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llost methods of separating isobopes depend on the use of a larre nmagnetic

field, The isotron is an electromagnetic dovice for scparating isobopes, but it effects

o=

separation by the use of radio-frequency voltages instead of magnetic fields. It

£

o
j=y
@
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has the advantage thet plane sources of large area cdn be used instead of the s51lit sources
to which most magnetic methods are limited. Before entering into any discussion of the
details & simplified description of the principles of the method will be given,

Ions‘from a nlane source cxbtended in two dimensions acre first accelerateé‘by
o constant, :ipgh intensity clectric field and are then further accelorated by =z low
intensity electric field varying at radio-frequency and in a "sawtooth" mennere. The
.ﬁg effect of the constant electric field is to projéct a stronpg beam of ions straight
down ¢ tube with uniform kinetic ensfgy end therefore with velocities inversely proportional
to the square root of the masses of the ionse The varying electric ficla intréduce§

small periodic variations in wvelocity having the effect of causing the ions to form pane

bunches at a certain distonce down the tube. Thus bunches of ions of differont ness

=

troavel with different velocities end therefore become sevarateds The intensity o
the fields ure adjusted so that the ions bocome most completely bunched ot the position
of mexinun seporation. At this position en snalyzer spplies a transverse focussing
electric field together with o redio-frequency compoment synchronized with the travel

n

of the bunches. The synchronization is such thot the varying component of the Utransverseo

field strenpsth is zero when the bunch of ions of the desired isotope comes through end

ol is maximwa when the bunch of ions of the undesired isotopse comes throughe In this manner
D the ions of the desired Lsobtope will be focussed into collector poclebs supported at

the end of the tube opposite the ilon source whereas the lons of the undesired lsotope

will be deflected away from the collector pocletse. e )
= W em—
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Let us rephrase this in mathenutical terms. Assuning thot tHe=dio-f{requency
bunching field is a sawbooth wave with a period T and a range of voltage AV, small

comparcd to V the accelerating voltage, we find that bunching will occur at a distance

dovm ‘the <tube .

A= 2y ——-T—Z (9.1)
We can derive this by the following considerations. First, the ions are accelerated
B 2Ve
by a constent voltage V; hence they travel with & velocity v =/ =57~ . They arc then

subjected to the radio-frequency sawbooth field, the offect of whiclh is to-increese

the energy of the ions linearly with time from V to V+ AV for cach period of oscillation

=3

. Since the radio-frequency voltege AV is small compered to ¥, the velocity of the

. . . , . v
ions will also be increased lincarly end by en amount A v =“-§ 'é\'f_ « Lot us supposo

that we move dovm the tube with Ai-ons at a velocity ve An ion which receilved the full
bunching vo ‘u&[f@ AV et the end of one period of oscillation will be. observed by us

to nove with a ;*ela4oive velocity Av toward the ion that ceme through at the bepinning
of the period. Vi will notice that the successive bunches Jjire separated by the bunc.h
distence A0 = 1, llence, when the ions accelerated at ‘tﬁe ond of the period have
noved & relative distence A4 the bunching will be perfect. This will occur after ¢

AL sl . .
DV

s and this con be written
av :

jzva'—KY—r'

How let us considor ions differing in mass by the small amount &me They

Gime or at o distance dowvm the tube Q =

Ty
YaWal

- » 1 3 » 13 V .
will bunch ot . slightly different position [‘ = 2TyY == or abt a distance A,Q' =

AV
A
2 5

5

from the other icns. For lons of ope mass to bunch together just helfiway

between the bunches of mass Am greator, we nust have Al = -9‘-5--- which gives the

o

S

reletion

= = 2 - 'S . (9.2)
so that (9.1) can be rewritten

£ =1y Awy'h . (9.3)

Typical values of the above guantities for the uranium isotopes 235 and 233 arc*:

*lore convenient formulao for uraniun ions are, approxiaglbe

gv = (A 2)2 where V is in KV and £ is the frequoncyfgx_’x_ﬂ:&
=

£
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Ved4 KV, V=1EK, frequemy% o 17.0 ey Em et o, o#8 bunch
distance AL = 1 cme ‘ |

The development of the isotron split rather naturally into tho following
major partss

1. Development of ion soux;ces

2+ Accoleration of large beams of lons

, 8o Bunching the ion heems

4+ Analyzing the bunched ion beam

5. Collection of separated isotopes

Ge Eﬁctending the method to laré;e scale production.
Work was actuclly cerried out simultomeously on mearly all phases of the project.
Iowsver, £or simplicity we sha;l.l try %o discuss the experiments in roughly the
above order. Furthermore, we shall not discuss everytl;lné that was dons, but,
just to keep bthis report of reasonable length, only ’ché-b which seemed to be most
successful end most pertinan’é. It should be rembmbered that the project lasted
fér just one year, honce many experiments were not ooﬁpleted. Noarly all the work
has beon described in detail in a series of eboub 40 Princeton University OSRD

Project SSRC-5 reports to which referenceswill be made (at end of chepter).

9402. Ion Sources

Efficient large scale opsration of en isotron requires that the current
density snd eres of the beom should be as large as possible. e enviseged a finel
unit with an ion beam ares of about one square meter passing a total currexﬂ: of
the order of mmperes. Later wé will see that space charge limits the method to
eurreﬁt densities of less than a few llunéred microamperes per sq. cme when prectical
dimgnsi ons gnd volteges are used. Thus 2 source is required which wiil provide
uniform cux;rent density of the order of 100 microamperes/omz over a sqe meter of
sreea. An edditional desideratum is that prodeminantly U* ions ere yielded. It
will be explained later that dg.xubly and triply charged ions can also be bunched

simulbeneously with the singly charged ionse
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From the beginning of the project about 50 percent of the endeavor went

into ion source rosoarch. Although many attempts ot novel methods of producing
ions werc investigated, the bulk of the work soon focused on two types of sources
wﬁich soemed most promising: electron controlle% arcs using pure mctal vapor, and
electron controlled arcs using uranium chloride vapor,

The:uranium chloride sources had the adventages that they were easy %o
malke and run, and much of the experience accumulating at Berimley could be directly
sppliod to thems We did build and try meny different kinds of such sources.
Huwevef, they had the following sefious disadvanteges. First, severe vacuum
problems are raised by the resultant vepors end hygroscopic propegtios of the
chloride, and secondly we found it extremely difficult to pfoduce ion beams which
w§ro free from urenium chicrido ionsg, which of course were not easily separated.

