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AsSTRACT

-

[he aesoclated particle tecbniqug le applled to the
I

D(d.rD) EeJreectlon, ln order to produce e tagged neutron bean

of accuratel.y Isorn onergy, fJ.ur, and dlrection. fhe lncld.ent

d.euteron beam ie obtalned frorr a 40O lnr poeltivc lon Van dc

Grgsff accelsrator. A descrlBtton ts gC.ven of the deslgR of

a gnlfor-n flel.d sector magnet and other cqulpnent assoclated

rlth the stabillzatton anct oal.lbratlon of the energy of the

lncld.ent deuteron bean. A vereattle n-Ee3 colncldeDce eysten

is deecrlbed. Tbe uge of a Elllcon eurface bamler detector

rlth a thln nLokel folI rlndor enablee oonplete resolutLon of
t

the EeJ peak rlth consequent inproved neutron flur deternlnatlon'

lghe tagged neutron bean ts used to meafliro the abgolute neutron

cross eectlone og tue r39 (orp) A39 ana r39 (o, a) el36r"aotLonE

at a neutron ener€gr of 2,46 llav. The reeultE obtalaedt

$n ! +) nb and. (6.2 ! 1) nb reepectlvely, are conpared rlth
valueg obtal,ned by other rorkere, and rlth theoretlcal Prodlctl'ong.
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CEAPIER, I: TtrTBODUCTIOTT

1.1. ileutron Cro.eE scotlon neasurencnt:

The probablllty that a neutron lncfulent on an atonlc nucl.cug

rtll und.crgo a nrrclear lntcractlon rltb thst nuclcue 1g an lnBortant
paranctcr ln ths elucldatlon of nuclear gtructute. fhc total
neutron crosE sccti.on O-, prorrldea a measuro of thlE probabtltty
and ls d.eflned. to be the number of neutron lnduccd. cvcnts
occurrlng psr nucleus per unlt tlne per unit lncldcat neutron

flur. A lmorl€dge of the lncldent neutron flur ls ueually needcd

tf the crosg gection of a nucltdc 1g to be neasured.. Dlrcat
moasuremsnts of neutron flux are rllfficult and. thc flur ls usually
d,educcd, fron hrono or neasured propertles of the sourc€ from rhlch
thc ueutrong are euttted.. l. euitabLe neutron flrrx nay be obtaLned.

from nueloar reactlons oocurlng ln a targct bonbarded rltb a

charged. partlcle bean from a nuclcar aocelsrator. fhloh a neutron

sourco bas advantagee ln both lntcnelty and ta varteblc ncutron cnergif

ovcr pbotoncutron and. other rad.Loactlvc neutron eoutoeB.l In thls
casc thc cffectlve neutron flux takr ng psrt ln the cross ecction
EeaBurcncat nay be estlnated fron a lmorlsdge of the lntegratcd.

bcan ounent and the crosE section and. angrrJ.ar dl.etrlbutl.on of tbc

neutron produoJ.ng reaotLon.

An lnproved nethod of flur deterrnl.natlon has regulted fron
d.ctcctlng tbe charged. recoll nuclcug asgociated rlth arfy neutron

produced In the reactlon. Thc total number of euch reeotl nuclcl
le then cqual to the totel number of neutrons gencrated ln thc

target. Stncc aBpltcatlon of thlg ncthod. requires that thc recoll
nuc1el posEess eufflclent onorgy to be d.ctected, it 1g noet eulted

to reactLons havlng a poeltlvc Q valus.

llhls assoctatad, partlcle tecbnlque h,as been ertended to tbe

ldentlfi.catlon or tttaggingn of iudivlduel neutrons by the dcteotlon

of thelr assoelated recoil nucleus. For a partlcular lncldcat

charged partlcle beam onerg:y and assoclated recoll partlcle
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dlreatlon relatlve to the lncldent bcau, thc cafrgy end. dlrcctlon
of the neutron associated. rlth a glvcn recoll partlal,e arc
dcternlncd. unlqucly. In thlg ray rastrictlone placcd. oa thc
d.ctcctcd. parttclee Enable the productLoa of a bcan of lndlvldually
ntaggcdil ncutrons of knorn fl.ur, cncrg::tr, angular d.l.vergcncol and

epetlal dircctlon. A iltaggcd.tr ncutron bcan hag tro firrtbcr
ad,vantage s:
( t ) The cncrgy of the I'taggedrr neutrons nay bc varlcd by

altcring the cnergy of the Lncldcnt charged partrol.e
bcara or by altcring the d.lrectlon of tho taggcd, ncutron
bcan sclcctcd by thc racoll partlclc d.ctcotor aad,

( Z) I congldcrablc rcd,uctlon ln thc nunber of beckground,

cvcntg Lnduccd ln thc nucll.d.c aa^qrIc by unrantcd,

ecattcrcd, ncutronB and ganne raJrE, ney bc cffectcd
by rcqulrlng tbst tbc neutron lnducad cvcntE er6 in
tlmc coincldenoe rtth eveutg ln thc argooletsd. rccoll
lnrtlcle dcteetor.

The essoctated partlcle cotncid,cnce tcchnlquc has bcca nalnly
dcvcloped. uslng thc T(drn) gc4 and D(drn) ga3 rceotlous. 24

T .,e fl.-> n + Es4 + ll.jg lcy.
D a d-; n * 8.3 + 3.27 Xcv.

For lor lncld.ent d.cutcron cncrglee thc o( -1nrtlole and

ncutron fron tbe T(drn) Ec4 reactLon hnvc aacrgles of about 3.! Icv
and. 14 tev. respcctivcly whLlc the Ec1lun-3 partlcle and ncutron
fron tbc D(dlrn) uc3 reactl.on havc approrlnatcly 8oo Lcv, and.

2.1 Xev rcepcctlvcly.

lfcutron croaE gection Bsaeurcncnts and. neutroa tlnc fltsht
stud.lea uslng thc f tagged.r ncutron bcan fron thc D(d.rn) gc3

reactl.on lE thc naln Lnteregt of thle leboratory. fhe d.eutcroa

bran ls produced ln the P\yll.cs Dcpartncnts Xoclel. Pf-400 Ven dr
0raeff aocclcrator* Although reted at 40O kv. thls eooelerator

* [arufacturcd by thc Elgh Voltagc Engtnccrlng Corporatl.on,

hrrllngton, Uascachusctts .
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tlll d.cllver onto a targct, 150 rrl of poaltlvc lon bcan currcBt
et voltages ln orc€ss of 500 hy. Thlg sod.cl rccelcretor has no

forn of bca,n oncrgfr eteblllzatlon aud ag e co'nscqucncc thc bca,n

cncrgy has, lu the paet, had to bc controllcd oanrelly for thc
duratlon of e,qr crpcrl.ncut. Thc cffcct tbet changcs ln thc
lncLd.cnt d.cuteron bean cncrgy bavc on thc dlrectLon and cncrgT

of the tagged ncutron beam uay bc asscssrd. fron conglderatLon

of thc klncnettcs of thc O(arn) Ecr rcectl.on (ApBcndtx 1).
RLgruc ( t ) shora tbc dopcndcnoe of thc ncutron and, Eclh'r'-3
sncrgJr on the Lnoldcnt d,cuteron cncrgy &1, d.raru se a fanlly of
curves rlth the laboratory a,nglc of cnLsslon of the ncutron $
aE paranctcr. Tbc dcpendcnce of $o ou EUr rlth thc laboratory
angle of euLsElon of the esgocLated Hcll.un -3 parttclc Ft es

parameter 1g aleo ehono ln flgrrrc ( t ) . Ftgurc ( Z) shorg tbc
d.cpcnd.enco of tbc ncutron cncrgy Eo and, /, oo % drarn as r fantly
of currrcs rLtb, EU as lnraoctcr,

It can be B.cn (ffgrrrc 2) that the neutron energy varlcg
appreol.ably rlth changes ln tbs cnergT of the lncldcnt d,sutcrou

erccpt for values of }oclom to lOOo. For rnalucs of &o ln thls
regton, thc dlrcctlon of cml.gslon of thc ncutron viErlce rapldly rtth
Bd. In gencrel, lt ls not posglble to cboose a valuc of % that
slmrltencously ntnlnlzcs thc dcpendcnce of both tbc cnergy and,

d.l.rectlon of the ncutron on the lncldent dcuteron 6nsrg5r. If
tbc cncrgy and. d,lrcctLon of thc ta€getl ncutron bcan Erc both to
bc d.aterrlncd prcoLeely ovor ss rldo a range of ncutron en€rglr

&E poselbl.e, thsa etablllzatl.on and. accurate cnorgJr callbratlon
of the lncldcnt d.cuteron bean ts csgcntl.el. Tb,le 1g ceBcclelly

lullortaat ln viev of the raBlct varlatlons tn ncutron cross scctlon
?)

rlth cncrgSf e for nautron energics arorrnd 2.1 lcv.

In gcncral, tbe study and utlllzatlon of rsactlon products

fron nucl,car reactiong laduccd tn a target by e cbargcd' Partlclc
bean requlree accuratc callbratlon end stablllgatlon of thc



60

6
c)
IU

s1
a

I

F
k

q,

z1
o
o
b0
d

t
o

'lllr

d
J

ANGLE OF NEUTRON e vB. DEUTERON ENERcy

-nO rne r.rula-r nwcr-s)es pARAMETER

Deuteron Energy - kev.

ENERGY OF NEUTRON AND HELIUM-3 ws. DEUTERON ENERGY

(NEUTRON ANGLE en AS PARAMETER)

200
Deuteron Energy

i3
0,

I

b0
L
o

td

i2
E

ru

|r
o

o
h

)iul
zl

FIGURE la

FIGURE Ib



NEUTRON ENERGY vs. NEUTRON ANGLE

(DEUTERON ENERCY AS PARAMETER)

ID

I

o0
k
c)
E
Id

l.

qi^
2z

160 180

FIGURE ZA

60 80 100
Laboratory Angle of Neutron

120

100

o
(,
0,
h
d
(u

o
I

I

F
a

tU

bo
tr

k
o
dt
o

o
Je

O HELIUM-] ANGLE .t/8. NEUTRON ANGLE

(DEUTERON ENERGY AS PARAMETER)

Angle of Neutron



4.

tacldcnt bean encrglr. Conelderstl.or slntlar to thoec lllugtratcd
above rlth rafcrence to the D(drn) nc3 rcacfi.on ehor that any
lnetabLltty ln thc lncl.d.snt boan cnorg3r rcgults l,n an rrnccrtaLnty
ln both the cnergy and rclattve d.trecfi.on of the reaatLon
produote . lg thc Q vaLue of th,E reactLon und.cr etudy d.ecreases,
tbe stabtltty +nd acouracy rcqulred of the lncl.d.cat bean cncrg;r
lncreaee. Uncertalntleg fron thle Bourco oan lntroducc 1a.rge

errors lnto threshold, neasurcncntg and. crperlnents lnrfornsd,
uslng reactlon produote fron negatl.ve e valuc roactions.
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1.2. REcotl Hc3 P"rttc1e Detectlon:

The cnoss sections of the D(drn) n"3 and D(drp)T reactlons
are approxi.nately equal for lor d.euteron bonbardtng energJ.ea.

rn addttlon therefore to Ee3 partlclee, there riII also bc

lncLd.ent on the recoll particle d.etector protons and trltone
rlth energ{.es of t Mev. and J l[ev respectlvely, together rith
d.cuterone clagtically scattered. fron the prtnary bean, ught
cnltted. froo the targetr and neutron capture ganna rays fron
surroundtng materlal.. For thls reasoD trnanblguotre ld.ontlftcation
of the 8OO kev Ee3partlclee ls dlfflctrlt.

Diron and, Atttef; n""e d.cscrlbed, an aggoclated partlclc
d.etector for uee rlth the D(d.rn)Ec3 rcaction ln nblch a thtn
(0.5t m) cr5retar of csr(Tl) raa uged, in conJnnctlon rlth a
photomrltlplier. l,n aluntntun coatlng of ZZj ,rg/"r2 r*"
evaPorated. onto the front face of the crystal to prevent ltght
enisslon fron the target reaching tb.e photontrl.tJ.prler.

ft raB origfuTally tntended. using a eclntlllatton counter
of thie tJrpe as the recoll partlole detector but a number of
serlous dl.eadvantages were found:-
( t ) The tblchess of the fotl covering the sclntlllator ras

found. to be very crLtical. tlbe foll thl.ch:ees should be

sufflclent to prevent ltght and, scattcred deuterons fron
reaclting tb,e sclntillator, but mrst not be thick enough to
ctegrade ths Ee3 pulse heigbt to a level comparable rrlth tbe
noise level of tbe syeten.
[he inherentLy poor resolutton of a sctnttllatlon dstector
reeults in a broad. Ee3 Beak. Consequently, if only genulne

I
He" p,articlee &re to be eelected. for neutron tagglng, a

narrow pulse betgbt wlndw nnrst be used. Strch a restrlctlou
results 1n a relatively low Ee3 countlng rate wlth consequent

poor efflolency.

