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PREFACE 

This volume is one of a series which has been preparedas a record 
of the research work done under the Manhattan Project and the Atomic 
Energy Commission. The name Manhattan Project was assigned by 
the Corps of Engineers, War  Department, to the far-flung scientific 
and engineering activities which had as their objective the utilization of 
atomic energy for military purposes. In the attainment of this objec- 
tive, there were many developments in scientific and technical fields 
which a r e  of general interest. The National Nuclear Energy Series 
(Manhattan Project Technical Section) is a record of these scientific 
and technical contributions, as well as of the developments in these 
fields which are being sponsored by the Atomic Energy Commission. 

The declassified portion of the National Nuclear Energy Series, 
when completed, i s  expected to consist of some 60 volumes. These 
will be grouped into eight divisions, as follows: 

Division 
Division 
Division 
Division IV - Plutonium Project 
Division 
Division VI - University of Rochester Project 
Division VII - Materials Procurement Project 
Division VIII - Manhattan Project 

I - Electromagnetic Separation Project 
11 - Gaseous Diffusion Project 

III - Special Separations Project 

V - Los Alamos Project 

Soon after the close of the war the Manhattan Project was able to 
give i ts  attention to the preparation of a complete record of the 
research work accomplished under Project contracts. Writing pro- 
grams were authorized at  all laboratories, with the object of obtaining 
complete coverage of Project results. Each major installation was 
requested to designate one or more representatives to make up a 
committee, which was first called the Manhattan Project Editorial 
Advisory Board, and later, after the sponsorship of the Series was 
assumed by the Atomic Energy Commission, the Project Editorial 
Advisory Board. This group made plans to coordinate the writing 
programs a t  all the installations, and acted a s  an advisory group in 
all matters affecting the Project-wide writing program. Its last 
meeting was held on Feb. 9, 1948, when it recommended the publisher 
for  the Series. 
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viii PREFACE 

The names of the Board members and of the installations which 
they represented are as follows: 

Atomic Energy Commission 
Public and Technical Information 

Technical Information Mvision, 

Office of New York Operations 

Service 

Oak Ridge Extension 

Brookhaven National Laboratory 

Carbide & Carbon Chemicals 
Corporation (K-25) 

Corporation (Y-12) t 
Clinton Laboratories 1 
General Electric Company, Hanford 

General Electric Company, 
Knolls Atomic Power Laboratory 

Kellex Corporation 

Carbide & Carbon Chemicals 

Los Alamos 

National Bureau of Standards 

Plutonium Project 
Argonne National Laboratory 

Iowa State College 

Medical Group 

SAM Laboratories 0 

Stone & Webster Engineering 

University of California 

University of Rochester 

Corporation 

Albert0 F. Thompson 

Brewer F. Boardman 

Charles Slesser,  J. H. Hayner, 
W. M. Hearon * 
Richard W. Dodson 

R. B. Korsmeyer, W. L. Harwell, 
D. E. Hull, Ezra  Staple 

Russell Baldock 

J. R Coe 

T. W. Hauff 

John P. Howe 

John F. Hogerton, Jerome S imon ,  
M. Benedict 

R. R. Davis, Ralph Carlisle Smith 

C. J. Rodden 

R. S. Mulliken, H. D. Young 

I'. H. Speddmg 

R E. Zirkle 

G. M. Murphy 

B. W. Whitehurst 

R. K. Wakerling, A. Guthrie 

D. R. Charles, M. J. Wantman 

Represented Madison Square Area of the Manhattan District. 
t The Y-12 plant a t  Oak Ridge was operated by Tennessee Eastman Corporation u t11  Hay 4 ,  

1947, a t  which t ime operatlcns were taken over by Carbide & Carbon Chemicals Corporation. 
t Clinton Laboratories was the former name of the Oak Ridge National Laboratory. 
O S A M  (Substltute Alloy Materials) was the code name for the laboratories operated by 

Columbla Universlty in New York under the directlon of Dr. H. G. Urey, where much of the 
experimental work on isotope separation was done. On Feb. 1, 1945, the administration of 
these laboratories became the responslbillty of Carbide & Carbo. Chemicals Corporation. 
Research in progress there was transferred to the K-25 plant at Oak Rldge in June, 1946, and 
the New York laboratories were then closed. 
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PREFACE ix 