Sources whioh used uranium metel were considersbly more sppliocable to
@h@ isotron method. OCur original apvroach to the use of uranium metal was to try
to find a refrectory substance in which %o heat the metal to a temperature high
enough that a hot cathods arc would run in its vapor. Innumerasble materials were

tried but in evory case the uranium destroyed or corroded its contalner, Another
L :

approash(lz) was to strile a cold cathode arc in vacuum between two electrodes

one of ﬁhich'was made of ureniume. In gensral it was found that such arcs were very
unstable and difficult to keep in place; hence work on cold cathod_arcs was
ebandonod,

Although tungsten wes not found to be satisfactary as a containing vessel
for molter uranium because of the rapid alleying of the two, nevertheless, it was
soon found that tungsten could be used as a sponge for uranium(lz). Thus, if not
too nuch uranium is added to a piece of hot tungsten, the tungsten maintains its
shape and the uranium simply evaporabes outbs

: This proved to be the key to the construction of o successful metal

arc source, neamely a hot cathode src to a hot anode consisting of & large rod of

tunpgsten to which small amounts of uranium could be added Irom time %o time.‘ As
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typical of the many forms which wers constructed, consider one of the simplest sifwn in

Fig. 9.1, A d.c. potential of about 1000 volts is apnlied between the filament éfénd the
)

tungsten rod E, As the filament is heated, a few amperes of -electrons are emitted which
strike the tungsten anode with 1060 ev energy. 4Although the tungsten is water-cooled at
its base, enough heat is developed to heat the free énd white hot. The uranium wire C,
about 1/16 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 sufficiont vapor pressure is built up so that an arc is struck betwemn
filament and anode, A constant current network in the primary of the rectifier kéeps.the
current at about £0 amperss, while the arc voltags runs from about 10 to 3é volts. (At
high voltage the nstwork saturates and passes only a few amperes,) As the uranium evaporates
out the vapor pressure becomes less, and the arc voltage is observed to rise, Eventually
this trips a relay which causes the wranium wire to be pushed against the tungsten anode
untii enough uranium has melted to~bring the erc voltapge down To a chosen operating pd ential
- gay 20 volts, A shiéld é}was found useful to keep the arc away from the insulators of
the filament leads, |

It was found that amperes of posftive ions could be drawn from the plasma
surrounding such an arc., In our application these arcs were mounted several inches

behind a plane {ine mesh tungsten screen to which the ions were allowed to diffuse. The

ions would then be accelerated by a high voltage, 20~850 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 aresa, dinensions of which were comparable to the distance from source to
screen, In facf 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 spectrogra;hic analyses of the ionsg from such
sources indicated predominately U* and U** ions depending on running conditions., Typical

current rations were U* ¢ U*t ¢ U*** = ;| 70 3 20 4 10,

The development of such sources was not complete. In general’ their 1life
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was only a few hours, after which time a2 filament would burn out or_the anode
would disintegrate, The short life of the filament was due apparently to the
presence.of.thé uranium vapor, The solution to this difficulty wouid be to use
indirectly heated cathodes. The anode life could be extended by using larger
rotating anodes and controlliﬁg’the feeding of uranium to it more closely., Source
lifetimes o£ days.or woeks might be feasible,

Another metal source which seemed proﬁising was one in which cold
uranium-was the recepticle of the molten uranium. This was done by running an
intense hot cathode arc to the center of the top of a cylindef of uranium of a

few inches diameter, the periphery of which was cooled, Enough energy was dissipated

" at the center of the block to meintein a sufficient tempersture gradient between

the center and periph;ry to vaporize the molten metal. This source was difficult
to start and was developed too late in the life of the project to be applied to
an.isotron,

Many other types of scurces were tried, and the workers in the ion source
groﬁp, which was under the direction of Prof. Julian Mack, have written a complete
description of sources and their properties,(Bg) | |

Tests showed that the metal sources of all types tried.were amazingly
efficient, If enough current was put into the arcs (about 50 amperes), ninety
to one hundred percent of the uranium vapor was ionized.

For our production from a one meter square source we visualized about
four metal arcs located symmetrically about 50 e¢m behind a meter square plane
screen, from which point the ione would.be accelerated., The efficiency could
be increased by using more énd smaller arcs closer to the screen and by placing
& gsecond screen on the opposite side of the ares to catch those ions going in that
direction, This wquld require two ilsotron units working back to back on one source,
Such & source never got beyond the design stage. Dr., L. G, Smith pointed out

some desirable features of using onme erc surrounded by an isotron of circular symietry.
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" 9,03 Production of large ion beams 21?,£STZ%;A.N D W s

After producing a source which provides uranium ions uniforml& over a large area,
it is next necessary to accelerate thess ions into a nigh energy parallél beam. ‘the
parallelism of the ion paths must be sqch that ions do 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 percent of the distance between two successive bunches is
tqlerabie: this requires that the ion paths must not have a total.angular spread of more
than about 6°, |

The é;ometry of a fypical igotron is shown schematiqélly in Figure 9.2, The source
(nét shown) is contained in the insulated cavity S. Ions from it drift to a transparent
plane tungsten screen a which is shown in greater cetail in Figure 9.3. They aré then
accelarated~§npthe‘gaps betweon screen g and transparent grid b consisting of a number of
closely spaced thin granhite strips at groundprten£ialo A side view of this electrode is
shown in Figure 9.4. Typical accelerating gap distances varied from 1/2 in. to 1 in. After
acceleration tﬂe ions travelled through the buncher ¢ and dovn the tube e to the analyzer £.
The buncher consisted of two more grids of parallel wires alipgned accurately behind the
graphite strivs as shown in PFigure 9.4, but more will be said of it later,

