the chain
reaction and the explosion. By the spring of 1945 there were well over
two thousand scientific and technical personnel at Los Alamos (ref. 37).
Their efforts culminated in the test explosion of a plutonium implosion
bomb in the New Mexico desert near Alamogordo, on July 16, 1945,
followed by the dropping of nuclear bombs on Hiroshima and Nagasaki a
few weeks later.

The Manhattan Project created an operating philosophy — a set of
standard operating procedures — that was to be adopted for a variety of
purposes, including the development of space and weapon systems during
the post-war years. The project had shown, in Richard Nelson’s words,
what could be done where there was “a willingness to make large early

bets on particular technological options and force these through, or

engage in parallel efforts at very high cost.” (ref. 38.) The nuclear bomb
development program followed several paths simultaneously: plutonium
or the separation of the uranium isotopes; electromagnetic or gaseous-
diffusion separation of the uranium isotopes; alternative designs of
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FIGURE 12. — Three leaders of the effort to build nuclear weapons during the Second
World War. From left to right, J. Robert Oppenheimer, who headed the Los
Alamos Laboratory where the first atomic bomb was built; Enrico Fermi, who
supervised the achievement of the first self-sustaining nuclear chain reaction;
and Ernest O. Lawrence, who invented the cyclotron. (Both Fermi and
Lawrence won Nobel Prizes.)

nuclear bombs. It was the concurrent approach, as much as anything, that
enabled the United States to produce a nuclear weapon before Germany
did.

The crucial error the Germans made in their effort to develop a
uranium bomb was to reject graphite as a neutron moderator in favor of
heavy water. It turned out that the graphite samples used by Walter Bothe
and his group to determine the neutronic properties of the material had
impurities that resulted in larger than acceptable values of the neutron
capture cross sections. Thus, the Germans would have to employ the only
other available moderator, heavy water, in order to build their plutonium
producing “uranium piles.” Once the German effort came to depend
entirely on heavy water, it was probably doomed. There was only one
plant, in Norway, that made heavy water, and it was vulnerable to raids
by the British, who destroyed the plant in February 1943, and by the
Americans, who put it out of commission for good the following
November.
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FIGURE 13. — Major General Leslie R. Groves, U.S. Army. Groves headed the “Man-
hattan District” during the Second World War. This was the organization
established to produce the first nuclear weapons.

A second feature of the Manhattan Project which was to influence
post-war American science and technology development was the
tendency to locate government-sponsored research in the private sector
rather than in government arsenals. Bush and the other OSRD members
quite deliberately decided to circumvent the problems of ‘working through
civil-service establishments with little experience in large-scale develop-
ment projects. Once the decision was made to build production facilities,
their operation was assigned to some of the largest firms in the country.
Thus for the Clinton Engineering Works, Westinghouse and General
Electric were selected to manufacture the mechanical and electrical
components and Tennessee Eastman to manage the facility; DuPont
operated the Hanford Works; while until recently Union Carbide operated
Oak Ridge National Laboratory.
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FIGURE 14. — Three physicists who have had major influence on technology develop-
ment ond on public policy. Edward Teller provided the ideas for the first
thermonuclear weapons, Arthur Holly Compton did the design calculations for
the first successful nuclear reactor,and Eugene P. Wigner made important con-
tributions to nuclear theory. (Wigner and Compton both won Nobel Prizes.)
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This emphasis on research and development conducted by the
private sector had important repercussions over the next three decades.
For many large weapons programs, project managers tended to avoid
“in-house” arsenals and laboratories except where no qualified

commercial sources were available. In the 1960s, the National

Aeronautics and Space Administration and the Department of Defense let
enormous base operation contracts, by which companies provided
support services for entire installations — everything from trash
collection to computer programming to mission control. The rationale
was that this was the only way to assemble quickly the manpower needed
to accomplish goals of national importance and (in theory) to disperse it
when those goals were accomplished.

The Post-War Period: Origins of Government by Contract (1946 to
1957)

In 1945, very few people expected that American science and
technology would return to its pre-war state. The genie had been let out of
the bottle, and there was little inclination, even had it been possible, to
put it back in. In his July 1945 report to the President, Science — The
Endless Frontier (published in the same month as the Alamogordo test
explosion, which it did not mention), Bush sketched an ambitious
program of Federal support for basic research. For our purposes, the
post-war period — from 1946 to the launching of Sputnik in October
1957 — can be taken as the period in which the basic institutional
arrangements of American science came into being, some by act of
Congress, some by executive order, some by agency regulations, and
some by informal agreement between the sponsoring agencies and what,
for lack of a better word, may be called their clients. Important long-term
changes occurred in: Federal policies toward the support of basic
research; Federal procurement policy; use of captive research organiza-
tions; policy regarding the uses of atomic energy; and philosophies of
project management, especially in the larger weapons programs.

First, the Federal Government would continue to support basic
research, and would do this through several agencies. Although the
National Science Foundation was chartered by Congress in 1950 with the
mission of supporting basic research, it was clearly understood (and
affirmed by executive order in 1954) that this in no way preempted the
research sponsored by other agencies. In 1946, the Navy had taken the
initiative in sponsoring research when Congress created the Office of
Naval Research, with the aim of sponsoring free, non-directed research,
almost none of which was classified. In the same year General Dwight
Eisenhower, as Chief of Staff of the United States Army, drafted a
memorandum which was a blueprint for a continuing relation between the
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services, civilian scientists, industry, and the university. The principles
set forth in this document have dominated Federal research policies to this
day:

“(1) The Army must have civilian assistance in military planning as
well as for the production of weapons .

(2) Scientists and industrialists must be given the greatest possible
freedom to carry out their research . . .

(3) The possibility of utilizing some of our industrial and
technological resources as organic parts of our military structure in
time of emergency should be carefully examined . . . There appears
little reason for duplicating within the Army an outside organization
which by its experience is better qualified than we are to carry out
some of our tasks . . .

(4) Within the Army we must separate responsibility for research
and development from the functions of procurement, purchase,
storage and distribution . .. The inevitable gap between the
scientists or technologist and the user can be bridged, as during the
last war, by field experimentation with equipment still in the
development stage . . .

(5) Officers of all arms and services must become fully aware of the
advantage which the Army can derive from the close integration of
civilian talent with military plans and developments . . . In general,
the more we can achieve the objectives indicated above with respect
to the cultivation, support and direct use of outside resources, the
more energy will we have left to devote to strictly military problems
for which there are no outside facilities or which for special security
reasons can only be handled by the military.” (ref. 39.)

Implied in Eisenhower’s memorandum was the distinction between
basic theoretical research and development which was at the heart of the
Manhattan Project. Without the theoretical research on the structure of
the atomic nucleus and the applied research devoted to isotope separation
and the creation of transuranic elements, the production of weapons-
grade material would have been impossible.

Science, then, was to be more closely integrated with national
technology development goals than at any previous-time. But this meant
that the legal framework within which research and development was
pursued would have to be overhauled. In 1947, Congress passed the
Armed Services Procurement Act which, while affirming the principle
that contracts for services and supplies were to be let by advertising for
bids, listed seventeen exceptions; the most important of these were
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services purchased from educational institutions and services for ex-
perimental or developmental work (ref. 40). In 1948, Congress further
authorized long-term research and development contracts, and provided
for indemnifying contractors for losses incurred in certain kinds of
developmental work. In 1949, many of these powers were delegated to
civilian agencies. In the same period Congress did something to enable
Federal agencies to compete with industry for the best engineers. In 1947,
Congress authorized the Secretary of Defense (and subsequently, certain
civilian agencies) to fill forty-five scientific and professional positions at
salaries from $10 000 to $13 000, a range then equivalent to that of the
highest ranking government officials. Congress intended these “Public
Law 313” positions to be used for recruitment rather than retention, and
each agency head was empowered to determine the appropriate salary
within the bounds set by legislation.

