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PREFACE

The existence of adequate experimental equipment, in particular the
two operating cyclotrons of the Radiation Laboratory and the large
184-inch unit under construction, together with a nucleus of trained
personnel, made it inevitable that work in connection with the war ef-
fort would be prosecuted vigorously at the University of California.
Prior to the fall of 1941, studies of the properties of the transuranic
elements were carried out and artificial radioactive materials were
produced in the cyclotrons for use in various laboratories. This work
was done informally and primarily on university funds. The impor-
tance of the studies of transuranic elements cannot be overestimated
since the results formed a basis for the Plutonium Project.

Although the mass spectrographic method of separating uranium
isotopes had been under consideration prior to the fall of 1941, there
was no unanimity of opinion among physicists regarding the ultimate
success of the method, owing to the space-charge effects. The feeling
prevailed in the Radiation Laboratory of the University of California
that in spite of this uncertainty the method should be pushed vigor-
ously. The first concrete step in this direction was taken in November
1941, when a group was assigned to convert the 37-inch cyclotron to
study this method of separating uranium isotopes. At about the same
time two other groups started work on other electromagnetic separa-
tion schemes, namely, the ionic centrifuge and the radial magnetic
separator. All this work was undertaken with the full support of the
Uranium Committee but under no formal contract. The first formal
contract designed to further work along these lines was entered into
between the university and the Office of Scientific Research and De-
velopment in late December 1941, with the Laboratory Director as
Project Leader.

The work on the mass spectrographic method, now called the “calu-
tron process,” proceeded so satisfactorily that by the early fall of
1942 plans were being formulated for a production plant. Also, owing
to the very gratifying results obtained with this method, it was decided
to discontinue work on the other methods. From the fall of 1942 to
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the end of hostilities in 1945 the Berkeley project was concerned pri-
marily with the design and testing of protoype units for the plant, in
addition to the necessary training of personnel. For a good portion of
the time Radiation Laboratory personnel was stationed at Oak Ridge
to assist directly in putting the plant into operation. It was on May 1,
1943, that the Berkeley project came directly under the jurisdiction
of the Manhattan District. This move, however, did not affect the
organizational setup of the Radiation Laboratory in any way, and the
development work proceeded without any break.

Perhaps the outstanding factor with regard to the entire electro-
magnetic separation project lies in the general smoothness with which
the work proceeded. It was necessary to build a large development
laboratory from a relatively small university research laboratory in
a matter of months. This involved greatly multiplying the personnel
and increasing the physical facilities and necessary experimental
equipment appropriately. In spite of the rapid expansion, personnel
and organizational difficulties were inconsequential. The entire lab-
oratory organization was characterized by a minimum of formal pro-
cedure consistent with the nature of the work. It is indeed remarkable
that the scientific and technical personnel of the Radiation Laboratory,
many of whom had been accustomed to the academic freedom of edu-
cational institutions, could adjust themselves so readily to the neces-
sary security, governmental regulations, and group action of the proj-
ect. It must also be kept in mind that the work was predominately of
a developmental rather than research nature. The form of laboratory
organization was such as to allow a maximum of individual expression
with regard to the various problems encountered, which undoubtedly
contributed considerably to a maximum of cooperation. The fact that
the first unit of the Oak Ridge plant was built and put into operation
successfully within a matter of two years from the time that the first
mass spectrographic unit was built attests to the close cooperation
maintained among all people concerned —the Office of Scientific Re-
search and Development, Manhattan District officials, Radiation Labo-
ratory personnel, and the manufacturing and operating companies. It
would not be fair to say that the organization used would have been
adopted if the project had been built up on a long-range basis. How-
ever, in view of the haste with which the project had to be carried
through, it worked extremely well.

In preparing the report on the work done at the Radiation Labo-
ratory, the major emphasis has been placed on those subjects of most
interest to people working in related fields. The engineering aspects
have been minimized in view of the fact that this phase of the work
will be covered in other project literature. A number of papers deal-
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ing with the chemical problems of the project will similarly be made
available in separate reports.

It is impossible to pay proper tribute to the many individuals —
scientific, technical, and nontechnical —who participated in the Berke-
ley project. A cross section of scientific and technical personnel is
contained in this report, as authors of the various chapters and in the
lists of references at the ends of the chapters. Others are referred to
in the text. However, the names of many persons who contributed
substantially to the progress of the project do not appear in this
report.