(z)
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6.

The poor enar€Fr spectrun shape (Chapter 4) does not allor
the lnmedlate recognltion of the penetratlon of the alunlntun
foll by scettered. dauterong. In a strong deuteron flux tbe

poselblltty of the llght output from a nunbar of lor encrgy

dsuterons sunntng rltbln tbe cryetal to glve a reeultant
pulae enterlng the ne3 pulsa helght rlndor ls not negIlglble.

The eensltlvlty of the crystal to neutron capture gama

radtatlon ras not entlreJ.y ellnlnateildesplte the use of a
thln crystal.

(4)

t coneid,erable lnprovenent over prevlously deecrlbed. strratens

bae been reellged by uelng a goltd state detector as the assoclated.

partlcle d.etector. Sentconductor detectors conblne a lor eenslttvlty
to llght and, gamna raJrs rlth an lntrlnslcally hlgh snerglr resolutLon.

The best energy spectrun of tbe g"3 partlcles le obtalned rhsn the

thlclmeee of the foll coverlng the detector ls only Just eufflolent
to absorb the full energy of the scattered. d,euterona (CUapter 4).
ft hae been found tbat a foll eelected for optluun thlchesg for a
partlcular d,euteron enorgy rltl not be effectlve tf the lncldent been
energy 1e aLlored. to rlse by cven quite gnall amounte. As senl-
conductor d.etectors are d.estroyed by evsn short erposure to a strong
d.eutoron flurr en€rgy etabtll zstLon of the prlnary d.euteron bean le
essentlal for optluum reeulte rtth thta technlque.

Thls tbeelg d.escribes the production of a tagged neutron bcan

of precleel.y knovn enerry and dLrection. ChaBter 2 decrlbes the
deslgn of an analyzlng sector na,gnet and aeeoclated equlptrent necoosarJr

for the etablllzatlon of the lon bean energy of tbe Van d,e Gragff
accelerator. Cbapter 3 ls conoerned rlth the callbratLon of the lon
bean energy ln terns of the nagnetle fle1d etrength ln the pole gap of
the anal.yzlng nagnet, and rtth the perfornanoe and stablUty of the

energy stablHzatl.on eyatem.

The n - Ee3 colncld.encs eystem, conprlslng tbe recoll partlole
d.etector, neutron d.etector, and aseoclated electronl.cs le descrlbed

ln Chapter 4. fncluded ln this chapter le a d.escrlptlon of the

utlllzatlon of the tagged neutron bean for the measurenent of the

abgolute croes sectiong of tue K39 (o, *) cr35 ana tr39(orp)139
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reactl.ons. Tbe observed cross sectlons are lnterpreted. ln terns
of cument nuclear tbeory (CUpter 4). 1lhe concluslons drarn
fron thts work may be found. ln Chapter l.
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CEAPIIER II

I|EE EIIMGI STIsITIZAIIOT OF TEE

VAS DE GB,..TIFF ACCETERASOB

2.1 . INffi0DUC[I0I{:

2.1 .1 The PoeLtlve Ion Accclcrator

A Van d,c Graaff posltlve Lon eccclorator consletg of
a hlgb voltage generator togcther rlth conponeate used. for thc
productlon of the lon beam. Although naqy d.evel.opncntg and.

nodlflcatlonsl2-16have been nad.e to the balt charged typc,
elsctrostatlc hlgh voltage generator sl.nce R.J. Van dc Graaff
flrst d.coonstrated. lts practlcal rnalue for nuclcar p\yglce

1'l
rosoarchr " thE baslc prlnclples of oBcratlon rcnal.n unohangcd.

For thls roaaon only a brtef dcgcrlptLon of fcatlrnes hevlng
partlcular rclevanec to the voltage gtablllzatlon of euch a
generator rlll be gtven.

A hl.gh voltage (uZO kv.) pof,cr supply Eprays chargc

fron a ror of corona polnts (tUe charglng screcn) onto an

en&Less, movtng, nrbberl.zed. fabrlc bclt. llhe charge Lg carrlcd
by thc bclt into the fiald. free regton, lnsldc a hollor hcnl-
spberlcal netal terulnal rhich le slestrlcal.ly connected to a
eccond row of corona polnte (tnc collsctor screen) that are ln
close contact wltb the belt. As the charge on the belt approaches

the collcctor scteen, it induces on it a charge of opposltc
polartty. This leaves a cbarger of oqual nagnitud.e and. polarlty
as tbe charge on the bclt, reslding on the outslde of the netal
ternlnal. The cb.arge on the belt comes lnto contact rlth and

ncutrallsee the oppostte polarlty induced charge on the collsctor
echeen, The ftnal result ts as lf the charge ou the belt flows

onto the outslde of the terntnal.
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Tbe potentiel V of the hlgh volta6e ternlnal ls related
to the charge Q on tha tarnlnaL a.nd. the calncitance C of the
ternlnal rlth respect to ground, by the rslation v - qlc,
If the charglng proc€ss rere to contlnue the vol.tage wouLd risc,
al.ther untll clcctrlcal brealcdown occurrod. fron the ternlnal to
the sunoundlngsr or rrrrtil the breakdom of the tnsulating
properties of the belt caueed. the cbarglng procsss to cease.
In the mod.e1 Ptr-400 Van d.e Graaff the cyllndrlcal lnsulatlng
column supporttng the hlgb voltage terntnal, ls nad.e up of an

off centre cyllndrlcal column (contatnlng ths evacuated.

accelerator tube) fltted rlth circular netal planes placed, at
regular tntervals d.own the column at rlght angles to the atis.
lficchanlca]. rigldtty of the column as a vhole ls eneured by
porcelaln cyllnd.rical spaelng blocks located. betreen the colurnn

plance. The bclt runs paralle1 to the arie of the colrrnn and

passes through apertures ln the colunn planes. The d.cvelopnent

of ercesslve voltage on the toB tcrnlnal ls preveated by the
onsst of a corona dlscharge ln the gap betrsen henispherlcal
corona d.omes located between palre of adJacent column planes.
Htgh reslstances (,* f d elrne) placed betreen successLve colunn
pl,anes ensure a unLform potential gred.ient dorm the belt and.

colrrmnr and a gnall stcad.y etabilLztrry current draln fron the
top tcrnlnaL.

Tbe enttre blgh voltage generator le encased ln a
prossure veesel fllled rith an lneulating gas nirture of
nitrogenr carbon d.iorld.e, and eulpbur hexafluorlds at a BresEure
of slr atnospheres. Thls ellows good. electrlcal insulation
of the generator wlthout the noed for the large overall p\yslcal
d.lmenelons required. for nachLneg lnsulated by alr at atnosphcrlc
pres$Es. A sct of corona polnts faclng lnto the hlgh voltage

ternlnal are nounted. on a Bort tn tbe ral1 of thc prcasure vcsgcl.
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fn the ortglnal nodcl the cunent drarn from the ternl.nsl by tbe
corona dlecharge ln the lnsulating gas la controlled by narnral

ad.Justncnt of the d.lstance of the polnte from the blgh volta6e
ternLnel.

The posttlve lon Bourcc and focus porcr supply are
Located inelale the hish voltage terninal. Control of thesc
conponente ls cffcoted by lnsuLated control rod.s passlng d.onr

tbrorrgh the colr:mn planes to coupling shafts rhlcb pass out
through the base platc of tbe preEsurs vcesel to snsll aeryonotore
nounted. on tbe outsld.e. The outer cyllndrlcal caee of the belt'
drlvcnotor scryes both as the rotor of the notor and. as thc
bottoo pulley for the be1t. Thc terninal pulLey ls the rotor
of an alternator driven by the belt and provldes thc elcotrical
powcr for the conponents located lnsld.e tbe high voLtage tcrml.nal.

{ydrogen or deuterirrn gas supplted fron strall gps cyllndcre
located, rithln the tar"ulnal ts ellowed. to flov slow1y through a

controlled. (tns tgasf control) thErno-nechanlcal lealc Lnto an

evacuated glass envelopc whcre lonlzatlon of the gas takcs place

ln an rf d.J.echarge. Tbe poeitive lon^e formed are ertracted
fron the pl.asna through a namor alunl.nlrrn canal a,nd. lnto the

entrance of the accEleretor tube by tbe applicatLon of s etrslI
d.c crtractlon potentlal, (o to*2 lcr/. d,etermlned. by the scttlig
of the rbcant control). Eerc, accelaration of tbe long d.orn

the evacuated. accelcrator bean tube takee plaee rrnder the actLon

of the electrlc fteld erlstlng betroen the hlgh voltage terolnal
and ground. Coerec foouseLng of the positlva lon beam ls
acconpllshsd by thc shapc d the slectrlc fleld rtthln tbe

accclcrator tubE. The ficLd distrlbutlon rlthln the bcan tubc

ls d.cternlned by ehapcd. netal plancsl4 whlch psEs out through
thc lngulattng rall of thE accalcrator tube and, are electrlcally
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conneoted. to tho coluna planes. These netal planee scrye algo
to equal.tsc thc potentlal gradlent d.orn the Lcngth of the accclcrator
tube and. to prevcnt htsh voltage itlechargc rlthln thc vacuum.

Precl.se focussing of the ion bca,n lg achlcved by adJusttug the
potantlal appl.lad to the foous cLcctroctc by treans of tbe f focust
control. This clcctrod,c is clcctrically connected. to botb thc
flrgt coluun plane and the fooue porcr supply and. Lg sltuetccl at
the hish noltage end. of the bea,n tube (wharc the lon vclocltLcs
arG lcast) lmediatcly follorlng thc ertractlon canal. fron tbe
lon eource. fhe vasuuts Bunp ugcd. for Evacuatlng tbc lon Eolrrcc
glaas cnvclopc and. bcan tube ie located. outsidc the generator
prossuro vcsscl and le coupled into the beam tube rhare lt encrgog

through thc prEssuro vessel basc p1ate.

2.1.2 Volta*c Stabll.tzatlon of thc Gcnsrator:

Although usually regard.ccl aE a constant voltagc dcvlcc,
ths Van d.c Graaf,f is Ln fact a congtant current gcnerator. [he
htgb voltegc ternlnal can be regardcd as the rpolntf ln thc
applicatlon of KLrchoff| s flret lar; thc algcbralc gun of thc
curente at the terntnal. belng zcro for a steady state potentLal.
At equlllbrium tbe bclt charge crrment 1g exactly balanccd by thc
cument draln fron the top tersiral conslsting of tbc potentlal
dlvldcr, bean and, corona load cuments togcther rtth s ono snall
contributlon from leakage corona currents.

flluctuations occurrlng ln anJr one of thege cuncnts
ritl causc the potenttal on the high voltage ternlnal to fluctuate.
The maLn source of terulnal potcnttal varlatlonB, J.n practlcc, aro

causcd by fluctuatLone occunl.ng ln thc belt charge cumEnt.
Therc le llttlc posslblllty of achl.evtng eubEtantlal reductlon
ln thesc fluctuatlone through lnproved. belt technologyl8, and.

so tbcir cffacts nust ba cancellcd ln the stablUzatLon procoas.



L2.

Stablllzation eystems d.lffcr in both the nethod uscd
to sense thc ptentlal on the htsh voltage tcrulnal ancl ln thc
ncchanlsn uscd to comect any changeg ia the potentlal.
Coonon eenslng ncthods lncludc raamplingnr the potentlal by neana

of a htgh rcsLetaroe potential dlvlder pl,aced bctrecn thc hlgh
voltage terninal and grouna19, d.ctectlng btsb frequcncy crcurglong
tn thc terninal potentlal rlth d.ta,nctrically oppoecd oapacltlve

18plckups'- r usLng the output volta6c fron rn elcctrostatlc
gcncratlng voltncter vlerlng the hlgh voltage tcrol.nal fron a

port tbrorrgh the rall of the prcs$rrc vcgscLr?b?4rnd thc
gcncral,ly prcfcrred. ncthod of d.erlvlng an cncrgy rerrotrsignrL

fron thc d.cvlatloB of thc lon bean fron the centre of thc
vertlcal allt bctreen tro ineulated.^netal elcctrodee placcd ln
the inagc planc of clther/ia&etl.c ,25-28 or electrostatlc2zrz3r?g-}1
anzLyzar uscd to deflcct the posttlve lon bean. llhle laet
nethod, hss the advantage of enabl.lng abeolute callbration of thc
cuergy of tho lon bean Ln terns of the nagnetlc or clcctrlc flcld
strength ln thE bca,m clefl.eettng anaLyzer. A nagnetl.c analyaer
hae the further advantage of enabllng the scparatlon of lons havtng

thc sane encrgy but dtfferlng charge to nase ratLoa; an ossentlal
feature when the lon bean fron thc accclerator contelns a high
proportton of eingly charged., d.oubla and. trcblc traas Lons. AnJr

advantagas thet nay bc gained. by the use of an clectroetatlo
analyzer for the bean deflectlon (for cranplc tbe incrcagcd accuracy
of onorgy callbratlon, aLnpler constnrctlon and porer supBly requlrc-
mentsr and snallcr p\yslcal stze) together rlth a strall subeldary

nagnctic analyzer for the r snoval of the hcavler BaEs ione - f,elc
fclt to bs outrcighcd by the tcchnlcal dlfflcultlce and. inconvcnl,cncc

aesociatcd. rlth the need for precise, ind.epend.ent ad.Justnent of tro
fl.elde to select the l-on encrgy.

