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Chapter 9 

THE ISOTRON 

By R. R. Wilson 

1. HISTORICAL NOTE 

The isotron was invented in December 1941 by R. R. Wilson. It wa 
developed at Princeton University under NDRC and OSRD contracts 
which ran from January 1942 until February 1943 under the direction 
of H. D. Smyth. The development was a cooperative enterprise which 
was only made possible by the enthusiastic support of those who par 
ticipated in it. Because of the highly cooperative nature of the work, 
it is almost impossible to give individual credit for the many inven
tions and developments made in the course of the project. From the 
list of authors of reports given at the end of the chapter, some idea o 
the contributors to the project is obtained. However, in those reports 
as here, the authors were reporting the work of several people. 

The project was organized by groups. One group, under the leader 
ship of J. L. Fowler, worked on a srnall,exgerimentaLisotron. They 
investigated the characterist ics of this isotron at low current densitii 
Another group working under the leadership of L. G. Smith construct* 
a larger isotron which was predominantly used to study operation at 
high current densities. J. E. Mack led a group which investigated and 
developed metal types of ion sources. R. W. Thompson was in charge 
of a group which concentrated on the chloride_type of ion source. R. i 

> Cornog was in charge of engineering and procurement, andJW. A. Han 
,l,was in chargejDf the electronic laboratory. 

The project was a happy one; an attempt was made to give all p a r -
. ticipants some voice in the determination of its policies and program. 

The large number of experiments that were finished in the short life
time of the project attests to their cooperation. When it became nece; 
sary to close the project down because other methods had proved moi 
successful, almost all the workers left for the project at Los Alamos. 
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. M., where they contributed significantly to the scientific work that 
id to the actual assembly of the first fast-neutron chain reaction. 

2. INTRODUCTION 

Most methods of separating isotopes depend on the use of a large 
lagnetic field. The isotron is an electromagnetic device for separat -
lg isotopes, but it effects the separation by the use of radiofrequency 
*-f) voltages instead of magnetic fields. It has the advantage that 
lane sources of large area can be used instead of the slit sources to 
hich most magnetic methods are limited. Before entering into any 
iscussion of the details, a simplified description of the principles of 
le method is given. 
Ions from a plane source extended in two dimensions are first a c -

alerated by a constant high-intensity electric field and are then 
irther accelerated by a low-intensity electric field varying at r-f 
id in a "sawtooth" manner. The effect of the constant electric field 
> to project a strong beam of ions straight down a tube with uniform 
netic energy and therefore with velocities inversely proportional to 
le square root of the masses of the ions. The varying electric field 
itroduces small periodic variations in velocity, having the effect of 
msing the ions to form plane bunches at a certain distance down the 
ibe. Thus bunches of ions of different mass travel with different 
3locities and therefore become separated. The intensities of the 
elds are adjusted so that the ions become most completely bunched 
the position of maximum separation. At this position an analyzer 

Dplies a transverse focusing electric field together with an r-f com
ment synchronized with the travel of the bunches. The synchroniza-
on is such that the varying component of the transverse field strength 
zero when the bunch of ions of the desired isotope comes through 

id is maximum when the bunch of ions of the undesired isotope comes 
rough. In this manner the ions of the desired isotope will be focused 
to collector pockets supported at the end of the tube opposite the ion 
iurce, whereas the ions of the undesired isotope will be deflected 
vay from the collector pockets. 
This can be rephrased in mathematical t e rms . Assuming that the 

-f bunching field is a sawtooth wave with period T and range of volt-
;e AV, small compared to the accelerating voltage V, if is found that 
inching will occur at a distance down the tube 

" 2Tv f- (1) 
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This can be derived by the following considerations: F i r s t the ions 
are accelerated by a constant voltage V; hence they travel with a ve 
locity v = V 2Ve/m. They are then subjected to the r-f sawtooth field, 
the effect of which is to increase the energy of the ions linearly with 
time from V to V + AV for each period of oscillation, T. Since the r-f 
voltage AV is small compared to V, the velocity of the ions will also 
be increased linearly and by an amount Av = (v/2)(AV/V). Assume a 
movement down the tube with ions at velocity v. An ion which received 
the full bunching voltage AV at the end of one period of oscillation 
will be observed to move with a relative velocity Av toward the ion 
that came through at the beginning of the period. It will be noticed 
that the successive bunches are separated by the bunch distance Al = 
vT. Hence, when the ions accelerated at the end of the period have 
moved a relative distance Al, the bunching will be perfect. This will 
occur after time Al/Av or at a distance down the tube 1 = (Al/Av)v; 
this can be written 1 = 2Tv (V/AV). 

Consider next ions differing in mass by the small amount Am. They 
will bunch at a slightly different position, ] ' = 2Tv'(V/AV), or at a 
distance Al' =1/2Am/m from the other ions. For ions of one mass to 
bunch together just halfway between the bunches of mass Am greater, 
it is necessary that Al' = Al/2, which gives the relation 

^ = 2 Am ( 2 ) 
V m 

so that Eq. 1 can be rewritten 

1 = Tv — (3) 
Am 

Typical values of the above quantities for the isotopes U235 and U23a 

are V = 40 kv, V = 1 kv, frequency l / T = 17.9 Mc, 1 = 80 cm, and bunch 
distance Al = 1 cm. [More convenient formulas for uranium ions are, 
approximately, AV =%V, Al =Vml, 3V = (fAl)2, where V is in kilovolts 
and f is the frequency in megacycles.] 

The development of the isotron splits rather naturally into the fol
lowing major parts: 

1. Development of ion sources 
2. Acceleration of large beams of ions 
3. Bunching the ion beams 
4. Analyzing the bunched ion beam 
5. Collection of separated isotopes 
6. Extending the method to large-scale production 
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Work was actually carried out simultaneously on nearly all phases 
of the project. However, for simplicity, an attempt is made to discuss 
the experiments in roughly the above order. No attempt is made to 
discuss everything that was done, but, in order to keep this report to a 
reasonable length, only that which seemed to be most successful and 
most pertinent is presented. It should be remembered that the project 
lasted for just one year; hence many experiments were not completed. 
Nearly all the work has been described in detail in a series of about 
40 Princeton University OSRD Project SSRC-5 reports which are 
listed as references at the end of this chapter. 