Many difficulties were encountered in preparing a unified account 
of Atomic Energy Project work. For example, the Project Editorial 
Advisory Board was the first committee ever organized with repre-.  
sentatives from every major installation of the Atomic Energy Project. 
Compartmentation for security was so rigorous during the war that 
it had been considered necessary to  allow a certain amount of dupli- 
cation of effort rather than to permit unrestricted circulation of 
research information between certain installations. As  a result, the 
writing programs of different installations inevitably overlap markedly 
in many scientific fields. The Editorial Advisory Board has exerted 
itself to reduce duplication in so far as possible and to eliminate 
discrepancies in factual data included in the volumes of the NNES. 
In particular, unified Project-wide volumes have been prepared 
on Uranium Chemistry and on the Analysis of Project Materials. 
Nevertheless, the reader will find many instances of differences in 
results or conclusions on similar subject matter prepared by different 
authors. This  has not seemed wholly undesirable for  several reasons. 
First  of all, such divergencies a r e  not unnatural and stimulate in- 
vestigation. Second, promptness of publication has seemed more 
important than the removal of all discrepancies. Finally, many Proj- 
ect scientists completed their contributions some time ago and have 
become engrossed in other activities so  that their  time has not been 
available for a detailed review of their work in relation to similar 
work done at other installations. 

The completion of the various individual volumes of the Series has 
also been beset with difficulties. Many of the key authors and editors 
have had important responsibilities in planning the future of atomic 
energy research. Under these circumstances, the completion of this 
technical series has been delayed longer than its editors wished. The 
volumes a r e  being released in their present fo rm in the interest of 
presenting the material as promptly as possible to those who can 
make use of it. 

The Editorial Advisory Board 
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PLUTONIUM PROJECT RECORD FOREWORD 

This report is a technical account of information collected while 
developing methods for producing plutonium. Some of the information 
deals directly with nuclear physics and chemistry. Most of it is 
related rather to technical processes that needed to be performed in 
preparation for making the plutonium. These publications represent 
selections from the great mass of current  reports, made on the basis 
of their value to basic science and technology. 

The current technical reports,  written during the war years, were 
essential to the active work of the plutonium project. They supplied 
needed data and calculations to those who were planning the new 
processes. Selecting from this mass  of records the most reliable 
data and presenting them in a useful form has been an enormous 
task, for which the writers and editors of these volumes deserve the 
Sincere thanks of their scientific colleagues. Many fields of science 
and technology will develop more rapidly because of this knowledge. 

The efforts of the men who did this research resulted in the  suc- 
cessful production of atomic bombs, which shortened the war and 
saved the lives of many of their comrades. But in the long view of his- 
tory itis probable thatthe major human heritage from their work will 
not be this quick victory. I t  may not even be the useful applications 
of atomic energy, which was first presented as a Promethean gift to 
man. It is not unlikely that the scientific information in these pages 
may be the starting point to new reaches of knowledge, which will give 
to man a n  understanding that will truly enrich his life. 

Arthur H. Compton 



INTRODUCTORY NOTE ON THE PLUTONIUM PROJECT RECORD 

Organization and Record of the Metallurgical Project. The Pluto- 
nium Project Record. which forms DivisionIV of the National Nuclear 
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Energy Series (NNES), is the scientific and technical record of the 
former Metallurgical Project. The project had its origin in work 
carried on in 1940-1941, mainly at Columbia and Princeton on the de- 
velopment of the chain-reacting pile and at the University of California 
at Berkeley on the production and chemistry of transuranic elements. 
In January 1942 this work was concentrated in the newly organized 
Metallurgical Laboratory at Chicago under the leadership of A. H. 
Compton. The Metallurgical Project grew out of the Metallurgical 
Laboratory. The initial objectives of the Metallurgical Laboratory 
were (1) to develop chain-reacting piles to  produce plutonium and (2) to 
develop fission bombs. Major associated units were organized in 1942 
at Iowa State College at Ames, Iowa (chemistry and metallurgy) under 
F. H. Spedding; at the University of California at Berkeley, Calif. 
(chemistry) under W. M. Latimer and E. D. Eastman, continuing the 
previous work there; and at Massachusetts Institute of Technology 
(metallurgy) under J. Chipman and later M. Cohen. Early in 1943 the 
work on fission bombs was t ransferred to  an independent project at 
Los Alamos. 

After the successful demonstration of a nuclear chain reaction in 
the West Stands pile at Chicago in December 1942,the Argonne Labo- 
ratory with its experimental pile was built west of Chicago, and the 
Clinton Laboratories with their  pilot-plant pile were built at Oak 
Ridge, Tenn. -both in 1943. The three major laboratories at Chicago, 
Argonne, and Clinton, the associated laboratories at Ames, Berkeley, 
and M.I.T., and some seventy other cooperating groups then con- 
stituted the Metallurgical Project, under A. H. Compton as Project 
Director. Closely cooperating in the transition from laboratory and 
pilot-plant to large-scale operation was E. I. du Pont de Nemours 
& Company, which was made responsible for the design and construc- 
tion of the Clinton pile and f o r  the design, construction, and operation 
of the Hanford Plutonium Plant. The Project  continued as such until 
June 30, 1945, when it was dissolved. 