Varlatlon of the corona cument drarn fron the htgh

voltage terulnal ls the nost attractLve rocturntge' for correcting
changes ln thc terninal potentlal of a Van d.e Graa,f genorato,r.
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Eere, thE anount of negatlvc aharge spraycd onto the posltive hlgh

voltage ternlnal is controlled by altering the grld-cathode bles

of a trlode valve placed. ln eerles wlth tbe corona poJ.nts.

.C.d,vantagcs lncluded in thte netbod of control &Te

(r) The corona polnte are eubetanti*Ily at earth potentlal
and are readily accesslble being nounted on the lnternrl
ra1l of the $ressuro veseel.

(Z) Bapid comeotione to the terrnLnal potentlal are pogelble

because of the short transit tlnee of the negatlvc

charges ln e corona dlscharge ln an Lnsulatl.ng gas.

[he latest erpcrlmental evidence 32 lndicates that the

translt tiure of lonlzation thror,rgb an lnsulatl,ng gae ls governed by

photo-lonlzation processos and le thereforc uuch shorter tban

origtnally tbowbt. 18

llbe rest of thls chrpter dsecribee the deelgn and

conetructlon of a gtablLlzlng systen for a Van de Graf,ff accELerator

uolng nagnctic momentum analysls of the lon bean to sense fluctuatLone
ln the hlgb voltagc te:mlna1 potcntlal. Thc error slgnal ls dcrlved

by peeslng the lon beam energlng fron tha analyzlng nagnet through

a eltt dcflnod by a pair of elcctrically lngulated nctal sensirg

elcctrodes placed tn the tnage plane of the nagnetLc anaLyzcr.

ff the ternlnal potential. of the Van de Craaff generator becomes

hLgher ox lower than the potentlal corrsspondtrrg to the partlclc
noncntun sLccted by the nagnetlc flcld, the lon cunent gtrlklng

theouter or lnner netal electrode respectlvcly, rill be increaeed.

Thc dlffcrence slgnal d.evel.oped betreen the senelng clectrodes

lE ampltflcd by a dc dl*fcrential anpltflcr and. applled as

slgnal to the grtd of the corona trlodcr ln euch a way as

the potcntlal changc of the htgh voltage termLnal.

a corrcctlon
to offect
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2, 2. IEE DESIGN OF TEE INATIZI}IG MAGNEI

2. 2. 1. THE DEFT,ECTION AND FOCUSSING OF CHAROED PARrIcLEfI

r$ A UNIIURII IIAGNEITC ETELI)

2.2. 1. 1. EORIZONTAI, AID VEB,TICAI, FOCUS$I}IG

An ossential requiretrcnt of an analyzing nagnet le that
the crogB-seottonal area of the ion beam after deflection ln the

tragnetlc field, is, eufficlcntly strall to pcrnlt a higb Lon currsnt

to be dellvcred onto a snall target arcs. Thc poesiblc dcfocusslng

of the lon bean drrrlry d.efLectlon in the nagnctlc flel.d. reglon nmst

therefore bB consid€red ln the nagnet d.csJ.gn.

Tbe focussing of charged partlclss ln a plane at right
angles to the d.ircctlon of a uniforn magaetlc fieLcl (terrned tha

horlzontal plane) ras orlgnaLly d.lscusscd by Barb""33fo" thc casc

rhcrc the partlc).es entered and lsft the magnetlc fleld along

normals to the na,gnetic fielcl boundaries (1.". for angles Eo and. E

of flgure 3(a) equal to zero) . The condl.tiong nocassary to achLcve

such horizontal focusslns wcre subsequiettl studled ttt.l"":""r8"*"tt
14 t 35 , Bnrechc and sch srzetJ- , Hetzq' ( , and carten- -by Stephcng"

and the treatnent ras ertended to cover thc case of obllquc entry and

erlt of the partlcl.es at the magnetic field boundaries, (1.". anglea

Eo and E not zcro). For thls latter case, Cottc39 ehorcd that the

non-untform frlnging fielcl, sxtcndlng ln practlce beyonil the pole

bognctraries of a na6net had. a vertical focueslng effect on thosc

piarticles not enterlng the ftsld ln the nedlan pLaue (I.". the

horl.zontal plane, tbrough the ntddle of the na'gnct pol,e plece SaPr

consiclered. ln earLLer treatments). The equatl.ons d.erlved for
focussLng ln the vertical plane, together rlth those al'ready

devel.oped. for horl.zontal focuesing ln tha nedlan plane, shorad. that

lt was poaslblc witb certaln gcometrical configuratlons to sohlevc

sluultansous focusslng ln both tbe horlzontal and vertical dlrectlon8 r

Cottc, howcver, nad.e no investigation of thege configurationg.



P,A4TICLE TRAJEGTORTES rN 1H E HORIZONTAL PLANE

PARTICLE TRAJECTORTES IN THE VERTICAL PI.ANE

O.r A SECTOR.SHAPED UNIFORM MAGNETIC FIELD

tl

FIGURE 3b

FIGURE 3a
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[he use of a ro[-urlforu fteld to achieve focusslng ln

",rr""/*ll":lii}ied by svartholn and sel.staun4o, and

by ShuII and Denniroo4l, ln nagnetlc sector epectronetcre in rhlch

the nagnetlc fleld strcngth rithln the sector was a functlon of

posltlon. .luaa42, SnartUott43, and Rosenblun44, ertended tbe

theory of tro cllrectlonal. focusslDg ln Don-r.ldforn flclds to
includc the casc rhere both Bource and lnage lay outslde the

effectlve nagnetlc ftcld boundarles.

C^*r45, and. ln a trore conprehensive form, Cto""46,

investLgated. the uec of the Bor-utlforn frlngtng field assocLatad

rlth a qnlform fleld, sector nagnet for obtalnlrg vertlcel

focueslrrg at tbe sasle polnt aB the lma6e produced by horlzontal

focusslug occumirrg ln the rrnlform eector field as a whole.

ft is thls tlTe of two directlonal or doublc focusslr,g tbat will
now be dlscussed.

Focusslng J.n tbe horlzontal plane occurs when the anglee

E^ and E of flgure 3(") are euch tbat the peth SrTrUf Vr of a
o

partlcle having a ellghtly dlffcrent inltlal poeltlonr dlrection

and nonentun to a partlcle follorring the mean path STIIV; hae a

longer traJectory !n th,e na,gnetlc fleld and ls thereby caueed to

converge oD tbe mean patb after leaving the na,gnetlc flel'd. llhe

relation between object and lnage distancee for focueslng ln the

horizontal plane follows fron purely geometrical coneideratLong

(appendlx Z). Tha sffect of the fringtrrg fleld on ton traJectorles

in the horlzontal (w) plane ls to c8.uae & sllght lateral dLsplace-

nent and change in nagnlficatlon of tbe lmage; and' ls dlscussed

fiuther in appendlr (5) -

The reason for the vertlcal focuesing actlon of the

fringtng fteld ie not as lmmedlately apparent ' The charged

partlcres 'nder congrderation (ttguru 4) enter tbe magretlc fleld

reglon Ln the Z t zo Plane anct make an angl'e, Ln the ry pIane t of

Eo with the norual to tba polc bor.mdary. The lnitlal veloclty of

the partlclee ln the Z clirectlon is zeto,

i.o. Yos0whentr0



co-oRDn{ATE SISTTM rOR VERT[C.A,I.OF. Z TOGUS|EINC

O.F TONS IN FRINCJNG FIEI"D

FIGURE 4
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The nagnetic force F, actlng on sueh a movirrg chargecl partlcLe

ls givcn ln mlce unlte by

F = e(v^r!)r_o

wbere $ 1g the veloclty vector of a chargcd, partlcle, 3 la thc
nagnctio flur d.ensity vector and e ie the&arge. ln corrlo'nbe

camled by the partl.cle. Thc Z conponant of thig force lg

(r)

a2zto? r G (v=By-vyBr) (z)

(3)

wberc V lg tbe eonponent of the veloclty Vo, ln tbe f, d.lrecttontI
and tbe sa,nc notatl.on ho1d.e for the other strmbole. As thc I axls
runs parallcl rtth the pole boundary the conponent of tbc
frlnglng fleld tn the X directLon is zeto and B_ - 0. I\rrthcrnorc

Vo sln Eo

Vo cos Eo

V tanEyo
value for

r "Sndtv

and, V, r

Subetltutlrry thle

a2zrydt-

.$t tan Eo

tn equatlon (a) gives

.dy
-Z

V.I
V!
v

and. dA ' g
d.t tr

vI

tan Eo

E
o

h_
,J

e'a
o

rhcre the' integratlon ls carrled out betwccn the llnltg a and b ln
the y' = ,o planc. llhe polnt 5r r a le choscn gufftclcntl.y far
outeLdc the pole gaB for B" to cqual zcro. The polnt y - b

!s choeen ln the untforu fiel.d reglon insldc the pole gap rberc

B-- - 0. llhc lntegral, ln equatlon (l) nay be evaluated by
v

"ppfyf"e 
the lnplrc Clroultal Le; for nb' to the cloeed path

XIJUilKT (vhcrc lo le the permcablLtty of ths nedlnn).
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Ag B- E B^ whcn 5r - b (g^ is the unlform ficld ln the gap)
ZtO'rO

B, - 0 when y = a,

and By . 0 when z ' 0. (1.". the nagnetic flur ls
ever;mhere normal to the medlan planc), ons obtalng from the above

and equatLon ( f) becomes

V = d,z - Z G 3 tan Ez ET o; o o

whcre V_ ig the Z conponent of the veloclty of the charged. particl,e
z

after passing through the frtnging fieId.

[he focal lcngth of a thin leng in the optical caser le
defined as the distance from the leng to the polnt on the axis rhcrc
an lncident paralleI bean of ligbt is brought to a focuE. In a

giniLar mannsr a focal length fo , can be ascribed to t he frtnglng
fleld of a nagnet for focussing ln the Z dlractionr wharc

Thcn

and

3 . g = O as no current is encl.oead by the loop.
ro

bzaO

[-Y' dv + ['-Pr'dz + f l'dv + f z^z
{2o-o {}o=b Jf,o-uo !"}o-a

b

f B*.dy - BozoIv
ad z E oo

0r

00r zf^ - ^a1a a o (fron triangle OFOt).O lanA F^o lan Ao

But tanA r Vzor
o

.'. f = t Vo-o eTEEoo
4)
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For horizontal deflection in the uniform ma6netic fietd
of strength Bor the charged particle trajectory has a radlus of
curvature r in the horlaontal plane, where from eguation (t)

nv2rO

and

where

In a gimil.ar

fringing field at the

IIere

r
nV

Bo"

r tanE

way the focal length
second nagnotlc fteld

r

-
= tanE =

f ascribed. to the

boundary may be found.