3. ION SOURCES 

The current density and area of the beam should be as large as 
possible for efficient large-scale operation of an isotron. A final unit 
with an ion-beam area of about 1 sq m passing a total current of the 
order of amperes was envisaged. Later it will be seen that space 
charge limits the method to current densities of less than a few 
hundred microamperes per square centimeter when practical dimen
sions and voltages are used. Thus a source is required which will 
provide uniform current density of the order of 100 jita/cm2 over 1 sq 
m of area. An additional desideratum is that predominantly U+ ions 
are yielded. It is explained later that doubly and triply charged ions 
can also be bunched simultaneously with the singly charged ions. 

From the beginning of the project about 50 per cent of the endeavor 
went into ion-source research. Although many attempts at novel meth
ods of producing ions were investigated, the bulk of the work soon 
focused on two types of sources which seemed most promising: e lec
tron-controlled arcs using pure metal vapor and electron-controlled 
a rcs using uranium chloride vapor. 

The uranium chloride sources had the advantages of being easy to 
make and run, and much of the experience accumulated at Berkeley 
could be directly applied to them. Many different kinds of such sources 
were built and tried. However, they had the following serious disad
vantages: (1) Severe vacuum problems were raised by the resultant 
vapors and hygroscopic properties of the chloride and (2) it was found 
extremely difficult to produce ion beams which were free from u r a 
nium chloride ions, which of course were not easily separated. 

Sources that used uranium metal were considerably more applicable 
to the isotron method. The original approach to the use of uranium 
metal was to try to find a refractory substance in which to heat the 
metal to a temperature high enough so that a hot-cathode arc would 
run in i ts vapor. Innumerable materials were tried, but in every case 
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the uranium destroyed or corroded its container. Another approach" 
was to strike a cold-cathode arc in vacuum between two electrodes, 
one of which was made of uranium. In general, it was found that such 
a rcs were very unstable and difficult to keep in place; hence work on 
cold-cathode arcs was abandoned. 

Although tungsten was not found satisfactory as a containing vessel 
for molten uranium because of the rapid alloying of the two, never 
theless it was soon found that tungsten could be used as a sponge for 
uranium.12 Thus, if not too much uranium is added to a piece of hot 
tungsten, the tungsten maintains its shape and the uranium simply 
evaporates out. 

This proved to be the key to the construction of a successful metal 
arc source, namely, a hot-cathode arc to a hot anode consisting of a 
large rod of tungsten to which small amounts of uranium could be 
added from time to t ime. As typical of the many forms which were 
constructed, consider one of the simplest, shown in Fig. 9.1. A d-c 
potential of about 1000 volts is applied between the filament a and the 
tungsten rod b. As the filament is heated, a few amperes of electron: 
are emitted which strike the tungsten anode with 1000 ev energy. Al
though the tungsten is water-cooled at its base, enough heat is d e 
veloped to heat the free end white hot. The uranium wire c, about Vie 
in. in diameter, is then shoved against the tungsten until a gram or 
two melt. This immediately alloys and flows uniformly over and 
through the tungsten. Some of it evaporates, and a sufficient vapor 
pressure is built up so that an arc is struck between filament and 
anode. A constant-current network in the primary of the rectifier 
keeps the current at about 50 amp, while the a rc voltage runs from 
about 10 to 30 volts. (At high voltage the network saturates and passe 
only a few amperes.) As the uranium evaporates out, the vapor p re s 
sure becomes less and the arc voltage is observed to r i s e . Eventual) 
this tr ips a relay which causes the uranium wire to be pushed agains 
the tungsten anode until enough uranium has melted to bring the arc 
voltage down to a chosen operating potential, 20 volts, for example. 
A shield d was found useful in keeping the arc away from the insula
tors of the filament leads. 

It was found that amperes of positive ions could be drawn from the 
plasma surrounding such an arc . In the case described here these 
a rcs were mounted several inches behind a plane fine-mesh tungsten 
screen to which the ions were allowed to diffuse. The ions were then 
accelerated by a high voltage, 20 to 50 kv, between this and another 
screen to give a beam of high-energy ions. The ion density across 
the screen was approximately uniform over an area , the dimensions 
nf urhirh mnrn mmn.i rnblp to thr d i s tance from s o u r c e to s c r e e n . In 
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fact, for a given uniformity the distance from source to screen is 
easily calculable, since the ion density was found to fall off accurately 
as the inverse square of the distance from the source. Mass-spect ro-
graphic analyses of the ions from such sources indicated predominantly 
U+ and U+ + ions, depending on running conditions. Typical current 
ratios were U + : U + + : U+3 = 70 : 20 : 10. 

The development of such sources was not complete. In general, 
their life was only a few hours, after which time a filament would 
burn out or the anode would disintegrate. The short life of the fila
ment was due apparently to the presence of the uranium vapor. The 
solution to this difficulty would be to use indirectly heated cathodes. 
The anode life could be extended by using larger rotating anodes and 
controlling the feeding of uranium to it more closely. Source lifetimes 
of days or weeks might be feasible. 

Another metal source which seemed promising was one in which 
cold uranium was the receptacle of the molten uranium. This was 
done by running an intense hot-cathode arc to the center of the top of 
a cylinder of uranium of a few inches in diameter, the periphery of 
which was cooled. Enough energy was dissipated at the center of the 
block to maintain a sufficient temperature gradient between the center 
and periphery to vaporize the molten metal. This source was difficult 
to start and was developed too late in the life of the project to be ap
plied to an isotron. 

Many other types of sources were tried, and the workers in the ion-
source group, which was under the direction of Julian Mack, have 
written a complete description of sources and their properties.39 

Tests showed that the metal sources of all types tried were amaz
ingly efficient. If enough current was put into the arcs (about 50 amp), 
90 to 100 per cent of the uranium vapor was ionized. 

For production from a 1-sq m source, about four metal arcs located 
symmetrically about 50 cm behind a 1-sq m plane screen, from which 
point the ions would be accelerated, were visualized. The efficiency 
could be increased by using more and smaller arcs closer to the 
screen and by placing a second screen on the opposite side of the 
arcs to catch those ions going in that direction. This would require 
two isotron units working back to back on one source. Such a source 
did not get beyond the design stage. L. G. Smith pointed out some de
sirable features of using one arc surrounded by an isotron of circular 
symmetry. 

4. PRODUCTION OF LARGE ION BEAMS 

After producing a source which provides uranium ions uniformly 
over a large area, it was next necessary to accelerate these ions into 
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a high-energy parallel beam. The paral lel ism of the ion paths had to 
be such that ions did not get out of phase with their bunches by having 
to ravel obliquely and hence through longer paths from source to 
analyzer. A difference of path length of 10 per cent of the distance 
between two successive bunches was tolerable; this required that the 
ion paths could not have a total angular spread of more than about 
6 deg. 