Yet to officials in the new Department of Defense (DOD) and the
Atomic Energy Commission (AEC), even these institutional arrangements
did not go far enough in giving the agencies the expertise they needed.
Particularly in weapon system development, where one firm might design
the system and then bid on the hardware, there were serious
conflict-of-interest problems. What DOD and the AEC attempted was,
for quite different reasons, to create “captive* non-profit contract research
organizations working for one sponsor. The best known of the
defense-oriented centers are the RAND Corporation (which began as a
contract between the Army Air Corps and Douglas Aircraft in 1945) and
the Institute for Defense Analyses. The idea underlying these
organizations was that they could provide disinterested advice to their
sponsors; that individual researchers, freed from routine administrative
tasks, could conduct research well in advance of the sponsoring agency’s
current needs; and that, by their existence, they would serve as catalysts
for innovation in the client agency (ref. 41). Although practice did not
always conform to theory, an organization like RAND could play a
significant role in shaping agency programs at the earliest, the
conceptual, stage.

The AEC, on the other hand, created a different kind of captive
organization. Established by Congress in 1946, the AEC was charged
with three different, and not entirely compatible, tasks: to produce
weapons-grade nuclear materials for the Department of Defense; to
develop and then transfer reactor technology to the private sector; and to
regulate commercial reactors, once they came on line. The AEC
deliberately chose not to operate its own laboratories, although the
Atomic Energy Act of 1946 specifically provided for Federally-conducted
research and development. Instead, the AEC contracted with private
organizations — universities and for-profit firms — to operate its
laboratories: Los Alamos, Oak Ridge, Argonne, Hanford, Lawrence’s
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Radiation Laboratory, and the rest. The universities received almost
two-fifths of the funding for R&D contracts (ref. 42). AEC managers
were aware of the role played by university-managed laboratories in the
Manhattan Project; and they assigned to the universities functions
performed by other agencies in their own laboratories.

The first success of the new Atomic Energy Commission was the
creation of the first thermonuclear weapons. Under Edward Teller’s
leadership much of the basic conceptual work had begun during the war.
When the war ended, there was great pressure to dismantle the nuclear
weapons complex, and many people involved in nuclear weapons work
returned to their pre-war pursuits. There were a few, however, among
them Norris Bradbury who succeeded J. Robert Oppenheimer as Director
of Los Alamos, and a group of people around Ernest Lawrence in
Berkeley, who recognized that the nuclear weapons complex created by
the Manhattan Project would have to be maintained and expanded. In
their post-war work on thermonuclear explosives, Teller and his
collaborators drew on the people and the facilities of Los Alamos and the
other institutions of the old Manhattan Project that became part of the new
Atomic Energy Commission. The Commission retained the institutional
arrangements under which the Manhattan Project operated, and the
University of California stayed on as the contractor that operated the Los
Alamos Laboratory.

Because the nuclear weapons complex remained more-or-
less in existence at the end of the war, it was possible to verify Teller’s
brilliant theoretical insight quickly and show that it would indeed be
possible to create thermonuclear explosives. However, the political
controversy surrounding the decision to develop these weapons also had
another consequence relevant to the management of technology
development. Teller and some of his collaborators felt that in the effort to
spawn new technologies that were highly classified and politically
controversial, it would be important to introduce an element of
competition within the government-contractor community. Accordingly,
they proposed that another nuclear weapons development laboratory be
established with roughly the same functions as those carried out by Los
Alamos. As a result of their proposal, a branch of Ernest Lawrence’s
Berkeley-based Radiation Laboratory was established at Livermore,
California (about 65 kilometers east of Berkeley) in 1952. In due course,
the new laboratory became independent of its parent (it is now called the
Lawrence Livermore National Laboratory) and it has, along with the Los
Alamos Laboratory, made vital contributions to the development of
nuclear weapons (fig. 15). The competition that Teller felt was necessary
has proved to be very beneficial and indeed, other agencies have found it
worthwhile to build “internal” competition of this kind into their
programs.
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University of California, Lawrence Berkeley Laboratory

FIGURE 15. — An aerial view of the Lawrence Livermore National Laboratory which
was established in 1952 to develop thermonuclear weapons technology. The
Laboratory’s administrative building is in the corner near the bottom of the
photograph.

The policy of contracting out technology development was
compatible with as much or as little technical direction as the AEC
considered desirable. At one end, the basic research carried on at the
national laboratories was almost entirely free of technical control, except
where the quality of the scientist’s work was being evaluated. At the other
end, the AEC was heavily involved in project-type work, notably in the
development under Captain (later Admiral) Hyman G. Rickover (fig. 16)
of reactors for the propulsion of submarines and other naval vessels. The
important point, as far as Rickover was concerned, was that although he
was a military man, he was forced to work through a civilian agency to
achieve his ends. Rickover succeeded by inventing a unique organization-
al method. He had himself appointed to two jobs: one as head of the
AEC’s Naval Reactors Program, and the other as Director of Nuclear
Propulsion in the Navy’s Bureau of Ships. Rickover saw that by
occupying similar positions in both agencies, he could cut the usual red
tape, allowing him to justify the program for military reasons in his
capacity as a naval officer and then using his position of authority in the
AEC to organize the development laboratories needed to create the
reactors. Once the reactors were developed by the AEC, the process of
transferring the technology back to the Navy had to occur. This
arrangement proved to be highly effective and it remains in force to this
day. Rickover also adopted Teller’s idea of competitive technology
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Official U.S. Navy Photo

FIGURE 16. —Admiral Hyman G. Rickover. Rickover led the development of nu-
clear powered submarines.

development centers by using both of the major contractors with whom he
worked to establish such institutions. He provided the resources to build
the Knolls Atomic Power Laboratory (General Electric) and the Bettis
Laboratory (Westinghouse), and both have been extremely important in
providing basic technology for nuclear reactors for military as well as
civilian purposes.

From the very beginning, the joint Navy/AEC nuclear program was
oriented toward transferring the technology of nuclear reactors to the
civilian sector. The president of Westinghouse, Gwilym Price, had to
overcome the attitude of company officials that “Westinghouse made its
profits on conventional products and that the company should give them
first priority . . . Price realized that such an attitude would never give the
company competence in radically new technology like atomic energy.
Price and others . . . saw that Rickover was offering an opportunity that
the company dare not miss. Westinghouse not only needed Navy
contracts but also had to be in a position to enter a future civilian market
for power reactors.” (ref. 43.) It is no accident that all of the power
reactors currently in use in the United States are either pressurized water
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reactors or boiling water reactors of the type developed by Westinghouse
and General Electric for the Navy. It may be that other technologies, such
as the high temperature gas cooled reactor, might have been further
developed but for the technical decisions reached early in the nuclear
propulsion program. The point is that both contractors were strongly
encouraged to think about and develop ideas for commercial power
reactors, and that the present nuclear power industry is a product of the
nuclear submarine program.

This account of the nuclear propulsion program raises a broader
question: To what extent did the major development programs of the
1950s and early 1960s represent a change, if not an improvement, over
the techniques used in the Manhattan Project? As Sapolsky notes, the
atomic bomb dropped on Hiroshima was the first of the modern weapons
and the last of the old. For all its technical sophistication the bomb was
developed “apart from the ancillary equipment upon which its
effectiveness depended ... The physical size of the bomb was
determined not by the limits of technology, but by the dimensions of the
bomb bay doors of a B-29, an aircraft designed several years before the
bomb.” (ref. 44.) As weapons came to be seen as complex systems of
interrelated components — for instance, the airframe, guidance system,
warhead, engines, and so on of a cruise (air-breathing) missile — two
systems development philosophies evolved: that of the Air Force’s
Western Development Division, which managed the Air Force
Intercontinental Ballistic Missile (ICBM) Program, and the Navy Special
Projects Office, which oversaw the development of the submarine-
launched Polaris missile.