__+)

givlrrg

B eVoo

r

f --L-- = r
o tan -E;o ao

g
a

F4uations (l) and (6) show that a posltlve focussing
aetlon takes place ln the Z direction at both fteld boundaries,
provided that Eo and E are greater than zero and positive,
Angles Eo and E are deflned as Boeitive when the path of a partfc1e
outslde the fleld region Lies on tbe s ame side of the normal to
the pole boundary as tbe contre of curvature of the trajectory ln
the horlzontal plane, (Eo and E are shown poeitive ln figrrres (3)

and. (a). In the derlvation of equatlons (f) and (5) no epeclal
assumption is made about the precise shape of the fringlng fleJ.d,

except that lts extent ln the Y d,trection is small comparsd. wlth
tbe radlus of cunrature of the partlcLe trajectory in the unlform
fleld, This requirement ls rret by most practical analyzlng
nagnets in wbich the air gap between the poles is snnall conpared

wtth the wlclth of the pole faces.
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The rglatlonghlB bet;cen the obJect and lnagc dtetanccs

for verti.cal focusslng ln the magnct as a vhole oay nor bc forrndt

ctrther froo pruely gconctrlcal considcratlong eLuilar to t hosc

of appcndk (Z')45 , or by solvlng thc equl.velant opttcal probtr cn,

aa ln appcndlx (l). (ttcsc tyo appcndlcce llluetrate thc tro
prlncllnl ncthods of eolvlng problens in Lon optlce). Although

thqsc cquatlone arc gultablc for Looatlng loagc and, obJcct

d.letanocs, Bors congrchcnelve aquationa arc ncedcd. for predlctlng

thc nrynlficatton, bcan profllc, and momcntun dlepcrel.on

prodrrccd by an analyzlag magnet I for an obJcct of flulte ctoesF

sactl.on.
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2.2. 1 .2. GESERAL I'IICUSSII{G EQUAtIONST

More goneral forms of the focussing equations 38t 39 ' 45

follos an eractly sinllar treatnent to that givan in appendlces
(Z) and (:). Figure 3 (") showg tbe paths of partlclee ln thc

medfan plane of a sector magnetlc field. fba nagnetic field le
ln the rrvsrticalrr d.irectlon parpendicul-ar to the plane of the
pap€r ( tUe dlagran has been Bxaggerated ln the long'itud.lnal
dlrection of the page, for the gake of clarlty). The path STUV

shows the mean trajectory of a particle of oonentumr po . SrTtUfVr

Ls tha patb of a partlcle having an inltial d.irectlon and posltion
diffaring sltghtly fron those of tha rnean trajectoryr and a

momentum given by po ( t + B) where 3 <.< 1 . The dlsplacenEnt

x of this trajectory fron the mea,n path, et a polnt outsldc the

magnetlc fleld botrnd.ary nill dapend Ln general on A1 3, and r^.
From the work of c"rtrl38 

- v ' ' o

x- trA + vB -rl + eecond-orderternelno A, B, and xo

rhsre the coefficlents u, vp and r ar6 given by

(r)

(8)

(rz)

u r (t - pq.) cos Eo cos E

sin I{
'l

v - 2 coe E sin (* E) ["o" luo - *r) + s cos (E-bEU (g)

ein l{

f !r Ct COBE
- 

- 

---acos Eo ---ry ( to1

where p 
= 

yo gin N - cos Eo co€t (n-U) (rr)

"o"2 
E

o
q . y gLn N - cos E cos (u-no)

?cos- E

n= II-(Eo+E) 
-E-- 

(13)

and aL1 renatning angles and dLetances are sbown in flgure 3 (") -

AI1 dlstances are meaeured. ln rrnits of the rad.lus of cur^yature ln
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the untforn fleld. and hance r d.oes not enter into the above equattons.

For rel.atLvlstlc velocitles B rtrst be multiplled by the factor
(r - vo?/tz) whlch doee not appcar ln the non-relatlvlstlc equation.

The lateral and longltudlnal displacenent of the 1na6o causcd by

d.eflectlon in the frlngtng fteld outglde the pole boundarles ls
snall provJ.deil the path of the parttcle witbin the unlform fleld
region ls long conpared. wlth the pole gap wid.tb. Methods of
conpensatlng for the inage dlsplacement (appendfr 5) caused. by the

frtnging fteld have been d.iscussed. by Coggeshall5o, Baln3"idg"48,

and. Plocb and ltalcherry. These msthod,s have bean mora recently
tr{

revlewed by Bainbrld.gel' .

Ftgure l(t) ebows the trajectorles of partlcles in the

vertlcal plane of the unlforn magnatlc fteld of flgure 3(a).
fn this case SluV ls tbe mean trajectory, whlle a partlcle havlng a

path d.tffertng fron the moan ln both tnttlal posltion and {lrectlon
w111 foLlow a trajectory guch as SrTrUrVr. UnlLke the horizontal
cass, small fractional changes in tbe partlcl"t" tot"ntun can not

effect a flrst-ord.er change ln the trajectory follored by tha

particle ln tbe vertical plane, because a partlcle travelllng
tntttally ln the medlan pl.ane ls not d.eflectad. regardless of what

momentum it possec sas. The vertical displacenent z of the traJectory

StTrUrVr from the mean patb outslde the magnetic fleLd bounclaryt

w'111 depend then ln the flrst order, only upon z^ and G (ffuura :(U))
and z may be represented ;;O'' 

-- --- - ' ! ' o

Z' = mZt +nG

where tB=1-HtanEo

n . H + yo(1 - Et r- YoYr, l- 
tan Eo

* Yr, (t - H

o

v"I
anEo)

( 14)

( r:)
r")J
(re)

Etan

tan E +tanE
o

(r - ntanuo)]

+ tan E (t
tan E)

The derlvatLon of this formula regulres that the path Lengtb

witbin the frineJ.ng flelct is small compareil wlth the path length

wlthin the unl.form fteld reglon; but requiree no special assunptions

as to the shape and d.tstribution of tbe fringing fleld ( appendix 3) '
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2.2.1.3. CONDITIQNS FgR STTGUATIC FOCUSSING:

Angular focusslrrg ln the horl,zontal plane occurs rhen thc
dlsplacenent x of the general trajectory S?TrUfVf is independent
of tbe angle A. From equations (f) and (8) the coefficient of A

vanishes when u equals o, that ie when

pq,=1

0n subetltuting for p and g, the conditlon for angular focussing
in the horizontal plane becomes (note 1, append,lx 4)

y = (cos E) sln H cos Eo * yo cos (U - no)

yo sin N - cos Eo cos (n - P)

Angular focussLng in the vertlcal. plane occurs when the
displacement z of the general traJectory S I ltr Ur Vf ls ind.ependent of
the angle G. The coefflclent of G vanishes when n equals zeto and

from eguatlon (te1

yv= E *Io (t-HtanEo)

vo [tan no + tan E (r - Ir tan Eo).f - (r - II tan

Squations ( tt) anrl ( tS) can be wri [f en ln a nore suil,a.ble form
com.outation (note 2; appendix 4) by deflnlng quantltles P and

by the equatlcrrrs

E) ( rs)

for
e

(rg)

( zo)

(rr)

(zr)

te,n P = tanE

tan A = tanE

+1,
yo

L
yo

sim^oly,

P)-tanE

Fquatiorr ( 1?)

( r8)

1

yv

then becoures

= tan(H-1

v
ancl

E tanE-
H-cotq

(zz)
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The condltlon that horizorrtel and vertlcal focueslng takes
place at tbe same polnt yd ls tbat

Y=Yv-Yd
This corrdition is best expreesed as an equation deterninlng E:

tan E = 1 t tan(n-P) + 1--- 1r - 
i l, 

"eii \::---''F 

'j;nj---.-- 

(2j)

wbile the d.istance frour the pole bourrdary to th.e polnt of double

focuselng may be found by sllnlnatlng E fronn equations (23) and' (ZZ)

(24)

H-cote
For any given pair og Jo and Eo, P and Q may be calcul.ated

uslng equations (tg) and. (ZO). Substitutlon of thase values lnto
equatlons ( Zl) and. (zil enable the valuos of E and. v6 requlred, for
a. stlgmatic focus, to be calculated for a particular value of tbc
angle of d.eflectlon fi. For the fornatlon of a real. lma6e tbe value
of yd so obtalned nust be positlve,

A general analytical discusslon of all poesibla double

focussing corrfiguratl.ons produclng real lmages is extremely diff{cult.
Eowever, a large number of theoretlcally acceptable real image

amangenents, prove to be experiurentally unsuitable. The useful
range of valuesr that may be assuned by Eo and E, ie restrlcted by

the followtng experJ.mental consLderatiotrs.

( t ) A posltlve focussing action ln the vertical plano at the

flrst magnetic field boundary is eseentLal if the beam is
to be prevented fron d.iverglng and etriklng the magnet pole

pieces wlthln tbe pole Bap. From equation (6)1 lt nay be

seen that Eo ls restrlcted to pogitlve values by tbis
requl.renent.

( Z) It ls clesirable to wlnd the colls of ar\y electromagnet

dlrectly onto the pole piecee, The iuegular shaped pole

pieces resulting from tbe uge of large negative values of E

make this dtfflcuLt, and tncrease tbe denand.s on yoke design

L E'j I [t"n(r-P) -
yd 2 L
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and construction if local saturatlon effects, and. the
oonsequent lntroduction of inhomogenetties into the unlforsr
field regton, are to be avoided.

( l) The 1o1rg path ).engtbs irr the frlngirrg field, oonconltant
with large posttlve values of Eo and E, lnvalidate the
aesumptions on which equations (19) to (24) are based.
The uncertalnties lrr particle trajectorles, lntroduced by
the small local lnhomogeneities in the fringing fietd caused.

by local eaturation effects ir: tbe magnet yoke and pole
pleceer are also increased. These effects result in the
caleulated. focusslng properti.es not belng reallseC ln
practlce,

Ehpe rinental ly desi rabl e doubl e f ocus slrrg conf lgurations
will tberefore have E^ in the range oo to + 5oo, and. E in the
rangs -40o to +600 . 

o&"upt 
for epociallsed applicatl ons ( e .g,

high resolution studies) the dictates of econony and convenience
Llmlt H to values of pOoor less. Figure (l) shows the relatlon
between y6r Eor and E for reaL lnage double foeusslng for partlcular
values of H and yo. The data from which these graphs were drarn was

complled by substitutirrg g:iven values of Eo and. yo ln equations (tg)
and (ZO). Tbe values of P and- Q so obtalned, together rtth tbe
particular value of E, wers eubstituted into equattons (23) and. (Z+),
and the values of E ancl yU necessary for double focuesing were fowrd..

2.2.1.4. IHE CHOICE 0F S. T]IE AIWE OF DEFL,ECTIONT

bean

(r)

[bree posslbillties arlse wb.en focusslng the ebar,gd.partlcle
fron sn accelerator.

A substantlally p,ara11el bean ("o = O) from the accelerator,
is brougbt to a focus by the analyzing na,gnet at a flnite
value of yd..

( Z) The nschlne focussing
beam ln the pl,ane of

of the accelerator is used to focus the

an entrance sllt placed some distance yo

nagnetic field boundary. The analyzlngln front of the first
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nagnet le then ussd. to form a otlguatlc image of thls tobJectr

sllt at some fintte d.istance 14.

(:) The analyzing magnet forms a stigmatlc ioage at irrfintty, of
the obJect descrlbed above (1.". the bean eoerges paral1eJ.

from the analyzlng nagnet).

Thls last possibil.lty is not generally suitable because, in
order to utillze the full en€rgy resolution and dispereion (see, for
exanple, section 2.2,1 .5) capabilitles of thie arrangement, the slits
from which the energy correctlon slgnal ls derived muet be placed. at
prohlbltlvely large dlstances from the analyatng magnet.

The flrst possibillty, whlle having several ettractl.ve
features, has a serloug drawback that ls not lmmediately aBparent.
The crosa-sectional area of a beam fron an accelerator ie greatest
just after leavlng the ion souree and before the partlcle traJectorLeE
start to converge und.er the focueslug actlon of the focus electrod"52.
Ifr ln order to obtain a parallel bean, the effectlve focal length
associated wlth thls focussLng actlon is J.ncreased, the cross eectional
area of the bean at the entrance to th,e magnet ls increased. In
practice thls means rel.atlvely large valuee of both the gap between
the nagnet pole faces, and of Eo naust be used ln order to prevent any
sllght devlations of the lncldent bean fron the paraLLe1, resulting ln
a loss of an appreclable part of the ion bean throi:gh colllsl,on with
the ma4net pole facee. For these reasons the second nethod 1s chosan

in this work and a deslgn havlng relatlvely short obJect and. imege

dlstances ls sought.

The variation of the stigmatlc object and lmage dlstances,
wlth the value of E rray be found from figure (5). The follorlng
concluslons are drawa.

(r) For values of H less tban 90o an,:t relatively snall values of
yo and yU d.ouble focussing ocfurs matnly for large positlva
and negative values of Eo and E, respectively. X'or the
etraller values of Eo and H < gOor yU is a rapidLy varylng
functlon of Xo. Double focusslng amangenents having

relatively smalI and nearl.y equal positlve values of Eo
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and E can be founC, and many of the practical dlfflculties
associated',v'lth acutely angled pole boundarles can be avoid.ed

bycbooslngH,'gOo.

(Z) For partlcular values of r, yo and. yU, tbe energy resolutlon
and. dispersion of the analyzlng magnet ( section 2.2.1 .5)

Lncreage witb E.

(:) If adjuetable nechanical elenente sucb ae rotatlng ineerte
(sce, for example, figures (tZ) and, (t:)) are provlded at the

points of entrance and erit of the bean to the fteld regiont
the angle the bean makes with the pole bound.aries at these

points, can be altered by snall aoounts about a trean vaIue.