The first remarkable fact observed was that it was possible, with the correct
geometry of the accelerating gaps, to obtaiq a nearly straight,.high current density bean
.of uranium ions. fTheoretical calculations(2)(7)(35)(58) had shown that space charge repulsion
should cause such beams to diverge widely; since they did n;t, one was led to the conclusion
that the positive ion snace charge of the ion beemd wes neutrdlized by electrons or negative
ions of same sort. This conclusion was confirmed by measurements of space-charge potentials
by the heated f{ilament me‘thoa° Indeed we were never able to observe any space charge
divergence of our bsam even at thé highest ‘current densities achieved, which were of the order
of 0.1 &mp/%m.z. |

An extensive set of experiments was carried out to determine the angular divergence

of the baam(ss). On the basis of those experiments and theory(17) we can formulate the

following piciture of the process ofcdbtaining the beam of nrositive ions in an isotron., Before

any voltage is applied to the acceleration gap, the ion plagma
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from the source will extend throughout the whole isotron tube, If 8 small positive

voltage is applied to the source screen ahd erc the electrons in the plasma will

no longer be able to pass through the gap and a plasma boundary will developa(sg)

The position of the plasma surface obey Childs! Lsw, which for U™ jons is:
3 ma/em® = Vka/z
, " - | L 9de

where j is the current density inlévﬁamp/cmz, V is the accelerated voltage in kv

and d is the distance in cms from the plasma boundary to the nearest negative
electrode, which is the graphite grid in this case, 4s V is increase&vthe plasma
is pushed back toward the source screen which, at a high enough voltage, it
eventuaily reaches, Since the field is very weak Behind this scraep the piasma
stops there, |

As the edges of the screen are farther from the ifon source than the center
of ‘the screen, the éﬁrrentvdensity will bévsmaller at the edges thah the center
and hence the plasma boundary will reach the edges first, At this stage the plasma
boundary may have a nesrly sﬁherical’shapa and as the lines of force will diverge
normally from this the beam will be seriously defocussed until the volﬁage is
high enough to push the plésma boundery back to the screen at its center, |

Let us assume that the plasma boundary is now pushed back to the source
screen and is a perfect plane surfgcé. Wie might ask what fields defocus the ipgs.
First there is the 1rregulafity due to finite spacing of the bunchér grid b.
R. P. Feynman(l7) has calculated that this irregulsrity in the accelerating field
will lead to an angle of divergence of 37 BG wher%‘g 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 =S- A typical value of a/G was 0.1, leading to

26 ). .
eén angular divergence of about 3%, Feynman estimated that the source sereen should

have an effect of the order of magnitude of %/ o /G, where o 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°, krik:_'{:

“Z‘-»\\
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A third effect could come from the random ‘velocities of the ions as they
leave the plesma. The average energy is about 30 ev, hence for an accelerating
voltage of 30 kv, the maximum angle of divergence-ﬁould be /_3%36"— or about 2°.
These theorsticel ecstimates are very useful for guiding the design, They
seem to be overestimated, for under the above conditions the total divergence of

2"(3 ? ). The scattering ofthe

the ion beam wag experimentally determined to ﬁe about
ions due to collisions with the gas was only appreciable at relatively poor vacuums
(102 mm Hg).

We can summarize by saying that ion beams can be and have been obtained

_having large cross sections, current densities of 200-300 microamperes per cmz, small

. divergence, and reasonable homogeneity of energy., We found it possible to produce

ion beams ten times asiintense as the above but we never investigated the angular
divergence or the homogeneity of the energy of such intense beanms,

" A word should be said here about sputlérjing by the high energy uranium
ion beams..‘One of our first experiments was to expose a grid made up of various
rateriels 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 resistant material to spubtering; grarhite

grids have been used for many hours in large beams and they then showed almost no

sputtering‘effeét.

i

9.04, The Analyzer

We have seen that it was possible to produce a two dimensional ion beam
travelling down a tubs, The ions are made to bunch after treveiling soms distance
and at the point of bunching some sort of analyzer musf be placed to separate the
desired from the undesired isotope. There are many possibilities hcre, but we
shall describe only one device; the one on which all work at Princeton was done.

The analyzer consisted of a set of parallel ribbon-like electrodes shomn

schematically in Figure 9.2 at £ and in more detail in Figufe 9.5, The principle

banudd
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of operation of the analyzer is to place d.c. voltages between the elecirodes such that:
the beams coming through each pair of plates are lrought together or, more accurately,

to a line focus,

In order to separate the bunched ions with high frequency fields at the analyzer,

it is necessary to confine these fields tc a region somewhat smaller than the bunch
distance., This was done by super imposing a high frequency voltage upon the d.c.
voltagés of the plates such that every other plate was grouncded with respeect to the
high frequancy fields. The high ffequency voltage was applied to alternate plates through
mica condensers, the r.f, being ?eﬂt from the d.c. voltage mupoly by suitable chokes.
When the r.f. voltage was applied the beam was split into two components, fince in

half the gaps the field was in a direction opposite to what it was in the other half,
Analysis is made by applying the.nlternating voltage a£ half the buncher frequency such
that at the times of zero voltége the U235 ions come through to the center where

the collector cup was placed, and at times of maximum (plus or minus) voltage the g38
ions were thrown up anﬁ down,

In practice the analyzer was from ten to {ifteen centimeters wide, consisting

“ of about twenty tantalum -or graphite plates éupported on insulated springs as seen.

in Figure 9,5. The plates were about 1 cm wice and as long as the beam was wide. They
were spaced about 1/2 cm apart, If the fields existed only between the plates the .
voltage on each rlate would increase as the scuare of the number of plates from the
center, -Due to fringing fiélds, however, this relationship is not fulfilled, so that
one has to determine empirically the voltages to give a line focus, This was not

found to be difficult, and in general it was easy to bring the beam %o a:line focus

not much widef than the distance between successive strips. 4 grounded wire was placed
on the beam side of each plate so thét 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 analyzer.

