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Vol. IV 

Chap·lier IX 

The Isotron 

by 

:a. R. Wilson lflfClASSIFifD 

I LTHODUC1' I 0!3 

llost methods of sepnratinr; isotopes 

Cla~slfic!!tio:~ e;:.nceP<!d by 
authority of the Office of 
DeclassificatiQn •. X-::.I..'l:J.• ~ ';/, #'..d) 

Data o. o~ 
depend on the use of a n.rre ua;:;netic 

field. Tho isotron is an electromagnetic device for scpar:r-d:;ing i::; otopes, btrc it effects 

the sopnro.tion by the use of radio-frequency voltae;os instead of mCLe;ne·Gic fields. It 

has the advo.ntaee tlw.t pla11e sources of large area can be used instoe.d of tho slit sources 

to which most nagnotic raethods are limited. l3efore entcrinC into n.ny discussion of the 

dcto.ils a sh,1plified description of tho pdnciplos of the r:othoc1 vrill bo civ-cm. 

Ions from a ::>lane source extended in two dimensions c.re first c.ccelero.ted. .bY 

a con::;ta.nt, ;:ich intonsit;>r electric field o.nd are then further c.ccelorc..tod by a low 

intensity electric field varyine; u:l; ro.clio-froclucncy and in a "savri:;ooth11 manner. The 

ll:~ effect of the constant electric field is to project a stronr; bean of ions strair;ht 

dorm c. tube vrith uniform kinetic ener[y ::..nd therefore v!ith volocitieG inversely prO}Jortional 

to the square root of the Iaasses of the ions. The varyinc; electric field introduces 

small periodic variations in velocity hav-ing the effect of causine; tho ions to fom 1i.ane 

bunches at a certain dis ta.nce dmTn the tube. Thus buEches of ,ions of different mc.ss 

travel vlith different velocities and therefore become separated. The intcnsi ty of 

the fields arc e.djusted so tlw.t the ions become most completely bunched o..t the l)Osition 

of mc.:dr.lU."J. ::;epo.ro.tion. At this position an analyzer ap:1lios a tranGvors.e focl..J.ss.inr; 

electric field together vri th a ro.di o-froquency compooont synchronized ·~·n. th tho tro.vel 

of the bunches. !:'he s:ynchronizo:tion is such t;h:'-t tho v-arying component of· 'ella trrm.svcrso 

field strencth is zero r:llen tho bunch of ions of tho dozirecl i::;otope comes throur:h end 

is rac.:x:imuu. when tho bu..YJ.ch of ions of tllo undesircU. isotope COJ7lOS throuch. In this mru:mor 

~l. • the ions of the desired io otopo rrill bo focus sod into collector pocl::ets suprortod at 

the end of' the tube opposite the ion source -rrhereas the ions of the unde:Jired isotope 

vlill be· deflected away from tho collector pocl~ets. 
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Let us rephrase t~lis in r.:w,therK.tical 

bunchinc; field is a savrtoo'!:;h waiT0 17ith a period T and a ranc;<3 of voltac;e 6 V, smdl 

~ coEparod to V tho acceloratine; voltace, Tre find that bunching; vrill occur at a distance 
-" 

.•. 

dovm ·!Jhe tube n v 
A. = 2Tv fl. V (9.1) 

We can derive this by the follov1ine; considerations. first, the ions are accelerated 

v == ff. They aro then by a constant voltase V; hence they travelvrith et velocity 

subjected to the radio-frequency savrtooth field, the effect of i'rhich is to increase 

the enorr,y of the ions linearly v1i th time from V to V+ !::.. V for GS,ch period of oscillation 

T. Since tho radio-frequency voltac;c 6V is small compo.red to V, the velocity of the 

ions vrlll also be incl't'HlSed linearly and by m1 E'..nount Let us sc.1pposo 

·!;hat w·e ::tove dorm the tube i7ith ions at a velocity v. An ion which received the full 
., 

b1..ll1Chinr; volt0.ge i\ V a.t the end of one poriod of oscillation Trill bo ob~::ervcd by us 

to novo with 2" rela.tive velocity Av towurd the ion that cemo tlu,oue;h at the becin..'1inc 

of the period. '.'lo will notice that the successiv-e bu..uches ;;~ro separated by tllG bunch 
' ';~' 

distance b.~= vT. lionco, when Jche ions accclera·ted at ·the ol:!d of the period hc,v·e 

moved c~ relative distance A.l the bunching will be perfect. This v.rill occur o.i'tcr c. 

time A..D 
AV 

1= 2Tv v 
AV 

or o:b Fot distance dovrn the tube Q = A J2_ v; and this ccli be :·rri'Gten 
b,.V 

• 

lJov1 let us consider ions difforinr;; in maas by tho small amount Am. 'l'hey 

1'rlll bunch c:c : __ clir;hUy different position .R• = 2Tv 1 
1}-v or a.t a distance ~ l• == 

re lc:l:iion 

frou the other ions • Po:r ions of one mo.ss to btU1ch together just hal.f'wo.y 

1Junchos of 41Ms Am c;rco:l;or, 1-:e :.cust have .6.Q, =A.D. 
2 

AV 
v = 2 Ar.l. 

E1 
, 

which r;i v-as the 

(9.2) 

so that (9.1) em be rewritten 

J2 = Tv WL 
A.m • 

Typ:i.cal values of the nbove quanti tics for ·tho ur::u1itw. isotopes 235 o.nd 238 arc*: 

*::oro convenient f'o:naula0 for tl.l'aniur.l 
8V "' (.f .f). _.t)2 Ylhere V is in· KV £J.:O.d f 

~ons o.re, approxi~.-_tcl;:r, ~V = .Jo. V, A.-f= 
1s the fro auoncy ~J:n. ,__ 

- .~ ~:?'~ 
/~·-.-.~-.~:.~ 

~.··~ 
~ 

- ' 
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V e 40 KV, 
1 v = 1 KV, frequancyT a 

distance AJ.. = 1 om. 

The devoloplJ'l!:)nt of the isotron split rather naturally into tho follovling 

major parts : 

1. Development of ion sources 

2. Acceleration of large beams of' ions 

3. Bunching the ion beems 

4. .Analyzing the bunched ion beam 

5, Collection of separated isotopes 

6. Extending the n~thod to large scale pr~duetion. 

Work v;as aotuolly carried out si.•rmlto.neously on marly all phases of' t}1..a project. 