The Office of the Director takes pleasure in expressing its deep
appreciation to the project personnel for their unfailing loyalty and
confidence; to the university as a whole for its support and coopera-
tion; to the Area Engineer’s Office for its very effective expediting of
all matters pertaining to the rapid development of the Project; to the
plant construction contractor, Stone and Webster Engineering Corpora-
tion; to the operating company, Tennessee Eastman Corporation; and
to the major manufacturing contractors, Allis-Chalmers Company,
Westinghouse Electric and Manufacturing Company, and many others,
for their close cooperation and effective handling of the engineering
and operations problems.

E. O. Lawrence
Professor of Physics
Director, Radiation Laboratory
University of California

June 1949
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Chapter 1

SOME BASIC CONSIDERATIONS REGARDING MAGNET
DESIGN REQUIREMENTS

By Wilson M. Powell and Eneas Kane

1. INTRODUCTION

In the design of a magnet for a Dempster -type mass spectrograph,
two of the primary considerations are the pole area and the strength
of the field desired. The size of the magnet depends on the voltage
through which the ions are accelerated. A practical working voltage
in connection with the work on the calutron was found to be 35,000
volts. The product of the field strength H, in oersteds, and p, the ra-
dius of the orbit, in centimeters, is given by

Hp = 1.414 x 10* ‘/Yg[—

where V = accelerating potential in volts
M = mass of uranium 238 ion in grams
e = charge of ion in electromagnetic units

Now

V = 35,000 volts
M = 238/(6.023 x 10?®) = 3.95 x 10722 g
e =1.60 x 107*° e.m.u.

Therefore

_ 35,000 x 3.95 x 1022
Hp = 1.414 x 10* \/ BRI

= 4,16 X 10° oersted-cm




Similarly the value of Hp for uranium 235 is 4.14 x 10° oersted-cm,
so that the fractional difference in the Hp values for the two isotopes
is 0.00481 (i.e., 0.02/4.16). If the radius chosen is very small, the
separation between the focuses for the two isotopes will also be small,
and the problem of building a satisfactory collector becomes difficult.
The most satisfactory size depends on other factors as well, e.g., the
length and sharpness of the source of ions, the type of magnetic focus-
ing used, and the magnitude of the recovery problem. In cases in
which the recovery problem was not difficult the best radius seemed
to be about 4 ft. For this radius the separation between the isotopes

4,16 x 10°

is 0.461 in. The best field then becomes H = Ix12x25 - 3410

oersteds. In those cases in which the recovery problem was difficult,
a 2-ft radius and a magnetic field of 6820 oersteds seemed to fulfill
the requirements in the most satisfactory manner. There are small
corrections which must be applied to these fields because of the effect
of magnetic-focusing shims on the radius.

The length of the gap in the direction of the magnetic field was deter-
mined by the method used to focus the ion beam. In a Dempster mass
spectrograph the focus becomes poorer as the angles *a (Fig. 1.1)
become greater. The extreme positive- and negative-angle rays focus
closer to the source than the zero-angle ray. If the magnetic field
were properly strengthened for the zero-angle ray and weakened for
the other rays, then all rays could be brought to a single focus at a
point near the receiver. Since it was desirable to place several
sources and collectors in one magnet, this correction of the field was
accomplished by placing an appropriately contoured ridge of iron
(Fig. 1.2) on each pole face parallel to the source-receiver line and
under the widest part of the beam. These ridges of iron were called
‘‘magnetic shims.,”’

The properties of a magnetic field in space make it impractical to
obtain a properly shimmed field if the gap length is much greater than
one-half the radius p. For this reason the gap length was taken to be
2 ft in the magnets for the Alpha stage, in which p = 4 ft, and 13.5 in,
in the Beta-stage magnets, where p = 2 ft.

Because the electrical discharge used as a source of ions for the
calutron follows the magnetic lines of force, a restriction on the cur-
vature of the lines was necessary. At the outer edge of an air gap this
curvature is very marked. If the iron is operated at a low enough flux
density so that it can be considered to be a magnetic equipotential
surface, then the field at the edge of the gap will fall off at a certain




rate, depending on the shape of the iron and the location of the coils

of the magnet. However, if the flux density becomes high locally, be-
cause of leakage effects, then the iron is no longer an equipotential
surface, and there is an additional increase in the rate at which the
field at the edge of a gap decreases. Both of these effects were present
in the magnets used, and a great deal of the model work consisted in
determining the most economical amount and arrangement of iron at
the edges of the gaps.