Specifically, by 1953, RAND Corporation scientists and an Air
Force Strategic Weapons Evaluation Committee chaired by John von
Neumann had concluded independently that an ICBM was technically
feasible. In early 1954, the von Neumann Committee recommended that
the United States undertake an ICBM program on a highest-priority basis.
On the basis of this recommendation, the Air Force established the
Western Development Division under then Brigadier General Bernard
Schriever to direct and coordinate its ballistic missile programs. The
Western Development Division was a blank-check outfit set up to run a
crash program to close the missile gap. Under Schriever’s philosophy of
concurrency, production and operations were telescoped together, even
while research and development were proceeding. Concurrency meant
“simultaneous work on basic and applied research, vehicle design,
component design, test facility design and construction, component and
system testing, the creation of production facilities, and the design,
proof, and test of launch site facilities without which the missile would be
impotent.” (ref. 45.) In this sense, Schriever perfected the methods first
pioneered by the Manhattan Project.
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Schriever’s approach to program management was equally radical.
The case for hiring systems contractors to manufacture and integrate the
components was not open and shut. The Army, at its Huntsville Arsenal,
was capable of developing weapon systems (for example, the
Jupiter intermediate-range missile) as complex as the Air Force’s Thor
intermediate-range missile. In essence, the Air Force turned to private
contractors because it had neither the depth of competence found in Army
laboratories nor the time to recruit engineers. In addition, the Air Force
preferred to foster a civilian aerospace industry in peacetime. The
research and development capabilities were there, ready to be exploited.
Moreover, many Air Force weapons managers believed that, in contrast
to the Army’s arsenal system, their relations with industry significantly
shortened the time period necessary for weapons systems development.

While retaining ultimate responsibility for its programs, the Air
Force delegated to civilians every aspect of the research and development
cycle. In several cases the Air Force selected a prime contractor for
technical integration, testing, assembly, subcontracting, and the like; this
was how the Bomarc missile and the B-58 bomber were developed. In its
ballistic missile programs, the Air Force worked through several
associate contractors for components and subsystems and hired a separate
organization, the Ramo-Wooldridge Corporation (subsequently TRW,
Inc.), to serve as technical director of the program. Excluded from
hardware production, Ramo-Wooldridge was both line and staff; the
former, insofar as it did systems engineering and provided technical
direction for the Western Development Division, and the latter, inasmuch
as it also did long-range planning studies for the Air Force. There is no
doubt that Schriever’s brilliant and inventive approach to pioneering new
organizational arrangements has profoundly affected the management of
technology development in the United States.

The Navy’s Special Projects Office was like the Air Force’s Western
Development Division in that it was at the farthest remove from the
pre-war arsenal system. But to a much greater extent than the Air Force in
its ICBM program, the Navy provided the technical direction for Polaris.
This did not mean that the Special Projects Office had any special design
capability. Rather, it was the design preferences of the Special Projects
Office, and not those of its contractors, that dominated Polaris. Unlike the
Air Force’s missile programs, “the technical alternatives were not the
product of a single organization, nor were they filtered through a single
organization. The Special Projects Office dominated because it was
dependent technically on many contractors, not one . . . Always in the
boundary areas between subsystems, but often also within subsystems,
the Special Projects Office branches and, most importantly, the Technical
Director, had the opportunity to compare competing proposals.” (ref.
46.)
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The National Aeronautics and Space Administration (1958 to 1970)

Despite the sophistication of the research and development we have
described, the United States was unprepared for the Russian announce-
ment, on October 4, 1957, that a satellite — Sputnik — had been placed
in near-earth orbit. Sputnik, which was Russia’s contribution to the
1957-1958 International Geophysical Year, seemed to represent the
greatest threat to national security since the German nuclear weapon
program became known. So far-reaching an event was perceived and
acted on in different ways. It led President Eisenhower to appoint James
Killian of MIT as Special Assistant to the President and to transfer the
Science Advisory Committee from the Office of Defense Mobilization to
the Executive Office of the President. Reconstituted as the President’s
Science Advisory Committee (PSAC), it gave the scientific community
greater access to the White House than at any time since the OSRD. With
the Special Assistant as Chairman of PSAC and, in 1959, of the newly
created Federal Council for Science and Technology, Eisenhower hoped
to obtain a body of politically neutral technical experts to provide
disinterested advice at all levels of the government.

But the most important consequence of Sputnik was the decision by
the President and Congress to consolidate and make more effective an
American space program. This decision led to the 1958 Space Act and the
creation of a new agency, the National Aeronautics and Space
Administration. NASA would be a civilian agency, with the National
Advisory Committee for Aeronautics as its nucleus; it would be headed
by a strong administrator, rather than a committee; it would have
authority to let large development contracts; in a vaguely-defined way, it
would coordinate its programs, especially those having military value or
significance, with those of DOD; and it would acquire certain
installations (in addition to those inherited from the National Advisory
Committee for Aeronautics) and projects needed to carry on its work. In
late 1958, by executive order NASA acquired the Jet Propulsion
Laboratory, a government-owned facility operated under an Army
contract by the California Institute of Technology which ultimately
acquired the role of developing unmanned spacecraft to explore the solar
system. In 1960, NASA acquired from the Army the rocket team headed
by Wernher von Braun located at the U.S. Army’s Redstone Arsenal in
Huntsville, Alabama. Von Braun and his colleagues were already
working on the Saturn rocket and, after President Kennedy’s May 1961
decision committing the United States to land a man on the Moon and
return him safely before the end of the decade, the Marshall Space Flight
Center (of which von Braun became the director) was placed in charge of
large launch vehicle development. Additionally, NASA established the
Goddard Space Flight Center in Greenbelt, Maryland, in 1959 to direct
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the agency’s unmanned earth orbiting satellite programs. Prominent
NACA and NASA leaders are shown in figures 17 through 21.

The lunar-landing decision was the real turning point for NASA.
Under T. Keith Glennan, the first NASA Administrator (1958 to 1961),
the agency had grown in a steady, undramatic way. Under his successor,
James E. Webb (1961 to 1968), NASA exploded, with a budget of $5.5
billion (1965 dollars) and 36 000 government employees supervising
400 000 contractor employees by 1965 to 1966. In considering NASA’s
success in accomplishing the lunar landing, we must ask what, in
organizational terms, allowed NASA to get the job done. Five features
seem noteworthy (ref. 47):

FIGURE 17.— Orville Wright who, with his brother Wilbur, achieved the first sus-
tained powered flight in 1903. Wright later served as a member of the govern-
ment’s National Advisory Committee for Aeronautics.
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FIGURE 18.— Three leaders of the National Advisory Committee for Aeronautics:
Jerome Hunsaker, a member (and chairman) of the Committee; James H.
Doolittle, the last Chairman of the Committee; and Hugh Dryden, for many
years the Staff Director of the Committee.
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FIGURE 19. — The first two Administrators of the National Aeronautics and Space
Administration, T. Keith Glennan and James E. Webb.
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FIGURE 20. — Wernher von Braun, whose team led the development of the Saturn
rocket that put the Apollo astronauts on the Moon, was also one of the early
pioneers of rocket technology in the 1930°s.
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1. NASA in the early 1960s had an organizational flexibility
unmatched by any agency of comparable size. In this period NASA had
no formal agencywide long-range plan; no general advisory committee of
outside scientists, such as those established for the AEC and DOD; no
centralized range structure for tracking, data acquisition, and mission
control; no inspector-general, chief scientist, or chief engineer; no central
planning staff attached to the Office of the Administrator. These functions
were handled in other, much more decentralized ways. Moreover, the
absence of a plan or general advisory committee rescued NASA from
becoming captive to policies which might cease to be relevant. To
maintain this flexibility and to adapt the agency to change, there were
frequent reorganizations, notably in 1961, 1963, 1965, and 1967. But
they were not ends in themselves. They were designed, rather, to turn the
agency from one set of programs to those of a quite different sort. For
NASA was quite vulnerable. It had to stake a claim to territory of its own,
rather than become a supporting arm of the military services or, like the
AEC, a supervisory agency with a small in-house staff and contractor-
operated facilities.