The geometry of a typical isotron is shown schematically in Fig. 9.2 
The source (not shown) was contained in the insulated cavity S. Ions 
from it drifted to a transparent plane tungsten screen a, which is 
shown in greater detail in Fig. 9.3. They were then accelerated in the 
gaps between screen a and transparent grid b, consisting of a number 
of closely spaced thin graphite s t r ips at ground potential. A side view 
of this electrode is shown in Fig. 9.4. Typical accelerating-gap d i s 
tances varied from % to 1 in. After acceleration the ions traveled 
through the buncher c and down the tube e to the analyzer f. The 
buncher consisted of two more grids of parallel wires aligned accu
rately behind the graphite str ips as shown in Fig. 9.4, but more is 
said about it later. 

The first remarkable fact observed was that it was possible, with 
the correct geometry of the accelerating gaps, to obtain a nearly 
straight high-cur rent-density beam of uranium ions. Theoretical 
calculations2 '7 '35 '30 had shown that space-charge repulsion should 
cause such beams to diverge widely; since they did not, it was con
cluded that the positive-ion space charge of the ion beams was neu
tralized by electrons or negative ions of some sort. This conclusion 
was confirmed by measurements of space-charge potentials by the 
heated-filament method. In fact, no space-charge divergence of the 
beam was observed even at the highest current densities achieved, 
which were of the order of 0.1 amp/cm2 . 

An extensive set of experiments was carried out to determine the 
angular divergence of the beam.33 On the basis of those experiments 
and of theory,17 the following picture of the process of obtaining the 
beam of positive ions in an isotron can be formulated. Before any 
voltage is applied to the acceleration gap, the ion plasma from the 
source will extend throughout the whole isotron tube. If a small pos i 
tive voltage is applied to the source screen and arc, the electrons in 
the plasma will no longer be able to pass through the gap, and a 
plasma boundary will develop.30 The position of the plasma surface 
obeys Childs's law, which for U+ ions is 
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where j is the current density in microamperes per square centimeter, 
V is the accelerated voltage in kilovolts, and d is the distance in centi
meters from the plasma boundary to the nearest negative electrode, 
which is the graphite grid in this case. As V is increased the plasma 
is pushed back toward the source screen which, at a high enough volt
age, it eventually reaches. Since the field is very weak behind this 
screen, the plasma stops there. 

Since the edges of the screen are farther from the ion source than 
the center of the screen, the current density will be smaller at the 
edges than at the center, and hence the plasma boundary will reach 
the edges first. At this stage the plasma boundary may have a nearly 
spherical shape, and, as the lines of force will diverge normally from 
this, the beam will be seriously defocused until the voltage is high 
enough to push the plasma boundary back to the screen at its center. 

Assume that the plasma boundary is now pushed back to the source 
screen and is a perfect plane surface. It may be asked what fields 
defocus the ions. Fi rs t there is the irregularity due to finite spacing 
of the buncher grid b. Feynman17 calculated that this irregularity in 
the accelerating field would lead to an angle of divergence of 2a/3G, 
where a is the spacing of the buncher grids and G is the accelerating-
gap distance. (If the currents were not space charge limited, the 
formula would be a/2G.) A typical value of a/G was 0.1, leading to 
an angular divergence of about 3 deg. Feynman estimated that the 
source screen should have an effect of the order of magnitude of 
Yi y a/G, where a is the mesh distance. The effect of lateral wires 
is ignored, hence the above is certainly an overestimate. For a 30-
mesh tungsten screen it would give about 5 deg. 

A third effect could come from the random velocities of the ions 
as they leave the plasma. The average energy is about 30 ev; hence 
for an accelerating voltage of 30 kv the maximum angle of divergence 
would be y 1/1000 or about 2 deg. 

These theoretical estimates are very useful for guiding the design. 
They seem to be overestimated, for under the above conditions the 
total divergence of the ion beam was experimentally determined to be 
about 2 deg.33 The scattering of the ions due to collisions with the gas 
was only appreciable at relatively poor vacuums (10 ~3 mm Hg). 

Summarizing, ion beams can be and have been obtained having large 
cross sections, current densities of 200 to 300 /ia/cm2, small diver
gence, and reasonable homogeneity of energy. It has been found pos
sible to produce ion beams 10 times as intense as the above, but the 
angular divergence and the homogeneity of the energy of such intense 
beams have never been investigated. 
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Something should be said here about sputtering by the high-energy 
uranium ion beams. One of the first experiments was to expose a grid 
made up of various materials to the beam. The sputtering effect was 
very pronounced and was most serious for aluminum. It decreased 
for copper, tungsten, iron, and graphite in the order given. Graphite 
is by far the most resis tant material to sputtering; graphite grids 
have been used for many hours in large beams, and they then showed 
almost no sputtering effect. 

5. THE ANALYZER 

It has been shown that it is possible to produce a two-dimensional 
ion beam traveling down a tube. The ions are made to bunch after 
traveling some distance, and at the point of bunching some sort of 
analyzer must be placed to separate the desired from the undesired 
isotope. There are many possibilities here, but only one device i s d e 
scribed, the one on which all work at Princeton was done. 

The analyzer consisted of a set of parallel ribbonlike electrodes 
shown schematically in Fig. 9.2 at f and in more detail in Fig. 9.5. 
The principle of operation of the analyzer was to place d-c voltages 
between the electrodes such that the beams coming through each 
pair of plates were brought together or, more accurately, to a line 
focus. 

In order to separate the bunched ions with high-frequency fields at 
the analyzer, it was necessary to confine these fields to a region 
somewhat smaller than the bunch distance. This was done by super
imposing a high-frequency voltage on the d-c voltages of the plates 
such that every other plate was grounded with respect to the high-
frequency fields. The high-frequency voltage was applied to alternate 
plates through mica condensers, the r-f being kept from the d-c vo l t 
age supply by suitable chokes. When the r-f voltage was applied, the 
beam was split into two components since in half the gaps the field 
was in a direction opposite to what it was in the other half. Analysis 
was made by applying the alternating voltage at half the buncher f r e 
quency such that at the times of zero voltage the U235 ions came throug] 
to the center where the collector cup was placed and at times of maxi 
mum (plus or minus) voltage the U238 ions were thrown up and down. 