Measurements of the straightness of the lines of flux near the edges
of a gap were simplified by using an indirect method involving only the
space rate of change of the field. It can be shown that the curvature of
a line at the plane of symmetry between the two poles of a magnet is
related to the space rate of change of the field in the following way.

At point O of Fig. 1.3, Hx = 0 and H = Hy. At point P

dHx
(Hx)p =y dy + (Hx)o
y
and
oH
(Hy)p = =2 dy + (Hyo
y
If
oHy
By dy < (Hy)o
then

_ (Hx)p ~ 1 dHx
" (Hy)p (Hy)o ay

deé dy

and consequently

dé 8Hx 1

dy 3y (Hy)o

Further, it is assumed that curl H = 0, or

oHx _ oHy
dy  9x




so that

dd _ aHy 1
dy (Hy)o 9x

If d@ is small and the line follows the arc of a circle, then

dx
dB-ZE
or

1 1 dé
dx 2deni =3 a (dy)?
and

1 h
x=§ffod9dy=%f 6 dy
But

oHy 1
dé = d

ax  (Hy)g Y
so that

h 9Hy 1
= d
“ fo ax (Hy)g Y

_ OHy 1 h
ax (Hy)o

If 8Hy/3x is not a function of y, then

1 ™ 8aHy 1 ¥ oHy 1
s hd S
2J0 ox (Hy)g Y

== "2 (Hy), ox

The allowable bowing in the field is 0.5 mm in 250 mm, i.e.,

h =125 mm = 4.92 in.

x=0.9 mm =0.02 in.



Hence

(?{_I;)L i. = 0.0016 = 0.16 per cent per inch
o)

is the maximum allowable space rate of change of the magnetic field
in a direction toward the edge of a gap.

A further requirement for the magnets was that the field should fall
off by less than 0.1 per cent over the region where the ion beam is
farthest from the line joining the source and the collector. With these
restrictions the problem of designing a magnet becomes chiefly one of
obtaining the required magnetic field with the best compromise between
convenience, amount of steel, amount of power, and amount of copper.

2. NOMENCLATURE

The nomenclature used throughout is as follows (where ‘‘consistent
units’’ is given the actual units employed are noted in the text for each
formula considered):

H = magnetic field strength in oersteds.
¢ = lines of flux; numerically equal to the product of the field
strength H, in lines of flux per square centimeter, and the area,
in square centimeters, perpendicular to the magnetic field.
I = electric current in consistent units.
= linear distance in consistent units.
subscript referring to iron portion of magnetic circuit.
subscript referring to air-gap portion of magnetic circuit.
voltage in consistent units.
energy in consistent units.
mass in grams,
= ionic charge in electromagnetic units.
= charged-ion radius in magnetic field in consistent units.
L = leakage coefficient, or subscript referring to leakage.
B = magnetic induction in gauss.
1 = permeability of magnetic material in gauss per oersted.
F = force in consistent units.
N = number of turns of conductor.
n = ‘“‘efficiency’’ of magnet, dimensionless (see Sec. 3).
A = air-gap pole-face area in consistent units.
A. = cross-sectional area of a single coil conductor in square inches.

1]

‘bmgl‘j<m..-.e-.
I

mmf = magnetomotive force in consistent units.
pc = resistivity of conductor material in ohm-inches.
Y = specific weight of conductor material in pounds per cubic inch.



W. = weight of coil conductor material in pounds or tons.
P = power in watts or kilowatts.
W; = weight of steel in coil in pounds or tons.

3. DEFINITIONS

1. The work necessary to carry a unit north magnetic pole around
a conductor carrying a current of I amperes is 471/10 ergs.

2. The force on a unit north magnetic pole is H dynes.

3. If a unit north magnetic pole has a magnetic force of 1 dyne on it,
it is said to be in a magnetic field whose intensity H is 1 oersted. It
is obvious from definitions 1 and 2 that f0 H dl = 471/10, where [ H d!
is taken along a path which circles the wire once and dl is an element
of length along that path.

4, The force F in dynes on a conductor !/ centimeters in length,
carrying a current of I amperes in a magnetic field of H oersteds and
oriented at right angles to the field, is F = HI1/10. The force is at
right angles both to the direction of the current and the magnetic field,
as shown schematically in Fig. 1.4.