The Plutonium Project Record (PPR) covers most of the scientific 
and technical work of the Metallurgical Laboratory and the Metallur- 
gical Project  up to the date of the dissolution of the Project, and also 
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the continuation of this work in the successor laboratories up to ap- 
proximately Jan. 1,1946, or  i n  some cases  to a later date. In addition, 
the PPR covers in part the pre-1942 work at Columbia, Princeton, 
and Berkeley. The record of the work directly leading up to the Los 
Alamos Project, however, is omitted. Nevertheless the PPR and the 
Los Alamos Technical Series (Division V of the NNES) cover closely 
related and in part  overlapping subject matter i n  some of their vol- 
umes, particularly in nuclear physics and’in chemistry and metallurgy 
of plutonium. 

Important phases of the work of the Metallurgical Project that are 
not reported in the PPR but will !-e reported elsewhere in the NNES 
a r e  as follows: (1) Division VII, the report of the Materials Procure- 
ment Project, includes certain early work on process metallurgy, 
which was initiated largely by the Metallurgical Laboratory. (2) The 
DivisionVIII NNES volumes on Analytical Chemistry, which developed 
from two volumes originally planned as part of the PPR, contain much 
Metallurgical Project work, including one complete Collected Papers  
volume. (3) The Division VIII NNES volumes on Uranium Chemistry, 
which were planned and carr ied out under the supervision of the PPR 
editorial group, likewise contain much Metallurgical Project work, 
including one complete Collected Papers  volume. 

History and Plan of the Plutonium Project Record. During the war 
years  the scientific and technical work of the Metallurgical Project 
and its associated laboratories was described currently i n  a ser ies  
of reports called the “C reports.” The work up to July 1, 1945 was 
described in some 3,000 reports. After that date the Clinton Labora- 
tories reports became a separate ser ies ,  but reports of the other 
units of the former Metallurgical Project continued to  be issued as 
C reports. Most of the C reports were preliminary o r  semifinal re- 
ports. The main consideration during the wartime development was 
speed of issue and distribution. 

As the mass  of scientific and technical knowledge obtained on the 
Project piled up, an increasing need was apparent for  its digestion 
into survey or summary form. In partial answer to this need, an  
editorial group was se t  up in the spring of 1943 to  organize a Project 
Handbook. Although never ful ly  completed because of the engrossment 
of authors in immediately urgent tasks, and because of the transfer of 
many of them to other si tes,  enough of the Project Handbook was 
finished to  be of real  value. 

By the summer of 1944, the Metallurgical Project had largely con- 
cluded i t s  major task, that of providing the scientific and pilot-plant 
know-how for  the design of the large-scale Hanford Plutonium Plant. 
The t ime seemed ripe to  plan a se r i e s  of volumes in which the Proj-  
ect’s fund of accumulated scientific and technical knowledge would be 
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INTRODUCTORYNOTE xv 

recorded. These would replace the often sketchy and sometimes mu- 
tually contradictory C reports and fill many gaps of unwritten knowl- 
edge. In the early planning, Laurence L. Quill as Chief of the Editorial 
Section of the Project Information Division during the summer of 1944, 
Eugene Rabinowitch, and H. H. Goldsmith made important contribu - 
tions. After several  committee meetings, a plan for the preparation of 
a Metallurgical Project Record was approved by the Project Director 
in the fall of 1944. Later,  i n  1945, the name was changed to Plutonium 
Project Report or Record (PPR). 

When the PPR was  organized, rigid compartmentation was still in 
effect between the Metallurgical Project and the other Manhattan 
District projects. Members of each project were in general not sup- 
posed to know even the major objectives or main outlines of the other 
projects. The PPR had therefore to be planned as an independent 
entity. Nevertheless, at its inception the idea was firmly held that 
later on the Record should become part  of a larger  s e r i e s  covering the 
work of all the atomic energy projects. This idea was repeatedly 
advocated and led in late 1945 to the plan for  the Manhattan Project 
Technical Ser ies  (MPTS), a name which was finally revised to the 
present designation of National Nuclear Energy Series  (NNES). 