In the final unit of one meter square cross section it was proposed té place

teight or ten units of analyzers, as described above, side by sicde to cover the large

area rather than using one big analyzer wh1ch would rogui>b9huch too Targe d,c. and r.f.

SFCRFT
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The r.f. voltage for the analyzer and the buncher were both obtained from

voltages.

a crystal oscillater from which appropriate multiples of the frequency were rade.
A phase changer ensbled one to adjust the phase of the r.f, analyzer'voltage such
that the U2?5 jons would come through the anaiyzer as the r.f, voltage on it was
zero, Of éourse one could also adjust this phase by making small changes in the

accelerator voltage.

9,05 The Buncher

The purpose of the buncher is to modulate the velocity of the ions in
time such that the ioﬁé form into separated bunches as they reach the anslyzer,
Ideaily this could be accbmplished 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 ﬁhich have considerable capacity. We found it more con-
venient to utilize the three grids b, ¢, d shown schematically in Figure 9.2
and in more detail in Figure 9.4.

To apply the voltage to the ions, the principle of the r.f, linear
acce;erator was used, This takes advantage of the time of flight‘of the ion through
the gaps between grids. The r.f, buncher voltage ié applied to the central grid
¢, the other two gricds remaining at ground potential, The ion™ay 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 ion's time of £light.

The first grid, as we have seen, was also the grouné electrode of the
accelerating gap, It is possible to obtain the same results using only two grids.
In this cese the r.f, voltage is placed on the first grid while grid ¢ is grounded
and gricé 4 is eliminated. The source screen then is groundgd for r.f, and_plays
the same.role as grid b played before. In vractice the three grid bunches were
always used so as not to introduce complications in the eyperimentel work,

We have already seen that the ions sputter most méterials except graphite

~ qECRET



of graphite strips. The other grids were sometimes made of tungsten wires, but
[

these were carefully aligned behind the graphite strip so thet no beam struck

them (see Figure 9.4). In later designs all the grids were made of graphite stripé.
It was not difficult to machine the graphite into strips lo.mils thick by 3/16 in,
wide by one meter long., Their position was cdetermined by grooves cut in a supporting
bar and they were kept under tension by individual springs g as shown in Figure 9.4.

The best bunching results when the veloclities of the ions are modulated

- in a sewtooth manner, We approximeted this by synthesizing such a wave from

harmonics, It 1s obvious that to approximate a sawtooth modulation of veloecity,
a sgwhooth voltage need not be applied to the central electrode of the buncher
shown in Figure 9.4 The éctual contribution of any harmonic will depend on the
geometry of the buncher grids an& the velﬁcity of the lons. In practice we were
able to appl& four harmonics separately to the buncher electrods, thé amplitude
and phase of each harmonic being separately variable, First, the fundamembal
would be épplied, 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 Would be added and its effect on the bunching
would also be maximized 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 would be added, and all phases and harmonics f}nally triémed for
best bunching., One readily acquired e feeling for making this adjustment.

) Feynman has worked out the theory of the design of bunchers.‘l7) This

theory giveé us the dimensions of the buncher grids as well as the amplitudes and

'.phases of the hermonic veltages. 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 highest hermonic, The theory recommends for four

harmonics a buncher consisting of two electrodes of grounded graphite strips of |

SECRET



% applied to a

gset of wires midway between the plates and on a line with them, The center of the
plate electrodes should be a distance ‘(3/8) § apart so that the wire is about
d /8 away from the edgs of the plates. The spacing of adjacent plates should be
8 /8, Actually two harmonics were_usually adequate for good bunching so that the

above dimension could be increased by & factor of two if it were desirable.

,;,:‘
9,06 Bunching Ions
A, low Current Density

In the simplified description 61‘ the principle of the isotron, é perfect
sawtootfl wave form was assumed for the veiocity modulation., We have seen in the
preceding section how such a wave form was approximated by adding harmonics. Let
us now see how these approrimations affect the separation and ei‘ficiency‘of an
isotron. | _

l‘Feynman(l*) finds theoretically thét it is possible to get complete
separation even without a sawbc;otgé wave form if ions _gccélerate’d in part of the
cycle are throvzm away. In general we must choose petween efficiency and degree
. of separation, If the separation factor G- is defined as the factor by which
the ratio of heavy to light isotope is decreased and the efficiency Y( as the
fraction of one cycle that is used, he finds that even for pure sine waves
typical values -of 6= 16, 7_—: 60 percent, or o= 10, )?:: 70 percent' can
6btain. For & wave form made up of four harmonics, he fir‘xds C= A4 at )Z= 84
peicent. If higher harmonics ai'g used, 0" = 17N emd)’(':~ %g";"‘i* where N
is the number of harmonics used. Most ion sources produce ions of different
cherges. In particular, we saw that the metal source usually made UT , Uttt |
and U*T* jons in the ratio 70120110, Fortunately, it is possible to bunch
and sepsrate all three of these ions similtaneously. |

First let us consider only the two ions U¥ and U, The U*V will

be accelerated to twice the \energy and hence \/ 2 times the velocity of the uvt. .




*

buncher(17) depends on.the velocity of the ion through the buncher, and on the
,ge§metry of the buncher, It was found possible to design a buncher in such &

+ way that both the Ut and the Ut receive the proper bunching voltdge so that

- both have the minimum width at the analyzer, The difficulty now is that although
both‘ions bunch at the analyzer, they travel with different velocities, and

so in general do not arrive at the analyzer at the same time, However, for

a suitable choice of tube dimensions it was bossible.to'arrange it so that the
Ut ions and fhe v+t ions afrived at the analyzer in coincidence for several
unique values of the-aécelerating voltage. It is clear thet this would be

d&ne by allowing the U'*Aion ‘bunch ts lag behind the ot ion bunch by an
integral mumber of bunch distances. Paul_olum(zs) haslwérked out the complete
theory of this process and has extended it to the case of three types of ions.

Two groups working on two sevarate experimental isotrons did many

experiments on bunching at low curr;nt density, about one microampere/cmz.