5. A line of flux is defined in the following manner. If the magnetic
intensity is H, then the number of lines of flux passing through a square
centimeter perpendicular to the magnetic field is equal to the numer-
ical value of H. A field of 10,000 oersteds has 10,000 lines per square
centimeter perpendicular to the field.

6. The efficiency n of a magnet is defined as the ratio of the work
required to carry a unit north magnetic pole across the air gap to the
work required to carry the unit pole around the entire magnetic cir-
cuit. Hence

[* Hg dig
- §HA

If the coils on the magnet have N turns and carry a current of I am-
peres, then

47NI
10

$HAl=

Also, if the intensity of the field at the center of the gap is uniform in
the direction of the magnetic field, then f;g H, dl; = Hgl,, where [, is
the length of the air gap along the field.



For this case the efficiency n becomes

Hglg
47NI1/10

7. The leakage coefficient L of a magnet is defined in an arbitrary
way, justified only by its convenience. If the air gap in the magnet is
bounded by flat parallel surfaces, the magnetic field is quite uniform
near the center of the pole face, but near the edge of the gap the field
weakens and extends outward beyond the edge for some distance. The
quantity ¢, is called the flux through the gap and by definition is equal
to the product of the magnetic field intensity at the center of the gap,
Hg, and the area A of the pole face. If the total flux passing through
the iron at the coils is designated by ¢;, the leakage coefficient L is
defined as ¢;/ Pg.

More briefly, L = ¢;/¢, = ¢;/H A in consistent units. The leakage
coefficient, because of this definition, varies from section to section
of the iron. The leakage flux is defined by ¢, = ¢; — ¢,.

8. The number of lines of flux per square centimeter perpendicular
to the flux direction in the iron is called the ‘‘magnetic induction.’’
The unit of magnetic induction is called a ‘‘gauss’’ and corresponds
to a flux density of one line per square centimeter. The lines of induc-
tion in the iron are continuous with the lines of the magnetic field out-
side the iron. Both are called‘‘lines of flux,’’ and both have the property
of producing a voltage in a loop of wire through which the number of
lines is changing. This voltage is equal to (d¢/dt) X 1078, where ¢ is
the total instantaneous flux through the loop of wire.

9. The relation between the magnetic intensity H; and the magnetic
induction B inside the iron is expressed by the relation B = pH;. The
quantity p, called the ‘“‘permeability,”’ is different for different types
of iron and is determined experimentally. A typical curve of p against
B for SAE 1010 iron is given in Fig. 1.5,

10. A surface, each element of which is normal to the magnetic flux
lines passing through it, may be described as a magnetic equipotential
surface. Along such a surface a unit north magnetic pole may be moved
without doing work.

4., MAGNETIC FORCE CONSIDERATIONS

Consider now a magnet such as is shown in Fig. 1.6. It will be as-
sumed that the total number of turns in the two coils is N and that the
current in the coils is I abamperes. Let the pole faces have an area
A = a X b square centimeters and take the gap height to be [/ centi-



meters. For simplicity the magnetic field H is assumed to be uniform
over the whole area A, the leakage flux is assumed to be negligible,
and the iron is assumed to have an infinite permeability.

The energy in the magnetic field may be found by calculating the
energy which must be put into the coils to energize the magnet. The
current may be obtained from the relation

Hl = 47NI

and the potential opposing the current is V = N d¢/dt, where the flux
¢ through the magnet and coils is given by ¢ = HA = Hab.
Therefore, the energy put into the coils is

E=_[J'°v1dt=f° d¢ HI 4

o dt 47N
But
d¢ _ , dH _ . dH
at - At " P g
so that

2

- lH dH H [H H
E-j; abEEEdt-j; abEdH—ablﬁergs

Since a x b x [ is the volume of the field, the energy per cubic centi-
meter of the field is H?/87 ergs.

To calculate the force between the poles the gap ! will be assumed
to increase from zero to . The force will be equal to the energy put
into the field plus that put into the coil per unit change in the gap. Now
the energy stored in the field is (H2/87)x | X A, i.e., the energy change
in the field per unit change in the gap is (H?/87) X A. The energy put
into the coil from changing [ is

- =1
‘U‘VIdt= 99 4t - 0

Ky, = l - dt

This can easily be shown to be zero by the following consideration.
Assume that the flux builds up from 0 to ¢ when | = 0, after which the
gap is increased from 0 to I. During the first process the currentI is
zero because | is zero; thus no work is done. However, during the
second process ¢ remains constant. Consequently d¢/dt = 0, and hence



g

E; = 0. This means that the work done in separating the poles is equal
to the energy stored in the magnetic field in the gap. Consequently the
total is

H IA _ HA

F=-8_17l Y

dynes

or H?/87 dynes/sq cm. The force is one of attraction.