In this ray tbe values of Eo and E can be changed. and tbe

focuesing conditions altered to suit the experlmental

requlreraents. For values of H mueh less than 90o, the rs"r€e

over whlch Eo and E must be varied in order to provlde a rernge

of appreciably different focussing configurattonsr ls
prohtbitively large. In tbe region of H around loo bowever,

emall variations in Eo and E can be used to effect relatively
large ebangee ln the double focussing obJect and image

distances.

Although nagnets which deviate tb,e beao tbrough legser anglee

offer some advanta6es in econony and slze, a magnet givlng lOo deflectlon

has been choeen for the rsaBons given above. The cnergent bean

direction following a deflection of 9Oo, is also the direction nost

sulted to the physical layout of th,e target roon.

2.2.1.q EIIEROY R$OLUTION. DISgEA,SION AIfD I}IACE }TAGNTflTCATION

Tbe x displacenent of the general trajectory fron the nean path

usually d.epends ( eguatlon ( f ) , gectlon 2.2 .1 ,2.) ott three parameters

A, B, and. xo. At the image posj-tlon x ls lndependent of A (from thc

deflnition of angular focusslng) and here r is a frrnction of the tro

variables B and rO, wbare B ls tbe fractlonal d'ifference of the

particle momentrr.u, fron the treErn momentun po.
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I .9.

and from

1.6.

where x and
o

tbersfore be

dr !r

B E (p-po)
po

Fquation ( ? )

x- r v(P-

tfu F (=o,'L,

r = ,,,""r li
p are lndependent.

written as

tq F c'"'nf 
;

Po) - vt(

fhe total differentlal

fuo
con8l.

of r may

$8nst. (ze)

(25)

(27)i.e. dr - ;", dp - * fuo

is

p**"

ldx=
+ ,o'l

which givee

*ap +

d.p -
*;o

I 
w.dxo ( ee)

so

I.
po

Po - *ap

s E3 I .Ap - *Bo
po

(a n/no) gives

Tbis cquation gh,ows ths effect on x, of emall cbanges ln tb,e

partiele momentun, and position ln the plane of the obJect. The

total relative momentr:n spread. a n/no in the analyzed. lon bea^uo lnesing
through sllts of wldth so and I placed ln the obJect and lmage planes

reopectively (figure 5), can be found by lntegratlon of equatJ-on (Zl).
the llmlts for thls lntegratlon are from

*o = -(+so) to + (*ro)

x !' -(*") to + (Zs)

and p = po-(Bap) to

The integral equatlon

po + (-bap)

,j

Solvlng for
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Lp r rso+s - jo- +:
po v (u/t) v

(2e)

where s and. Bo are the slit wldths measured in units of the radlus of
curvature r of the mean patb. in the horlzontal plane. The total
fractional energy epread AW I do of the ion beaou paesing through

the slits is obtained from the relation between energy and momentum,

for a particle of mase n, vlz'.,
12 t\p t2n) = I[

from which

4-g a z.aP
WDo -o

Eguation (29) may be written ln tbe form

.BgAp r O +

-
(:z;

(:01

(:t )

DD
opo

where D^ ( - "/r) is termed the resolution factor and D ( = v)
o

ls termed the dispersion of the anaLyzlng magnet. 0n putting

fuo = o, ln eguatton (27) and erpresstng the partlcle momenturn ln
terms of the radius of curvature ln rnedian plane, it can be seen that
D may be cleflned, as the distance, meaeured in the lma,ge plane r between

tbe focus for partlcles having the mean radlus to and the path of a

particle bavlng a radius of 
"o + ATr dlvtded by AFr the differenee

in radti of curvature in tbe meclian plane. Tbe dispersion therefore
provides a measure of the Jateral itisplacement of the ion been in the

lurage plane, caused by a fractional change in the beam energy. In
applicatlons where an eltergy correction signal ls derived from electrodes

placed irr the in,age pLane, tbe dl sperslon should be as hlgh as pract lcabl e

so as tb.e largest possible rarrorr sigrtal 1s obtained.

The image magniflcation i',1 can be found from equation (27) whence

( 33)

l

/ax \ Did = \fr.)tconstant = w =io
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&luation (:Z; then becomes

Ar=
D-o

lisO+ s ( l+)

( lr)
(11

and it ca.n be seen that i nereasing tb,e w'idth of the slit pLaced tn the
object plane by an amount 8o, has the same effect on the total
ilor4enfi11s sprea'l lrr t,h+ analyze,l i,ln beanrr as inr:reasing the image sllt
wi,lth by I[ $o.

The plrysieal signlfi'3itnc* ,,)f the pr)soL.rtirln llactor can be found

ln tbe followirg way, lThen th* r,.tomerrtlrn *irread in the ton beam ts zero
(1."' Ap s o), er{iiiltion (27) shows tirat the geome^r,ricp-L lmage wld.th

ig ltl so, arrd a partlcle of momentrrm l)o passing tlrrough the criddle of tb,e

objr:ct slit will pass throrrglr the r:entre of the irnage, ff tbe particl.e
tnom,anturn is increased by an atnount Apt so that ihe parttcle trajectory
is displaced try half tbe geometrical irl"uge wid.th; then fror:r equation (2?)

U s^ __ Atr)rO = v-
'o

and

The eesol^rtlcn factor Do, ls tben, the reciprocal of the f.ractional
nromcrttun cirange requirerl tc clisplaee -uile 1r,rrti,cle trajectory by half
the geonetrical imag+ w:lltb in th.r inage lrlaner fiLrltiplied by tb.e

scurc+ witti: "o in unite of r .

The dispersLon, resolut,j-on .factrrn, antl lrnage magnlfication
can be expeessetl directly in ternrs of the geomeirtcal parameters

associ,ated with the :rnalyzing rnagnet (eppen,Ji-x 4t lilote l).

v

li
UI

u

l.f s
o

-i-c
t^ t
| 'tJo \ .sl-l o

\ ap'/

Do = yo(sinH+

D = y (stnH+

tan Eo (t cos H )) + 1 - co6 II

tan 5 (t - cos H)) + 1 - cos iI

antl the t-nege rnagnlflcation lI is giveu by 1f/no).

The onLy assumption rnelcle Ln'tlre rlerj.va.tton of the above equations

(appen,ltx 4t note 3) 1r: that'bhe con,liticn for angtrlar focussing irr ibe

horlzotrtal ^nlane 
(i.". p{l = 1) le satisfied. The val-rres obtained for

D^r D and i[ are rtteasurerl in tt:e horlzontal Lme.g,e plane of the analyzer
o
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and applyr not only ^r,o the case o I clorrbl e f ocussingl but to any

medten plane Focus;otndi in a uniforrn sector-magnetic fie1r1,

Both Do and D increase wlth H.

S^ and $, the total energy sprearl in the
o

deoreases for increasing valuee of H.

discusslon on the choice oi H (r*"tion

For the particular value of H =

(fe1 become respectively

For lrarticular values of
analyzed ion beam therefore

Thi.s result is used in the

2,?-,1 .4) ,

90o , equati ons ( lf ) antl

and

Do ' yo (t

D ! y (t

uo)+1

a) +1

( lr)
(381

2.2,'1 .6, TIIE CHOICE OF THE FCCUS$ING PARAITETEBS:

Tbe deslgn of an analyzer ts goverrle,l by many, often
confllctlng constderatlons ancl no general conclusLons can be reached

wbf.eh are vsLid under sIl condLtions and for all erperlnental
requlremeats. For tbis reason it is considared ad,vantageoue to uoe

adjustable semJ.circular blocks (see section 2.2.2.1) at the pointe of
exl t and entrance o'fl the beam at the pole boundartes, so that Eo and

E can be altered to euit a particular experiment wlthout involvtng
najor reconstruction of the rnagnet. Adjustable eleroants also enable

flne ad.justments to be rnade to tbe focussing shouLd they prove nocessary.

The range over whtch Eo and E can he varied in thls wayr without causlng

appreciable distortion of the magnetlc fleld, i,s limited. Tlre values

of E^ and E correspondlng to the fie&n posltion of the adjustable alementst
o

sboul':L be the values glving tbe rnoet suttable analyaer performanoe

characterlstics for general rs€.

The following considerati ons ars regarded as especlally

important tn tbe design of the present anaLyzer.
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(t) If the object slit is fu11y iLlumlnated. by the incomtng ton
bearn it can be shown u.eln€; equati on (27) that the lntenelty
in the analysed. beam ig proportional to the obJect and lmage

sltt wldths and inversely proportional to the dispereion D.

For a given total aLlowable energy epread in the analyaed lon
beam, tha naxinnun intensity occurs when 

"o 
and I are chosen such

tbat ( eo/oo) = ( s / n) Es (*a 
"). 

(nnis crlterla follows
from eguation (fZ; i A r is measured in units of r) lt thls

o
maxtmum ("o t/D) - t Do (a")', showing tbat for blgh

intenslty botb Do and. r (because for a given momentun spread.

A r lncreasee with r) , should be made as large &s poeeibl.e.

(e)

(3)

(+)

(r)

The lmage ma6niftcatlon M ghould be unity or less ln order

that sufflclant lon current denslty can be dellvcred onto a

target placecl af ter the lmage slIt .

An analyzer having a hlgh dieperslon D ie advantageouEr for
ihen aqy change ln the bean energy prod.uces a large lateral
dlsplacament of the ion beam and. conssquently a l.arge energy
I errorr slgnal to operate the stablllzatl.on syetem.

The enelgJr spread in the analyzed l-on bearn sbould be smal"lt

and hence Do and D large.

The proftle of the emergent lon beam at a potnt follow'ing the

analyzer lnage sLit, should, not be appreclably dletortad by

s).tgbt departuree from the corrsct obJect distance caueed by

incorrect focussing of the accelerator.

From esuatlon (3?) and (lA; it can be seen that Do and D

increaee with lncreaglng valuee of Xo and y respectively' As tbe

objoct dtstanc" Jo Lncreaees tbe double focussing image distance

yd decresses (ttgura 5). For moet applicatlons tt is equally

Lmportant, from the polnt of vi.ew of analyaer performance r that both

Do and D (and hence yo anct yU) are large, and for this reason a

configuration tn whlcg Jo and yU are equal is chosen. Thlg occurg

for tha doublc focusetng parameters
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F'or this
conflguration,

Ez

= 260],4r ( i .8. tan

= 4,

E
o

so

E
o

sYd

sE

D = D
o

M 4 1,

E' +)

and. the total energy spread in the analyzad bean is given by,

Ag=
Ir

o

"o+s
- (lg)

where 9o and s are measured in untts of r. Thig conflguratlon givee
the highest energy resoLution (lowast fractional spread. in energy) for
double focuselng arrangement satlsfylng the above reguirements.

. The d.ependence of the emergent ion beam proflle (see polnt (:)
above) on the obJact dletance can be deduced. frorn figure (7). Here

the verticaL focusslng lnage distance Xv, and the horizontal focusslng
lmage dlstance y have been plotted separately as a function of tbe
object dlstanc. yo. In addition to the cbosen eonfiguration ( t"tt Eo

tan E = *), a second d.ouble focussing conflguratlon (tan Uo - *i
tan E = 0.5; whlch gC.ves double focusslng for yo = 1) le ghorn for
comparlson. [he dlfference (f - V,r) provides a measure of the lnage

dlstortion that will occur ' t Xo devlates froo the double focusstr:g
val"ue . It can be sesn that , for the cbosen conf iguration tbe curves,

y vs Xo r and yv vB yo run cloee together over a wLde range of
yo, while for the second. conf iguratl,on appreciabl e d.lstortion of the

beam profi}e will occur if yo d.elnrts -slgniflcantly from the double

focussing vaIue. (Braans anc Snltb26 bave utiLized tbe closensss

of the horlzontal and vertical focusslng cu.rves given by the flret
configuration in an analyaer congtnrcted rithout rotatlng elements.

These workers tolerate the astigmatism prod.ucad. for values of Xo

dtffering fron tbe d.ouble focuselng value, and use a range of values

ot' Io and y. ) I more detailed analysie confLrms that the cbosen

conftguration is the only practical doubLe focusslng conflguration
havlng this advantage.
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An ad.ditlonal attractive feature of uslng values of Eo and E

ln thls range is that only snall changes ln Eo and E are required to
give double focuosing configurations (figure 5) havlng a markedly

lncreased dlspersion. These higher magniflcatlon focussing conflgura-
tione are of special lnterest wben an energy stabilized ion beam of
l ow i on current d.ensl ty I e requl r ed. .