IIm<rover, .f'or s.implicity we shall try to discuss the experimants in roughly the 

above order. ~'urtha:nnore, vre Ghall not discuss ewrything that was dona, but, 

just to keep this report of reasonable length, only that which seemed to be most 

successful and most pertinent. It should be remfirm.bered that the project lasted 

for just one year, hence many experiments were not completed. Hearly all .the work 

has been described in detai 1 in a series of about 40 Princeton University OSRD 

Project SSRC-5 reports to which referenoa;nrl.ll be made (at end of chapter). 

Efficient large scale operation o£ en isotron requires that the current 

dandty and area of the beo.m should be as large as possible. ';'to envisaged a final 

unit with an ion beam area of about one square r:J)ter passinG a total current of' 

the order of entperes. tater W\i will see that space charge lirn.i ts the method to 

current densities of less than a few hundred microamperes per sq. em. when prootical 

dimnsious and vol.ta.ges are used. Thus i;., source is required which will provide 

uniform current density of' the ordor of 100 microamperes/om2 over a sq. meter of 

area.. An a.dditio.nal desideratum is that predominantly ti"'" ions era yielded. It 

tt will be explained later that dqubly and triply charged ions can also be bunched 

simultaneously vrith too singly charged ions. 



[]\EClASSIFIE~ 
From the ber-,innine of the project o.bout 50 percent of the endeavor vrent 

,-.~ 
,.<I into ion source rosoa.rch. Although mnny attemp·bs o.t novel methods of producing 

>i ions were invesJdgated, the bulk of the work soon focused on wo types of sources 
d 

which semned most promising: electron controlle~ arcs using pure motal vapor, and 

electron controlled orcs using uranium chloride vapor. 

The' uranium chloride sources had the advantages that they were easy to 

:make and run, and much of the experience accumultd;ing ut Beriroley could be directly 

applied to them. We did build ond try many different kinds of such sources. 

Hmvever, they had the folloviing ~erious disad~1911tages. First, severe vacuum 

problems are :raised by tho resultru1t vapors and hygroscopic properties of the 

chloride, arid secondly we found it extremely difficult to produce ion beruns which 

• v1-ero free from ure.nium chloride ions, vthich of course vvore not easily soparated. 

Sources which used uranium. metnl ·were consi~erublj more applicable to 

tho isotron method. Our o~~ir;inal aplJroach to the use of uraniurrt m.eto.l was to try 

to f''ind a refrt?,ctory substance in w·hich to heat the metal to a temperature high 

enough that a hot cathode nrc would :run in its vapor. Inntuiterablc materials vrore 

tried but in every case ·the uranium destroyed or corroded its container. llnotha:r .. 
approach(l2) vraa to st:ril:e a cold cathode arc in vacuum betr.reen triTO electrodes 

one of which was made of urqnium. In general it \'ias found that such arcs vrere very 

\ll1Stable and difficult to lrecp in place; hence work on cold cathod arcs vras 

abandoned. 

Although tungsten wa.s not found to be satisfactory as a containine; vessel 

for moltelt uraniura because of the rapid alloying; of tho two, nevortheless~ it was 

soon found that tungsten could be usod as a sponge fov u:ra.'lium(lZ)• Thus, if not 

too nuch ursnium is added to a piece of hot tungsten, the tungsten maintains its 

shape and the uraniuru simply evaporates out. 

·• This proved to be the kay to ·bhe construction of a successful mtal 

arc source, namely a hot cathode o.:rc to a. hot !lllodo consistinc of n large rod of 

tunr;sten to which small amounts of' ur::.nium could be added from. time to time. As 

---



typical of the many forms which were constructed, consider one of the simplest shovm in 
~ 

t.f, 

Fig. 9.1. A d.c. potential of about 1000 volts is apnlied between the filament a and the 

tungsten rod b. As the filament is heated, a few amperes of ·electrons are emitted which 

~ strike the tuncston anode with 1000 ev ener~y. Although the tlmgsten is water-cooled at 
(j 

1 

its base, enough heat is developed to heat the free end white hot. The uranium wire ~~ 

about 1/16 in. in diameter, is then shoved against the tune;sten until a gram or two melt. 

This immediately alloys and flows unifomly over and through the tungaten. Dome of it 

evanorates, and a sufficient vapor pressure is built up so that ad arc is struck betwee.n 

filament and anode. A con stunt current network in the primar,y of the rectifier keeps the 

current at about· EO amperss, while the arc voltage runs from about 10 to 30 volts. (At 
"' 

high voltage the network saturates ana passes only a few amperes.) As the uranium evaporates 

out the vapor pressure becomes less, anci the arc voltn~e is observed to,rise. Eventually 

this trips a relay which causes the uranium wire to be pushed against the tungsten anode 

until enough uranium has melted to bring the arc voltac:e down to a chosen operating pet ential 

-say 20 voltso A shield d~was found useful to keep the arc away from the insulators of 

the filament leads. 

It was found that amperes of po&1$tive ions could be drav..'U from the plasma 

surrounding such an arc. In our application these arcs were mounted several inches 

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

ions would then be accelerated by a high voltage, 20-50 kv, between this and another screen 

to give a beam of hir;h energy ions. l'he ion density across the screen was approximately 

uniform over an area, dlnensions of which were comparable to the distance from source to 

screen. In fact for n. given unifon1i ty 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 spectroEranhic analyses of the ions from such 

sources indicated predom:\.nately u+ and u++ ions depending on running conditions. Typical 

-~ current rations Were U+ i u++ I u+++ = 70 2 20 a lOa 

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 filament was due apparently to the 

'J presence of .the uranium vapor. The solution to this difficulty would be to use 
I 

v 

• 

indirectly heated cathodes. The anode life could be extended b,y us~ng larger 

rotating anodes and controlling the feeding of uranium to it more closely. Source 

lifetimes of d~s or weeks might be feasible. 

Another metal source which seemed promising was one in ~hich cold 

uranium was the reeepticle 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 diameter, the periphery of which was cooled. Enough ~nergy was dissipated 

at the center of the block to maintain a sufficient temperatLU"e 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 applied to 

an. isotron. 

Nacy other types of sources were tried, and the \'Vorkers in the ion source 

group, which was under the direction of P.rof. Julian Mack, have written a comple~e 

clescription of sources and their properties. (39) 

Tests showed that the metal sources of all types tried.were amazinglY 

efficient. If enough cLU"rent was put into the arcs (about 50 amperes) 1 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 ~ymmetricallY about 50 em behind a meter square plane 

screen, from which point the ions would-be accelerated. _The efficiency could 

be increased b.1 using more and sn~ller arcs closer to the screen and qy 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 never got beyond the design stage. Dr. L. G. Smith pointed out 

some desirable features of using one arc surrounded ~- an isotron of circular symmetry • 

• 
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~ 9.03 Production of large ion beams 

After producinG a source which provides 

;;~ :~,::.~·~,~~ 
~· _-_ ~"£:'"~~.· . . ·. 
~~~ 

uranium ions uniformly o~~r a large area, 

it is next necessary to accelerate these ions into a high enar~r parallel beam. lhe 

1 parallelism of the ion paths must be such that ions do' not r;et out of phase with their 

bunches by having to ravel obliquely and hence through longer paths from source to analyzero 

A difference of path length of 10 percent of the distance between t~o successive bunches is 

tqlerable; this requires that the ion paths must not have a total. angular S!Jread of more 

than about 6°o 

The geometry of a typical isotron is shown schematiqally in Figure 9o2o The source 

(not shown) is contained in the insulated cavity !,o Ions from it drift to a transparent 

plane tungsten screen a which is shovm in greater aetai 1 in Figure 9.3. ·rhey are then 

accelerated .i'n 'the gaps between screen ~ and transparent ~rid £. consistine; of a number of 

closely spaced thin gra,iliite strips at ground pqtentialo A side view of this electrode is 

shown in Fir;ure 9.4. Typical accelerating gap. distances varied from 1/2 in. to 1 in. After 

acceleration tLe ions travelled through the buncher c and dovm ·the tube e to the analyzer i:. 

4 ,t. The buncher consisted of two more g:rids of parallel wires alir;ned accurately behind the 

graphite strips as shown in Figure 9.4, but more will be said of it later. 

The first remarkable fact observed V'Ja.S that it was possible, with the correct 

geometry of the acceleratint, ~aps, to obtai~ a nearly straif,ht~ high current density beam 

of uranium ions. 1'heoretical ca.lcul!ltiona< 2 )(7)(3 5 )(3B) had shovm that space charge repulsion 

should cause such beams to di1rere;e widely; since they did not, one was led to the conclusion 

that the positive ion sne.ce chare::e of the ion bee.me we.s neutralized by electrons or negative 

ions of sane sort. This conclusion was confirmed by measurements of spa.ce-charge potentials 

by the heated filament method. Indeed we were never able to observe any space charge 

divergence of our beam even at the highest ·current densities achieved, which were of the order 

of 0.1 anp/cm.2. 

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

of the beam (33). On the basis of those experiments and theory(1 7 ) we can formulate the 

following picrt'llre of the process of obtaining the beam of rosi tive icms in an isotron. Before 
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from the source will extend throughout the whole isotron tube. If a small positive 

volta.ge 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 d~velop. <39) 

The position of the plasma surface obey Childs' Law, which for u+ ions is: 

~ ' ' 

j ma/cm2 : V~/2 
~~---
9d2' 

. em 
where j is the current density in ~-amp/c~, V is the accelerated voltage in kv 

and dis the distance,in ems from the plasma boundary to the nearest n~gative 

electrode, which is the graphite grid in this case. As V is increased the p~~sma 

is pushed back toward the source screen which, at a high enough voltage, it 

eventual~ reaches. Since the field is very weak behind this screen the plasma 

stops there. 
I 

As the edges of the screen are farther from the ion source tl;lan the center 

of the screen, the current density will bEi smaller at the edges than the oenter 

and hence the plasma boundary will reach the edges first. At this stage t.he plasma 

boundary may have a near~ spherical shape and as the linea of force will diverge 

' normally from this the beam will be seriously defocussed until the voltage is 

high enough to push the plasma boundary 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 surf~ce. We might ask what fields defocus the ions. 
I 

First there is the irregularity due to finite spacing of the buncher grid .!?·· .,. 

R. P. Feymnan(l?) has calculated that this irregularity in the accelerat.ing field 

. 2a · 
will lead to an angle of divergence of jG wherit .! is the apse 1ng of the buncher 

grids and G is the Qcoelerating gAp cistanoe. (If the currents were not space charge 

limited, the formula would_ be 2~ ). A typical value of a/G was 0.1, leading to 

en a~lar divergence of about 3°.· Feynman estimated that the source screen should 

;;, · have an effect of the order pf magnitude ·of t / d../G, where cL 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°. 
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A third effect could come from the random velocities of the ions as they 

• leave the plasma. The average energy is about JO ev, hence for an accelerating 

-..., voltage of 30 kv, the mayimum angle of divergence would be ;:~~00 or about .2°. 

\I 

' . 

These theoretical estimates are very useful for guiding the design. They 

seem to be overestimated, for under the above conditions the total divergence of 
- (33) 

the ion beam wa.a e~erimenta.lly determined to be about 2° • The scattering ofthe 

ions due to collisions with the· gas was only appreciable at t"elatively poor vacuums 

(10-.3 mm Hg). 

We can summarize b'J saying that ion beams can be and have been obtained 

2 
_having large cross sections, c1~rent densities of 200-300 microamreres per em, small 

divergence, and reasonable homogeneity of energy. We f'o:md it possible to produce 

ion beams ten times asi.·intense as the above but we never investig~ted the angular 

divergence or the homogeneity of the energy of such intense beams. 

· A word should be said here about sptttter,i;ng by the high energy uranium 

ion beams. One of our first eyperiments was to expose a grid made up of various 
I 

materials to the beam. The sputtering effect was very pronounced and was most 

serious for aluminum. It oecreased for copper, tungsten, iron and graphite in the 

order given. Graphite is by far the most resistant material to sputtering; graphite 

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

sputtering effect. 

9.04. The Analyzer 

We have seen that it was possible to produce a two dimensional ion beam 

travelling down a tube. The ions are made to bunch after travelling so~~ distance 

and at the point of bunching some sort of analyzer must be placed to separate the 

desired from the undesired isotope. Thene are macy possibilities here, but •ne 

shall describe only one device; the one on whioh all work at Princeton was done. 

The analyzer consisted of a set of parallel ribbon-like electrodes sho1m 

schematically in Figure 9.2 at f. and in more r?etail in Figure .9. 5. The principle • 
I .., --- -·· ~--.', . ~ 

L .- 'r~ I_; 0"- R·~ -p. : ~ "J' ' ;_ _, 1 
\ J\ i- . . - 1 
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of operation of the analyzer i·s to place d.c. voltages between the elect:-odes such that' 

the beams coming tr~ough each pair of plates are ~ought together or, more accurately, 

. ., to a line focus. , 
In order to sep.:1rate the bunched ions with. high frequency fields at the analyzer, 

11 it is necessary to confine these fields to a region sorr.ewhat smaller than the bunch 

distance. This was done ~r super imposing a high frequency voltage upon the d.c. 

voltages.of the plates such that every other plate ~as grounced 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. voltage supply h'"J suitable chokes. 

When the r.f. voltage w.1s 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 is made by applying the ~lternati1~ voltage at half the buncher frequenc.y such 

that .st the times of zero voltage the tf35 ions come through to the center where 

• ..2J8 the collector cup was placed, and at times of maximum (plus or minus) voltage the u 

,. .. . ion..s were thrown up and down. 

'·f:.~ 

In prtJctice the analyzer was from ten to fifteen centimeters v.ide, consisting 

of about twenty tantalum or grapllite plates supported on insulated springs as seen . 
ln Figure 9.5. The plates were about 1 em wice and as long as the beam was wide. They 

were spaced about 1/2 em apart. If the fields existed only between the plates the 

voltage on each r:latc would increase· as tl;le sc;uare of the number of plates from the 

center. Due to fringing fields, however, this relationship is not fulfilled, so that 

one bas to <'etermine empirically the voltages to give a line focus. This was not · 

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

not much wider than the distance between successive strips. A grounded wire was placed 

on the beam side of oach plate so that the d.c. fields would not penetrate far into 

L~ 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 fin..'ll unit of one meter square cross section it was proposed to place 

•eight or ten units of analyzers, as ~es~ribed above, side by siae to cover the large 

area rather tha~ using one big analyzer which would rec;u~pliiichl~~:o large d.c. and. r.f • 

. SECRET 
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voltages. 

The r.f. vo~tage for the analyzer and the buncher were both obtained from 

a crystal oscillator from which appropriate multiples of the frequency were r..ade. 

A phase change~ enabled one to adjust the phase of the r.f. ana~zer voltage such 

that the u2~5 ions would come through the analyzer as the r.f. voltage on it was 

zero. ot course one could also adjust this phase by making small changes in the 

accelerator voltage. 

9.05 ~he Buncher 

The purpose of the buncher is to modulate the velocity of the ions in 

time such that the ions form into sep8rated 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 considerable capacity. We found it more con-

venient to utilize the three grids ,g, ,21 ,g 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 

accelerator 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 

£, the other two grids remaining at ground potential. The ion~y 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 th~ voltage has had time to 

reverse because of the ion's time of £light. 

The first grid, as we have seen, was also the ground electrode of the 

accelerating gap. It is possible to obta.in the same results using only two grids. 

In this case the r.f. voltage is placed on the first grid while grid~ is grounded 

and grid d is eliminated. The source scree,n then is gro\mdild for r.f. and plays 

the same. role as grid~ played before. In practice the three crid bunches were 

always used so as not to introduce complications in the eyPerimental worko 

We have already seen th8.t the ions sputter mos·t materials e~ept graphite 
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rather serious~y. It was for this reason that made 

of graphite st.rips. The other grids were sometimes made of tungsten wires, but 
I· 

these were careful~ aligned behind the graphite strip so that no beam struck 

them (see Figure 9.4). In later cesigns all the grids were made of graphite strips. 

It was not difficult to machine the graphite into strips 10 mils thick b'J .3/16 in. 

wide by one mater long. Their position was determined by grooves cut in a supporting 

bar and they were kept under tension b.r individual springs B as shown in Figure 9.4. 

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

in a sewtooth mannero We approyimated this by synthesizing such a wave from 

harmonics. It is obvious that to approximate a sawtooth modulation of velocity, 

a SE!wtooth voltaee need not be .. applied to the central electrode of the buncher 

shown in Figure 9o4 The actual contribution of any harmonic will depend on the 

geometry of the buncher grids and the velccity of the ions. In practice we were 

able to apply four harmonics separately to the buncher electrode, the amplitude 

and phase of each harmonic being separately variablee ·First, the fundamental 

would be applied, and its effect on the production of bunches, observed on an 

oscillograph tr.r 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 wa:y the 

other harmonics would be added, and all phases and harmonics f.inally trimmed for 

best· bunching. One readily acquired a feeling for making this adjustoent. 

·· Feynman has 111orked out the theory of the design of bunchers. (l?) This 

theory gives us the dimensions of the buncher erids as 1"1•ell as the amplitudes and 

. phases of the hP-rmonic voltages. It i€ obvious that the dimensions between grids 

and between strips of a given grid n:ust be of the order of the distance an ion 

travel~ during a period of the highest harmonic. The theory recommends for four 

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

SECRET 
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length approximately 8 /8 ( 6 is the applied to a 

set of wiros midway between the plates and on a line with them. The center of the 

plate electrodes should be a d'istance (J/8) 8 apart so that the wire is about 

~/8 away from the edge 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 c~uld be increased b,y a factor of two if it were desirable. 

9.06 Bunching Ions 

A. Low Current Densitz 

In the simplified description of the principle of the isotron, a perfect 
. 

sawtooth wave form was assumed for the velocity modulation. We have seen in the 

preceding section how such a wave form was approximated ~· adding harmonics. Let 

us now see how these approyimations affect the separation and efficiency of an 

isotron • 

. 1eynwan(4) finds theoretically that it is possible to get complete 

separ~tion even without a sawtootSlwave form if ions acc~lerated in part of the -. ,., ' 

cycle are thrown away. In general •e must choose between efficiency and degree 

of separation. If the separation factor () is defined as the factor by which 

the ratio of heav.y to light isotope is decreased and the efficiency ~ as the 

fraction of one cycle that is used, he finds that even for pure sine waves 

typical values -6f G"""-=== 16, 1 == 60 percent, or o--= 10, Y( ~ 70 percent can 

obtain. FOl' a wave form made up of four harmonics, he finds () = 44 at ~ ::. 84 
. · 2N 

percent. If higher harmonics ar~ used, ()""" == 17N and '1._ ~ ~2.--.N-+~l- where N 

is the number of harmonics used. Most ion sources produce ions of different 

charges. In particular, we saw that the metal source usual~ made u-t- 1 u++ , 

and u+t-t- ions in the ratio 70s20al0. Fortunately, it is possible to bunch 

and separate all three of these ions simultaneous~. 

First let us consider only the two ions u+ and u+-+ • The U +t-will 

be accelerated to twice the 'energy and hence /2 times the velocity of the u+. , 
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Now the ratio of the 

and on the 

-geometry of the buncher. It was found possible to design a buncher in such a 

,. Way that both the u+ and the u-t-+ receive the proper bunching voltage so that 

· both have the minimum width at the analyzer. The difficulty now is that although 

both ions bunch at the ana~zer, 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 possible to arrange it so that the 

U + ions and the u++ ions arrived at the analyzer in coincidence for several 

unique values of the accelerating voltage. It is clear thst this would be 
' . 

done by allowing the u +. ion •bunch to lag behind the u+ + ion bunch by an 
(28) . 

integral number of bunch distances. Paul Olum has worked out the complete 

theory of this process and has extended it to the case of three types of ions~ 

Two groups working on two separate experimental isotrons did rna~ 

experiments .on bunching at low current density, about one microampere/emf. 

First, a group under the leadership of J. L. Fowler, constructed a 4~· in. diameter 

isotron tube(l9) which was later rebuilt as an 8 in. diameter tube{34). On 

the basis of results from the gmail isotron; another group under the leadership 

of L. G. Smith.constructed a 12 in. diameter isotron; the principal emphasis 

of this group was to study bunching at high current density. However, this 

necessitated considerable work at low current density(32) •' 

Let us consider the experimental procedure in e~mining tha bunching 

in an isotron. The ion source would be turned on and the accelerating voltage 

{about 10 to 40 kv controlled electronically to within a few volts) was applied. 

This produced !3 straight beam of ions down the tube. Ne:rl t.he analyzer d.c. 

voltage would be turned on and adjusted ~uch that most of the beam was focused 

into a narrow collector 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 

.J caused the ~line focus to be spread out in a perP!3ndicu~~r direction about five 
k._ • "' ... ... - ~.· ·- 4 

:-:- ,~~~;'7~~J~c ·.r, ---=~·, 
~! .... ~~ ...... ~ .. .:~. ~~: . :_ ~~~! _=. .. ;:~ 
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or ten times the width of the collector cup. This of course caused a decrease 

in the curr.ent 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 accelerating 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 is easy to see that the separation factor obt.ainable is just the ratio 

of the ma~imum current to the minimum. One would then proceed to maximize the 
\, 

bunching or o- by making changes in the variables at ones corrill!and. 

An eyperimental stu4Y was made of the dependence of o- on the following 

variables1 acceleration voltage, distance between buncher and analyzer,· arc 

conditions; g~s pressure, beam size, beam cur.rent, frequency, analyzer voltages, 

as well as number, size and phase of ~~rmonic 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 

recurrent~ at high speed in front of an ion collector electrode. The direction 

of motion of the slit was perper.dicular to the beam direction and perpendicular 

to the line focus. The ions coming tr~ough the slit produced a 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 of the distribution of the ions in a 

plane at the focus of the analyzer. With all analyzer voltage off one would 

see a uniform distribUtion acrose the tube. Turning the d.co 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, namely, l:ow at the center and with two peaks at both 

e~reme sides. Turning the buncher voltage on c·aused the distribution to change 
... , ~ t:; T 

f ;~Lb~+:th:; 
. ~; "..,_::..._...;;n,,.,;;._.:; ., J 

= t.~ 
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such that a peak appeared in the center again or such tha~,.:all the' current 

went to the sides depending on the phase between bQncher and analyzer. The 

separation factor was determined b,y measuring the maxi~~m 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 vacuum through a sliding .seal. 

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

isotron will be given below{34). The buncher fundamental frequency was 6.5 me, 

the ana~zer frequency was 3.25 me and its voltage was 1200 volts rmso The 

accelerating vol~age was about 20 k~ so that the distance tctween successive 

bunches was a.bout 2 em. To bring the centers of gravity of the u+ and the u+~ 
bunches together at the ana~zer and place the if35 bunch midway betYJeen the 

t~o u238 bunches required 81.8 bunch distances between buncher and ana~zer 

or a distance of 160 em. other coincidences of u+ and u+-+ bunches were 

predicted ot 21.7 kv and 13.4 kv for this frequency. The vacunm was about 

10-5 mm I1g. 

The best bunching was ob~ined as .follows: 

One harmonic: o = 6.8, bunches voltabe EB -= 145 r.m.s. volts 

Two harmonics: rr-=. 14.5, E -::. 115 volts r.m.s. 
Bl 

E ::: 17 volts r. m. s. 
B2 

Three harmonics: o- =- 25, EB = 130 volts r.m.s. 
1 

EB - 31 volts r.m.s. 
2 

E - 20 volts r.m.s. 
B3 

-
' r 

No c'efinite increase in cr- was obtained b.\' aciding the 4th t.~monic, although 

the pattern on the scanner sometimes seemed slightly improved. 

Fi~e 9.6 ~haws the result of an eype-:riment to eetermine the effect 

of the accelerating voltage on the separation factor. The ma%iw1m which occurs 

at 19.6 kv is 'probably the coincidence of U~ and u-\--\- which was predicteD.· at 
-;~c' ..... 



-
!' 

. . 

.. 

... . ~ 

-17- iSIIIflllj 
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 maximum and 

the next is 1.7 kv, compared to the 1.6 kv predicted qy theory. 

Measurements of ~as a function of r. f. analyzer voltage showed that 

the separation factors could have been perhaps doubled by increasing the 

analyzer voltage to about 2500 rms volts. 

ay allowing air to flow into the system at various rates with an 

aijjustable leak, the curve of Fig. 9.7 was obtained. The pressures were read 
I· 

cin a W.E. D-79510 ion gauge using an emission current of 10 rna. Henae·each 

mlcroamper*" of the abscissae corresponds to about 10•5 mm Hg. The theoretical 
. 

curve was obtained from calculations by Feynman on the basis of collisions of 

~he u-t- ions v~ith the atoms of -the gas (J;). tn order to fit the theoretical 

curve to the data it w~s necessary to guess the best value of~ , the pressure 

·at which 1/e· of the ions suffered collisions in travelling to the analyzer. 

A value of .J> ::: 8.3 microamperes fits the data best • 

Fignre 9.8 shows the result of an e~eriment 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 frequency was 7.5 

m/sec, .accelerating voltage was 21.4 kv, and the distance from buncher to 

analyzer was 160 em. The current density in the run was 30~amp/om2 • The 

curve of o- vs. EB (the buncher voltage) shows four maxima at E13 -= 120, 370, 

570, and 800 volts; the corresponding values of o- were 4.S; 2.2, 1.85 and 

1.45. The pt~se of the buncher voltage was the same for alternate peaks but 
• 

differed by 180° from one peak to the next. 
~~ 

These re$Ul~s· were beautifully 

~erified b.r the calculation of Feynman(35), on "high order•t. bunching. His 

calculated curve is almost identical to the experimental one • 
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B. High Current Density 

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 aqr indication of even partial neutralization of 

the. debunching space charge. Apparently this was because thG slectrons or · 

more plausibly the negative idnS that provide steady space charge neutralization 

are unable to follow the radio frequency changes in the electric field produced 

in the bunches. 
I 

This fact, learned the :hard way, caused us to reorient our thinking 
.I 

down ft.om iso~ons of one squar~ meter area working at low V on beams of hundreds 
·•. \ ,. 

of amperes to the condition mentioned earlier in the chapter where c3ebunching 
' :/ ' -

space charge ,effects were not /important, namely about one ampere per:;square meter 
J I 

or per tub~/and high V. Our original confusion came about because we seemed 
/ • i 

to observ:e higher values of' ~ than seemed possible at the le.rg_e currents. 

These values of cr- were not very large ( .......... 2 or 3), and, because at that time 
/ 

we were unable to produce straight beams of ions in the isotrons, we ascribed 
/' 

th~/~ow cr- to geometrical effects. Later when these were corrected and we stfll 
~ : (32) 

,_obta
1
ined low values of (J a series of experiments soon convinced us that 
' 

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

at ~igh current densities. 
\ . . (2) 

Calculations qy Feynman and Olum(3B) have shown that if there is 

no /~Pace charge neutralization then the current density will be limited to values 
' /, 

"1 

belo~ a critical current density given ~J the following formula 
( 3~ 

j _ J25Q V KY '- {9o4) 
- L2 em 

wh0~e oL is the ratio of .: of the ion to that of the tJ + ion• They further 
m 

showed that if several ions were present in the beam, they would act independent~ 

(2~) of one another 0 
• Thus, for nearly equal currents of U ~and u-t+ ~ons, the 
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limiting vaJ.ue of the current density would be given by 

. v3/2 
Jl = 3000 ~ 

L 
(9.5) 

The results of the eyperiment 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 em, the accelerating voltage was 20.9 kv, and the 

buncher frequency was 7. 5 me. The celc·1latcd limiting current density is about 13 

_la!J/crrf., and it is seen that this is in good agreement with the eyperimental values 

shown in Fig. 9. 9. In the cas.e of Fig. 9.10, L was decreased to 99 em, but f was 

still 7.5 me. The value of the limiting current density given qy theory was then 

40 pa/cm2 which is also in good agreement with the data eyhibited in Fig. 9.10. · 

The two curves of o- against j corroborate the evidence given by Figures 9. 9 and 

9.10, for eyample(J2), when L was shortened to 80 em, and V was 20.9 kv, and f was 
.. 2 

raised to 15 me, 0"'" ~as constant up to about 65 _,Pa/cm above which it dropped. 

The theoretical J
1 

from equation (9. 5) is about 50 /-La/cnf.. The largest current 

density about which we have oyperimental information was that .used in the 8 in. 

isotron where L was 54 em, V was 31.6 KV, and the frequency was 16 me. The theoretical 

2(41) 
j 
1 

was a bout 200 }-La/ em • High values of c- ( 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 used at high current 

densities, that is, about 200.?- amp/om2, the accelerating voltage and frequency must 
-J.' 

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. 

Theoretical cons;derations by Olum (3S) indicate that space charge· 

neutralization may occur if isotrons are resigned 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. Vie were not ;...articularly surprised 

that the ion beam sputtered away any of~. the ions that came 
·if1 i\· 



-20-

on the plate. In the neyt ~ttempt to collect ions 

they nearly came to rest 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 mak!e S~lccessful collections. The decelerating potential 

was an additional conplication, however, and 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 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 exposed 

to the d~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 v1as 

me.de in the manner just described. Both methods seem to be successful. 

OUr first collection runs were made early in the project to check the 

feasibility of collection and, more important, to see whether our electric 

. n:ethods of observing sepa.ration factor were as sound as they appeared to be. 

The samll current 4~ in. diameter isotron was used and the samples obtained 

durin&(the runs weighed from 50-100 ~g. The electric observations indicated 

a rnaximum separation factor of between five and six curing the runs. Analysis 

made qy Dunning and his coworkers using an ol-particle 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, we felt the 

agreement to be satisfactory. 

A number of collections were made using the twelve inch ciameter tube 

in which considerably larger samples ( ---10 mg) were obtained. However, 

these .~ · collections were made using very low reparation factors an{ the 

results are incl:1ded to show the effect of space charge on .separation. The 

operating characteristics of the isotron for each run arer shown in Table I 

together \?ith the separation values obtained. In the early runs, there was 
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little agreement between the electrically measured values of o- and those given 

by analysis. This was due partly to out technique of measuring ~electrically 

and to the 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 a collection using the high current density 

obt~ined when the tube was shortened and the voltage was increased to 32 KV. 
i 

The:attempt was abandoned, however, because of trouble with sparki~g and because 

the project was terminated at that time. Our most successful run was made using 

the,8 in. diameter isotron. Here a measured separation factor of 3 was obtained 

at a current density of 200 ~-amp/cm2. The other characteristics of the run 

are shown in Table I. 

In general it was felt that the problem of ion collection presented no 

insurmountable difficultiesa indeed, the techniques developed at Berkeley for the 

calutron 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 me, it is possible to produce, accelerate, bunch, and separate ion beams with 

current densities of about 0.2 ma/cm2. The separation 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 em. 

The u235 bunch would fall not midway between two u238 bunches but about one 

quarter the bunch distance from one of the bunches. In doing this we would 

have sacrificeed 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 -., - · '.c 

.. '·- ,;,_ l·( ,, , r. ; ; .J )j'. l 1 ~- :fi > _;_:_-,_:_ 1 j ;·l. ,, ,. u.r': 

... r_:··' 'i,(_·,·. I• 
; ' ' '~ 1 I , ~ ' ' ·.' ,·1 .:.· 

. : ~ ' :· ,, 
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Run Date 
No. 

Beam Size L 
em 

1 IJ./16/42 6"x4-l/2" 160 

2 11/1/42 6 11x4-l/2" 160 

3 12/30/42 7-1/2 11 
X 

5-1/2" 
160 

4 1/9/43 7-1/2" X 

5-1/2" 99 

f 
me 

v 
kv 

M 
gms 

TABLE I 

j il 
p.a/cm2 mg 

i2 
rna 

ml 
fA•gms 

l"tVELVE INCH ISOTRON COLLECTOR RUNS 

7.5 21.4 150 5.0 11 

7.5 21.4 152 130 5.6 3.5 15.5 

7.5 21.4 272 19 .45 o.38 10.e 

7.5 22.8 192 50 1.5 1.5 11.9 

EIGHT INCH ISOTRON COLLECTION RUN 

5 t 2/4/43 ? 54.7 16.0 33 .. 7 208 7.,0 

Data to be obtained from Report No. 41 

t Analyzed by D. E. Hull of Columbia by a-particle and fission counting 

8ECR.£r·· 

ELECTRICAL ANALYSIS 
mz OJ. 

ft-gms 
cr2 a-1 o-2 

3 1.8 1.22 1.12 
+04 +05 -

6.9 1.8 1.9· 1.24 1.21 
+04 +04. 

a.o 4.7 5. 86 2.56 2.29:lf 

11.7 2.8 2. 7 2.1~. 2.37 

2.7 2.95 

• The material collected in the cups was converted to hexafluoride and analyzed in a mass spectroscope 
by R. H. Crist of Columbia Universityo 

t Small isotron - 811 O.D. 

L c Distance from buncher to analyzer. 

f a r.f. frequency on buncher. 
V • d.c. accelerating voltage. 
j • current density in vicinity of analyzer. 

M • Mass of uranium used in run. 
i 1 • d.c. current to collector cup no. 1. 
i 2 • d.c. current-to collector cup no. 2. 
m1 • mass of separated sample colle.cte·d: in cup 1. 
mz • mass of separated sample collected in cup 2. 
cr1 • separation factor for cup no. 1 
o-2 • separation factor for cup no. 2 

I 
N 
1:\:) 
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cylindrical vessel about 100 

om. in diameter and about 150 em 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 beamo 

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 ~alyzer 

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 on 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/cm2. 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 30 percent of the current is wasted in the separation ~.ocess. 
I ~-

Let us say that the overall efficiency would be 3°/0 , that is, 3 percent of the 

u235 fed into the source, mixed of course, would find its way into the u235 collector 

pocket. (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 a unit for the mass separation 

of u235 to high purity. Feynman has considered this problem carefully( 20), ( 29 ). 

He finds,~surprisingly enough, that in general it is better 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 o- it is necessary 

to utilize the units in a cascade system. Thus, Feynman visualizes the overall 

separation as beinE accomplished in ~ series of successive stages, each stage 

' effecting a separation factor of a- • Because of the increasing enrichment of 

235 U the later stae;es will have fewer units. Thus if a cr of 5 obtains, each 

successive stage will have one-fifth of the number of u~its of the proceeding stae;e. 
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The operation* of a typical intermediate stare is shown in Figso 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 

coll~cted 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 u235 is enriched, 

and the other the 11 reject" in which it .is impoverished. The ratio of u235 to u238 

in the accept is cr- times as much as it is in the input materialo We shall make 

the additional simplifying assumptions that the u235 to u238 ratio in the reject 

is just 1/a- 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 concentrationso The "accept", of course, 

is sent on to the next stageo 

The material which is scraped from the walls, as well as the rmterial 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, leaving, for example, as fumes in 

the air. This loss, A , may be exnected to be n very small fraction, but the actual 

overall efficiency (total output of stage/total input to stage) of a single stage, 

which we call E. , may be fur·ther from 100 percent than 1 - '(\ if a large fraction, 

f, of the material put into the source is found on the walls and must be reworkedo 

In this case the material must go throue:h the chemical process many times before 

it finally makes its way into the accept or reject collection cupS 0 ., The overall 

efficiency ~ is given in terms of ~ and f by the relation, 

1-c.= A 
1-f+>-f 

$ Thi"s discussion on· the cascade use- of the. isotron is taken 
from Report Noo ~0 by Ro P. Feynman. 

, J" ' ~ : ll .... 1 ·.¥ . 

(9.6) 
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As a ·working basis we have ~ssumed that the total separation factor accomplialied 

by a plant of identical machines is 10~000, so that the origin~l concentration 

ratio, 1 : 140, ot u236' to u238 becomes 70 ' 1. (The final results are quite in

sensitive' to this particular choi.ce provided it iB somewhere in this same range~) 
' 

The total output capacity, M, of all of the machines (isotrons) in the plant (per 

unit output of plant) has been computed as a function of (J' and 6:.. , the results 

appearing in Figure 9.12o (It ia ~o 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 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 day may 

also be obtained from Figure 9.12 .since it ia tt - r > (1 - X) times the 
·-· 

output of the. plant. This is not accurate because it incorrectly includes 

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

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

is fairly large.) 

We may usa these curves in the followin& way. Suppose for a moment that 

there were no losses of material (t • 1). S4ppose also that the separation 

factor of the machine is 10,000 so that only one stage is necessaryo Then we 

should, of course, need a number of machines capable of handling 140 units of 

output current for each nnit of u236 producedo Suppose, however, that we could 

put ten times as much current through the tube, but that the separation factor 

would thereby be decreased to only 2. Would it be worthwhile? We see ft'om the 

'·' 

curves that'we require, at a factor of' 2, about 660 times as muoh capacity as'~~'.'<;:>~,·. 

plant output, or only about 6 times what the capacity would be if the separa~~ · ~~ 
were perfect. We would thus need fewer machine~ (6/10 •• many) with the -~tor'''.,''.:(~,;; 

.r '" ,,., ol.... r ...... , 
2 and would have to process only 60 percent as much mate.rial (albeit ~ ~ 'l. ~cr.-

nuisance and care to keep partially separated fractions separately~~-l •. ·. 

If we can assume that other costs are reduced in the, • .,.. rat0th;fl:• ot:• 

/ . ). ·'r' 
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re.w; material required is, however. increased) we would. conclude that it would be 

worthwhile to work with the tube-s with the higher current,· but poor separation 
·' , . . . .. 

factor. This example serves ~o ·emphas~z_e the ria.ther unexpeqtedly good showing o£ 
I 

machines of lo-.,; separation factor when compared With devices of much higher factor. 

. 
' What. happens when the -efficienci.es. ·are not perfect? 

• J 

If the overall efficien-cy 
. . , -· . . . 

is ~95 ~r.cent it can be seen tha_t the machine with a factor 2 is quite impractical, 

-while one w,hose factor is 2. 78 is not. At .SO percent eff,'icienoy efforts should 

be made to obtain a factor of 4 at least. Increa~~s of separation factor beyond 

this yield,less and less return as far as reducing the required number of machines 

is conc·erned. 
'· 

Let us w~·;_k out our particular case. We .'Suppose that ~ne_ ma-chine carries a 

• 'I' . total CUrrent Of 0.15 ampS to the analyzer Of !JhiCh Only 70 per.c-ent iS COllected 
.. . 

. • i~ the accept and reject. cups, or the machi~e deli~rs 0.5 ~P· of usefutcurren:t 

at a ~eparation factor of, 'say, 4.64. This is~ capacity:_o£ lOS gram~ per·24. 

ho'IU"s of_ operation. Suppose that, or: the material wnich is fed ._in~o the source, 97 

· percent is f~und on the walls and only abol-tt 1/50 contributes to the :useful current, 

so that f •. 97 percent. Suppose also (at present no information _is. a.va.ilable on 

this point) that of each kilogram handled in ~e chemical' processing one gram ,is 

. 1ost so t~t ); = ~001. We thus fin<i,". from Eq~ation (9.6 ~~ wi~: f • .97 and ).. • .001. 

that £. is about. 97 percent. LOoking at Figure 9.12 ~th tr• 4::64 we fin-d M • 300_. 

This means that if we wish to b,uild a plant which will produce one kilogram 

or 70 : 1, pure u235 per day with such machines, their total output. -capacity mu~t 

be 300 times 1000 grams or 300 kg. · Since each machine • s_ capa-City is about 190 gr8.11ls, 

we.shall need about 3000 such machines. ·(If the separation were perf'eot in each 

machine we would req?ire 1400 ma.ehines.) 

The- total material processed, ·sineev 1 
> is about .00, wi 11 be 30 

{1-f) {I-d) 

times 300 kg or 9000 kg •. (About two-thirds _of thie ·processing is of the wall 
. ' 

• I • 



. -· 

-27-

scrapings in t.he first stage where the material processed has not yet been enriched. 

A high chemical effit:iency is not required here as the .losses can be compensated 

by using more raw ~terial,) The total raw material required under the original 

circumstances, ( ~ • .ool) ~t turns out, contains only 40 percent more u236 than 

i.s found in the product of the pla,p.t. Ihat is to say, for a 100 gram yield of u2.35, 

20 kg of raw material with u?35.at one part in l40 would'be required. 

Feynman has given in his report the curves showing the requ~red raw material 

and other factors such a.s the time. the material stands in the machine and the time 

for the machine to start turning ou:t enriched materialo 

.. 
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APPENDIX 

HISTORY OF THE I SOTRON 

The isotron was inv~nted in December 1941 by R. R. Wilson. It was developed 

at Princeton University under NDRC an~ CiS.R.D. contracts which ran from January 

1942 until February 1943 under the direction of H. D. Smyth. lhe development was 

a cooperative enterprise which was only made possible by the enthusiastic support 

of those who participated in it. Because of the highly cooperative nature of the 

work it is almost impossible to give individual credit for the many inventions 

and developments made in the course of the project. From,}he list of authors of 

reports given at the end of the chapter, one can get some idea of the contributors 

to the project. However, in those reports, as here, the authors were reporting 

the work of several people. 

' The project was organized by groupe. One group under the leadership of 

J. L. Fowler worked on a small experimental isotron. They· investigated the charact~r-

· • istics of this isotron at low current densities. Another group working under the 

leadership of L. G. Smith constructed a larger isotron which was predominantly used 
· operation 

to study/at high current densities.' J. L. Mack led a group which investigated and 

developed metal type ion sources. ~ W. Thompson was in charge of a group which 

concentrated on the chloride type of ion source. R. A. Cornog was in charge of 

engineering and procur~ant, and W. A. Hane was in charge of the electronic laboratoryo 

The project was a happy one; an attempt was made to give all participants some 

voice in the determination of its policies and programmes. The large number of 

experiments that were finished in the short life time of the project :l.r:::c.J. attests 

to their cooperation. vihen it became necessary to close the project dowri because 

other wethods had proved more successful, almost all the workers left for the 

project at Los Alamos, NoM, where they contributed significantly to the scientific 

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