In practice, the analyzer was from 10 to 15 cm wide, consisting of 
about 20 tantalum or graphite plates supported on insulated springs 
as seen in Fig. 9.5. The plates were about 1 cm wide and as long as 
the beam was wide. They were spaced about Yz cm apart. If the fields 
existed only between the plates, the voltage on each plate would in
crease as the square of the number of plates from the center. Owing 
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3lates should be 6/8. Actually, two harmonics are usually adequate 
or good bunching, so that the above dimension can be increased by a 
actor of 2 if it is desirable. 

7. BUNCHING IONS 

7.1 Low Current Density. In the simplified description of the 
irinciple of the isotron, a perfect sawtooth waveform was assumed 
or the velocity modulation. It has been shown in the preceding s e c -
ion how such a waveform was approximated by adding harmonics. 
Consider next how these approximations affect the separation and 
fficiency of an isotron. 

Feynman4 finds theoretically that it is possible to get complete 
eparation even without a sawtooth waveform if ions accelerated in 
art of the cycle are thrown away. In general, it is necessary to choose 
etween efficiency and degree of separation. If the separation factor 
is defined as the factor by which the ratio of heavy to light isotope 

3 decreased and the efficiency r] as the fraction of one cycle that is 
sed, he finds that even for pure sine waves typical values of c = 16, 
= 60 per cent or a = 10, n = 70 per cent can be obtained. For a 
aveform made up of four harmonics he finds a = 44 at v = 84 per 
ent. If higher harmonics are used, o = 17N and r? = 2N/(2N + 1), 
here N is the number of harmonics used. Most ion sources produce 
sns of different charges. In particular, it has been seen that the 
letal source usually made U+, U++, and U+3 ions in the ratio 70: 20: 
3. Fortunately, it i s possible to bunch and separate all three of these 
ms simultaneously. 
Fi rs t consider only the two ions U+ and U+ + . The U++ is acceler -

.ed to twice the energy and hence yiTtimes the velocity of the U+. 
ow the ratio of the energy received by the ion to the voltage put on 
ic buncher17 depends on the velocity of the ion through the buncher 
id on the geometry of the buncher. It was found possible to design 
buncher in such a way that both the U+ and the U++ received the 
roper bunching voltage to give them both the minimum width at the 
aalyzer. The difficulty then was that, although both ions bunched at 
ie analyzer, they traveled with different velocities, and so in general 
id not arrive at the analyzer at the same time. However, for a suit-
3le choice of tube dimensions, it was possible to arrange it so that 
.e U+ ions and the U+ + ions arrived at the analyzer in coincidence for 
:veral unique values of the accelerating voltage. It is clear that this 
ould be done by allowing the U"1 ion bunch to lag behind the U+ + ion 
inch by an integral number of bunch distances. Paul Olum28 has 
orked out the complete theory of this process and has extended it to 
IP r a s p nf thrpp tunn«; nf innQ 
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Two groups working on two separate experimental isotrons did 
many experiments on bunching at low current density, about 1 / ia /cm2 . 
First , a group under the leadership of ,T. L. Fowler constructed a 4'/2-
in.-diameter isotron tube19 which was later rebuilt as an 8-in.-diam
eter tube.34 On the basis of results from the small isotron, another 
group under the leadership of L. G. Smith constructed a 12-in.-diam
eter isotron; the principal purpose of this group was to study bunching 
at high current density. However, this necessitated considerable work 
at low current density.32 

Consider next the experimental procedure used in examining the 
bunching in an isotron. The ion source was turned on, and the a c 
celerating voltage (about 10 to 40 kv, controlled electronically to 
within a few volts) was applied. This produced a straight beam of 
ions down the tube. Next the analyzer d-c voltage was turned on and 
adjusted so that most of the beam was focused into a narrow collec
tor cup g, located some distance behind the analyzer as shown in 
Fig. 9.2. Then the r-f analyzer voltage was turned on. This caused 
the line focus to be spread out in a perpendicular direction about five 
or ten times the width of the collector cup. This of course caused a 
decrease in the current measured in the cup. The crucial point came 
as the buncher voltage was applied and the phase between buncher and 
analyzer was changed or when small changes were made in the a c 
celerating voltage. If there was any bunching, it would show up as 
an increase or decrease in the current to the cup, depending on whether 
the bunch arrived at the analyzer at zero voltage or not. It was thus 
easy to see that the separation factor obtainable was just the ratio of 
the maximum current to the minimum current. The procedure then 
was to maximize the bunching or a by making changes in the variables 
at will. 

An experimental study was made of the dependence of a on the fol
lowing variables: acceleration voltage, distance between buncher and 
analyzer, arc conditions, gas pressure , beam size, beam current, 
frequency, and analyzer voltages, as well as number, s ize, and phase 
of harmonic buncher voltages. 

In most of the experiments the separation was not measured in the 
simple way described above, but a mechanical scanner was used. 
This was located at the position of the collector cup and consisted of 
a slit which was moved recurrently at high speed in front of an ion-
collector electrode. The direction of motion of the slit was per 
pendicular to the beam direction and perpendicular to the line focus. 
The ions coming through the slit produced a voltage on the electrode 
which was impressed on the vertical plates of an oscillograph, the 
qiooon nf whirh wnc; Qunrhrnni7prl to rhp r p r u r r p n t motion of the s l i t . 
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to fringing fields, however, this relation was not fulfilled, so that the 
voltages had to be determined empirically to give a line focus. This 
was not found difficult, and in general it was easy to bring the beam 
to a line focus not much wider than the distance between successive 
s t r ips . A grounded wire was placed on the beam side of each plate so 
that the d-c fields would not penetrate far into the beam region and 
slow up the ions in such a way that there would be an appreciable 
variation across the beam of the time that ions would reach the ana
lyzer. 

In the final unit of 1-sq m cross section, it was proposed to place 
eight or ten units of analyzers, as described above, side by side to 
cover the large area rather than to use one' big analyzer which would 
require much too large d-c and r-f voltages. 

The r-f voltage for the analyzer and the buncher were both obtained 
from a crystal oscillator from which appropriate multiples of the 
frequency were made. A phase changer permitted adjustment of the 
phase of the r-f analyzer voltage such that the U235 ions would come 
through the analyzer as the r-f voltage on it was zero. Of course 
this phase could also be adjusted by making small changes in the 
accelerator voltage. 