2.2.1.7. THE CHOfCE 0F r. THE RADIUS CF CIJRVAfURE

A particle of mass m and charge e, accelerated thror.rgh a

potentlal difference I[, has a ktnetic snargy glven by,

t2f n"; = eT

rvhere vo le the particle velocity (restricted in this dlgcueslon to
rorFrelativistic velOcities). The trajectory of such a charged.

particle, moving in a uniforn oagnetic field, has a radius of
curvature r, such that the centrifirgal force ^"!/" ls just
balanced by the centrlpetal f orce 

" 
(Io r !) ( equatlon 1 ,

section 2.2.1 ,1) 'due to its motlon in tb,e na€netic field.. F'or

particle d.eflection in a unLform rnagnetlc field of flrrx d.enstty

B (normal to r) one obtains

In this work the analyzer ls required to bend a beam of
havlng an energy of l0O kev, and having a charge to mass ratio
$ electronlc charges per nucleon, ( *.6. D+ o" frr" 

++ ions) .

ions have a nomentwn of approxlmately,

Br a tto
1-(T) " (+01

ions
of
Such

Br - 145 kilogauss-crn. (at )

Mechanlcal consideratlons such as'econoqy of nagnet iron and

co|I wlre, compactness, the provision of adequate nechanlcal supportt

and ease of aligntng tbe bearn tube components, all require that r
sbould be snaLl. However, the intensity of the anal.yzed lon bea!0

(see sectlon 2,2.1 .6), and tbe energy resolution capabilitles of the

analyzer increase for hlgher vaLues of r. F\rthermore as the actuaL

obJect and. image d.lstances are Xot and y.r respectively, larger values
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of, r all,on nore roon in wbich to placa measuri.n€i and vacuun equlpnent
between the lnage and obJect s1lt boxes and the magaet.

fn this rork a compromise is reached. by making r only Just
sufficlentl.y large to obtaln the desired energy resolution witb obJect
and fuoage gllt wldths of apBroxlmately 1 Eo. Tentatl,ve nagnet d.eslgne
ghowed. that a value of r 3 200 nm was acceptable from all polnte
of vtew and enabled. edvantage to be taken of the naximtrm perneabllity
of the iron ln the magnet yoke (see sectlon 2.2.2.1). The total
fractionaL energy spread. ln tbe analysed lon bea,m for thls valua of
r is 5 parts per 10OO per nm s1lt ridtb (assrrnlng so = s).
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2 .2.2. THE ImCHANTCAI, AIID E[,EctrnrcAt DESIG]I oF TEE At{ArrZINc

l[A0NEtI At[D ASSOCI+,TED EQUIruET\IfI

?.2.2.1 fEE AI{IIJYZIilC }.[AGNE'I:

A nagnetlc fieLd. strength of ?1500 gauss* glvee a value of
200 mn for the radius of curvature of a !00 kev D+ ion (equatlon 41).
There is some advantage however ln being able to attain a fleld

I "trength of 9rOO0 gaussr Be this then allowe 9Oo deflection of n! lone,
over the nonlnaL energy ran$s of tbe aecelerator (O to 4OO kev).
The uragnet speeif,lcations are, theno

( t ) An angl. e of defl e.ctiorr of 90o I n the bor Lzcsrfi,e! pl ane .

(Z) A radius of eurvature of 200 mr lrr tbe unlforn field raglon

(3) A d.istance of 40 cm between th,e ma6netlc field. boundaries
and the object a,nd iura6e slitrr.

( +) An angl e of 26o 34 | betweerr the normal s to the po1e,

boundarles, and tbe lon lream dlrectiorr at the polnt of
entrance and exit to tbe magnetl.c fiel C region, iogetb.er
vtith the provJ.sion of acljustable meehanical elemente at
tb.ese poirrts to enable snall changes lr, these angles to be

&ade.

(:) A maxinrum field", in the uniform field region of 91000 gauss

(0.9 webers/motr*2) I and

(5) A uecbatrical support that alJ ou"s tbe heavy rragnet to be

positloned with sufficient accurecy to enable the cafculated
foeussLng properties to be fu1Iy reallsed ir: practlce.

* Footnote Altpgugh rationali sed ml<s units are enrplc,yed ln th,is rork,
the cgs)'l (o" mors trrroperly ea,u) units of ma,grretic fltx
density (gauss) and nragnetisirrg force (oerstad) are used
here for consisterrcy with tbe establislied l.iterature on
tbis subject.
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The shepe of the yoke and pole piecee of ths ma6net are
sborrl ln flgrrre (8). fhe two coLls used. to exclte the magnetlc

fteld ln the ma6net pole Bags are xould dlreotl,y onto the nagnet
pole pleces. This resulte in consid.erably J.eee nagnetlc flux
rleakager, than if the colls aro ronnd onto the yoke.

fn view of the unavallabll.lty of h{gh grad.e nagnet Lron
( such as Armco or S;ed.Isb lron) the magnetlc properties of a
Loca11y avallable low carbon, brlght nlld, gteel plate, r€re
lnveEtlgated.. A ballistlc method., degcrlbed for example by

R1Bates/"r was uged.. Approrimately 500 turne of cotton ln$rlated.
copper rlre rere round onto a toroldal eteel eauple havlng a onrEs-
sectional area of epproxlnately 222 w?. The magnetlc flur lnducad,

ln the sanple for a glven cunent ln thls prlnery rinding, vis found.

by using a balllstlc galnanoneter to neasure, the cbarge florlng ln a
secondary rlndlng wben the current ln the prlnary clrcuit ras euddenly

q1
Lnterrupledr'. The nagnetlc fteld intensltyE, was calculeted. fron
the bnorn prlnary current, and the nagnetlc flur denel.ty B, fron the
obeerved gelvanoneter d.eflection.

The virgln B - H curve l drara fron d,eta found. ln thls raJrt

ls ghorn ln flgure (g). Tbe insert ln thle flgrue ghors the d,epend.eace

of the nagnetlc perneablltty of the steel r oB the na6netlc flrrx d.enslty,

B. Although the hlsh na6netlc per-aeablllty and. eaturatlon flur
deaetty (,nZlrOOO gause) of thie steel nalce tt eultable for uae ln the

constructlon of the magnet yoke and. pole pieceg, the hlgh retentlvlty
le a dieadvantage.

[hls steel is conmercigUy available ln the form of tro Lnch

thlck plete. A eecond. ad.vantage then, of the yoke ahape shonc ln
flgure (8) ovor ths alternativs boreeghoe yoke, le tbat it enablee a

suffic.lent crogg-sectionel ar6a of steel to be obtsined ln the yoke

rlthout the need, for faclng tro plates together to forn a doubla

thLcknegs. The need for large area proclelon grlndlng ls then obvlated.
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The nrrmber of anpero - turns requLred ln the nagnet cotls ln
ord.er to acbl.eve a gLvea flur d,enatty ln tbe polE gapr cen be oelculeted
by regard.lng the croged path ABCDEFA as a nagnetic circult54r5$ .
fn tLta uethod. conpltcated coneld,srations of seLf-denagnetleatlon Ln the
lron yoke are avoid.ed by aocountln6 for the magnetlc f leakagef flrrr
through the us€ of enpirical ruleg.

fhe anslogy betreen a magaetic and a d.c Electrlcal clrcrrt t
oay be egtabltshed by consld.erl.ag a cyllndrlcal nagnetlc eanple ot
cDoBs-sectional aroe lr lengtb I, and nagnetlc peroeablltty 1r.

The nagnetlc fLur denelty B, rlthln guch e na6netlc I conductorr lg
related. to the nagnettc fleld lntenslty E, by the cquatloa E r lr g.
fhis equatlon hee the sane foln as thE equation linklng the cunent
d.enslty J and the electrlcel flEld strength E, rithin aa electrlaal
conductor of conductlvlty gt nanely g r g -8. In tbe dc eleotrloal
case the surrcnt 1g conftned to the hlgh oonduotlvlty conpoa€nts forrlng
the electrlcal cltcult; ln the mgtretlc cage the flur ls confLned to
the na8netlo circuit provld.ed the m4gnetlc perneabtllty rlthln the
circult lg hlsh conllared rith tbat of the eurrounding ned.La.

I(lrchoffg ler of ctrrrents at e polut in an eleetrloal clrcult ls bascd

on the cons€rvatlon of eleotrLccl. cba,rge. The slul.lar let for nagnetl.c

t\tx fr, ls based on the conseryatlon of nagnstlc flrrr llnee. By

analogy, the folloving nagnetic quentltlee nay be d.eflned,.

The nagnetonotlve force (rrf) actlrg along the lerUth of e
nrgnetlc conductor le the llne lntegral f t. * evaluated. for a ptb{--
takcn along the conductor lerrgth (Juet as tbe atrf lE tbe ll,ne lntegral
of E). llbe reluctance of a nagnetlc conduotor cen be rrlttEn ln terng
of lll Ir and. A by .nelogy tith the €rpresslon glvlng the d,c

electrl.cel reslstsnce 1n terne of gt I, and. A, nanely

(+t 1

The nagnetlc flrrr / ffodne through a nagnetlc conductor 1g the

uagnetouotive force aeross the length of the conductor dlvtdcd by the

reluctance, (ef. Oh'ns lrer)

B
m L

xA
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lfiagnetio clrcults can then be analyzed. in a slnllar ray to
electrlcal cirsults. lllro inportant dlfferences arlse, hotever.
Rlrstly the nagnetlc perueablll.ty ts, in general, d.epend.ent on E,

and eecondly the ratlo of the pernEebllltles ln l.ron aad. aLr ie
congtderably less than the ratio of the electrlcal conductlvltles
tn copper and, eLr. In practl.ce thie Eesna that the na6nettc flrrr
le not conflned entlrely to the Lron parts of tha magnetlc clrcul.t
end allorances ruet be nade for flux rleekager fron the nagnetlc
cl,rcult.

The reluctauce of the nagnetlc clrcuit A3CDEAA, (ffguxe S)

can be calculated. ust ng equatlon (+t 1 . The seotlon of tbe yoke

leballed CDEF 1g ln parall.e1 rlth the siullar sectlon of yoke Ln

the other BrBr fhe totrl reluctance of thls paralle1 conblnatlon
ls glven by

(+z)

rhcra yr z1 and Lo are ehorn in figrrre (8), and. 1r is the averrge
permeablllty of the lron in tbe yoke (tUe value of p d.epend.s on

tbe na4netlc flur clenslty ln tbe yoke and therefore dtffere frm
the value of the perueablllty of the lroa ln the nagnet pole pleces.)
llhe reluctence of the pole Bl.eceg ls glven approrlnately by

b.
FT,p-
noan permeeblltty

of the aLr gap la
d

Artp- o

R (yoke) r *(fr .#)

P

rhere ,ut 1g the

Ibe reLuctance

n-g

rhere lro 1g

reluctance Ln

of the iron ln tbe pole plecea.

enpty spece.

(+r)

(++)

The total

(+r)

tbe perneeblllty assoclated rlth
tbe nagnetlc clrcult ie then

r B(yoke) * Bp * B*

The oontrlbutlon to the totel relucteace, of tbe lron pa,rts

of the uagnetl,c clrcuit, d.epend,e on tbe peroeablLlty of the Lron and

therefore on tbe oagnetlc flrrr density 1n the lron. 0n subgtltutlng
typlcar val.ues of the perneabtrtty lnto equatione (+z) - (++) lt cgn
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be sesn that the total reluctance of the oa6aetlc clrcul.t is due,

alnost entlrely, to the reluctance of the alr gap (approrlnately 95fi).
[he number of ampere-turns requtred, to produce a fle].d of O.! vlebere/az,
ln the uaguet poIE gaB can therefore be oaloulated, tith sufficient
eccuracy for prellnl.nary deelgn tork, lf the contrlbution nad.E by the
poLe pleces and. yoke to the total magnetlc reluctance, lg neglected.

The nagnetonotLve force around. the path ABCDET le by tnpitree
CLrcuital lrer equal- to the nrrnber of 8nper€-tr.uns ln tbe colls. From

the analogy estsbllshed abovel tbe nagneto-notlve foree also equals the
ne6aetlc flur rlthln tbe nagnetlc clrcultl rnrlttpllect by the total
reluctance of the circult. If Ap ls the area of the Bole gap then the
flnx required. to Broduce a flerd of 0.9 iwa/nz) in tbe gap le 0.9 l-
(rhere { le In squere netree) . 

P

\p
To this flur mrgt be ad.ded. ths magnetlc flrrx tba,t b54neeee

the alr gaP and. argr negnetlc flux that hae not kept to the Lron clrcult
(tor eranple tbat ln the cotla). These ed.dlttonel nagnetic flures
are proportional ln tbe flrst ordEr, to the fleld ln the pole gpp and

can be allored. for enpLrically by nultfplylng the horn flur ln tbe gap

by the factor k. The total flur lg then 0.9 A k and, the nunber ot
P

anBsre-turne (ff) requlred is

trf - 0.9 Ap.k
ap ro

_1r 0.9 td/ rro (rhere Fo ls 4i - lo-r hemys/netre
where k d.epend,e on the d.etalls of the geouetrlcaL conflguratlon af
the nagnetr d le the gap vldth betrcen the pole pieces J.n metreo,

and lI ls the total nunber of ttrrae ln the collg. lbe number of
BtDB€te-turne te ln tbe flrst ord.er tud,epend.ent of the pole face arol
A- . A second. ord.er depend.ence doee arlee borever due to thep
verlatlon of k rlth the val.ue of the ratlo Lp/d.