2. Another element in the success of the NASA organization was the
unusual power of the Administrator. The Administrator could appoint
people to “excepted” positions in the civil service, award contracts
without competitive bidding, reprogram funds within appropriation
accounts and transfer between them, and devise and administer a
custom-tailored entrance examination for new employees, among many
other things. Examples such as these represent influence within the
system, not a departure from it; variances from the norm were allowed by
Congress, the Bureau of the Budget, and the Civil Service Commission.
Without the authority, for example, to negotiate major contracts, it is
unlikely that the lunar landing would have occurred on schedule. It is
hard to imagine Apollo (the lunar-landing program) or a major unmanned
program like the Orbiting Observatories becoming operational, had the
agency been rigorously bound by competitive bidding or other rules that
would have constrained its ability to choose its sources for acquiring
hardware. The power available to the Administrator depended on
congressional willingness to tolerate practices that the legislature might
have challenged elsewhere. And when that toleration ceased, particularly
after the January 1967 fire that killed three astronauts, NASA also fell
victim to red tape. Thus by 1969, it took an average of 420 days to
process a contract involving a procurement plan, 3 months for
Headquarters to review the plan, and 47 days for Headquarters to approve
a negotiated contract.

3. One of the most important aspects of Apollo was the speed with
which the crucial administrative and program decisions were made and
the prime contracts awarded. Except for the decision to go to all-up
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testing (the testing of all the major Apollo components together), the
major Apollo program decisions were made between August 1961 and
July 1962. Had they been stretched out over a longer period, it seems
unlikely that they would have received the support that they did. In
contrast, it took almost four years to reach the decision to build the
Shuttle and to decide on the final configuration of the system. The first
serious conversations about the Space Shuttle were conducted in 1968 in
connection with then-Administrator Paine’s call to start thinking about a
“post-Apollo” program for NASA. The Shuttle program itself was not
finally approved by President Nixon until January 1972.

4. The NASA leadership has, for the most part, recognized the
political importance of the space program. There is no doubt that the
space program that NASA operates has strong political content and
popular appeal. The planetary exploration program and the spectacular
pictures it has provided of new worlds in the solar system, the Apollo
program, and, of course, the Space Shuttle have all been used as
demonstrations of American national competence in technology.
Generally, the nation’s political leadership has been sensitive to the
political advantages of a strong space program and has provided the
necessary support to carry it through.

5. As mentioned before, NASA was and is remarkably decentralized
for so large an agency. Authority was, and is, delegated to the centers to
negotiate contracts up to a specified amount, to transfer funds between
programs, to start new research tasks without seeking specific
authorization, and to shift manpower from one division to another. The
strategy of senior management was and is, to give the centers what they
need to get the job done, but not so much that their work would lose its
relevance to the agency’s mission. During the 1960s, the “research” and
“development” centers* tended to become more like each other; centers
with a mixture of projects weathered the budget and manpower cuts at the
end of the decade better than those with one or two large development
programs that were phasing down.

By 1969, most of the centers, particularly Marshall, were in the early
phases of a “withdrawal process” brought on by cuts which began in 1967
and were to continue uninterruptedly to the late 1970s. The Electronics
Research Center (ERC) was transferred from NASA to the Department of
Transportation in 1970 and one or two other centers narrowly avoided
closure. The problem of new roles and missions could be alleviated by the
centers, but only in part. NASA officials conceded in principle that a

* The “research” centers are Ames, Langley, and Lewis Research Centers. The
“development” centers are the Johnson Space Center and the Marshall Space Flight
Center.
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less-than-best laboratory might be closed: if it had served its initial
purpose; if there was no likelihood that a new role for the laboratory could
be found; and if the closing down of the laboratory would not leave a
significant gap in the national capability to do technology development
work. But most of the centers were adaptable and many had gone through
at least one reorganization in the late 1950s, moving from aeronautics to
launch-vehicle development, or from development work on guided
missiles to lunar and planetary probes, as with the Jet Propulsion
Laboratory. By 1969, another cycle of reorganization was underway. Yet
the more subtle changes in a center’s mission could only occur very
gradually..

To summarize, NASA prospered during the early 1960s, because of
its administrative flexibility, the political skills of its senior officials, the
delegation of program management to the field, and the timeliness with
which the important decisions were made. But the same elements were
not enough to enable NASA to weather the severest test to which any
mission-oriented agency can be put: namely, how to react to the
completion of the mission. And this, as we shall see, is not NASA’s
problem alone.

Epilogue: The 1970s and After

In retrospect, the early 1960s were the golden age of Federally-
sponsored, mission-oriented technology development. Beginning in
about 1967, the budgets of the three largest mission-oriented agencies —
DOD, AEC, NASA — accounting for 90 percent of all Federal research
and technology development outlays, began to decline (ref. 48).

Part of this decline was due to specific developments such as the
Vietnam War, skepticism over the future of commercial nuclear power
(confirmed, for many, by the Three Mile Island incident in 1979), and the
phasing down of Apollo. Yet the decline was general, part of systemic
changes in the American economy which continue to the present. Where
spending on all kinds of research and technology development from all
sources amounted to 2.9 percent of the gross national product in the
mid-1960s, it had fallen to 2.2 percent by 1978. During that period,
Federal spending, especially on applied research, prototype, and
demonstration programs fell from 1.9 percent to 1.1 percent of the gross
national product (ref. 49). Clearly, such a continued trend has major
implications for American economic growth or lack of it. We cannot
enter into so enormously complex a subject here, but we would like to
examine briefly the efforts of the technology-based agencies to adjust to
cutbacks.

The fate of the AEC was the most dramatic. It disappeared. In 1974
to 1975, its regulatory functions were transferred to the newly-created

62



A Look AT GOVERNMENT LLABORATORIES

Nuclear Regulatory Commission and its other activities were given to the
newly-created Energy Research and Development Administration. In
1977, the Department of Energy was created, assuming overall
management of all Federal programs related to energy. The AEC
laboratories tried to adjust. As early as 1964, the AEC had issued
guidelines for laboratories wishing to perform non-nuclear work for other
customers: The proposed work should not lead to an increase in the size
of AEC or contractor staff, should not require new facilities, should not
be subcontracted, and should be done only if the other sponsoring
government agency could not get the work done as conveniently by
private industry (ref. 50). Within these guidelines, the laboratories
worked for a variety of clients; Oak Ridge has worked for DOD, NASA,
the Office of Saline Water in the Interior Department, and the Public
Health Service; while the Lawrence Livermore National Laboratory has
carried out non-classified work, most recently in the area of
superconducting materials. Whether such work is a holding action or will
turn into a new missipn remains to be seen.