First, a group under the ieadership of J. L. Fowler, constructed a 4§ in. diameter
isotron tube''?) which wes later rebuilt as an & in. diameter tubs(34). on

‘the basis of results from the small isotron, another group under the leacdership
of L., G. Smith constructed a 12 in., diameter isotron; the principal emphasis

of this group vas to study bunching at high current density. FHowever, this
necessitated considerablé work at low current density(32>;

- Let us consider the experimental procedure in examining the bunching
in an isotron, The ion source woﬁld be turned on and the accelerating voltage
(about 10 to 40 kv controlled electronically to within a few volts) Qas applied,
This Ero&uced a straight beam of ions down the tube. Next the analyzer d.c.
voltage would be turned on and adjusted such thét most of the beam was focused
into a narrow céllector cup g located some distance behind the analyzer as
shown in Figure 9.2, Then the r.f. analyzer voltage would be turned on. This

caused the'line focus to be spread out in a perpendicular direction about five
= :.._3. ey {“\ _L.QJ"" ]:

vd
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or ten times the width of the collector cup. This of course caused a decrease
in the ecurrent 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 accelesrating voltage. If there was any
bunching, it would show up as an increase or decrease in the current to the
cup, Gepending on whether the bunch arrived at the analyzer at zcro voltage or
not. It 1s easy to see that the separation factor obtainable is just the ratio
of the maximum current to the minimum, One would then pfoceed tc maximize the
bunching og 6~ by making changes in the variables at ones command,

- An eyperimental study was made of the dependence of o— on the following
variabless acceleration voltage, distance between buncher and analyzer, arc
conditions, ggs pressure, beam size, beem current, frequency, analyzer voltages,
as well as number, size and prhase of harmonic buncher voltéges.

In most of the experiments the separation was not measured in the
simple way described above, but a mechapical scanner wag used, This was located
at the positioﬁ of the collector cup and consisted of a s11t which was moved |
recurrently at high speed in front of an ion collector electrods. The direction
of motlon of the slit was perpendicular tq the beam direction and perpendicular
to the line focus, The ions coming througﬁ the s1it produced & voltage on the
electrode which was impressed on the vertical plates of an oscillograph, the
sweep of which was synchronized to the recurrent motion of the slit. This
produced a picture on the oscillograph 9: the distribution of the ions in a
plane at the focus of the enalyzer, With all analyzer voltage off one would
see a uniform distribution across the tube. Turning the d.c. analyzer voltage
on caused this to form into a single peak at the c;nter. The r.f, analyzer
voltage then spread this peak out into the familiar pattern obtained by projecting
a circie onto a line, namely, low at the center and with two peaks at both

extreme sldes. Turning the buncher voltage on caused the distribution to change

-

-
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such that a peak appeared in the center again or such that“all the curfént
went to the sides depending on the phase between buncher and analyzer. The
geparation factor was determined by measuring the maxirmum height at the center
when the peak appeared there to the minimum.height at the center when the
peaks were made to appear at ihe sides., The motion of the slits was obtained
by rotating a large drum in the vacuum through & sliding seal,

The results of a typicael experiment performed in the 8 in. diameter

isotron will be given below(%).

The buncher fundamental frequency was 6.5 me,
~ the analyzer frequency was 3.25 me "a}.nd its voltage was 1200 volts rms. The
accelerating voltage was about 20 ki(i'f so that the distance tctween successive
bunches was about 2 cm, To tring the centers of gravity of the g+ and the U*“:
bunches together at the analyzer and place the U;23 > bunch midway between the
two 13238 bunches required 81,8 bunch distances between buncher and analyzer

or a distance of 160 cm, Other coincidences of Ut and UYT " bunches were
predicted ot 21.7 kv and 18,/ Ev for this frequency. The vacuum was about

10~° m Hg.

The best bunching was obtained as followst

One harmonic: ¢ = 6.8, bunches voltage EB = 145 r.m.s. volts
Two harmonics: 0~ = 14.5, EB - 115 volts r.m. s,
1
E = 17 volts r.m.s,
B
Three harmonics: 0~ = 25, EB = 130 volts r.m.s.
1
g EB - 31 volts r.m.s,
' 2
E_. = 20 volts r.ms.
N . B3

No cefinite increase in o~ was obtained by adding the 4th ‘h::rmonic, although
the pattern on the scanner sometimes seemed slightly improved.

Figure 9.6 shows the result of an experiment to cdetermine the effect
of the accelerating \foltage on the separation factor, The maximm which occurs

- at 19.6 kv is probably the coincidence of UY and U‘H' which was predid-te‘d‘ at

crnnfET
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20 kv, The voltmeter read 3 percent too low at 3 kv, so the agreement is

rather good. The difference in accelerating voltage between this iaximum and
"the next is 1,7 kv, compared to the 1,6 kv predicted by theofy.

Measurements of ¢”as & function of r.f, analyzer voltage showed that
the separation factors could have besn perhaps doubled by increasing the

1

ahalyzer‘voltage to about 2500 rms volts.

By allowing air to flow into the system at various rateé with an :
éﬁjustable leak, the curve of Fig., 9.7 was obtained. The pressures were reéd
_éﬁ a W.E, D-79510 ion gauge using an emission current of 10 ma., Hence each
micrcampere of the abscissae corresponds to about 1072 mm Hg. The theoretical
curve wes obtained from calculations by Feynman on the basis of collisions of

(35). In order to fit the theoretical

&he Ut ions with the atoms of the gas
.éurve to the daia it weas necessary to guess the best value of//o , the pressure
‘at whiéh 1/e of the ions‘suffered collisions in travelling po the analyzer,

A value of P = 8.3 microamperes fité the data best. . ‘

Figwe 9,8 shows the result of an experiment made on the 12 in.
diameter tgbe, the purpose of which was to determine the 2ffect of buncher
voltage (fundamental only) on the separation factor. The frequency was 7.5
me/sec, .accelerating voltage was 21.4 kv, and the distance from buncher to
analyzer was 160 cm. The current density in the run was BO/ALamp/omz. The
curve of 0~ vs. Eg (the buncher voltage) shows four maxima at Ep= 120, 370,
570, and 800 volts; the corresponding values of o~ were 4.8; 2.2, 1.85 and
1.45. The phase of the buncher voltage was the same for alternate peaks but
differed by 180° from one peak to the next. These résu£§%‘were beautifully
verified bty the calculation of Feynman(35), on "high order® bunching., His

calculated curve is almost identical to the expsrimental one,
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B. High Current Pensity