6. THE BUNCHER 

The purpose of the buncher is to modulate the velocity of the ions 
in such time that the ions form into separated bunches as they reach 
the analyzer. Ideally this could be accomplished by simply adding an 
r-f voltage to the accelerating voltage. This would mean applying the 
voltages either to the source or to the tube, both of which have con
siderable capacity. It was found more convenient to utilize the three 
grids b, c, and d, shown schematically in Fig. 9.2 and in more detail 
in Fig. 9.4. 

To apply the voltage to the ions, the principle of the r-f linear ac 
celerator was used. This takes advantage of the time of flight of the 
ion through the gaps between grids. The r-f buncher voltage is applied 
to the central grid c, the other two grids remaining at ground potential 
The ion may be accelerated as it passes from the first grid to the 
second and then may also be accelerated as it passes from the second 
to the third grid, for the voltage has had time to reverse because of 
the time of flight of the ion. 

The first grid, as has been seen, was also the ground electrode of 
the accelerating gap. It was possible to obtain the same results by 
using only two grids. In this case the r-f voltage was placed on the 
first grid while grid c was grounded and grid d was eliminated. The 
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source screen then was grounded for r-f, and it played the same role 
that grid b played before. In practice, the three grid bunches were 
always used so as not to introduce complications in the experimental 
work. 

It has already been seen that the ions sputter most mater ia l s e x 
cept graphite rather seriously. It was for this reason that the f i rs t 
buncher grid b was made of graphite strips. The other gr ids were 
sometimes made of tungsten wires , but these were carefully aligned 
behind the graphite str ip so that no beam struck them (see Fig. 9.4). 
In later designs all the grids were made of graphite s t r i p s . It was 
not difficult to machine the graphite into strips 10 mils thick by 3/is in. 
wide by 1 m long. Their positions were determined by grooves cut in 
a supporting bar, and they were kept under tension by individual 
springs g as shown in Fig. 9.4. 

The best bunching resulted when the velocities of the ions were 
modulated in a sawtooth manner. This was approximated by synthe
sizing such a wave from harmonics. It is obvious that, to approxi
mate a sawtooth modulation of velocity, a sawtooth voltage need not 
be applied to the central electrode of the buncher shown in Fig. 9.4. 
The actual contribution of any harmonic would depend on the geometry 
of the buncher grids and the velocity of the ions. In practice it was 
possible to apply four harmonics separately to the buncher electrode, 
the amplitude and phase of each harmonic being separately var iable . 
F i r s t the fundamental was applied, and its effect on the production of 
bunches, observed on an oscillograph by using an electronic device, 
was maximized by varying the phase and amplitude. Then a second 
harmonic was added, and its effect on the bunching was also maximize! 
by varying its phase and amplitude, as well as by readjusting the , 
phase and amplitude of the fundamental or first harmonic. In the same 
way the other harmonics were added, and all phases and harmonics 
were finally trimmed for best bunching. A feeling for making this 
adjustment was readily acquired, 

Feynman has worked out the theory of the design of bunchers.1 7 

This theory gives the dimensions of the buncher grids as well as the 
amplitudes and phases of the harmonic voltages. It is obvious that the 
dimensions between grids and between strips of a given grid must be 
of the order of the distance an ion travels during a period of the highes 
harmonic. The theory recommends for four harmonics a buncher con
sisting of two electrodes of grounded graphite str ips of length approxi
mately 5/8 (<5 is the bunch distance), with the r-f applied to a set of 
wires midway between the plates and on a line with them. The center 
of the plate electrodes should be a distance %<5 apart so that the wire 
is about 6/8 away from the edge of the plates. The spacing of adjacent 
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This produced a picture on the oscillograph of the distribution of the 
ions in a plane at the focus of the analyzer. With all analyzer voltage 
off, a uniform distribution across the tube could be seen. Turning the 
d-c analyzer voltage on caused this to form into a single peak at the 
center. The r-f analyzer voltage then spread this peak out into the 
familiar pattern obtained by projecting a circle onto a line, i.e., low 
at the center and with two peaks at both extreme sides. Turning the 
buncher voltage on caused the distribution to change so that a peak 
appeared in the center again or so that all the current went to the 
sides, depending on the phase between buncher and analyzer. The 
separation factor was determined by measuring the maximum height 
at the center, when the peak appeared there, to the minimum height 
at the center, when the peaks were made to appear at the sides. The 
motion of the slits was obtained by rotating a large drum in the v a c 
uum through a sliding seal . 

The results of a typical experiment performed in the 8-in.-diam
eter isotron are given below.34 The buncher fundamental frequency 
was 6.5 Mc, the analyzer frequency was 3.25 Mc, and its voltage was 
1200 volts rms . The accelerating voltage was about 20 kv, so that the 
distance between successive bunches was about 2 cm. To bring the 
centers of gravity of the U+ and the U++ bunches together at the ana
lyzer and to place the U235 bunch midway between the two U238 bunches 
required 81.8 bunch distances between buncher and analyzer, or a 
distance of 160 cm. Other coincidences of U+ and U++ bunches were 
predicted at 21.7 and 18.4 lev for this frequency. The vacuum was 
about 10"5 mm Hg pressure . 

The best bunching was obtained as follows: one harmonic, a =6.8 , 
bunch voltage EB = 145 volts rms; two harmonics, a = 14.5, ED =115 
volts rms , EBz = 17 volts rms; and three harmonics, a = 25, EB = 130 
volts rms , EBz = 31 volts rms , EBj = 20 volts r m s . No definite increase 
in a was obtained by adding the fourth harmonic, although the pattern 
on the scanner sometimes seemed slightly improved. 

Figure 9.6 shows the result of an experiment to determine the ef
fect of the accelerating voltage on the separation factor. The maxi
mum which occurs at 19.6 lev is probably the coincidence of U+ and 
U++ which was predicted to be 20 kv. The voltmeter read 3 per cent 
too low at 3 kv, so the agreement was rather good. The difference in 
accelerating voltage between this maximum and the next was 1.7 kv, 
compared to the 1.6 kv predicted by theory. 

Measurements of a as a function of r-f analyzer voltage showed 
that the separation factors could have perhaps been doubled by in
creasing the analyzer voltage to about 2500 volts rms . 
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By allowing air to flow into the system at various rates with an 
adjustable leak, the curve of Fig. 9.7 was obtained. The p r e s s u r e s 
were read on a Western Electric D-79510 ion gauge using an e m i s 
sion current of 10 ma. Hence each microampere of the absc issa 
corresponds to about 10 - s mm Hg. The theoretical curve was o b 
tained from calculations by Feynman on the basis of collisions of the 
U+ ions with the atoms of the gas.35 In order to fit the theoret ical 
curve to the data it was necessary to guess the best value of p, the 
pressure at which l / e of the ions suffered collisions in traveling to 
the analyzer. A value of p - 8.3 jxa fitted the data best. 