Consld.eratLon of the trajectorles of partlcleE Ln the vertical
plane of the uagnet (2.2.1.6.), together rlth an €taseesent of the

nerlmrn llkely croBB-Bectlonal area of the bean from the accelEratorl
indlcates tbat the vertLcal aperture at the entrance to the nagnetlc fleld
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ehould be et lcagt 10 nu. In practlce thls la dcternlned by thc
vertlcel lnteraal dlncuslon of the evacuated bcan tubc, st the
polnt of entrence to the negnetlc fleld. 0n allor{ng a further
, nn for the thlchoegr of the ;alls of thle bean tubc, end

requirlng 0.1 nm clearance betreen the beeu tube and each polc fa6e,
a total negaet polc gpp helght d,, of et least 16 u le requlred
and the nunber of 8op€r6-ttrrne needed ta

m r 11r45O k

Before the nunber of trrrns f,r in tbe na6net colls cen be

valuee nrst be arrlved at for the naguet colI current I,
uagnetlc flur leakage factor k.

llegaet ooll cunent:

(+e1

celculated
end for the

Fron the polut of vLer of coll constructLon tt 1g ln generel

eegLer to achl,eve a given number of 8&poro-trrrns by dndtng 8 snrl1
nnnber of turns of a hcavy gaug6 conductor, thrn e large nrrnber of
turne of e llght gatrge conductor, especlelly tf the coll. forner te
large. Tria1 calculatlone uelng the enBl,rLoal rtndlng dencnelons

glven ln copper rl.re tab1ee55t57, shor thst for a gc.ven ntrnber of
erpere turns, colle coataLnLng a snell number of turae of r hcevy

gaugs rlre are tsors conpact. llhe dlfftculty of deslgu entl

congtnrotlon (entl hence prtce) of hlshty regul.ated, cunent suppllca

lncreaeeg rltb the cunent supplled. A ctrrrent of 10 anpc rrr
d,eclded on aE the beet oonpronlge betreen coll elge on the oue brnd

and d,lffloultleg ln porer eupply requlrements on tb,e other.

lhc namet polc pleoe profilc:

ln eetinete of k ney bc ugde only rben l- (anA hence the
B

pole piece proflle) ft horn. |Io ensure comEct focugel,Dg ln
tgrsetrent rtth celculatlone, the uagnetlc fleld ln the regf.on of

the patb of the Lon beau nust be unlfoln. [he area of the pola

frcee ghould tberefore/b8ry nrch greater tban the gap ridth aqurred

(1." . Lg=7 d\54. .|,n alternetJ.ve, end oore ueefirl crlterle ln
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practlcer is that the perpendlcular dlstance betreen the prth of the lon
bean and. the edge of thE pole face should. be J.arger than the pole gaB

rtdth by a ratlo of at leest three tlneg55.

A pole proflle coneistent wlth thle crlterle ls ehorn Ln

flgure ( tO; and ras obtalned. ln the folloring xayo The radlus of
cunreture of the Lon paths ln the unlforn fleld reglon ls 2OO rn and.

the angle of deflection ls t/Z rad,:lans. llhe pth of the neen partlcle
lD tbe unlforn ftald region can therefore be drarn (eee for eranplc

flgure 3(e)). Ag Eo and E (and hence the lncllratlonsd the na6aetlc
fleld bound.arleg to the mean partlole path) are hornl the linee
corrospondtng to the nagnetlc flcld boundarlgs can be congtrtrcted et
V and. f,, rhere the arc VT subtende an angle of t/Z at the centre of
currretura of the lon peth.

In practLce the nagnetlc fle1d does not drop lnnediately to
zero at the pole botrndary but ertends BoEe dlstance beyond lt. The

integrated effect of thls non-unLforn frtngtDg fleld. on tbe partlcle
traJectorLas, can be accounted for ln the nagnet d.esign by regardlng

the unlform fleld regton as dropptng euddenly to z610 at an f effectl.vef

magnetlc fleld borrndary located. soEe distance beyond tbe recl pole

bonndary. It hag becone usual to essu.us tbst the eeparatlon betteeD

the real pole boundary and the effectlve nagnetlc boundary ie one pole

gap rlal lb26 ,-5O althorrgh theoretlcal *trr""51 b"s"d on the aestnptlon of
pole pleces of lnflntte perneabiltty, suggest tbst the aelnratLon nay

ln fact be somerhat larger than thls. ThLs queetion 1g dLeaussed,

further in Chapter (:). llhe precise rralue teken for the eeparatlon

d.oes not have a crltlcal effect on the nagaet desl.gR. Tbe snall
lateral clleplacement and. chenge ln nagnlficatlon of the lnage that

reeult fron any d,isorepancy between the real and deelgn velues of the

selnratLon, nay be cmpensated for by noving the nagnet through a

snall distance along the llns bisectlng the angle betveen the reel
pole borrnd.arlee, (tUe llne r r E, in figrrre 10) . For thts relsoa

tbe real pole gap boundary ls slnply taken for the purposes of
calculation, as one pole gap fldth Lnslde and parallel tor the

effectlve nagnetlc flelcl boundarT.
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The longltud.lnel pola borrnd.aries may be sny couvenlent shape,

the only requireuont belng that the bound.ary nowhere approaches cl.oser

then three gap rldthe to the mean path trajectory. Pole boundarles

oad.e up of strrlght 1lne sections are used. for eaee of nachlnlng rith
the rorkshop faclllttes avellable. As the pole ptece proflle algo

deternlnes the shape of tbe coll foroer, acute angles ln the pole

proflle are renoved. by the add.itlon of non {ssnetlc cyllndrlcal
sectlons rhlch serve both as busbes for ths rotatlng cyllnd.ere placed

at the polnts of artt and entrance, and as nechanical eupports for
tbe coll forners. lhe resultlng profile then g:lves a sultable shspe

on vhlch to wind. haavy gauge coppar rlre.

The value of k obtaLned uelng a velue of An found fron a

scale d.rarlng of the pole profller and enplrtcal forutrlae glven by

rrteou55 and l[er]..oa"55t ls 1.35. ThLe oorr€spond.e to a flgure of
26 tot the nagnetic flur b5pessing the pole gap and. Efi for the flux
l.oet in tbe coil rindings. A conparlgon nade betveen the observed

nagnetlc fiElil etrength ln the gap of a 4n electronngnet ln thl.s
hboretoryr and the fleld strength calculated fron the l<rromr anpero-

turns, lndlcates thst the eafety factor lncorporated ln the above

Lea,lcage flur allowances is probably erceggLve.

The na,glret colle:

0n puttlng k . 1.35, I ' 10 8eps, and ralrlng allotance foc
the finlte reluctance of the nagnet iron, equatlon Qq ghors that a

totaL nunber of 11800 turns 1111 be requLred ln the collg. A total
coll registance of 10 ohms or legg offers some advantages, es the

prl.ce of 10 anp regulated. power eupplies lncreagEs rapldly ae the

voltage requlred rises above 1OO volts, AIso, Ln the event of the

reguler nagnet power supply failtng, the currsnt requlrenents of

the nagnet could. be net uelng a 100 vo1t, 10 amp powsr supply alreedy

ln thle laboratorfr

In practlce a wlde range of rire d,ianetars and. rlnd.lng

technlques can be uged. to conetruct a coil neeting a gtven set of

speclficatione. For erample the problen of JouLe (f' n) beatlng

produoed. tn tbe coils can bo oversome ln two aLternatlve tratrra.
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A beavy gauge conductor bavlng a high current ratlng (i.e, a lor
resistanca psr unit length) can be used. Sucb a conductor hss, in
relatlon to the heat produced by the cunent per unlt length, a high
tbernal capaclty and. htgh heat conductlvtty per untt length. Heat

generatad. rith ln the colls ls, ln thts case, repld.ly conducted to
the large erear ertarior surface of tbe coll and g{,v€n up to the
surroundlngs. Alternatlvel5rr a llght geuga conductor of lorer cument
ratlng can be uged. and. ths rsts of beat loes fron the interl.or of the
coll tncreased by coollng the outeide surface of tbe coil. This
eecond method. ls chogen for tno reasona. Firstly, for a given nunber

of turnsr smallar dlaneter vire ls easLer to rlnd "nd.r eecond.ly, the
regulttng coll le rnore conpact.

In thls caso the coll forner ssrvss as e nechanical aupport

on which to rlnd the collr BB a rater cooled beat eink, and. ag a
thermal ghlel.d placed. between the colls and. the nagnet yoke and pola
pJ.eces. [hls letter functlon ig lnportant from the polnt of vler of
the gtablltty of tbe na6aetlc fleld ln the pola gap (eee for erenple

section 2.?.2.2.').

The coll rlndlrrg vlnd,or ( of crosB-seGtional area bh) sborn

in fignre 8 nuet be large enough to contaLn both the coll end the
coll forner. The coll formers, ehorn ln figure 11, are nade of
1/8 lnch copper pl.ete folded lnto a U sectlon. Pertlally flettened
t/+ lnch copper plpee, eoft soldered to the outglde faceg provlde
rater cooll,ng of the rhole former. Tbe eides of the ooLl :'fdruor:'ahd

cooltng tubee occupy l/q of an lnch of the avallabLe rind.tng rtnd.or
hetght h. It lg convenlent to nake the pole plecee fron tro thicknoaaoc

of 2 lnch steel plete. The dl.nenston h le then 4 lnchee and the

lnterior rldth of the coil forner $ inchea,

For a coil round. in thls vBJ'r tbe heat produced. ln the colI
rind.lngs (^,1 ktloratt) at the narlmum crrment of 10 amps ls eetlnated
to cause a nsxluum temperature rlse in the coil lnterior of not Eors

then 1OOoC. (see for erauple ref. 55 and Jl). The coefflclent of

Lncrease of reetetancs vl.th temperature for coppor le 0.0028 and bence

the restgtance of the coils at roon teuperatrrre (n le OC) ehould. not
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erceed ?.8 ohmer if the col1 resletance at the maxtnun crlrrcnt
le not to erceed. 10 ohms. A trlel and correcfi.on nsthod. of
calculatlon ustng coil. wind.irrg drta glven in ref . j7 lnd,icatee
tbst the smallest d.iaueter vire that can be used rithout
erceedLng 7.8 0hns total reelatance, ls 12 gauge, (rrttteu
s.w.0 nunber) d.ouble cotton covered. copprr cond,uctor.

Thle rlre can be round. at 80 trrrns per square lnch of
coll crots-gectloa. A eoil of 900 turns 1111 then heve a total
cross seotlon of 11.25 Equars lncheg and the depth of a coll of
rldth 3.25 lnchee rill be 3.45 l"nches. The everegs turn lg
a d'lstance of 1.855 lnchee (tUfe figure lnclud.eg the thlchreag
of the coll forner plus ba^lf the rlndlng d.epth of the coll)
out fron the pol.e plece. a gcale d.rarlng baeed on tbe pole
proftle of flgure (to) glvee the Length of the nean tum as

3.835 feet. A total of 18oo trrrns of 12 gauge rLre (t.OtB obme

por 10OO feet) ;ould. therefore ha.ve a total resletance of |.Aj obns.

lDhe d'l.etance betreen the pole piaces and the yoke ot
the ua8net (tne d.lstance b in flgrrre (8)) has been nade e1ghtly
greater thrn that nec€ssary to just accotrnode'te the coll aad

coll former. ThLe ritl. rllor tbe current carryl,ng crpabllttlee
of the collg to be Lncreaeed to about 15 anps (should. thtg prove
neces88ry J.n eotre future eppllcatlon) by elnply tnsertlng 0.1 @
shln copper foll betteen euccegeive layers of the rind.lrgs (aee

flgure 11).

llhe nagnet yoke end pole pieces:

The constructionol dEtalls of the flnal na6net deslgn
are shora ln flgures (tt) a,nd (lz). For tbe sake of clarlty
only tbe maln features and Lnportant dtoengloae aro ghorn.
(tue brass sl!8c€rs sbovn ln tbe nagnet pole gap are to prevent
any flerlng movenents of tbe nagnet yoke under the nagnetle
force of attraction betreen the megnet pole pteces).