Originally we had piously hoped that the space charge in the buncher
would be neutralized in the same manner in which.we have seen that the space
charge of the beam itself was neutralized. Alas, such was not the case; indeed
we were never able to observe any indication of even partial neutralization of
the debunchingvspace cherge. Apparently this was because the slectrons or
more plausibly the negative ions that provide steady space charge neutralization
are unable t§ follow the radio freéuency chénges in the electric field produced
in the bunches. |

, This fact, learned thejﬁard way, caused us to reorient our thinking
down from isStsons of one square/meter ares working at low V on beams of hundreds
of amperes tg ghe condition meétioned earlier in the chapter where deb&nching
space chargeféffects were notjémportant, namely about one ampere pérssquare meter
or per tubgj;nd high V, Our/original confusion came about because we seemed
to 6bservéyhigher values éfxs‘ than seeﬁed possible at the lafgp currents,

These vaiues of 5~ were not very large («— 2 or 3), and, because af tﬁat time

F
we Were unable to produce straight beams of ions in the isotrons, we ascribed

the/low g~ to geometrical effects, Later when these were corrected and we still

(32)

4

dbtaaned low values of © a series of experiments soon convinced us that

spacp charge was responsible for our inability to obtain larger separation factors

at ﬁigh current densities,
b (2) (38) '

. Calculations by Feynman and Olum have shown that if there is

no'%%ace charge neutralization then the current density will be limited to values

below a critical current density given by the following formula

! 3/2 |

/i: j - Z . - (9010)

; ’ L cm N
whege A is the ratio of & of the ion to that of the U jon. They further

n
showed that if several ions were present in the beam, they would act independently

of one another(zg). Thus, for nearly equal currents of U * and vy j.ons, the
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limiting value of the current density would be given by

3/2
j; = 3000 y?— (9.5)

The results of the erypsriment carried out on the 12 in. isotron to determine the
effect 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 wvas 20,9 kv, and the
buncher f{reguency was 7.5 me., The calcalated limiting current density is about 13
/Qa/cmz, and it is seen that this 1s in good agreement with the experimental values
gshown in Fig. 9.9. In the case of Fig. 9.10, L was decreased to 99 em, but f was
still 7.5 mc. The value of the limiting current density given by theory was then
AO/,La/cm2 which is also in good agreement with the data exhibited in Fig., 9.10,
The two curves of o against j cofroborate the evidence given by Figures 9.9 and
| 9.10, for example(Bz),‘when L was shortened to &0 cm, aﬁﬁ V was 20.9 kv, and f was
raised to 15 mo, O~ was constant up to about 65'/la/om2 above which it dropped.
The theoretical jlifrom equetion (9.5) is about 50//Qa/cm2. The largest current
density ebout which we have eyperimental information was that used in thoVS in,
isotron where L was 54 cm, V was 31.6 KV, and the freguency was 16 me, The theoretical
jl was about 200 Aca/cm 2(4 ). ngh values of o- (5 or 6) were obtained for currents -
up to this orcer of magnitude. |

It is clear from the above that if isotrons are to be useo at high current
densities, that is, about 200/q.amp/cm2, the accelerating voltage and frequency must
be quite high and the distance between buncher and analyzer mﬁg£ be quite short. Under
these conditions the isotron will geparate large quantities of isotopes.,

Theoretical considerations by Olum(Bs) indicate that space charge
neutralization may occur if isotrons are cesigned for use with high enough accelerating
voltages. |
9,07 Collection - %

In our first attempt to collect separated isotopes we simply‘allowed

the high energy beam to impinge on a metal plate. Ve were not nparticularly surprised

that the lon beam sputtered away any oﬁathe ions that came to rest

{

by




on the plate.

they nearly came to rest as they came to the collector plete. If the energy
of the ions was less than a few kilovolts the sputtering was not serious and
it was possible to make siuccessful collections. The decelerating votential
was an additional complication, however, éﬁd it was not used in most of the
collections, Instead the high energy beam was allowec to enter a deep cup
and strike the back end of it. Platinum foils were placed arcund 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 expo§ed
to the ;i;ect 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 seem to be successful.

Ogr first collection ruhs were made early in the project to check the .
feasibility of collection and, more important, to see whether our electric
.methods of observing sepasration factor were as sound as they appeared to be,
The samll current 4% in, diameter isotron was used and the samples obtained
during: the runs weighed from 50-100 «cg. The electric observations indicated
a maximum separation factor of between five and six during the runs, Analysis
made by Dunning and his.coworkers using an oC-particle and fission counting
technicue gave 2.7, 3.2 and 3.9 for the three samples tested. Considering

the fluctuations in the cperation of the unit at that timé, we felt the

agreement tc be satisfactory. *

Lo
[}

A number of collections were made using the twelve inch ciameter tube
in which considerébly lerger samples (~10 mg) were obtained, However,
these - . collections were made using very low sparation factors anc¢ the
results sre included to show the effect of space charge on zeparation. The
operating characteristics of the isotron for each run are shown in Table I

together with the seperation values obtained. In the early runs, there was
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little agreement between the electrically measured values of ¢~ and those given

. by enalysis. This was due partly to out technique of measuring ¢ electrically

and to t he possibility of the beam sputtering unseparated uranium into the collector .

cups. Improvement in the collection technique and the methods of electrically
measuring O~ are indicated in the last run where considerable precautions were
taken, An attempt was made to make & collection using the high current density

obtéined when the tube was shortened and the voltage was increased to 32 KV,

|
3 .