The general plan of organization of the PPR was that of a ser ies  of 
some twenty Survey volumes, called “A volumes,” each documented 
by a like -numbered Collected Papers  volume (or volumes); these were 
called “B volumes.” In general, following somewhat a pattern se t  by 
the Project Handbook, a Survey volume was  planned for each scientific 
or technical subject to which the Metallurgical Project had made suf- 
ficiently major contributions. Each Survey volume was intended to be 
a fairly complete review or  monograph (or else  a collection of review 
chapters) on the subject field. It was planned to cover work done both 
within and outside the Metallurgical Project, though with primary 
emphasis on the former,  outside work being included only for  the sake 
of accuracy and completeness. 

In contrast to the Survey volumes, each Collected Papers volume 
was designed to  consist of individual papers, mostly from individual 
laboratories and more o r  less s imilar  to art icles in the scientific 
journals; they were to include only work done within the Project. In 
planning the PPR, it was  realized that some of the Survey volumes 
would overlap with possible volumes of other projects, but because of 
compartmentation restrictions, i t  was decided to proceed in general 
with the plan as outlined. An exception was the field of uranium chem - 
istry, where it was obvious that all the major projects were making 
important contributions. In this field, a Handbook of Uranium Chem- 
istry was planned early in 1944, to be edited and written at  the Metal- 
lurgical Laboratory at  Chicago, but as a cooperative effort of all the 



When the PPR plans were approved toward the end of 1944, the 
completion deadline for the manuscripts was set for June 30, 1945, 
the date of dissolution of the Metallurgical Project. Most of the PPR 
volumes were organized into three groups: (1) chemistry and metal- 
lurgy; (2) physics and related engineering; (3) biology and medicine. 
The first task was to obtain volume editors and editorial committees 
for the various volumes, to plan the contents, and to find authors. 
John C. Warner, as chemistry editor of the PPR and Chief of the 
Editorial Section of the Project Information Division from December 
1944 to June 30, 1945, made decisive contributions to the chemistry 
and metallurgy volumes and to the general planning of the PPR. 

The organization of the volumes on physics and on biology and med- 
icine went more slowly, partly because the subject matter was then 
l e s s  ripe for  writing than was that on chemistry and metallurgy, partly 
because of the demands for continuing research and, in the field of 
instrumentation, for production of instruments to be .used a t  Los 
Alamos, Hanford, and other sites. Eugene P. Wigner, Frederick Seitz, 
and H. H. Goldsmith took an active part in the early organization of 
the physics volumes. Plans for the volumes on biology and medicine 
were very effectively organized by Raymond E. Zirkle as PPR editor 
for  these fields, with the backing of Robert S. Stone a s  Associate 
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Project Director for Health. Hoylande D. Young entered the PPR 
program as Technical Editor in charge of final editing and process- 

' ing of manuscripts, and after June 30, 1946, became General Editor. 
After the organization of the PPR, steady progress was made in the 

work of writing and editing, but at a slower pace than was originally 
hoped. The dissolution of the Project on June 30,1945, with the read- 
justments and administrative problems involved in a 50 per cent cut 
of total personnel; the end of the war after the bomb was dropped in 
August and the subsequent deep preoccupation and extensive activities 
of Project personnel in connection with the social and political impU- 
cations of atomic energy and atomic warfare;  new research and plan- 
ning directed toward the postwar continuation of the atomic energy 
program; all these slowed the progress of the PPR writing program. 
During this difficult period, invaluable encouragement and support 
of the PPR program came from, among others, Norman Hilberry, 
Associate Director of the Metallurgical Project up to the time of its 
dissolution, and Farrington Daniels, Director of the Metallurgical 
Laboratory in 1945-1946. 

Meantime, other projects in the Manhattan Distrir 
preparation of final accounts of their work. In p; 
Alamos Technical Series was begun in 1945. Final 
the NNES) was organized under the Manhattan Dis 
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writing activities and filling the gaps in these, with the objective 
producing a reasonably well-rounded series of volumes cc*rnrin* 
work of the entire District. During early 1946, rules for  1 cation were se t  up, and the editors of the MPTS volumea - 
difficult task of dividing the subject matter Of 
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for  which publication must be deferred. In June 
of the editorial work of the PPR, as part of the NNKb, wab 
by the Technical Information Division of the Atomic Energy L U L L L A L ~ A D -  

sion, at  Oak Ridge, Tern. 
In addition to  those named above, many other project members 

worked together in planning the PPR. After the general plans were 
made, the actual work of preparing the various volumes was in the 
hands of the volume editors,  volume editorial committees, andauthors, 
as described in the prefaces of the individual volu 

mes. ' I  
Robert S. Mulliien 

Editor-in-Chief, . 
Plutonium Project Record 