Defense technolo’é‘y development was hit particularly hard in the late
1960s. Basic academic research — a precondition for certain kinds of
defense technology — fell from $137 million in 1965 to $108 million in
1974 (ref. 51). Only 4 percent of the total was classified, as universities
began to withdraw from certain defense projects. Nor were matters
improved by the “Mansfield Amendment” attached to the 1970 defense
authorization act, which forbade the use of DOD funds to finance any
research unless, in the opinion of the Secretary of Defense, it had “a
potential relationship to a military function or operation.” (ref. 52.) The
case of NASA 1is particularly interesting. Apollo and its successor,
Skylab, were completed by 1974. Long before then, it was apparent to
agency officials that to maintain a manned spaceflight program, NASA
would have to confront the problem of deciding upon the next major
thrust in space technology. The answer to that problem was the Space
Shuttle. The main lines of the Shuttle program were drawn up by NASA
task forces in 1968 and 1969, modified in 1971, and approved by
President Nixon in January 1972. Briefly, the Shuttle is a partially
reusable launch vehicle, consisting of an orbiter, two recoverable
solid-fuel, strap-on boosters, and an external fuel tank, which is
jettisoned shortly after the main engines have used all the fuel. The
orbiter is designed to be launched like a rocket, operate in near-earth orbit
for up to several days and, returning to Earth, land like a glider (fig. 22).
It is designed for a variety of functions: to conduct experiments in zero
gravity, place communications or weather satellites in orbit, and
eventually, to supply an orbiting space station.

The Space Shuttle system, then, is radically different from Apollo.
For all its sophistication, Apollo was simple and its principles were well
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FIGURE 22. —A landing of the Space Shuitle “Columbia.”

understood. No new technology was required in most instances. The
theory of rocket propulsion was worked out in detail by Konstanin
Tsiolkovsky, Hermann Oberth, and Robert Goddard between 1900 and
1920, and the atmospheric entry problem had been solved in the 1950s in
connection with the ICBM program. Perhaps the only application of new
technology in the Apollo program was in the area of guidance and control,
since the lunar landing module required a completely automatic electronic
control system. The Space Shuttle is very much more complex and did
require the development of new technology. The orbiter must survive the
shock of launch and reentry and then, given one opportunity, make a
“dead stick” landing. Moreover, the management of the Shuttle program
brings with it problems more like those of a commercial enterprise than of
a government agency. These include how to market the Shuttle and
attract paying customers; how to set user fees so that NASA will at least
recover direct costs; how to screen proposals for manufacturing
operations in a zero-gravity environment; how to improve the orbiter’s
ability to operate beyond near-earth orbit. With most expendable rockets
to be phased out, NASA has staked a great deal — some would say,
almost everything — on the success of the Shuttle.

In this chapter we have discussed the most important development in
Federally-sponsored technology development over a span of 30 to 35
years. It would be presumptuous to extrapolate from that period to the major
programs of the 1980s and beyond. But certain features of Federally-
sponsored technology development can be discerned. Three are especially
important:

1. The role of new technology, especially in information proces-
sing, will continue to increase. Along with the revolution in
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microelectronics, there has been a major change in how we process
information. Small electronic components make it possible to construct
compact and powerful computers that can now perform analysis and other
decision-aiding functions which once required hours or even days of
work, in a few seconds. Since the size of electronic components can be
reduced further, up to a factor of a thousand, the upper limit of this
technology has not yet been reached (ref. 53).

2. At the same time, the need for a standard programming language
to replace the dozens of languages now used by DOD has never been
greater. Thus the Army has a major project, VIABLE, to standardize all
of its data processing activities, while the Air Force, in January 1983,
awarded a contract to Sperry Corporation to replace all its computers.
Most important, DOD has sponsored the development of a single
language, ADA, which is intended to replace all of the languages now
being used for military systems. This trend towards standardization is
certain to continue and will spread to other areas — for example, to the
creation of knowledge-based systems, the automatic assembly of
software parts, the development of programs which can be built from
existing parts, and the creation of very high-level languages with their
own control and data structures (ref. 54).

3. Finally, the role of the government laboratory is likely to change.
Given the need of many laboratories to broaden their missions, to
maintain their current sponsors or else find new ones, they will have to
become more flexible than they now are. Consider that few laboratories
do any production work and that increasing numbers of installations rely
on contractors for base operations. The laboratory’s function becomes,
more than ever, that of generating new ideas leading ultimately to
operating systems. In the remainder of this book, we will look at the
problems involved in the absolutely crucial role of the research
installation as generator of new ideas, and we will suggest some
improvements in the way this role is handled.
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CHAPTER IV

Features of Technology Development
Laboratories

On Being the Right Size

In the preceding chapters we discussed the history of research
institutions and some of their accomplishments. It is important to
recognize that the institutions with which we are dealing are not new and
have, in fact, evolved over some three hundred years. The merit of the
historical approach is in demonstrating the provisional, time-bound
nature of any institution organized to do fundamental or applied research.
What we will attempt in the remainder of this book is to analyze in detail
how contemporary research and development institutions are actually
managed, and to suggest how the management can be improved.

We touched earlier on the achievements of modern research
institutions. Nuclear technology, space technology, and electronic
technology such as transistors and integrated circuits have been
developed in laboratories of the kind that are the subject of this book. It
might also be worthwhile to talk about some failures. Paradoxically, one
cannot say that there have been any failures in the development of a
particular technology once its physical principles became known. But
while technology developments tend to be successful, certain technology
development institutions have failed, especially in the Federal sector.
Failures in the commercial sector are also known, but in that case we have
measurable failures of products rather than of laboratories. In many
cases, fully-developed products were brought to the marketplace and for
one reason or another — price, inefficiency, supersession by more
efficient competing technologies — turned out to be commercial
disasters. Some of the best-known of these failed technologies include the
rotary engine, Corfam, a synthetic material developed by DuPont, the
electronic facsimile transmission system developed by Xerox, and
fluidics, a technology using liquids or gases to perform functions
ordinarily performed by electronic devices (ref. 55). Despite intensive
marketing research and advertising campaigns, these products or
technologies were things for which there was either no demand or not
enough to justify mass production.
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Failure also means the closing of a specific institution after the
objective for which it was first organized was achieved.* A good example
is the U.S. Naval Radiological Defense Laboratory once located at the
Naval Shipyard in San Francisco. Its mission was to apply modern
methods of nuclear safety technology to decontaminating naval vessels
subject to nuclear attacks. The laboratory was established in 1946 to
1947, and during the next decade achieved most of its goals;
decontamination techniques for ships now exist that are probably
adequate for what needs to be done. Why, then was the laboratory shut
down? Probably because management recognized too late that its mission
was completed and that the organization had to find new problems
sufficiently important to justify its continued existence. Either there were
no such problems or they were not pursued vigorously enough. The
laboratory finally closed in 1968 on the ground that there simply was
nothing left for it to do. The laboratory had made its contribution to
resolving an important technical problem. That was not enough to save it.

In the private sector, technology development laboratories also
occasionally fail. During the 1960s, the Northrop Corporation felt that it
had an important future in space technology. Accordingly, a corporate
space laboratory was established. Unfortunately, the timing of the step
taken by Northrop was not very auspicious. The company’s space
laboratory was started just as spending on space technology by the
Federal Government was beginning to decline. Despite the quality of the
people Northrop hired, the management of the company finally concluded
that the space laboratory could not be sustained and closed the institution.

Let us take the analysis a step further. Why are some laboratories
closed once their missions are accomplished and why do others remain

* Some reviewers wondered why a laboratory which completed its mission should be
considered a failure. They would argue that it is not failure, but success, if an agency
successfully solves a problem or carries out an agency mission, even if in so doing it
works itself out of a job. For two reasons we disagreed. The first is that it is inherently
inefficient to create a separate institution, staff it with scientists and engineers, and spend
perhaps several millions of dollars on equipment, only to shut it down at a certain point.
The same objection would hold for a contractor-operated facility, even if the cost to the
government were partially concealed. We concede that special circumstances might
justify such an arrangement, although the creation of a new division within an existing
laboratory might be less costly.

The fundamental objection to regarding the completion of a mission as a criterion of
success is that, in such cases, “mission” is construed too narrowly. A laboratory set up to
develop one kind of catalytic converter or guidance system could probably make
contributions in other aspects of pollution control or navigation technology. By closing
the facility after its original mission — or rather, assignment — is completed, the
corporate or government sponsor forecloses the possibility of building on the experience
gained. Successful laboratories are able, again and again, to reinterpret their missions in
light of changing conditions — and that is really what we mean by success.
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open? What is it, for example, about a laboratory such as the NASA
Langley Research Center or the U.S. Naval Research Laboratory that
makes them productive organizations long after their original reasons for
being have been forgotten? Both of these institutions are in their seventh
decade and yet they have managed to retain their vitality. What, in fact,
are the correct ways of evaluating the performance of a technology
development institution? One way might be to use past achievements and
then make small extrapolations from them. A laboratory that can
successfully produce nuclear warheads capable of working from ballistic
missiles, another that can develop reentry systems for the Apollo
program, and a third that can develop the swept wing principle for
high-speed subsonic aircraft probably will continue to make important
contributions. But such an argument is often not enough. The authorities
within the agency who are in charge of preparing budgets will ask, “What
have you done for me lately?” A research facility cannot survive on its
record of achievement, by serving as a job shop for other agencies, or
even by modest departures from its original mission.

Successful research and development laboratories share certain
features that are apparently independent of the particular technology they
are pursuing. Three seem to be particularly important:

1. Cost. The cost of operating a technology development institu-
tion is (in 1983 dollars) about $75 000-$100 000 per employee. This
number, multiplied by the number of employees, is the institution’s
budget, and it tends to hold good independently of what the laboratory
does or whether it is public or private. The probable explanation is simply
that research and development is labor intensive, and that the dollar figure
cited equals salary plus overhead, plus some funding for equipment
needed to carry out technology development.

2. Professional and Support Personnel. The ratio of direct
program people to support people in technology development institutions
is between one to one and one to two. On the average, in order to keep
one person busy in a technology development task, it takes one support
person — meaning a secretary, technician, librarian, and the like — who
does not work directly for a single scientist or engineer. Those institutions
that are more test-and development-oriented tend to have more support
people for each direct professional than those oriented toward basic
research.

3. Size. Almost all permanent research and development institu-
tions range in size between 1 000 and 7 000 people. There are very few
operations that are smaller and very few that are larger. The reason for
this range of sizes is something like this: The lower limit is determined by
the fact that if the institution is too small, there will be too little flexibility
for a few people to strike out into new territory, or for new ideas to spill
over into research work. Thus the U.S. Naval Radiological Defense
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Laboratory mentioned earlier had a total staff of about 800. There were
not enough groups of two or three or four people delving into areas
unconnected with the laboratory’s current mission but that might lead to
new missions. Institutions seemingly must have more than about 1 000
people before the kind of flexibility that makes for the institution’s
survival exists. The upper limit in size is determined by the difficulty, for
management, of staying intellectually on top of an institution having
more than 6 000 to 7 000 people. (Los Alamos and Lawrence Livermore
Laboratories, with just over 7 000 employees apiece and budgets of $421
and $515 million, respectively, are near the upper limit. The Sandia
National Laboratory, operated by Western Electric for the Department of
Energy, has 8 000 employees at three locations and a budget of $738
million (ref. 56).) Although laboratory directors should not attempt
management of research in detail, they must nevertheless understand
thoroughly the objectives of work in progress. This is difficult in the
largest laboratories; hence a certain creaking of institutional joints,
resulting from too many communication channels and not enough
feedback. The existence of organizations like Bell Labs, with 19 000
employees, does not disprove this; such organizations are best thought of
as federations of semi-autonomous installations of 1 000 to 5 000 persons
each.*

Problems of Research Diversification

In the Federal sector, every research installation is always ‘“‘under
judgment” by a variety of groups. The performance of each institution is
reviewed annually for budget purposes at the very least. However, there
are also a great many other reviews, ranging from those performed by
committees of the National Academy of Sciences or Engineering under
contract to the agency being reviewed, to those carried out by the General
Accounting Office. When a technology development institution gets into
real trouble, there are usually a number of special reviews before a
decision is finally reached to close it or to make significant changes.
Nevertheless, changes do happen fairly rapidly in the Federal technology
development establishment. In 1968, the year the Naval Radiological
Defense Laboratory closed, the Defense Department also:

® Consolidated several Air Force activities with elements of the Army,
Navy, and NASA into the Eastern Test Range (Cape Canaveral,
Florida), the Western Test Range (Vandenberg Air Force Base,
California), and the White Sands Missile Range in New Mexico;

* As aresult of the divestiture of AT&T at the end of 1983, some 3 000 of Bell Labs’
22 000 employees were transferred to Bell Communications Research, owned and
operated by and for the divested telephone companies.
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® Established the Naval Weapons Center at China Lake, California, by
combining the Naval Ordnance Test Station and the Naval Ordnance
Laboratory;

® Established the Naval Ship Research and Development Center at
Carderock, Maryland, by combining the David Taylor Model Basin in
Carderock with the Marine Engineering Laboratory and the Mine
Defense Laboratory;

® Approved a plan to reduce the number of Army medical centers from
14 to 6; and

® Closed out the Research and Technology Division of the Air Force
Systems Command (ref. 57).

There have been similar instances with other agencies. In 1970, for
example, the Electronics Research Center of NASA in Cambridge,
Massachusetts, was transferred to the Department of Transportation even
before work on the facility was completed. In this case, the rationale for
the transfer seems to have been three-fold: With NASA continuing to face
budget cuts and layoffs, it seemed preferable to “spin-off” the agency’s
newest center, where the sunk costs were much less than for the other
centers; the work that the center was designed to do was already being
done efficiently in the private sector; and the Department of
Transportation had requirements that could be fulfilled by the center.

In fact, few laboratories present so clearcut a case for closure as did
the Naval Radiological Defense Laboratory — a small facility with one
narrowly-defined mission. On the other hand, a facility may be the
“right” size and have the “right” mix of support to professional personnel
and still be in danger. The policy considerations that lead a sponsoring
agency to close a facility, maintain it in its current mission, or encourage
it to seek new clients while continuing to work for its sponsor, are
complex. One consideration is obviously cost. The long-term savings
from closing a facility may be outweighed by the closeout costs. When
the Navy decided in 1977 to “disestablish” the Naval Electronics Systems
Engineering Center in Washington, DC, it estimated annual cost savings
of $47 000, annual manpower savings of $450 000, and “anticipated,
one-time costs” of closing the facility as $818 000 (ref. 58). There are
also the long-term costs of losing skilled personnel or paying for their
transfer elsewhere, or of losing a capability which the agency may later
need. Sometimes the agency can cut its losses by finding another
organization to take over the installation; thus NASA transferred the
Electronics Research Center and many of its personnel to the Department
of Transportation and, in so doing, cut its closeout costs.

Another consideration, where the agency has more than one research
facility, is how a decision affecting one laboratory will affect the others.
This problem has different aspects, depending on whether the laboratory
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is contractor- or government-operated. A facility like the Jet Propulsion
Laboratory or Oak Ridge National Laboratory (ORNL) has somewhat
greater freedom to seek new clients when work slackens than a facility
staffed by government employees. However, that freedom is usually
circumscribed to a degree by the original sponsor.