A second kind of force exists which is often overlooked, namely,
one which tends to increase the area of the poles. This force is im-
portant wherever a pole face of a magnet is split across the center.
The forces tending to separate the halves are surprisingly large and
if overlooked can be disastrous. To calculate them, the work done by
the coil, when the dimension b is allowed to go from zero to b, is de-
termined.

¢ = Hab
Consequently

dé .. db
at - B

The work done by the coil is Ey = J; “ NI dqﬂ»/dt dt and since I = Hl/41rN

* NHI db »Hlla _  Helab
E‘L N - He 'a't"dt‘f; w P 4

But the energy in the magnetic field is only H2lab/8; therefore the
work done in increasing b must have been done against an external
force equal to

H?lab H3%a
8tb ~ 8n

dynes

It follows from this that if a circular pole piece is split along a
diameter, each half will be pushed sideways with a force %(H?la/87),
where [ is the length of the gap and a is the diameter of the pole.

5. MAGNET DESIGN FACTORS

5.1 Magnetic Circuits. The most useful treatment for purposes
of design of electromagnets is to define basic quantities so that the
equations relating them are analogous to those for electric circuits.
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From the preceding discussion we may write

4 TNI (1)

$HAl = =

The line integral is the work done in carrying a unit north magnetic
pole once around the path and may be called the ‘‘magnetomotive
force’’ (mmf). Thus from Eq. 1

47NI
10 (2)

mmf =

The magnetic flux ¢ is equal to / pH dA, or pHA, if H is constant
over the area A. Then

mmf=fHdl=f%@=¢f% (3)

since ¢ is constant for the circuit. The similarity between this ex-
pression and

E = iR (4)

for an electric circuit will be noted.

When the circuit consists of several parts, for each of which y and
A can be assumed constant, the magnetic ‘‘resistance’’ of the entire
circuit is the sum of the resistances of the separate parts. Therefore

l, l Ly ) _ 47NI 5)

+—2— + ...+
HiA; KA, KnAj 10

mmf = ¢ (
In most practical cases the exact calculation of the total mmf by adding
resistances is laborious or impossible because of the difficulty in spec-
ifying the leakage paths and in determining the proper values for pu.

If the subscript g refers to the air gap in a magnetic circuit, Eq. 2
gives for the mmf required in the air gap

47(NI)g

l
10 (mmf)g = ¢g —5- = Hgl, (6)

HgAg
or since pug =1 for air

(NI)g = 2.02Hl, (7)
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In this equation H; is in gauss, lgis in inches, and (NI)g is in ampere
turns. For the types of magnets and the proportions considered for
the calutron, the quantity (NI); represents 85 to 95 per cent of the
total mmf required (i.e., the efficiency ranges from 85 to 95 per cent),
and Eq. 7 can be used to give a useful first approximation to the total
ampere turns required.

9.2 Coil and Conductor Sizes. Consider a magnet with a circular
pole of diameter D and air-gap length [. The field at the center of the
gap is to be H. For the moment the allowable change in field with the
radius of the pole face will be left unspecified.

In the notation of Sec. 2,

_ ﬂ'Dm N _ TTDm
P= Izpc Ac — (N-I)2 Pc NAC (8)
However,
W, = NA.7D.,Y (9)
or
W
= 10
NA > (10)
and therefore
D
P-= (NI)zpc'ﬂ'Dm 1 my (11)
We
or
PW(: = 1l'2pc Y(Nl)z Dzm (12)

Therefore the product of the power and weight of a coil conductor
depends on the ampere turns and the mean diameter of the coil. In
this equation the quantity NI may be estimated from (NI); obtained
from Eq. 7. As a first approximation NI is usually taken to be 15 per
cent greater than (NI),.

In estimating the coil dimensions the determining factor is usually
the cooling problem. The power dissipated (due to I?’R loss) per unit
volume of conductor depends only on the current density. The current
density is related to the power and weight of copper as follows:






