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Chapter 9
THE [SOTRON

By I, R, Wilscn

i, HISTORICAL NOTE

The isotren was Invenbed Lo December 1341 by B, B, Wilson, It wa
developed at Princeton Unlversity under HDRC and OSRD contracts
which ran {from January 1942 until February 1943 under the divection
c¢f H. [N, Bmykh. The development was a cooperative enterprise which
was only made possible by the enthusiastic support of those who par-
ticipated in jt. Because of the highly cooperalive nature of the work,
it is almost impossible to give individual credit {or the many inven-
tions and developments made 1n the course of the project, From the
list of authors of reports given at the end of the chapter, some idea o
the contrlbutors to the projecl is obtained. Howewer, in those reuorts
a5 here, the autbors were veporting the work of several people.

The project was organized by proups. One group, wnder the leader
ship of J. L. Fowler, worked on a small experimental jsotron. They
investlgated the characteristics of this isotron at low current densiti
Anctheyr proup working ender the leadership of L, G, Smith construct
4 larger isotron whicht was predominantly used o study operation at

“high eurrent densities, J. E. Mack led a group which investigated and
developed metal types of jon sources, R. W. Thompstn was in charge
of & group which eoncentrated on the chloride type of ion source. R. s

e Cornog was in charge of cagingering and procurem ent, and W. A. Han

s.was in charge of the electronic laboratory.

The project was a happy onc; an attempt was made to cive all par-
ticipanis some voice in the determination of its policles and program.
The large numbetr of experiments Lhnk were (nlshed in the short Life-
time of the project atfests to thelr cooneration. When it became nece:
gary to close Lhe project down because othor metheds bad proved miz
successiul, admost all the workers lefl for the project al Los Alrmos,
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. M., where they contributed significantly to the scientific work that
ud {0 the actual assembly of the first fast-neutron chain reaction.

2. INTRODUCTION

Most metheds of scparating isotopes depend on the use of 2 lacge
wgnetic field. The isotron is an electromagnetic device for separal-
g isobopes, butb it elfects the separation by the use of radiofrequency
--0) voltages insicad of magnetic fields. 1t has the advantage that
lane sources of large area can be used instead of the slit sources o
hich most magnelic methods are imited. Belore entering into any
igcussion of the details, 2 simplified description of the principles of
1 meethod 15 gplven.

Tons [rom a plane source extended in two diinensions are first ac-  }
slerated by a consiant high-intensity electric field and are then '
wriher accelerated by a low -intensity electric feld varying at r-f
1d in a “sawipoth' manner, The effzct of the constant electric ficld
v b0 profect 4 strong beam of [ons stralght down a tube with uniform
nelic energy and therelore with velocities inversely propoviional to
Iz square rovt of the masses of the lons, The varying electric Held
itroduces zmall periodie variations in velocity, having the effect of
wsing the ions to {orim plane bunches at a ceriain distance down the
. Thus bunches of ions of different mass travel with difloeeat
wlocities and therefore beeome separated. The intensities of the —
elds are adjusted 5o that the ions become most completely bunched

the position of maxitium separation. At thls position an analyzer
plies & iTansverse [ocusing electric field together with an r—f com -
ment synchronized with the travel of the bunches. The synchroniza-
on is such that the varying component of the Lransverse field strength

eerd when the bunch of lons of the desired isotope eomes throuph
Wl is maximui when the bunch of ions of the wndesired isotope comes
rouph. In this manner the ions of the desired isotops will be focused
to colleeior pockets supported at the end of the tube opposite the isn
serce, whereas the ions of the undesired isatope will be dellected
vay from the calleclor pockels.

This oan o rephirased in mathematicn! torms . Assuming thal the
-f bonching lield 18 2 gawlooth wave with period T and ronge of volg-
ra AV, bmall campared 1o the accelerating vallago Vol as found 1hat
rehie will oocar at o distance down the wbe

P
= 2TY o {1}
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This can be derived by the foliowing considerations: First the jons
are aceelerated by a constant veltage V; hence they travel with a ve-
lacity ¥ = ¥ 2Ve/m. They are then subjected to the r-f sawtooth field,
the effect of which is to increase the energy of the ions linearly with
time from V 1oV + AV for each period of cecillation, T, 3ince the r-f
voltage &Y is small compared 1o V, the velocity of the ions will also
be increased linearly and by an amownt av = (v/2HAV/V). Assume a
movement down the tohe with ions at velocity v. An {on which received
the full bunchlag voltage AV at the end of oone pericd of eaciliation
wiil be observed to move with a relative velocity Ay toward the ion
that came thoough at Lthe beginning ¢f the period. [t will he neticed
that the successive bunches are separated by the bunch distance Al =
vT. Hence, when the lows accelerated atb the end of the period have
moved a relalive diskance al, the bunching will be perfect. This will
pcour after time Al/av or ai a distance down the {ube 1 = {Al/Avly;
this can be written 1 = 2Tv (V/aV).

Consider next ions differing in mass by the small amount Am. They
will bunch at a slightly different position, 1' = 2T¥"{V /AV}, er ata
distance Al° =% am/m from the other ions, For lons of one mass Lo
Luneh topether jusi halfway between the bunches of mass Am greater,
it is nocessary that Al = A)1/2, which gives the relation

av An (23

50 that Eq. 1 can be rewritten

-y L (3)
L=Tv -

Typical values of the above quantities for the isotopes U™ and U™
are V =40 kv, ¥ = 1 kv, Irequency 1/T = 17.5 Mce, 1 = 8) ¢m, and bunch
distance a1 = 1 em. [More convenient formulas [or uraniun ions are,
approximaiely, 4¥ =%V, Al =%o), 8V = (falF, where V 15 in kilovolts
and [ is {he [requency in megacyeles.)

The devalopment of the isotron splits rather naturally nto the fol-
bpwing mayor parts:

1. Dovelopment of ion souroes
Acceleralion of large beams of 1ons
Bunching tie lon heams
Anatvzing the bunched jon Boam
Collectinn of separnled {solojes
Extending the meliudd to large ~scale Droduction
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Work was aclually carried out simulianzously on nearly all phases

of the project. However, for simplicity, an attempt is made (o discuss
the expaeriments in rougildy the above order, No attempt is made to
discusg everything that was done, but, in order to keep this report to a
reasgnable length, only that which seemed to be most sureessiul and
most pertinent s prescenled. It should he Tememberad that the projoect
lazied for just one year; hence many Experiments were not complieted.
Nearly all the work has been described in detail in 2 =series of ahout
10 Princelon Universilty OSID Project S5RC-5 reports which are
listed as references at the end of this chapter.

3. IOk BOURCES

The current density and area of the beam zhould be as large as
npossible for efficient large-sczle operation of an isotron, A final unit
with an jon-bram area of about 1 54 m passing a total correent of the
order of amperes was envisaged, Later it will be seen Ehat space
charge Jimlls the method to current densilies of less than a few
hundred micronmyeres per squate centimetar when proctical dimen-
sions and voltages are used, Thus a source is required whish will
provide uniform current densily of the arder of 100 ya/em? over 1 s5q
m ol area. An additionzl desideramm is that predominantly Ut ions
are yielded. It is explained later that doubly and triply charged ions
can also be bunched simultanecusly with the singly charzed ions.

From the beginning of the project about 8¢ per cent of the endeavor
went into ion-source research, Although many altempts at povel meth-
ods of productng lons wete investigated, the bulk of the work soon
Incused on two types of sourees which seemed most promising: elec-
{ron-controlled ares using pure metal varor and glectron -controlisd
ares diing urzniom chlovide wapor.

The uranium chloride sources had the advantages of keing easy to
make and run, and much of the experience atcumulated al Berkeley
could be directly applied to Lthem. Many different kinds of such sources
were built and tried. However, they had the [ollowing serigus disad-
vantapes: {1} Severe vacuum problems were raised Iy the pezultant
vapors and bhygroscopic properlies of the chloride and {2} it was {ound
gxtremely difficult to produce ion beams which were {ree from ura-
niuin chleride ions, which of course were not easily separated,

Bourges Whal ssed uwranium melal were considerably more applicables
k> the izotron method, The original approach Lo the wse of wranivm
metnl was o ey lo lind o cefractory sulslance in which 1o heat the
migtal to 8 lomperature high eaough s0 that a het-colhode are would
run i\ ils vapor. Innomerabls maleriaks were Lriod, but in cvory ¢aso
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the uranium destroyed or corroded its containgar. Another approacht
was Lo strike a cold-cathode arc in vacuum between two elactrodes,
one of which was made of uranivm, In general; it was found that suck
ares werg very unstable and difficult o Keep in place; henca work on
cold -cathode ares was abandoned.

Although tungsten was not found satisfactory as a containing vesszel
for molten uranium because of the rapid zlieying of the two, never-
theless it was soon found that tungsten could be uwsed as a sponge for
uranium.'™ Thus, if not too much uranium is added to a picce of hot
tunpsten, the tungsten malntains its shape and the uranlum sbmply
gvaporates out.

This proved to be the key to the construelion of a successiul metal
arg source, namely, a hot-cathode arc te a hot anode eonsisting of 2
large Ted of tungsten to which small amounts of uranium ¢ould he
added from Hme to ime. As typical of the many forms which were
constructed, consider ane of the almplest, shown in Fig. 0.1, A d-¢
potential of about 1000 valts is applied between the filament a and the
tangsten rod b, As the lament is heated, a fsw amperes of electron:
are emtiited which strike the tungsten anode with 1000 ev energy. Al-
though the tungsten is water-cocied at its base, enpugh heat is de-
veloped to heat the free end white hot. The wranium wire ¢, about s
in. in diameter, is then shoved against the tungsien wilil a gram or
two mell, This immediately alloys and {lows unliormly over and
throupgh the tungsten. Some of it evaporates, and a sufficient vapor
pressure is built up o0 that an are is struck between filament and
anode, A constant-current network in the primary of the rectuier
keeps the current at about 50 amp, while the are voltage runs from
about 10 to 3¢ volts. (At high voltage the neiwork saturates and pass.
only a few amperes.) As the uranium evaporaies out, the ¥apor pres
sure becomes less and the are voltage is cbserved to rise. Eventuall
this trips o relay which causes the uraalum wire to be pushed againg
the tungsten anode wntil enowrh vranivm has melted (o bring the arc
voltzge down to a4 chosen operating potentizl, 20 volts, or example.
A shleld d was found uselul in keeping the arc away from the ingula-
tors of the {ilament leads.

It was Iound that amperes of positive ions could be drawn [ram ihe
placgma sucrounding such an are, In the case described here these
arcs were mounted scveral inches ehind 1 plane [ine -mesh ngsien
sereon to which the ions wers allowed to diffusc, The lons were then
accolerated By a high voltupe, 20 {o 50 kv, bobwecn Lt s and anclhor
screen to give a beam of high-encrgy 1ans. The ion densily aceGss
the screen was approsimetely wnilorm pver an aren, Le dinensjons
nf urhieh warn samnarable to the distanee Trom soures (o scrcen, In



8

faet, for a given uniformity the distance from source to screen is
easily calculable, since the [on density was found to fall off accurately
a5 the inverse square of the distance {rom the source. Mass-spectro-
graphic analyses of the ions {rom such sources indicated predominantiy
U* apd Ut ions, depending on running conditions. Typlcal current
ratios were Ut Ut : U+ < 70 20 10,

The development of such sources was not compleie. In general,
thelr life was only a few hours, after which time a filament wonld
burn cut or the anode would disintegrate. The short lile of the fila-
ment was due apparantly to the presence of the vranium vapor. The
solulion to this difficulty would be 1o use indirectly heated cathodes.
The apode life could be extended by using larger rotating anodes and
coptrofling the {cedlng of uranium to it more closely, Source llietlmes
af days or wecks mighl be feasible.

Angther metal source which seemed promising was one In which
cold urandur was the receptacle of the molten urapiom. This was
done by runnlng an intense hot-cathode arc to the center of the top of
a cylinder of uranium of a few inches in diameter, the periphery of
wiich was cooled. Encugh energy was dlssipated at the cealer of the
block 1o maintain a suffisient temparatire gradlent bebween the center
angd periphery to vaporize the malten metal. This source was difficult
to start and was developed too late in the ife of lke project to ba ap-
plied b0 an isotron,

tlany other types of sources were tried, and the workers in the ion-
spuree group, whith was under the direction of Tulian Mack, have
written a complete description of sources and their properties,®

Tezts showed that the metal gources of all bypes tried were amaz-
tngly elficient, I{ encugh current was put into the arcs (abaut 50 amph,
90 to T00 per cent of the uranium vapor was ionized.

For production from & I1-5g m source, about Iour metal ares locaied
symmetrically about 30 em behind a 1-5q m plane screen, from which
poiat the ions would be accelerated, were visnalized. The efficiency
could be increased by using more and smatler arcs closar to the
screen and by placing A second screen on the opposite side of the
ares to calch those ions going in that direction. This would yequire
two igotron units working back to back on one source. Such a source
did not got beyond the design stage. L. G. Smith pointed out some de-
sirable features ol usmg one arc surtounded by an isolron of circular
symmatry.

4, PRODUCTION OF LARGE 1CHW BEAMS

Abter producing 3 source which provides yrandum ons anlformly
over a large area, it was next pocsesary o acecleenle these ions into
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a high-energy parallel beam. The parallelism of the ion paths had to
be such that lons did not get out of phase with thelr bunches by having
to ravel oblicquely and hence through longer paths from source to
analyzer. A difference of path length of 10 per cent of the distance
between bwe successive bunches was tolerable; this required that the
ion paths could ot have a total angular spread of more than about

6 deg.

The geomelry of 2 typleal isotron is shown schematieally in Fig, 9.2,
The source (not shown} was contained [n the insulated cavity 5. Tons
from it drifted to o transparent plane tungsten screen i, which 1s
shown in greater datail in Fig. 9.3. They wera then accelerated in the
¢aps betweep screen a and transparent grid b, consisting of 2 number
of closely spaeed thin graphite strips at pround potentizl, A side view
of this electrode iz shown in Fig. 8.4, Typical accelerating -gap dis -
tances varied from % to 1in. After acceleration the lons traveled
through the huncher ¢ and down the tehe e to the analyzer {. The
buncher consisted of two more grids of parailei wires aligned acou -
rately behind the graphite strips as shawn in Fig. 5.4, but nxore s
said about it later.

The first remarkable fact observed was that it was possible, with
the corregt geometry of the accelerating gaps, to obtain a nearly
straight high -eurrent-density beam of uranium iens, Theoretical
caloulations® 3% Lad shown that space-charge repulzion should
cause such bzams to diverge widely; cince they did not, it was con-
cluded that the pusitive-ion space charge of the ion beams Was heu-
iralized by eloctrons or negative ions af some sort. This contluslon
was confirmed by moeasurements of space -charge potenlials by the
heated -filament method. In fact, no space -charge divergence of the
beam was chserved even at the highest current densitiez achieved,
which were of the arder of 0.1 amp/em®.

An oxtensive sct of experiments was carried out to determine the
angular divergence of the beam.™ On the baslks of those experiments
and of theary,'” the following pleture of the process of chtaining the
beatn ol pesitive iops ln an isotron can be formulated. Befare any
voltage ic applicd to the acceleration gap, the ion piasma from the
source will extend throughout the whole isobron fube. Il 2 small posi-
live voltapge is applied to the source screen and arc, the electrons In
ihe plasma will ne longer be able to pass Lhrough the gap, and 2
plasma boundary will develop.®® The posilon of the plasma surlace
oboys Chiids’s law, which {or U* ions is
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where | is the eurrent density tn microamperes per square centimeter,
V¥ 15 the atcelerated vollage in kilovolts, and d is the distance in centi-
meters from the plasma baundary to the nezrest negative electrode,
which 15 the graphite grid in thiz ease. A5 V is increased the plasma
iz pushed back toward the source s¢reen which, at a high enough volt-
age, it eventually reaches. Bincg the field ls very weak behind this
screen, the plasma stops therc,

Bince ithe cdpes of the soreen are farther from the ion source thap
thc center of the screen, the current denzity will o smaller at the
edges than ak the cenler, and hence the plasma boundary will reach
the edges first. At this stage the plasma boundary may have a nearly
gpherical shape, and, as the lines of foree will diverge normally from
thiz, the beam will be seriously delocuzed until the vollage s high
enouph to push the plasma boundary back to the screcn at its center.

Assume that the plasma boundary 1z now pushed back to the source
sereen and iz 4 perlect plane surface. [t may be asked what fields
defocus Lhe ions, First there {s the irregularity due to finite spacing
of the buncher grid b. Feynman' caleulaled Lhat this irregularity in
the accelerating field would lead 1o an angle of divergence of 22/3G,
where & {5 the spacing of the buncher grids and G is the acceleratlpg-
gap distance, (If the currents were nol space charge Umited, the
formula would be a,/2G.) A typical value of a/G was 0,1, leading to
an angelary divergence of aboat 3 deg. Feyniman estimated that the
sonYce Screen should have an effcct of the order of magniivde of
%% ¥ @/G, where @ is the mesh distance, The eifect of lateral Wwires
i% ignored, bence (he akove is certainly an overestimate, For a 50-
mesh tungsten seoeen it would cive about § deg.

A third effect couid come Irom the randmm veiocities of the ions
&8 they leave Lthe plasma. The average energy i85 about 30 ov; hence
for an accelerating voltage of 30 kv the maximum anple of divergence
would be ¥ 11000 or about 2 deg.

These thegrelical astimates are very wseful for guiding the design.
They seom 1o be overestimated, for under the above conditions Lhe
tolal divergence of the ion beam was experimenially determined to be
about 2 deg.”® Tae scattering of the ions due to collisions with the gas
was anly appreciable at relatively poor vacuums (107" mm Hi).

Summarizing, ion beams can be and have been obtained having large
cross sections, current densities of 200 to 300 ua,-f'mn*, small diver-
gance, and reasonable homopencity of enerpy. It has been Dound pos-
sible 1o preduce on beams 10 limes as intense as Lhe above, but the
anpular divergence and the homorenetty ol Lhe eneipy of such intonse
beatmns have never hoen investipatoed.
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Something should be sald here about spuitering by the high-cnergy
uranium ion beams. One of the first experiments was to expose a grid
made up of various materials ko the beam. The suttering offect was
very pronounced and was most serious for aluminum, It decreased
for copper, lungsten, iron, and graphite in the order given, Graplhite
is by far the most resistant material t¢ spulierinz; graphite grids
hzve been used for many hours in large heams, and they then showed
almpsp na sputtering effect.

5. THE ANALYZER

It has boen shown Lhat 1t is possible to produce a two-dimensional
ion beam {raveling down a tube. The ions are made {9 bunch after
traveling some distance, and at the polnt of bunching some sort of
analyzer must be placed to separate the desired from the undesired
isotope, There are many possibilities here, but only one device is de-
scribed, the one on which all work at Princeton was done.

The analyzer consisted of 2 set of parallel ribbonlike electrodes
shown schematically in Fig, %.2 at { and in more detall in Fig. 9.5,
The principls of operation of the analyzer was to place d-c voltages
between the electrodes such that the beams coming throongh each
pair of plates were brought together or, more accurately, to a line
foous.

It order to separate the bunehed ions with high-freguency fields at
the analyzer, it was necessary to confine these (ields o a region
samewhat smaller than the buneh distance. This was done by super-
imposing 4 high~fraquency voltage on the d-c voltages of the plates
zuch that every other plate was grounded with respect to the high-
{frequency fields. The high-frequency veltape was applied w alteroate
platas through mica condensers, the r-{ peing kept Ivom the d-c volt-
ape supply by suitable chokes. When the r-f voltage was applied, the
beam wag split into two components since in half the gops the figld
was in a direction opposite to what it was in the other hall. Analysis
was made by applying the alternabing voltage at half the buacher [re-
tueney sueh that at the Emes of zero voitage tha 1F* ions came (hrougl
to the center whote the collector cup was placed and at thmes of maxi-
mum (plus or minus) voltage the U ions were thrown up and down,

In practice, the analyser was [roi 10 to 15 cm wide, consisting of
about 20 tantalum or graphite plates supported on insuladad springs
az seen in Fig. 8.5. The plates were aboul 1 em wida and a5 long as
the bonm was wide. They were spacod about ¥ cm aparl. i the Hakds
exiskad only between the plales, the vollage on each pinle would in -
CrOASC A8 Ehe squars of the neiber of plales (rom Lthe conter, Owing
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Hales should be 8 /8. Actually, two harmonies arc usuakly adequats
or good bunching, =o that the above dimension can be increased by a
acter of 2 if it is desirable,

7. BUNCHING IONS

7.1 Low Current Density. In the simplified description of the
winciple of Lhe isotron, a parfect sawiooth wavefnrm was assemed
ar lhe velocity modulztion. It has been shown in the preceding sec-
ign how such a4 waveferm was approximated by adding harmonics.
‘oagider next how these approximations alfect the separation and
fliciency of an fsotron.

Feynman! finds theorctically that it is possible to et complete
eparation even without a sawlooth waveform if ions accelerated in
art of the cycle are tirewn away, In general, # is necessary to choose
etween cfliciency and degrec of separabon. If the seyaration factor
is delined as the fackor by which the ratie of heavy to light isotaps
; deercased and the efficicncy 1 as Lhe fraction of ons eycle that is
ted, he linds that even {or pure sine waves typical values of ¢ = 16,

=60 per cent or @ = 10, 1 = 0 per cent can be obtaincd, For a
avelorm made up of {our harmoenics he Inds ¢ = 44 at o = 84 per
ent. Il higher harmonics are used, ¢ = 17N and 7 = 2N/(2N + 1},
here N is the number of harmonics used. Most jon sources produce
s of different cliarges. In particatar, it has becn seen thal the
ietal source usually made U%, U, and U+ ions in the ratio 70:20;
J. Fortunately, it 1s pessible to bunch and separate all three of these
ma simulfanesusly.

First consider only the two ions GY and U™, The U** is acceler-
&d Lo twice the energy and hence + 2 times the velocity of the U,
Ow the ratic of the energy received by the ion io the voltage put on
iz buncher'’ depends on the velocity of the ion throuph the buncher
1d on the gegmetry of the buncher. 1t was found possible to design
buncher in such a way that both the Ut and the Ut recelved tho
roper bunching voltage to glve them both the mininwm width at the
Jalyzer. The difficulty then was that, ajthoweh both ions bunched at
1@ anatyzer, they traveled with different velocities, and 8o in general
\d not arrive at the anzalyzer at the same time, However, for a suit-
Ale choice of tuie dimensions, it was possiblo to arrapge if so that
& U ions and the U lons arrived at the analyzer in eoamneidenes for
weral unigue values of the aceelerating vollape. It is clear that this
ould ho dono by allowing the U' ion bunch to lag behind the Ut ion
el by an integral number of bunch distances. Faul Olum®™ hng

vofked owl the complele theory of this process aod has extended W to
1 rase af three bumnsg i long
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Two groups working on two separate experimental isotrons did
many experiments on bunching at low current density, about 1 pa/em?.
First, o growp wnder the leadership of ¥, L. Fowler constructed o 4%
in,digmeter isotron tube'® which was later rebuilt as an 8-in.-diam-
eter tube.™ On the basis of results from the small isotron, anotler
group under the leadership of L. G. Smith constructed a 12-in,~digm-
gter isotron; the princlpal purpose of this group was to study bunching
at high current deasity. However, this necessitated considerabis work
at low current densily.”

Consider next the caperimental procedure wsed in cxamining the
bunching in an isotron, The lon source was tuined on, and Lhe ac-
celerating voltage (aboul 10 to 40 kv, controlled electronically to
within a [ew volts} was applied, This produced a straight beam of
ions down the wbe. Next the analyzer d-¢ voltape was furned on and
adjusted so that most of the beam was focused ipte a narrow collee -
tor cup g, located some distance behind the analyzer as shown in
Fig. 3.2. Then the r-f analyzer voltage wasz turned on. This caused
the line fucus to be spread cut in a perpendicular direction about five
or ten Hmes the widih of the collector cup. This of course caused a
decrease in the current measured in the cup. The cruelal point come
a5 the bupcher voltage was applied and the phase between buncher and
analyzer was changed or when small changes were ade o the ac-
celerating voltags, If there was any bunching, it would show up s
an lncrease or decrease in the current to the cup, depending on whether
the bupch arrived at the analyzer at zero vollage or not. It was thus
eacy to see that the separation factor obtainable was jusi the ratio of
the maximwm current to the minimum current. The procedure then
was tp maximize the bunching or o by maldng changes in tho varigbles
at will.

An experimental study was made of the dependence of o on the [ol-
lowing variables: aceelerabion voltage, dislince between buncher and
analyzer, arc condidons, gos pressure, beam sizge, beam current,
[requency, and analyzer vollages, as well as number, size, and phase
of harmenic bunpeher voltages.

In most of the experiments Lhe separation was not measured in the
simple way described above, but & mechanical seanner was used.

This was located al the position of the collector cup and consisted of
a slit which was moved recurrently at high speed in front of an ion-
collector electrode, The divection of molicon of the =lit was per-
pendicular to the beam dircetion and perpeadloular Lo the bine [oces,
The ions coming through the slit produced a vellage on the elocirods
which wazs impressed on the verlical piates of ap oscillograph, Lhe
cween al whieh was svarheanived ke fhe Fecorrent modinn af Bhe =10,
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to fringing [ields, however, this relation was not fulfiiled, so that the
voltages had to be determined empirieally to give a lne focus. This
was not found difficult, and in general it was easy to bring the beam
to o line facus not mueh wider than the distance between successive
stripz, A grounded wire was placed on the beam side of gach plale ao
that the d-c {ields would not penetrate {ar into the beam region and
slow up the {ons in such a way that there would be an appreciable
varigtion across the beam of the Hme that ions would reach the ana-
lyzey.

In the final unit of 1-sg m eross section, it was proposed Lo place
eight or ten wnits of analyzers, as describad above, side by side to
cover the large area tather than to use ond big analyzer which would
reguire much top large d-c and r-f voltapes,

The r-f voltage for the analyzer and the buncher were both obtained
from a erystal oscillater from which appropriate muliiples of the
[requency were made. A phase changer permitted adjustment of the
phase of the r-I analyser voltage such that the U*¥ jons would come
throeugh the analyzer as the r-f veltage on it was zero. Of course
this phase could alse be adjusted by making small changes in the
aceclerator voltape.

§. THE BUNCHER

The purpese of the buncher is to modulate the vetoclty of e ions
In such {ine that the ions form inte separated Dunches as they reach
the analyezor, Idealiy this could be accomplished by simply adding an
-t vollage to the accelarating vollage., This would mean applying the
vollages either to the source or to the bube, both of which have con-
siderable gapacity. It was found more gonvenientl to ukilize the three
grids b, ¢, and d, shown schematically 1a Fig. 9.2 and in maore detzll
in Fig. #.4.

To apply the voltare to the ions, the prineiple of the r=-I linear ac-
celerator was used, This takes advantage of the time of (kight of the
ion throupgh the faps between gricds. The r-f buncher vollage Is applied
to the ceotral grid ¢, the other two grids reamaining at ground potential,
The ion mmay be aceelerated s it passes from the Lrsl grid to the
second and then may z1s4 be acrelerated as il passes from the seeond
to the thipd grid, Tor Uwe vollage haz hod tfme to reverse becauss of
the time of [light of the Lon.

The [ivsl grid, as hag Been seon, was also the ground elecirodo of
tive nccelerauny oan. 1L was possibic W oblain the same resulis by
uaing oaly two grids, In this easo the r-F velings was plooed on the
fir=t prd while prid o was rousded and grid d was eliminated. Tho
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sonrce sereen then was grounded for r-f, and it played the same rgle
thaf grid b played before. In practice, the three grid hunches wore
always wsed 50 as not to introduce complications in the experimental
work.

It has already been seen that the ions spuiter most materials ax -
cept graphite rather serivusly, It was for this reason that the first
buncher grid b was made of graphite strips. The other grids were
sometimes made of tungsien wires, but these were carcfully aligned
behind the graphite strip so that no beam struck them {see Fig. %.4).
In later deslgns all the grids were mode of graphite strigs. It was
not dilficult to machine llie graphlte into strips 10 mils thick Ly %iq 1o,
wide by 1 m long. Their positions were determined by grooves cut in
a supporting bar, and they werce kept under tension by individual
springe ¢ as shown in Fig. 9.4,

The best bunching resulied when the velocities of the lons were
modulated in & sawtooth mannex. This was approxtmated by synile-
sizing such a wave {rom harmanics. It is obvious that, to approxi -
mate 2 sawtooth modulation of velocily, 3 sawtcoth vollage need not
be applied to the cantral electrode of the buncher shown in Pig. 5.4,
The actual contribution of aoy harmonie would depend on the goometry
of the buncher grids and the velocily of the lons. In pracilice il was
possible to apply four harmonics separately to the buncher electrode,
the amiplitude and phase of eaech harmonic being separately variable.
First the fundamental was applied, and its effect on the production of
tunches, cbaerved on an cscillograph by using an electronic device,
wags maximized by varying the phase and amplitude, Then a second
harmonle was added, and its effect on the bunching wis also maximize
by varving [t phase and amplitude, as well as by readjusting the
phase and amplitude of the fundamental or first harmonic, In the same
way the cther harmonics were added, and all phases and harmonles
were finally trimined [or best bunching, & [egeling for making this
atljustment was readily acquired,

Feyaman has worked out the theary of the design of bunchers.!?
This theory eives the dimensions of the buncher grids as well a5 the
amplitades and phases of the hormenl ¢ voliages. L is obvious that the
dimensions ketween grids and between strips of a given grid must be
of the order of the distance an ion bravels during o peried of the highes
harmonic. The theory recowmmends foe four karmenics 2 buncher con-
sigilog of lwo elecliodes of grounded graphile strips of lenglh approx -
mately 678 {Fis the bunch distance), with the ¢-{ applied to a set of
wires midwiy belwoen the plales and on a lineg with them. The cender
af Ehe plate clectirodes should be a dislance #dapnrt so that Lhe wive
is nbowl 8/8 away Frem the edge of the plates, The spacing of adjaceal
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This produced a picture on the oscillegraph of the distribuben of the
iong In 4 plane at the ocus of the amaiyzor. With all analyzar voltage
off, a uniform distribution across the tube could he saen, Turning the
d-c analyzeT voliage on caused this to form into a single peal at the
center. The r-f analyzer voltage then zpread this peak oot inte the
famillar pattern obtained by projecting z circle onte a ling, i.e., low
at the center and with two peaks at both extreme sides, Turning the
buncher voltage on caused the distribution to change so that 2 peak
appeared in the center again or s0 that all the current went to the
sides, depending on the phase between buncher and analyzer. The
separation factor was dotermined by measuring the maximum height
2t the conter, when the peak appeared there, t0 the minlmuom height
at the center, when the peaks weres made to appear at the sides, The
motion of the slits was obtained by rotabng a large druth in the vac-
uukt throwgh o sHding =seal.

The results of 2 typical experiment parformed In the B-in.-diam -
eter isotron are given below,® The buncher fundamental frequency
was 6.0 Me, the analyzer frequency was 3.25 Me, and its voltage was
1200 veolts rms. The aceelerating voltage was about 20 kv, 5o that the
distance between successive bunches was about 2 em, To bring the
centars of gravity of the U and the Ut bunches together at the ann-
Iyzer and to place the U*¥ punch midway belween the two U™ bunches
required 31.8 bunch distancee between buncher and analyzer, or 2
distznce of 180 cm, Other colncidences of U* and U bunches were
predicted at 21.7 and 18.4 kv for this fregquency. The vacuum was
about 107 mm Be pressurs.

The hest bunching was obtained as follows: one harmanie, ¢ = 6.8,
bunch voltage Ep = 145 velts rms; two harmonies, ¢ = 14.5, £p = 115
volts rms, Eg, = 17 volts rms; and three harmonics, ¢ = 25, Eg = 130
volts rms, Ep =31 volts rms, Eg, = 20 volts rms. No delinlte increase
in ¢ was obtained by adding the fourth harmoenie, although the pattern
on the scanner sometlmes seemod slightly improved.

Figure 9.8 shows the result of an experiment o determine the &f -
fecl of the acceleraling voltage on the separation factor. The maxi-
twm which ogours at 19.8 kv is probably the coincidence of UY and
U which was predicted to be 20 kv, The voltmeter read 3 per cont
tog [ow at 3 kv, so the agreement was rather good, The dilference in
accelerating vollage boetween Lhis mactimum and the next was 1.7 kv,
compared to the 1.6 kv predicted by Ltheory.

Measurements of 7 3 a functlon of ¢ -f analyzer vollage showed
thal Ue separation factors could have perhaps baen doubled by in-
ereasing ihe analyrer vellage o about 2500 volls rms.
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By allowing air te How into the system at various rates with an
adjustable leak, the curve of Fig. 9.7 was obtained. The pressures
were read on & Western Elechrie D -T8510 ion gauge using an emis -
gion current of 10 ma. Hence each micreampere of the absclssa
earresponds to about 1075 mm Hg. The theoretical curve was ob-
tained from caleulations by Feynman on the basis of collizions of the
I ions with the atoms of the gas.” In order fo {it the theorgtieal
curve to the data it wes necessary to guess the best value of p, the
pressure at which 1/c of the ions suffered collisions in traveling to
the analyzer. A value of » = 8,3 ua fitted the data best.

Figure 9.8 shows the result of an experiment made on the 13 -n.-
diaraeter tubs, the purpose of which was to determlae the effect of
buncher voltage (fundamental only} on the separation factor. The fre
quency was 7.5 Mc/sec, the accelerating voltage was 21.4 kv, and the
diztance from tuncher to analyzer was 180 cm. The current density
in the run was 30 pa/em®. The curve of gvs. Ep (the buncher voltag
showed [our maxima at Ey = 120, 370, 5706, and 800 wolts; the cor-
responding values of ¢ were 4.8, 2,2, 1.85, and 1,45, The phase of th
buncher voltage was the same for altzrnate peaks but differed by 180
deg from one peak to the next. These results were beautifully verilic
by the caleulaton of Feynman™ on “high-erder’’ bunching. His cale
lated curve 1s almrost identleal to the experimental ena.

7.2 High Current Density. Oviginally it had been hoped that the
space charge in the buncher would be neutralized in the same manne
in which, as has been seen, the space charge of the beam itsell was
neutralized. Unfortanately such was not the case; in fagt, il was new
possible to observe any indication of even partial newtralization of t
debunching space charge. Apparently this was because the elocirans
or, more plausibly, the negatlve lons that provide steady space -char
neutrallzation were unable to [ollow the r-f changes in the elactric
fizld produced in the bunches.

‘This {act, which was lzarned the hard way, caused a reorientalion
Ifi thinking. This meant a revision dowawaird from the condition of
isntrons of 1 59 m avea working at fow ¥ on beams of hundreds of
smMpPETes ta the condition, menlioned earlier in this chapter, where
debunching space-charge effects were not important, L.e., about 1 ar
per square meier or per tube and high ¥. The original confusion
came about becauwse higher values of o than seemed poasible were
ghserved at the large currents. These values of @ were nol vary lar
(~2 or 3), and, baeause al that time il was not possible to producs
siraight beams of ions [n Bic isotrons, e low v valees weore asceili
lo geometrical effeeis. Later, when these were corrected and low
valucs of ¢ were still obained, a series of experiments™ soon led t<
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the conclusion that space sharge was responsible for tho inability to
obtain larger separation factors at high current densities.

Calealatlons by Feynman® and Glum™ showed that, if there were oo
space-charge newiralization, the current density would be limited g
valugs below a critical current density glven by the fornmla

. _1280v%
I (4)

wheye @ 18 e ratio of e/m of ke ion to that of Lhe U jon. They
fuether showed that if severa) ions were present in the bheam they
would act independently of one another.®® Thus, for nearly equal cur-
rentz of U and U™ ions, the Umiting value of the current density
would be piven by

¥
. v
Joo= 3000 =i {5)

The results of the experiment carried out on the [2-in. isciron to de-
tertine the effecis current density has on Lhe separabion facior are
shown in Figs. 8.9 and 8.10. For Fig. 2.9 the distance L was 160 cm,
the accelerating voltage was 20.% kv, and the buncher [requency was
7.3 Me. The caleulnted limiting current densily was about 13 pa/em®,
and it is seen thal this is in good agreement with the experlinental
values shown in Fig. 2.5, In the case of Fig. %.10, L. wis decreased
to 98 ¢m, but the [requency was siill 7.5 Me. The value of the limit-
ing current density given by theory was then 40 pa/cm®, which is
als¢ in good agreement with the data exhibited in Fig. 9.10. The two
curves of o against j corroborate the evidence given by Figs. 9.9 and
9.10; for example,* when L was shortened to 80 cm, ¥V was 20,9 kv,
and the frequency was raised to 15 Mc, ¢ was constant up to about
6% pa/em?, above which it dropped, The theoretical j, from Eg, § is
about 50 pa/cm®. The largest cerrent density about which experi-
mental information is known was that used in the B-in. isotron where
L-was 94 em, V was 31.6 kv, and the [requency was 16 Me. The theo-
relical™ j, was abaut 200 pa/cm?. High values of o {5 or 6) were op-
tained for currents wp te this order of magnituds.

1t is clear from the above that, if isolrons are to be used at high
current densitles, be., about 200 pasem®, the accelerating voltage
wnd frequency must be quite high and the distance bebween buncher
and fhalyzer must be aumie short, Under Lhese conditions the isotron
will separate larpe guaniities of isolopes.
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Thearetical considerations by Olum® indlcate that space -charge
neutralization may occur if isolrons are designed [or use with high
encugh accelerating voltages.

B. COLLECTION

In the first attempt o collect separated isotopes, the high-energy
beam was sloply nblowed to impinze on a metal plate. It was not
pariicularly surprising that the ion beam spuattered away any of the
1ons Lhak came Lo rest on the plate, In Hhe pext allempt g collect, lons
were decelorated so that they nearly came to rest as they cane (o the
collector plate. Lf the energy of the ions was less than a [ew kilovolts,
the sputtering was not serious, and it was possible to make swccessiul
collections, The decelerating peteatial was an additicnal complica-
tion, however, and it was not used tn most of the collections. Instead,
the high-energy beam was ailowed to enter a deep cup and strike the
back end of it. Platinum Iolls were placed around the sides of the cup.
Almost alk the material that was sputtered away from the bacl of the
cup was then recovered from the sides of the cup, which were nol €xX-
posed Lo the direct high-epergy beam. In some of the ¢ellection runs,
in order not to collect neutral atoms which might come directly {rom
the source, the beam was defliecied iransversealy inta a pockat in which
the collection wias mode 1n the manner just deseribed. Both methods
seemed to be suceessful.

The first collection runs were made early in the project lo check
the feasibility of collection and, more lmporiant, (0 see whether the
electric methods of observing separation [actor were as sgund as
they appeared. The small-current 4%-in. -diameter isofron was used,
and the samples obtained during the runs weighed irom 30 to 100 ug.
The electric observations indicated a maximum separation factor of
between § and § during the runs. Analyses made by Dunning and ca-
workers Wsing an o-particle and fizsion -counting technique gave 2.7,
3.2, and 3.0 for the three samples tested, Considering the {lucteations
in the operatics of the unit ot that tlime, it was felt that the agreement
was sattslactory.

A mumber of collections were made using the 12-in. diameter tuke
in which constderalbly larger samples {~1% mg) were oblalned. How-
ever, these collectlons were made using very Iow separalion [nclors,
and the results are included to show the eflcct of space charge oo
separation. The operating characteristies of the isolron for each run
are shown in Table 3.1 tugether wilh the separation values oblained,
In the early runs, there was little aprcoment betwoen the cleclrically
measured values of ¢ and those given by analysis. This was due paatly
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to the technique of measuring ¢ glectrlcally and Lo the pussibility of
the beam sputtering unseparated uranium {nto the cellector cups. -
provement in the collection techniqus and the methods of electrically
measuring o0 was indlcated in the last run, where considerable pre-
cautions were taken. An attempt was made to make a collection wslng
the high current density obtained when the tube was shortened and the
voltage was increased to 32 kv, The attempt was abandoned, however,
because of trouble with sparking and because the project was termi-
nated at that time. The most successiul run was made wsing the 8-1n.-
dameter isotron. Here a measured separation [actor of 3 wus ob-
talned at a current densily of 200 pa/cin®. The other characteristics
of the run are shown in Table 2.1.

In general, it was lelt that the problem of ion collection presented
ne insurmountable difficulties; a [act, the technigues developed at
Berkeley for the calutron method &t about the same dme could have
been applied direcily o the isotron.

9. LARGE-BCALE OPERATION

It has by now hecome falrly clear just what an isolron can ok can-
not do. If an accelerating voltage of about 30 kv and a buncher fre-_
guency of about 16 Me were used, it would be possible to produce,
actelerate, bunch, and separate lon beams with current densities of
about 0.2 ma/cm®. The separation [actor expected for such beatns
would probably be below 10 and above 3. Two harmoates woukd be —
adequate on the buncher, and the distance from buncher o analyzer
wizuld be about 50 em. The U®** bunch would falt nol midway between
bwo U bunches but at about onc -quarker of the bunch distance from
ane of Lhe bunches, In doing this, the separation factor would he
sacrificed [or beam intensily since this would allow the beam to ke
made four Umes as large as il the punches had been ablowed to travel
100 cm —the position of maximur sepzration between U ang 173
bunches, Similarly, twice as much buncher woltape would have 1o be
applied, Actually, 1un Ne. 5 ol Table 8.1 was made in this way.

Of the basis of the above a production unit was designed, It con- 3
Fisted of & cyllndrical vossel about 100 cin in digmeter and about
150 ¢m long. The LBuncher was to have an area of 4 5q [t (24 by 24 in.],
which was alsa the area of the anzlywer and hence of the ion bean.
By Whe time Lhe project was torminated. the tubt was constructed and
evacuated 10 a low pressarc, and the high-voltage supply was finished.
The buncher and analyser wore nearly constracled as was the r-f
equiment, On the other hand, there was oo finak deslen of (he lon
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source or eollecton system. A multiple-metal ion source was en-
vizaged, and scime work had been done oh proposed units.

From this point on, this chapter (akes on & considerably more con-
lechieal tone. In faet, the [ollowlog words are added only to completo
an otherwise unfinished pteture.

Azsume that the unit will worlk at 0.2 ma/em®. It will then pass an
ion corrent of 0.713 amp into the collector cups wheti no analyzer 7-f
vollage is mrred on, Also asseme thaf there is 3 separation factor of
& and that 20 per cent of the current is wasted in the separation proc-
gs%. Suppose that the cver-all efficiency is 3 per cent; i.e., 3 per
cent of the U fed into the source, mixed of course, finds its way
into the U nolleetor pocket, (The above is particuiarly conjectural
sinee the highest experimental value was a few hundredihs of 1 per

_._eent, although admittedly in units nat designed for high efficlency.}

The question now is how such z uwn{t can he used for the mass sepa-
ration of T tg high purity. Feynman has considered this problem

_carelully.®** Heo finds, surprisingly enowgh, that in general it is bet-

ter to use units of high rurrent capacity and low separation facter thaa
it is to use unitz of iow current capacity and hiph o0. Howevoer, o pet
pura U with units of low ¢, It is necessary 1o utilize the uniksin a
caseade system. Thus Fevaman visualizes the cver-all separation

a2 being aceomplished in a series of successive stages, each stage
effecting a separation factor of ¢. Because of the inereasing enrich-
ment of U™ the later stages will have fewer units, Thus, ila ool 5is
agtablished, each successive atage will have one-filth of the pumber
of units of the preceding stags.

The operation of & typical intermediate stage is shown in Flgs. 9.11
and 3.12. |This dizcussion on Uwe cascade use of the isotron {5 taken
nearly verbatim from reference 20, 3 report by R. P. Feynman.] For
gvery anit of material which is put into the source, the {raciion [ goos
to the walls az evaporating atoms {rom the souree or is not otherwise
collected as useful current. The useful current down the hube, 1 -1,
is collected in two samples, one, ¢alled the craccept, ' in which the
U 5 enriched, and tho other, ealled the reject,’ in which it is im-
poverished, The Tatio of U2 to U4 in the accppit is o times as much
as il is In the inpat material. Make the additionat simplilying as-
sumplions dhat the UPH /U patio in the roject is just 1A times thatl
in the input and that the remaining wicollectad malerial has the same
concentralion as Lhe input. En Uug way (e rejocted minterial can be
put into the preceding slage along wiih the input bo this stago without
havlng to mis substances of differing concepirntions, The aecopl s
ol cpurse sent on 0 the rexk stage.
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The material which is servaped from the walls, as well 3 the ma-
terizl accepted from the procediug stage and that rejecled from the
next, will need to e chemically and mechanically processed and
purtfied before it 2 in 2 Iorm suliable to be pud into the sources of
the isotrons. Assume that for every gram of material handled by the
processing equipment {incleding the removal of the material from the
tubrel & [raction A is irrecoverally lost, leaving, lor example, as
fumes in the air. This loss » may be expected to be a very small
frachon, but the actual over-all efficiency (telal cutpul of stape/total
input to stage) of a single stage, called ¢, may be furlhey from 100
per cent than 1 —3 if a large fraction § of the material put inlo the
gource 15 found on the walls and mwast be reworlked. In this casc the
makterial must go throurh the chemieal process many times before
it finally makes its way into the accept or reject collection cups. The
over-all efficiency ¢ is given in terms of & and £ by the reladon

A
e R puvan ©)

As g working hasiz, it has been assumed that the total separation
factor accomplished by a plant of identical machines is 10,000, so
that ihe original concentration ratie, 1 to 140, of U**/U**® becomes
PO to 1. (The linal reswlis are gquite [nsensitive to this particuelar
chofce provided it is sumewhare in {his saune range.) The total out-
put capuctty M of all ¢l the machines (isgtrons o the plant {per
unit cutput of plant} has been computed as a function ef o and ¢, the
results appearing in Fig. 5.12, (I should be noted that by the curvent
of the maching is meant slmply the tolal current collected by both the
accept and reject cups, This 15 expocted to be between 70 and 30 per
cent of the total current in the beam arriving at the analyzer.)

The total material which goes through the chemical processes per
day may alsc be obtalned from Fig. 9.12, since it ks M/A(1 ~ {1 — aj]
titnes the cuiput of the ptant, This is not accurale because it incer-
cectly inclodes the processing of the original caw matecial, but this
is sueh a smalh fraciion of the total materisl processed that little
error is made in this way Gf { is fairly largel.

These cutves may he used in the ollowing way: Suppose that there
are ne losses of malerial (e = 1), Suppose also that the separalion
[netor af the mackine is 10,000, 50 that only one stage is nEcessary,
Thon ¢ number of macloaes capable of inndling 140 wnits of oulput
cevpent for each wnit of U produeed would be necded. Suppose, how-
wver, Lhat 10 times as much currenl coold be pat theoupgh the b and

.
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that the separation factor would thereby be decreased to only 2. Would
it be worth while? If is seen {rom the curves that, at a factor of 2,
about B8O times as much capacity as plant output is required, or only
akout six times whal the eapacity would be if the separablon were
perfeet. Thus fewer machines (six-tenths as mony} would be needed
with the facior 2, and only €0 per cent as much material would have
to be processed (albelt with more nuizance and care to keep parkially
separated fracHons separately processed). If ft can be assumied that
other costs are reduced in the same ratio {the volurme ol raw malcrial
required is, however, increarcd), it can be concluded that it is worth
while to work with the tubes with higher current but poor separation
factor. Thiz example serves to emphasize the rather unexpectedly
gacd showine of machines of low separation factor when tompared
with devices of much higher factor.

Wihat happens when the efficlencies are not periect? 14 the over-
all efficiency iz 95 per cent, it can be seen that the machine with a
factor 2 is gquite impractical, whereas one whose factor is 2.78 is not.
At 90 per cent effictency 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 reduwcing the required number of machines is
concerned.

Assume this parlicular case: Suppose thal one machine carries a
total current of (W73 amp Lo the analyzer, of which anly 70! per cent
iz cotlocted in the aceept and reject cups, or that the machine dellvers
.5 amp of usclul current at & separalion fictor of, for example, 4.64.
This is a capacity of 105 ¢ per 24 hr of operalion. Suppose that, of the
materizl which is fed into the source, 97 per cent is found on the walls
and only about ¢ne-thirtielth contrlbuties to the uselul current, o0 that
f = 97 per cent. Suppose aiso (at present no luformation is available on
this pointy that, of each kilogram handled in the chemical processing,
1E is lgst, 50 that A = 0,001, Thus it is [ound from Eq. 6, with { = 0.97
and &= 0.001, that  is about 97 per cent. Looking of Fig. 9.12, with
7. 4.64, M = 300 is found.

This means that if it is desired to build a plant which wit! produce
P kg of 70 1o 1 pure U per day wilh such machines, thewr tnial cutput
capacity must be 300 times 1000 g or 3Q0 kg, Since each machine's

_ Gapacity is about 100 g, about 3000 such machines will be needed. {Ii

fhe separation were perfect in each machine, 1400 machines would be
requiced.)

The total material processed, since 1A(1 = £)(t - d)] iz about 30,
will bo 30 times 300 kg or 000 k. (About two-Lhivds o thls pirocoss -
ing is of the wall scraplogs In the first stage where the materdal
procosscd bas not yeb boen enciched, A hiph chemical eificiconey 15
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Fig. 9.1 — & Wygcal metal are source.

Fag. 9.3 — A detanled view of a tungsten scrocn.
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Fig. 9.2 =—Schamatic representabon of typacal 1soiron aemetry.,
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