Figure 9.8 shows the result of an experiment made on the 12- in . -
diameter tube, the purpose of which was to determine the effect of 
buncher voltage (fundamental only) on the separation factor. The fre 
quency was 7.5 Mc/sec , the accelerating voltage was 21.4 kv, and the 
distance from buncher to analyzer was 160 cm. The current density 
in the run was 30 fia/cm2. The curve of a vs . EB (the buncher voltagi 
showed four maxima at EB = 120, 370, 570, and 800 volts; the c o r 
responding values of a were 4.8, 2.2, 1.85, and 1.45. The phase of tb 
buncher voltage was the same for alternate peaks but differed by 18C 
deg from one peak to the next. These resul ts were beautifully verifif 
by the calculation of Feynman35 on "h igh-order" bunching. His calci 
lated curve is almost identical to the experimental one. 

7.2 High Current Density. Originally it had been hoped that the 
space charge in the buncher would be neutralized in the same manne 
in which, as has been seen, the space charge of the beam itself was 
neutralized. Unfortunately such was not the case; in fact, it was nev< 
possible to observe any indication of even partial neutralization of tl 
debunching space charge. Apparently this was because the e lect rons 
or, more plausibly, the negative ions that provide steady space-char 
neutralization were unable to follow the r-f changes in the e lec t r ic 
field produced in the bunches. 

This fact, which was learned the hard way, caused a reorientation 
in thinking. This meant a revision downward from the condition of 
isotrons of 1 sq m area working at low V on beams of hundreds of 
amperes to the condition, mentioned earl ier in this chapter, where 
debunching space-charge effects were not important, i .e., about 1 ar 
per square meter or per tube and high V. The original confusion 
came about because higher values of a than seemed possible were 
observed at the large currents. These values of a were not very lar 
(~2 or 3), and, because at that time it was not possible to produce 
straight beams of ions in the isotrons, the low u values were ascribe 
to geometrical effects. Later, when these were corrected and low 
values of cr were still obtained, a se r ies of experiments32 soon led tc 
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the conclusion that space charge was responsible for the inability to 
obtain larger separation factors at high current densities. 

Calculations by Feynman2 and Olum33 showed that, if there were no 
space-charge neutralization, the current density would be limited to 
values below a critical current density given by the formula 

1250V% 

L2 (4) 

where a is the ratio of e/m of the ion to that of the U+ ion. They 
further showed that if several ions were present in the beam they 
would act independently of one another.28 Thus, for nearly equal cur
rents of U+ and U++ ions, the limiting value of the current density 
would be given by 

v% 
^ = 3 0 0 0 ^ - (5) 

The results of the experiment carried out on the 12-in. isotron to de
termine the effects current density has on the separation factor are 
shown in Figs. 9.9 and 9.10. For Fig. 9.9 the distance L was 160 cm, 
the accelerating voltage was 20.9 lev, and the buncher frequency was 
7.5 Mc. The calculated limiting current density was about 13 ua/cm 2 , 
and it is seen that this is in good agreement with the experimental 
values shown in Fig. 9.9. In the case of Fig. 9.10, L was decreased 
to 99 cm, but the frequency was still 7.5 Mc. The value of the limit
ing current density given by theory was then 40 /ia/cm2 , which is 
also in good agreement with the data exhibited in Fig. 9.10. The two 
curves of a against j corroborate the evidence given by Figs. 9.9 and 
9.10; for example,32 when L was shortened to 80 cm, V was 20.9 kv, 
and the frequency was raised to 15 Mc, a was constant up to about 
65 jua/cm2, above which it dropped. The theoretical j x from Eq. 5 is 
about 50 / ia/cm2 . The largest current density about which experi
mental information is known was that used in the 8-in. isotron where 
L was 54 cm, V was 31.6 kv, and the frequency was 16 Mc. The theo
retical41 jj was about 200 /xa/cm2, High values of a (5 or 6) were ob
tained for currents up to this order of magnitude. 

It is clear from the above that, if isotrons are to be used at high 
current densities, i.e., about 200 /la/cm2, the accelerating voltage 
ind frequency must be quite high and the distance between buncher 
and analyzer must be quite short. Under these conditions the isotron 
will separate large quantities of isotopes. 
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Theoretical considerations by Olum38 indicate that space-charge 
neutralization may occur if isotrons are designed for use with high 
enough accelerating voltages. 

8. COLLECTION 

In the first attempt to collect separated isotopes, the high-energy 
beam was simply allowed to impinge on a metal plate. It was not 
particularly surprising that the ion beam sputtered away any of the 
ions that came to res t on the plate. In the next attempt to collect, ions 
were decelerated so that they nearly came to res t as they came to the 
collector plate. If the energy of the ions was less than a few kilovolts, 
the sputtering was not serious, and it was possible to make successful 
collections. The decelerating potential was an additional complica
tion, however, and it was not used in most of the collections. Instead, 
the high-energy beam was allowed to enter a deep cup and strike the 
back end of it. Platinum foils were placed around the sides of the cup. 
Almost all the material that was sputtered away from the back of the 
cup was then recovered from the sides of the cup, which were not ex
posed to the direct high-energy beam. In some of the collection runs, 
in order not to collect neutral atoms which might come directly from 
the source, the beam was deflected transversely into a pocket in which 
the collection was made in the manner just described. Both methods 
seemed to be successful. 

The first collection runs were made early in the project to check 
the feasibility of collection and, more important, to see whether the 
electric methods of observing separation factor were as sound as 
they appeared. The small-current 4y2-in.-diameter isotron was used, 
and the samples obtained during the runs weighed from 50 to 100 p.g. 
The electric observations indicated a maximum separation factor of 
between 5 and 6 during the runs. Analyses made by Dunning and co
workers using an a-part icle and fission-counting technique gave 2.7, 
3.2, and 3.9 for the three samples tested. Considering the fluctuations 
in the operation of the unit at that time, it was felt that the agreement 
was satisfactory. 