The attempt was abandoned, however, because of trouble with sparking and because
the;project wes terminated at that time, Our most successful run was made using
thel8 in, diameter isotron, Here a measured separation factor of 3 was obtained
at a current density of 200 /L-amp/bmz. Tﬁe other characteristics of the run
are shown in'Table I,

In. general it was felt that the problem of ion collection presented no
insurmountable difficultiess 1indeed, the techniques developed at Berkeley for the
éalutron method at about the same time could have been applied directly to the

isotron,

9,08 Large Scale Operation

It has by now become fairly clear just what an isotron can or cannot do,
If we use an accelerating voltage of about 30 kv and a buncher frequency of about
16 mc, it is possible to produce, accélerate, bunch, and separate ioﬁ beams with
current densgities of about 0,2 ma/bmz. The seﬁaration factor expected for such
beams would probably be below ten and above three. Two harmonics would be udequate
on the buncher, and the distance from buncher to analyzer would be about 50 cm,

The U235

bunch would fall not midway between two U°® bunches but about one
guarter the bunch distance from one of the bunches. In doing this we would

have sacrificed separation factor for beam intensity, as this trick allows us to

make the beam four times as large as if we had allowed the bunches to travel 100 ., _ -t
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TABLE I

OE CRET ~

ELECTRICAL ANALYSIS
Run Date Beam Size L £ v M j 5 i i, m‘1 mo o3 o, oy o
No., cm me kv gms  ua/cm® mg ma  pegms  M-gms
TWELVE INCH ISOTRON COLLECTOR RUNS
1 11/16/42 6"x4-1/2" 160 7.5 21.4 --- 150 5.0 === 11 3 1.8 =-- 1,22 1,12
+04 405
2 11/1/42 6"x4-1/2" 160 7.5 21.4 152 130 5,6 3.6 15.5 6.9 1,8 1.9 1.24 1.21
+04  +04.
3 12/30/42 7-1/2" x 180 7.5 21.4 272 19 .45 0,38 10,8 8.0 4.7 5.8 2,56 2,29%
: 5-1 /2 " _ .
4 1/9/43 7-1/2" x
5-1/2" 99 7.5 22,8 192 50 1.5 1.6 11.9 11,7 2,8 2.7 2.4 2.37
EIGHT INCH ISOTRON COLLECTION RUN
2
t by
5 2/4/a3 ? 54,7 16,0 33,7 === 208 ——— .- 7.0 --- 2,7 =ee 2,95 «o-
Data to be obtained from Report No, 41
T Analyzed by D. E. Hull of Columbia by a-particle and fission counting
» The material collected in the cups was converted to hexafluoride and analyzed in a mass spectroscope
by R. H. Crist of Columbia University,
t Small isotron - &" 0.D,
L Distance from buncher to analyzer.
f r.f. fregquency on buncher,
v d.c. accelerating voltage.
3 current density in vicinity of analyzer.
M Mass of uranium used in rum,
iy = d.c. current to collector cup no. 1.
12 d.c, current to collector cup no. 2.
mj; * mass of separated sample collected in cup 1.
mg = mass of separated sample collected in cup 2,
6] = separation factor for cup no. 1
o2 separation factor for cup no, 2



cylindrical vessel about 100
om in diameter and about 150 cm long. The buncher was to have an area of 4 square
‘feet (24" x 24".) which was also the area of the analyzer and hence of the ion beam,
By the time tge project was terminated the tube was constructed énd evacuated to
& low pressure and the high voltage supply was finished, The buncher and analyzer
were nearly constructed as was the r.f, equipment, On the other hand, there was
- no final design of the ion source or collection system. ‘A multiple metal ion
source was envisaged, and some work had been done on proposed units,

From this point oh the paper will take on a considerably more conjectural
tone. Indeed, the following words.are added only to complete an otherwise un-
finished picture. Let us suppose that the unit would work at 0.2 ma/Emz. It
would then pass an ion current of 0,75 amp into the collector cups when no
analyzer r.f; voltage was turned on, We will also assume a separation factor of
five, and that §O percent of the current is wasted in the separation pProcess.

Let us séy that the overall efficiency would be 30/5, that is, 3 percent of the

235 collector

U235 fred into the source, mixed of course, would find its way into the U
vocket, (The above is particularly conjectural as the highest experimental value
was a few hundredth of a percent, 'although admittedly in units not designed for
high efficiency.) ' »

The question now is how would one use such & unit for the mass separation
of U235 o high purity; Feynman has ;onsidered this problem carefully(zo)’ (29)°
He finds, surprisingly enough, that in general it is betterrto use units of high
current capacity and low separation factor than it is to use units of low current
capacity and high 07, However, to get pure U235 with units of low g-it is neceséany
to utilize the units in a cascade system, Thus, Feynman v{sualizes the overall
separation as being accomplished in a series of successive stages, éach stage
effecting a'seﬁaration factor of ¢~ . Because of the increasing enrichment of

y235 the later stages will have fewer units, Thus if a 0~ of 5 obtains, each

successive stage will have one-fifth of the number of units of the proceeding stage,

N
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The operation*

of a typical intermediate stage is shown in Figs, 9,11

and 9,12, 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
collacted as useful current, The useful current down the tube, 1 - f, is collected
in two samples, one which we call the "accept" in which the p?3% i enriched,

and the other the "reject" in which it.is impoverished. The ratio of U235 to y?38
in the accept is o~ times as much as it is in the input material. We shall make

235 ¢ U238 ratio in the reject

the additional simplifying assumptions that the U
is just 1/6° timeSthat in the input, and that the remaining uncollected material

has the same concentration as the input, In this way, the rejected material

can be put into the preceding stage along with the input to this stage without
having to mix substances of differing concentrations, The "accept", of courée,

is sent on to the next stage.