In this respect, the case of ORNL is unusually revealing. Beginning
in 1961, ORNL director Alvin Weinberg sought to diversify, while
maintaining good relations with the Atomic Energy Commission and the
congressional Joint Committee on Atomic Energy. The need for
diversification arose when two of ORNL’s biggest projects, the
nuclear-powered airplane and the homogeneous nuclear reactor, were
canceled. With the encouragement of AEC chairman Glenn Seaborg,
Weinberg looked to government agencies for additional work. Between
1962 and 1964, ORNL took on new work in desalting water, cancer
research, and civil defense; in each case, Weinberg’s criteria for new
projects were that they be “big, expensive, strongly in the national
interest and . . . not be ready for commercial exploitation.” (ref. 59.)
Each of these projects was presented to the AEC as something ad hoc,
“rather than as part of a general laboratory strategy for broadening the
base of sponsor support.” (ref. 60.) It was only when ORNL sought to
become a model laboratory for environmental research that the Joint
Committee on Atomic Energy dropped the other shoe, denouncing
(without naming) ORNL for “empire building” and for expanding into
areas unrelated to atomic energy programs. Moreover, new clients, like
the Interior Department’s Office of Saline Water, were ambivalent about
sponsoring the research efforts of an organization many times their size.
Rather than sponsoring the coherent program Weinberg desired, the
Office of Saline Water “divided the research effort into small segments,
which its program managers could supervise, rather than provide a single,
sizable chunk of money to Weinberg for his management . . . ORNL’s
own ambitions, while couched in ideals and technical jargon, inevitably
were rooted in a desire to survive, grow, and serve important needs. The
new sponsor knew it and sought to use ORNL, rather than being used for
the lab’s . . . aggrandizement.” (ref. 61.)

It was not precisely that ORNL failed to diversify. By late 1973,
when Weinberg left ORNL, outside work accounted for 20 percent of the
laboratory’s $100 million budget and even had its own title —

“work-for-others.” The point is not that Weinberg failed in broadening
ORNL’s mission but that at a certain point — and the same observation
might apply to the Jet Propulsion Laboratory vis-a-vis NASA — the
laboratory fell out of step with its original sponsor. From the sponsor’s
point of view, there is “good” and “bad” diversity. Good diversity means
diversity within the agency’s mission. Thus the Department of Energy,
like its predecessor the Atomic Energy Commission, has elected to
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operate two national weapons development laboratories, Lawrence
Livermore National Laboratory and Los Alamos National Laboratory,
and has as we have seen, built competition into its weapons programs; the
Director at Lawrence Livermore, Roger Batzel (fig. 23), has stated flatly
that “it would be a major mistake to have only one lab.” (ref. 62.)
Similarly, NASA in the 1960s encouraged (or accepted) diversity within
the agency; there were two centers engaged in launch-vehicle
development, four in aeronautical research and briefly, no less than five
in supporting research and technology. We shall return to the implications
of this diversity-within-unity in the next section.

University of California, Lawrence Livermore Laboratory

FIGURE 23. — Roger Batzel, the Director of the Lawrence Livermore National Labor-
atory since 1971.
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All three of the large mission-oriented agencies — DOD, the
AEC/Department of Energy, and to a lesser degree, NASA — have tried
to enunciate policies for evaluating their laboratories. Mention was made
in Chapter III of AEC’s 1964 guidelines for laboratories desiring to take
on outside work. AEC also drafted requirements for appraising contractor
performance (ref. 63). But AEC laboratories, as contractor-operated
facilities, are in a different category from those of the other two agencies.
The staff of AEC/Energy laboratories are not Federal employees; and the
AEC has justified its use of contractor employees as being more flexible
for institutions which predominantly employ scientific, technical, and
management personnel.

For DOD and NASA, on the other hand, the problem has been to
justify the continued existence of laboratories staffed mostly by Federal
employees. Both agencies have argued that such laboratories are needed
to provide a basis for assessing technical alternatives; to develop a body
of information leading to design definition; to develop intramurally the
skills for selecting contractors and directing their work; and to maintain a
continuity of effort, free from commercial pressures. Additionally, since
both agencies have more than one laboratory, they have had to face the
question of how each laboratory can contribute to the agency’s total
mission. Should they be organized around a technical discipline, around
acquired expertise, or around projects requiring a variety of disciplines?

One concept which was considered, but never completely
implemented, by DOD was to convert its larger laboratories into weapon
centers. This concept, which dates from a report by the Defense Science
Board in 1966, marked a turning away from a state of affairs where
competence in a given mission, such as anti-submarine warfare or
guidance and control, was dispersed among a number of laboratories at
different locations. What the Board recommended was the establishment
of large centers, each embracing “a broadly conceived technical program
concentrated on a particular military problem associated with general-
purpose warfare.” (ref. 64.) Among the features of a weapons center
singled out by the Board were:

® Size — to achieve “critical mass,” the center should have 1 000 or
more scientists and engineers;

® That it function as a self-contained organization performing research
and technology development, with feasibility models as the end
product;

® [ts ability to set aside about 70 percent of professional personnel for
fundamental development engineering;

® Involvement in determining military requirements and in the initial
procurement of equipment; and

® Periodic evaluation of the center to ensure that it maintained high
performance standards (ref. 65).
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The Board argued that, by combining the capabilities of several
laboratories engaged in subsystem work, each weapons center could
concentrate on identifying critical military problems and could arrive at
optimal solutions independently of technical biases. The task force also
concluded that the center’s performance would be more easily evaluated,
since end products that were clearly the center’s responsibility could be
tested and evaluated.

DOD could only partially implement the Defense Science Board’s
recommendation. As we saw, DOD closed or consolidated several of its
laboratories in 1968. It also assigned important military missions to its
larger laboratories, encouraged installations belonging to one service to
work for the other services, developed a program to evaluate those of its
contractors engaged in R&D, and created a special category of “in-house
independent research funds” — a fraction of the annual laboratory budget
set aside without need of prior approval and to be used for work judged by
the laboratory director as promising (ref. 66). But the transformation of a
number of smaller units into weapons centers was never completed,
partly because of political pressures to keep smaller facilities open, partly
because of the open-ended, changing nature of the defense missions
themselves.

It would be a mistake to close this section without mentioning the
evolution of the laboratory itself as it interacts with its sponsoring agency
and with other clients that make use of its capabilities. Almost all of the
successful large modern technology development centers began with a
single mission which changed and multiplied as the original objectives
within the original mission were accomplished. The solution of the
problems associated with the original mission inevitably led to the
development of techniques that could be applied to other missions and it
is most important to understand that this happens quite independently of
missions that the sponsoring agency might have in mind. Part of the
organic development of the laboratory is that it constantly redefines its
own missions and therefore also its reason for being.

The original mission of the Lawrence Livermore National
Laboratory was to develop thermonuclear explosives. Yet, today, the
laboratory has one of the most important capabilities for the in-situ
recovery of oil from shale deposits and gas from coal deposits. How this
happened is shown in figure 24, which illustrates how the various
“missions” executed by Lawrence Livermore today evolved from the
original purpose of the laboratory. The mission development shown in
this diagram was not mandated by the Atomic Energy Commission (later
ERDA and the DOE) in Washington. It came about because of actions
taken by the staff and the management at the laboratory itself. The Ames
Research Center of NASA (fig. 25) began life in 1939 with a mission to
explore high-speed flight and yet in 1977 it was designated as the primary
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FIGURE 25. — Aerial view of the NASA-Ames Research Center near Mountain View,
California. The large, horn-shaped structure at the left side is the new, full-scale
wind tunnel.

helicopter and vertical take-off and landing machines (V/TOL)
technology center of NASA. The mission development diagram for Ames
is shown in figure 26, which shows how the logical connection from one
to the other came about. Once again, the internal workings of the
institution in the field shaped the decisions that were later made (or
perhaps ratified is a better word) at NASA Headquarters in Washington.
The case of the helicopter development evolution is sufficiently
interesting that it will be described in detail in the next section.