A number of collections were made using the 12-in.-diameter tube 
in which considerably larger samples (~10 mg) wore obtained. How
ever, these collections were made using very low separation factors, 
and the results are included to show the effect of space charge on 
separation. The operating characterist ics of the isotron for each run 
are shown in Table 9.1 together with the separation values obtained. 
In the early runs, there was little agreement between the electrically 
measured values of a and those given by analysis. This was due partly 
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to the technique of measuring a electrically and to the possibility of 
the beam sputtering unseparated uranium into the collector cups. Im
provement in the collection technique and the methods of electrically 
measuring a was indicated in the last run, where considerable p r e 
cautions were taken. An attempt was made to make a collection using 
the high current density obtained when the tube was shortened and the 
voltage was increased to 32 kv. The attempt was abandoned, however, 
because of trouble with sparking and because the project was t e r m i 
nated at that time. The most successful run was made using the 8-in.-
diameter isotron. Here a measured separation factor of 3 was ob
tained at a current density of 200 jia/cm2 , The other characteristics 
of the run are shown in Table 9.1. 

In general, it was felt that the problem of ion collection presented 
no insurmountable difficulties; in fact, the techniques developed at 
Berkeley for the calutron method at about the same time could have 
been applied directly to the isotron. 

9. LARGE-SCALE OPERATION 

It has by now become fairly clear just what an isotron can or can
not do. If an accelerating voltage of about 30 kv and a buncher f re-
quency of about 16 Mc were used, it would be possible to produce, ' 
accelerate, bunch, and separate ion beams with current densities of 
about 0.2 ma/cm 2 . The separation factor expected for such beams ' 
would probably be below 10 and above 3. Two harmonics would be 
adequate on the buncher, and the distance from buncher to analyzer 
would be about 50 cm. The U235 bunch would fall not midway between 
two U238 bunches but at about one-quarter of the bunch distance from 
one of the bunches. In doing this, the separation factor would be 
sacrificed for beam intensity since this would allow the beam to be 
made four times as large as if the bunches had been allowed to travel 
100 cm—the position of maximum separation between U235 and U238 

bunches. Similarly, twice as much buncher voltage would have to be 
applied. Actually, run No. 5 of Table 9.1 was made in this way. 

On the basis of the above a production unit was designed. It con
sisted of a cylindrical vessel about 100 cm in diameter and about 
150 cm long. The buncher was to have an area of 4 sq ft (24 by 24 in.), 
which was also the area of the analyzer and hence of the ion beam. 
By the time the project was terminated, the tube was constructed and 
evacuated to a low pressure, and the high-voltage supply was finished. 
The buncher and analyzer were nearly constructed as was the r-C 
equipment. On the other hand, there was no final design of the ion 
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source or collection system. A multiple-metal ion source was en
visaged, and some work had been done on proposed uni ts . 

From this point on, this chapter takes on a considerably more con
jectural tone. In fact, the following words are added only to complete 
an otherwise unfinished picture. 

Assume that the unit will work at 0.2 ma/cm 2 . It will then pass an 
ion current of 0.75 amp into the collector cups when no analyzer r-f 
voltage is turned on. Also assume that there is a separation factor of 
5 and that 30 per cent of the current is wasted in the separation proc
ess . Suppose that the over-al l efficiency is 3 per cent; i.e., 3 per 
cent of the U235 fed into the source, mixed of course, finds its way 
into the U235 collector pocket. (The above is particularly conjectural 
since the highest experimental value was a few hundredths of 1 per 
cent, although admittedly in units not designed for higli efficiency.) 

The question now is how such a unit can be used for the mass sepa
ration of U235 to high purity. Feynman has considered this problem 
carefully.20 '29 He finds, surprisingly enough, that in general it is bet
ter to use units of high current capacity and low separation factor than 
it is to use units of low current capacity and high a. However, to get 

\ pure U235 with units of low a, it is necessary to utilize the units in a 
cascade system. Thus Feynman visualizes the over-a l l separation 
as being accomplished in a ser ies of successive s tages, each stage 
effecting a separation factor of a. Because of the increasing enrich
ment of U235 the later stages will have fewer units. Thus, if a a of 5 is 
established, each successive stage will have one-fifth of the number 
of units of the preceding stage. 

The operation of a typical intermediate stage is shown in Figs. 9.11 
and 9.12. [This discussion on the cascade use of the isotron is taken 
nearly verbatim from reference 20, a report by R. P . Feynman.] For 
every unit of material which is put into the source, the fraction f goes 
to the walls as evaporating atoms from the source or is not otherwise 
collected as useful current. The useful current down the tube, 1 - f, 
is collected in two samples, one, called the " a c c e p t , " in which the 
U235 is enriched, and the other, called the " r e j e c t , " in which it is im
poverished. The ratio of U235 to U238 in the accept is a t imes as much 
as it is in the input mater ial . Make the additional simplifying as
sumptions that the U23VU230 ratio in the reject is just 1/cr times that 
in the input and that the remaining uncollected material has the same 
concentration as the input. In this way the rejected material c^n be 
put into the preceding stage along with the input to this stage without 
having to mix substances of differing concentrations. The accept us 
of course sent on to the next stage. 
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The material which is scraped from the walls, as well as the ma
terial accepted from the preceding stage and that rejected from the 
next, will need to be chemically and mechanically processed and 
purified before it is in a form suitable to be put into the sources of 
the isotrons. Assume that for every gram of material handled by the 
processing equipment (including the removal of the material from the 
tube) a fraction X is irrecoverably lost, leaving, for example, as 
fumes in the air . This loss X may be expected to be a very small 
fraction, but the actual over-all efficiency (total output of stage/total 
input to stage) of a single stage, called e, may be further from 100 
per cent than 1 —X if a large fraction f of the material put into the 
source is found on the walls and must be reworked. In this case the 
material must go through the chemical process many times before 
it finally makes its way into the accept or reject collection cups. The 
over-all efficiency e is given in terms of X and f by the relation 

As a working basis, it has been assumed that the total separation 
factor accomplished by a plant of identical machines is 10,000, so 
that the original concentration ratio, 1 to 140, of u235/U238 becomes 
70 to 1. (The final results are quite insensitive to this particular 
choice provided it is somewhere in this same range.) The total out
put capacity M of all of the machines (isotrons) in the plant (per 
unit output of plant) has been computed as a function of a and e, the 
results appearing in Fig. 9.12. (It should be noted that by the current 
of the machine is meant simply the total current collected by both the 
accept and reject cups. This is expected to be between 70 and 90 per 
cent of the total current in the beam arriving at the analyzer.) 