The material which is scraped from the walls, as well as the mterial 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, We shall assume that for every gram of material
handled by the processing equipment (including the removal of the material from
the tube) a fraction A is irrecoverably lost, ledviﬁg, for example,.as funes in
the air, This loss, A , may be expected to be a very small fraction, but the actual
overall efficiency (total output of stage/total input to stage) of a single stage,
which we call £ , may be further from 100 percent than 1 - A 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.. IThe overall
efficiency & is giveh in terms of A and f by the relation,

A
1 =& =1TTF+%T | (9.6)

#This discussion on- the cascade use of the. isotron is taken near&y;yerbatum
from Report Noo 20 b R P, Feynman, N e g
’d y . yn FRVIMRES P S i &;‘_}: q;"{ . &-‘%I tﬂ.
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As a working basis we have assumed that the total separation factor accomplighed
by a plant of identical machines is 10,000, so that the original concentration

ratio, 1 : 140, of 1235 to U238 becomes 70 3 1; (The final results are‘quitg ine

~gensitive to this particular choice provided it is somewhere in this.same range, )

The total output capscity, M, of all of the machines (isotrons) in the plant (per .
unit output of ﬁiant) has been computed as a function of "and £ , the resulte

appearing in Figure 9,12, (It is to 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 betweeﬂ 70 percent and 90 percent of the total current
in the beam arriving at the analyzer),

The total material which goes through the chemical processes per ﬁay may

also be obtained from Figure 9.12 gince it is times the
& U-ﬂ(i-?\),

cutput of the plant, This is not accurate because it incorrectly includes

the processing of the original raw material, but this is such a small fraction

of the total material processed that little error is made in this way ( if f

is fairly large,)

' We may use these curves in the following way. Suppose for a moment that
there were no losses Qf material (Eﬁ' ;). qupose‘also.thgt the separation
féctor of thé machine is 10,000 so that only one stage is necessary, Then we
should, of course, need a number of machines capable of handling 140 units of
output current for each unit of U235 produced, Suppose, however, that we could
put ten times as much current through the tube, but that the separation factor
would thereby be decreased to §n1y 2, TWould it be worthwhile? We see from the

curves that we require, at a factor of 2, about 860 times as much capacity as

were perféct., We would thus need fewer machines (6/10 ds many )} with the fvcto{rl} “
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Taw. material required is, however. 1ncreased) we would conclude that it would be
o

wbrthwhile to work w1th the tubes with the higher current but poor separatlon

o factor. This example serves to emphasize the rather unexpectedly gocd show1ng of

‘machinee of low. separation factor when compared with devices of much higher factor.

M [

What’heppens when the efficiencies.are not perfect? If the overall efficiency

‘o

.- 1895 percent it can be seen that the machine with a factor Z.is quite impractical.

- -while one whoee factor is 2,78 is not, Ai 90 percent efficlency 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 o _ ~

f

Let us work out our particular case, We. auppose that one machine carriea a-

itotal current of O 75 amps to the analyzer of which enly 70 percent is collaoted .

Cim the accept and - reject cups, or the machine delivers 0 5 amp. of useful current

at a separation factor of, say, -.64. This is a capacity of 105 grams per 24 .

_houre of operation, Suppcae that of the material WhICh is fed . into the source, 97

‘percent is foumd on the walls and only about 1/30 contributee to the useful current,

.80 that £ = 97 percent Suppoee-also (at present no information ie.available on
vthls point) that of each kilogram handled in the chenical proc9881ng one. gram is
"lost so that A = ,001, We thus find, f‘rom Equation (9 6), with £ = .97 and A= 001,

that E_ ‘ig sbout. 97 percent, Looklng at Figure 9. 12 w1ﬁh 0“'4 64 We find M = 300,

- This means that if we wish to build a plant which will produce cnevkilogram

of 70 ¢ 1 pure y235 per day with such machines, their totel_outputgceéacify must

‘be 300 times 1000 grams or 300 kg. . Since each machine'shcapacity is about'loo grams;

we . shell need about 3000 such-machines. (1f the separation wore perfect in each

machins we would require 1400 machines )

. T
TE) (1) R AR
times 300 kg or 9000 kgi .(Aboutrtwo-thirds_of ﬁhia‘precessing iz of the wall

The total material processed. eince

is about 30, will be 30
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scrapings in the first stage where the matarial processed has not yet been enriched
A high chemical efficiency is not recuired here as the. losses can be compensated
by using more raw material .) The total raw material required under the original
circumstances, ( A= ,001) it turns out, contaxns only 40 percent more 0255 than
is found in the product of the plapt., That is to say, for a 100 gram yield of 0235
20 kg of raw material with 5255 .at one part in 140 would be required.

Feynman hag given in his report the curves showing the required raw materiglv

and other factors such as the time the material stands in the machine and the time

for the machine to start turning ouﬁ‘enriched material, -
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APPENDIX

HISTORY OF THE ISOTRON

The isotron was’invgntad in December 1841 by R. R. Wilson, It was developed
at Princeton University under NDRC and 0;8.R.D, contracts which ran from Jenuary
1942 until February 1943 under the direction of H. D. S8myth. The development was
a cooperatlve enterprlse whlch wag only made possible by the enthu31astic support
of those who participated in lt. Becausg of the highly cooperative nature of the
work it is almost impossible to give ind;vidual credit for the many inventions
and developments made ih the course of the project. Fromtyhe list of authors of
reports given at the end of the chapter, one can get some idea of the contributors
to the projéct. However, in those reports, as here, the authors were reporfing
the’work of several people,
The project was organized by groups. One group under the leadership of
-Jo L. Fowlewaorked on a small experimental isotron. They investigated the character=-
istics of this isotron at low current densities. Another group wbrking under the |
leadership of L. G. Smith constructed a larger 1sotron which was predominantly used
operation
to study/ht high current densities.: J. L. Mack led a group which investigated and
developed meta; type ion sources, %é'w. Thompson was in charge of a group which
concentrated on the chloride type of ion source. R. &, Cornog was in charge of
engineering and procurement, and W. A, Hane was in charge of the electronic laboratory;
The project was a happy ons; an_attempt was made to give all participants some
voice in th§ determination of its policies and programmes. The large number of
experiments that were fiﬁiahed in the short 1life time of the projecf ﬁamg‘afteste
to their cooperation, When it became necesséry to close the project down because
other methods had proved more‘sucéeésful, almost'all the workers left for the

project at Los Alamos, N.M, where they contributed signlflcantly to the scientific

work that led to the actual assembly of the first fast neutron chain reaction.
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