A Case Study: The NASA Helicopter Program

For NASA, the problem of devising a policy for evaluating its lab-
oratories was different from that facing DOD or AEC. During the past
twenty years the number of NASA centers, including the Jet Propulsion
Laboratory but excluding supporting facilities, has fluctuated between
eight and ten. For NASA management, the problem has been to
strengthen each center’s sense of its own mission while making its
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resources available to the rest of the agency. Where, as mentioned earlier,
several centers are working in aeronautics or supporting research and
technology, it becomes that much more difficult to avoid a certain degree
of duplication. Although never made explicit in a single policy document,
NASA has proceeded on the assumption that all but the smallest centers
should combine open-ended and discrete projects.* NASA’s one attempt
to organize a facility around a technical discipline — the Electronics
Research Center — failed. Instead, since the early 1970s, NASA has
adopted an “area of emphasis” philosophy, that is, assigning work to each
center based on the existing facilities and expertise at the center. An
account of the consolidation of NASA’s helicopter program at the Ames
Research Center at Moffett Field, California, will show how this
philosophy affected one center. More important, the helicopter program
consolidation is a textbook study in demonstrating how one research
laboratory adjusted to shrinking budgets, how Headquarters’ need to
spread work around dovetailed with the center’s need for new clients, and
the importance of the center’s taking an active role to ensure its survival
(ref. 67).

The Ames Research Center was established by the National
Advisory Committee for Aeronautics in 1939, primarily to test and design
high-speed fighter aircraft. The tradition of high-speed aerodynamics that
began with this enterprise continued until the laboratory became a center
for the development of: first, subsonic jets, rocket and Scout launches at
Wallops Island, Virginia; subsequently of atmospheric entry systems; and
more recently still, of planetary entry probes. Another kind of mission
grew out of the need to develop very sensitive controls for high-speed
aircraft. These efforts led to work in flight simulation and the life
sciences, since it was necessary to establish physiologically that flight
simulators did, in fact, accurately mock up flight conditions. This, in
turn, generated strong interest in computers, since high-fidelity flight
simulators require very high-speed computational devices to drive them.
The work in the life sciences expanded to include space biology after the
National Advisory Committee for Aeronautics became the core of NASA
in 1958.

An important and independent set of missions emerged in the 1950s
around large-scale test facilities originally designed for flight aircraft. It
transpired that helicopters and V/TOLs required full-scale testing before
they could be flown reliably, owing to the very complex interactions
between aerodynamics and vehicle structure. These interactions simply
could not be scaled and, thus, full-scale testing was essential. The same

* The Kennedy Space Center at Cape Canaveral, Florida, is an exception, since its
mission is to support all of NASA’s launches, except for the sounding rocket and Scout
launches at Wallops Island, Virginia.
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40-by 80-foot wind tunnel originally designed to test fighter aircraft
during the Second World War was used later in the design of the most
modern helicopters and V/TOL machines.

At Ames, work on rotorcraft research and technology began in 1954,
when the Air Force requested tests of two advanced rotorcraft (the
McDonnell XV-1 compound helicopter and the Bell XV-3 tilt-rotor
airplane) in the 40-by 80-foot tunnel. From this point onward, Ames’s
involvement in rotorcraft technology increased: In 1956, a rotary-wing
research group was formed; in 1958, testing of the Bell XV-3 began; and
in the early 1960s, Ames carried out an important series of tests on the
UH-1 and H-34 rotor systems. But the key event in Ames’s rotorcraft
program was the establishment by the Army, in 1965, of an aeronautical
research laboratory at the center. In NASA’s estimate, the creation of the
Army laboratory had significant benefits for both agencies: It led to the
refurbishing of an inactive 7-by 10-foot tunnel for small-scale testing
alongside the full-scale testing capabilities of the 40-by 80-foot tunnel; to
the development of capabilities in noise research and rotor dynamics; to
the creation of other Joint Army Research Groups at the Lewis and
Langley Research Centers; and above all, to the creation of the Army Air
Mobility Research. and Development Laboratory in 1970, with
headquarters at Ames. This, in turn, caused a rapid expansion of
rotary-wing research at Ames; in 1971 a joint NASA-Army agreement to
develop a tilt-rotor research aircraft was signed. Thus Ames acquired
another sponsor, one that could buffer funding cutbacks in the parent
agency.

For reasons that have already been described, it was also true that by
1970 Ames needed all the outside support it could get. When NASA was
created, Ames had taken on important new assignments in life sciences
and space science. In the early 1960s, NASA built a life sciences research
facility at Ames, and assigned responsibility to the center for systems
management of the Pioneer series of interplanetary probes. But by their
nature, these programs were not likely to grow. There were seldom more
than one hundred professional employees working full-time on Pioneer
and the early returns on life sciences research — for example, the
Biosatellite program for investigating the effects of weightlessness on
various organisms — were inconclusive. Also, Ames, in common with
other NASA centers, was beginning to feel the pinch of funding cutbacks
and layoffs. In mid-1967, there were 2 176 government employees at
Ames; three years later, that number had fallen to just under 2 000 — a
drop of about 11 percent (ref. 68). Without new programs or sponsors,
Ames was in danger of closing or, at best, losing that critical mass of
engineers and scientists, without which innovation could not occur.

What permitted Ames to survive was the decision by the center’s
leadership to concentrate on those areas where it was both strong and
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likely to attract support from other funding agencies as well as NASA.
When one of the authors (Mark) became the Ames Center director in
1969, there were already proposals to shut Ames down. Something had to
be done immediately; and one of the author’s first acts as director was to
establish a Strategy and Tactics Committee consisting of rank-and-file
employees as well as managers to work out Ames’ view of its mission. In
essence, the committee selected certain areas of emphasis for the center to
concentrate on: computational fluid mechanics, V/TOL, flight simula-
tion, airborne sciences, and life sciences. What these areas had in
common were a high degree of interdependence and the availability of
unique test facilities, such as the 40-by 80-foot tunnel, the Flight
Simulator for Advanced Aircraft, and later the ILLIAC IV supercompu-
ter, to support them; the rapid growth of rotorcraft technology for civil
and military applications; and the existence of sponsors outside as well as
within NASA. Thus Ames used the Army to get funds for V/TOL
research and the Defense Advanced Research Projects Agency to procure
the ILLIAC IV, operated jointly by DOD and NASA and capable of
performing 300 million calculations a second and storing one trillion bits
of information at a time (ref. 69). Ames’ areas of emphasis were, in a
sense, the best horses to ride. New uses for helicopters were being
identified in areas as diverse as energy exploration, logging, shipping,
and heavy construction; and the Army was considering using the
helicopter as an offensive weapon in addition to its traditional support
role. As DOD funds became available in the early 1970s, Ames
management planned to develop its rotary-wing research capability in
ways described in an internal NASA paper as “explosive”: repowering the
40-by 80-foot tunnel to increase its maximum speed from 200 to 300
knots, putting the vertical motion simulator into operation, and accepting
delivery of an advanced tilt-rotor experimental aircraft.

There was, then, at least as much “push” from Ames as there was
“pull” from NASA Headquarters for the center to chart its own course.
Indeed, Ames had a long-range strategy in place two years before NASA
began an “institutional assessment” of its centers. As it happened,
Ames’s strategy fitted in well with NASA’s strategy of consolidating
aeronautics and space technology around areas of emphasis. In late 1975,
NASA officials decided to consolidate long-haul aviation at the Langley
Research Center in Virginia and short-haul aviation at Ames. From
Headquarters’ point of view, consolidation would enable the agency
to tap Ames’s unique test facilities, exploit its contacts with the Army and
the Federal Aviation Administration — for example, supporting the
latter’s air traffic control simulation project — and bring about a division
of NASA aeronautical research among the Ames, Langley, and Lewis
Research Centers. NASA recommended a consolidation in three phases,
beginning with the incorporation of Langley programs for which Ames
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had available personnel, followed by the transfer of equipment and key
personnel, the transfer to be completed by the 1979 fiscal year. An
important point about the program consolidation was NASA’s insistence
that Ames involve industry to the maximum extent, both for procuring
test hardware and in the actual wind tunnel, simulation, and flight test
programs. The t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>