The total material which goes through the chemical processes per 
day may also be obtained from Fig. 9.12, since it is M/[(l - f ) ( l - X)] 
times the output of the plant. This is not accurate because it incor
rectly includes the processing of the original rav; material, but this 
is such a small fraction of the total material processed that little 
e r ro r is made in this way (if f is fairly large). 

These curves may be used in the following way: Suppose that there 
are no losses of material (e = 1). Suppose also that the separation 
factor of the machine is 10,000, so that only one stage is necessary. 
Then a number of machines capable of handling 140 units of output 
current for each unit of U235 produced would be needed. Suppose, how 
ever, that 10 times as much current could be put through the tube and 
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that the separation factor would thereby be decreased to only 2, Would 
it be worth while? It is seen from the curves that, at a factor of 2, 
about 860 times as much capacity as plant output i s required, or only 
about six times what the capacity would be if the separation were 
perfect. Thus fewer machines (six-tenths as many) would be needed 
with the factor 2, and only 60 per cent as much mater ia l would have 
to be processed (albeit with more nuisance and care to keep partially 
separated fractions separately processed). If it can be assumed that 
other costs are reduced in the same ratio (the volume of raw material 
required is , however, increased), it can be concluded that it i s worth 
while to work with the tubes with higher current but poor separation 
factor. This example serves to emphasize the rather unexpectedly 
good showing of machines of low separation factor when compared 
with devices of much higher factor. 

What happens when the efficiencies are not perfect? If the over
all efficiency is 95 per cent, it can be seen that the machine with a 
factor 2 is quite impractical, whereas one whose factor is 2.78 is not. 
At 90 per cent efficiency efforts should be made to obtain a factor of 
4 at least. Increases of separation factor beyond this yield less and 
less return as far as reducing the required number of machines is 
concerned. 

Assume this particular case: Suppose that one machine car r ies a 
total current of 0.75 amp to the analyzer, of which only 70 per cent 
is collected in the accept and reject cups, or that the machine delivers 
0.5 amp of useful current at a separation factor of, for example, 4.64. 
This is a capacity of 105 g per 24 hr of operation. Suppose that, of the 
material which is fed into the source, 97 per cent is found on the walls 
and only about one-thirtieth contributes to the useful current, so that 
f = 97 per cent. Suppose also (at present no information is available on 
this point) that, of each kilogram handled in the chemical processing, 
1 g is lost, so that X = 0.001. Thus it is found from Eq. 6, with f = 0.97 
and X= 0.001, that e is about 97 per cent. Looking at Fig. 9.12, with 
o\.= 4.64, M = 300 is found. 

This means that if it is desired to build a plant which will produce 
1 kg of 70 to 1 pure U235 per day with such machines, their total output 
capacity must be 300 t imes 1000 g or 300 kg. Since each machine's 
capacity is about 100 g, about 3000 such machines will be needed. (If 
the separation were perfect in each machine, 1400 machines would be 
required.) 

The total material processed, since l / [ ( l - f ) ( l - d)J is about 30, 
will be 30 times 300 kg or 9000 kg. (About two-thirds of this p rocess 
ing is of the wall scrapings in the first stage where the material 
processed has not yet been enriched. A high chemical efficiency is 
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Table 9.1 — Operat ing C h a r a c t e r i s t i c s of the I so t ron and the Separa t ion Values Obtained* 4 1 

Run 
Date 

Beam s i ze , L, 
cm 

f, 
Mc kv 

M, J, 
g / i a / c m 2 mg 

1 2  i n .  i s o t r o n col lec tor 

m u 

Mg Mg 

E l e c t r i c a l ana lys t s 

1 

2 

3 
4 

5T 

11/16 /42 

11 /1 /42 

12/30 /42 
1/9/43 

2 / 4 / 4 3 

6 by 4'/2 

6 by 4'/2 

7>/2 by 5'/2 
7>/2 by 5ft 

? 

160 

160 

160 
99 

54.7 

7.5 

7.5 

7.5 
7.5 

16.0 

21.4 

21.4 

21.4 
22.8 

33.7 

152 

272 
192 

8 in .  isoi 

150 

130 

19 
50 

5.0 

5.6 

0.45 
1.5 

Iron collector 

208 

3.5 

0.38 
1.5 

11 

15.5 

10.8 
11.9 

7.0 

3 

6.9 

8.0 
11.7 

1.8 

1.8 

4.7 
2.8 

2.7 

1.9 

5.86 
2.7 

1.22 
±0.04 
1.24 
±0.04 
2.56 
2.14 

2.95 

1.12 
±0.05 
1.21 
±0.04 
2.29T 
2.37 

00 
cn 

'Defini t ion of s y m b o l s : 
L = Distance from buncher to ana lyze r 
f  rf frequency on buncher 

V = dc acce l e r a t i ng voltage 
j = c u r r e n t densi ty in vicini ty of ana lyze r 

M = m a s s of uran ium used in run 
ij = dc c u r r e n t to col lec tor cup 1 
iz = dc c u r r e n t to col lec tor cup 2 

nil = m a s s of sepa ra t ed sample col lected in cup 1 
m2 = m a s s of s e p a r a t e d sample col lec ted in cup 2 
<Ji = separa t ion factor for cup 1 
c,  separa t ion factor for cup 2 

t T h e m a t e r i a l collected in the cups was conver ted to hexafluoride and analyzed in a m a s s s p e c t r o s c o p e by R. H. C r i s t of Columbia Uni

vers i ty 

tAnalyzed by D. E. KuU of Columbia Univers i ty by a  p a r t i c l e and f ission counting, using the s m a l l i so t ron (8 in. O.D.). 
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Fig. 9.1—A typical metal arc source. 
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Fig. 9.2—Schematic representation ol typical i&otron geometry. 
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Fig. 9 .3—A detailed view of a tungsten screen. 



28 

Fig 9 4—Side view of transparent buncher grid b of Fig 9 2 
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Fig 9.5—A detailed view of analyzer f of Fig. 9 2. 
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Fig. 9.6—Effect of accelerating voltage on separation factor. Fig. 9.7—Effect of pressure on separation factor, c , experimental. — , theoretical. 
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Fig. 9.8—Effect of buncher voltage (fundamental only) on separation factor, o , left 
side of tube, x , right side of tube. 

33 

a 3 

j , / i . A / C M 2 

Fig. 9.9—Effect of current density on separation factor. I. o , left cup. 
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Fig. 9.10— Effect of current density on separation factor. If. o , top cup. i-, bottor 
cup. 
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