Flgures (tO), (lZ) and, (13) sbor d.etalle of the rotatlng
pole sectlons located et the polnts of entrance aad erit of tbe

ton beatr to the pole gap. These oyl.indere, nad,e of half stecl end
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balf braes flgure ( t l) r are Bachl.ned aE a cLoge flt ln cyltndrlcel
holeE in the pole piecesr errd. can be rotated, by neans of the
eteeL ehaft paeslng up througb the oa6net yoke. llhe engles
(Bo and E) at thlch the rotatlng pole seotlons are get caa be
d'lrectly read. on Eceles nounted oa the outer gurfacEe of the
na,,gnet yoke. a settlng of 260 34t comosponds to the gteel-
brass lntarfece of the rotatlng cyllnd.era lyfng elong the pole
boundary (tne posttlon shorn lu flgure 12) rlth the braes sect!.oa
faclng outermogt. Thts re the settlng usnarly used..

The flur d,enslty in the yoke le cquel to the total flur
tn tbe ua8netlc clrcult d.tvld.ed. by the croBa-B€ctl.onel jrrlr, of
the yoke (:og coz) . For the hlgbest norral flrrr d.enslty in tbe
nagnet gap (?r5oo gruss), the frur denslty ln the porc Bleces
,o(lr, . 413 cts') rttl therEfore bs l0rl0o gauss and tbe flur d.ensltyP
Ln the yoker 131500 gausg. The permeebllity of thellon rt thege
frur deneltlee le fron figure (g), 14ro gausafoergtcd, and ll50
gause/oereted. respectively. Equations (+f), (++) end. (q>) ehor
thet the lron parts of tbe naguetic alrcuit contrlbute only j.4
to the totrl nrguetlc reluctance of the clrcult for tbe highest
fteld. normally requlrecl in the gap. The narlmrn p,ermerblltty
(leeEt reluctance) of the magnet lron ie tbue utlltged. rhen nost
need.ed.; ln attalatng the highest fLur denglties ln tbe gap.

Tbe percentage contrlbutlon of the uaguet lron to the
totel nngnetlc reluctance, Lncreaseg as the flur denelty ln the
gsp ( and hence the petneabtlity of the naguet lron) d.ecreageg.
This causes e sllght d.evlatlon fron e lLnear relatlon betrcen the
flur denstty ln tbe gap and, the excltlng cunent througb the naguet
coLl.s.

The ns*aet supports

Rlgures 1t+) and (15) ghor the nain features of thr
uechsnl.cal support for the 850 Lb. rt. na6aet . llhls support
enebles translatlonal novement of the negaet ln t;o horl,sontrl
dlrectlons et right angles, together ylth a rotatlonel movsuant

about a vertical erlg. ldJustuent of the four acrerJaaks at the
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four cornerg of the stand on which the
plate 1 ) allovs translatlonal movenent

vertlcal dlrection and Borne rotational
renalning horlzontal aros.

nagnet support ette ( see

of tbe na6net in tbe

ad.Juatnent about the tro

Ths sl.tdtng lnterfacss betreen tha platee of the magnet

eupport are precleton machined and are provlded rlth nachlned o11

grooves along the tro lnch slde boarlng surfaces at eech sdge of
the pl.ates. 0i1 can be forced under preasure tnto these gtooves

through otL nlpples mounted on the upper glde of each p1ate.

Ilorizontal translational movementg of the magnetr 88

emall as one thousand.th of an lnch, can be nade whlle rotationaL
adjustrents of a few nLnutee of arc are possLble. Rotatlong of
the nagnet of up to 35Oo are poeslble about a vsrtlcal arlc.
(for the sake of clarity the full 35Oo of tbreaat on the rotattonal
plate ls not eborn ln flgure 15). This allows the nagnet support
gtand. to be convenl.ently orlented rith respect to the uagnet,

2.2.2,2. FACIORS ATEEUIII{O TflE SIASILITT OF TEE UAGSETIC FIELD

Any lnetabtltty ln the current supplled to the nagnet

results tn an lnstablllty tn the energT of the partlcle bean

lnsalng through the magnetlc analyaer. Dlfferenttetlon of equatLon

(+01 shoss tbst the fractlonal change ln the selected partlole
energy ts trlce the fractlonal change ln the magnetlc flux denelty
in the nagnet gap. The nagpetlc flur denelty ln the magnet gap

beare an alnost (2.2.2.1) Unear reLatlon to the crrrrent ln the

ercltirrg colls. To achleve an energy etablli.ty of I part ln 103,

the nagnet power eupply nust therefore have a current stablllty of
better than ) parts in 104.

A flrlly transistorlsed, cornerclally avallable*cunent

eupply neetlng thie requireneat has been purchaeed ualng nonetary

aEslstance fron tbe Ser Zealaud Univerelty Grants ComLttee.

The stablllty la thc ra,nge

Alpha Sclentlflc Supp).iee inc., Berkeley, Californla
lfiod.el AI ioo - iOA.
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2 to 8 anpg. le nonlnally 1 part ln 1& end. better then 1 part ln,
10't over tbe entlre cunent rangs (continuouely variable fron
o to 10 a,nps in tbe cunent mode, and, fron 0 to 1oo volt ln the
voltege node) for 16 changee ln elther load reelstence or nalns
supply voltage. To aohleve the quoted stabilltteg et cunente
above I enps tt ls neceeeary to allor the collg to rarm up for
a short tlne Eo that subsequent changee in coll reslstence caueed.

by lncreesJ.ng coll tenperature do not erceed 16.
.[ny change ln the tenperature of the nagnet steel

reeults ln a ahange of approrlnately lO gauss p€r oersted per
d.egree centigrede ln the nagnetic permeabiltty of the nagaet 

"te"t?8The reeulttng change ln the reluctance of the nagnetic circult can
be carculated usr4g equatlons (al) (++) and (+r). fhls calcuratlon
shows that the nagnetLc field etrength ln the pole gap Lncreaees by
approrinately 3 parts ln 104 Ber d.egree centlgrad.e rlse la the
tenperature of the nagnet steel. (Calculated. for a uagnetic flur
denstty of 7 $oo gauea ln the magnet Bole gap) . In ord.er to
achieve the requlred energy stabtltty of tbe analyzed. lon beam,

the tenperature of tbe nagnet yoke should be kept constant to
dtun J i oc.

2.2.?.3 APPINTTUS A,SSOCIAIED WITH lEE I[AG![ETT:

Tbe dlmenslonae and. posltion of tbe ma6net bean tube
and. object ellt box relative to the nagnet pole pleces are sbosn

ln flgure (te;. [he luage and obJect sllt boxes are e5rmetrically
placed rlth respect to the vertical plane of synmetry of the nagnet.
The maln constructional features of the inage and obJect sllt
boreg are shown ln flgrrre 1 t ? ) .

qrhe na,gnet bean t]rbel

The beam tube, 1n ad.dltlon to a 9Oo part I has an

undevlated (ot "stralgbt tbrough") posltlon (see plate 2) for hlgh bean

cunent experlments. In order to centrallse the prlnary ion bean fron
the accelarator on the I straigbt throught part, lt ie flret necessary

to renove the renanent ma6netlzation of the nagnet Lron. llhe nethod

ueed to denagnetlse the nagnet yoke ls descrlbed ln sectlon 3.1.j.
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[he beam tube is constnrcted fron folded 3/lZ lnch coppor
plate and le electricall.y insulated fron the magnet pole pleces, by

a 15/10Co lnch coatLng of alr dry varnigb. Thie enablee the lon
current strlklng the nagnet bearn tube to be measured. The lnternsl
dlaenelons have beennde as Large a6 practlcable so that the

conductenco of the bean tube for gae flor at lor pressuree ls as hlgh

as poselble. fbe conductance of the uagnet bean tube for gas

pr€ssures less than ebout one mlcron (1.". the nolecular flow reglon

of gas preszures) ls equlvalent to approrLnstely 6 fect of the 5 cE.

Lnternal dianeter cyllndrical tublng ueed. ln the constructl.on of
tbe rest of tbe accelerator bean tube. EeatfuE effeots (and the

conoequent vacuum deterioratlon caueed by the bean tube outgaselrrs)

have been reduced by rater coollng the regi.on of the bean tube

etruck by the heavier nass componente ln the lon bean. The bean

tube hae been cunred to allow the oagnetle fleld neasurlng probe

accees to the unlforn fleld reglon of the polegap.

lhe sllt boree:

Ibe obJect and lmage ellt borea are ldentlcal. Tbe

horlzontal gllt width (1.". the vldth of the aperature ln tbe

horlzontal plane Deasured at rlght angles to the bean dlrectlon)
ls deflned by the dletance betreen tro cyllndere (ffgure 1?).

Tbe vertlcal olj.s of the shaft supportirrg the cyllnder le parallel

to, but laterally dlsplaced from the exle of the cyllnder. A

rotatlon of thie sba,ft reeultg ln e borlzontal dlsplacenent of the

eccentric cy1lnder. Thls provid.es & convenl,ent nethod. of trans-
ntttlng a trenelatlonal dlspl,acement througb an O - rlug vecuun

-25ggal .

The leteral movenent o! the carriage le trangforned'

under the actl.on of radlal arms (shorn in flgure 1?) lnto a

rotational motlon of tbE cyllnder bearlng shafts. Thl'a netbod of

rotatlng tbe Ebefte ensures that the sIlt opens eynnetrically about

e centre Ltne and enables the sltt openi.ng to be nessured accurately

in terns of the al.nogt llnearly related dlstance travelled. by the

cerrlage. The total travel of the carriage ( I cn) resul'te I'n a

laterel dlaplacenent of 5 m of sach cyllnder fron the centre llne
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and I mariunru horlzontal aperture of 1 cm. lhe accuracy rlth
rbich the travel of the carrlage cen be reed ls bettar than
t I mn end hence the sllt rldth can be deternined to an accurecJr

or I 0.02 m.

The object sllt system nuet be ceBable of dleslpatlng
the heat Broduced by the ion beam etrlldng the sut deflnlng
cyllnders (approrlnately 10O rntts narlmun). Thts ie ensured by

coollng the lnelde surface of the eccentrLc cyllndere rlth ratEr
(ot cotrpressed aLr ln the case of the luage sllts) norfng doru

through the lnetde of the rotatlng ehafts. Thc eocentrlc
cyllnders and rotatlng sha^fts ar€ nade fron hear6r gauge copper

tublng to ensure ed.equate heat conductlon fron the erterlor to
interlor gutfacee. Esch pelr of eccentrlo cyllnders &rs electrl-
cally Lnsulated both fron the body of tbe sllt bor and fron erch
otber by the uge of persp€r uountlrg flanges. llhLe enables ion
current atrtklng eacb, lndlviduel gllt to be oeegured..

Ihe vacuum geals onto the rotating sbafts have proved

gatlsfactory rltbout the need for tba upper 0 -rLr8. Tbe other

vacuum geals d.o not involve noving parte and. enploy convEntlorel

rectangular O-ring grooves end nrbber O-rlnge.

The horizontal cylind.ers definlng the vertlcal eperture

of the gllt bor, ere located to one slde of the port containlng
the vertlcal cyllndere (see plate 3). fhig errengement glvee e

btgh conductance for lor pressure gae flor through tbe slLt bor
at the erpens€ of a slight d.evlatlon froo tbe correct vertical
focueslng object dLetance. The lnage astlgoatien resulting fron
thls cause can be seen to be negltglble from flgure (t).
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2.3 . TEE STASIIIZIXG SYSTET

2.3.1 . INTRODUCTIOil

I

Bepid fluotuatlonr ln the potentlal of the hlgh voltage

terulnel of tbe Vaa de Graaff genorstor arJ.Ee tbrorrgh lnhouogen€ltles

ln the eurfece propertles of the charglng belt and local coronr

*lschargesr around the ternlnel and dorn the colunn. The nagnltude

of the charge renoved fron the ternlnal by theee effects le horever,

enell r and the reeultlng voltage changee lre typlcelly leee thsn

O.1fi of the hlgb voltage tertslnal potentl ,122. Be1atlvely elor
cheugee of nuch larger nagnitude (of up to 16 of the ternlnrl
potentiel) occur aB the result of elor drlfte in the chargl.ng

condltlons of the beltr End ls tbe result of the lntegrated effect
of the rapld fluctuatlons nentloned above. AdjustnentE nade to
the accelerator gas aad bearo controls also result 1n alorr lerge

anBlltude chnnges in potentlel. It le tbe BnrBose of the

Eteblllzatlon eysten to reduce changee in the tertlnel potcntJ.al

regulting fron these cEUBoe.

Flgrrre ( t g) ls s echenrtl.c diagran of the enorgy

stablLtzation systen. llhe energy error voltage derived fron tbe

hfgb and Lor energy electrod.es deflntng the lmage ellt, l-e anBllfled

Ln a d c dlfferentlal a,npllfler ( tUe etabtll sLr:€ aupltflEr) and

applled as a correctlon voltage betreen the grtd and cathode of

the coroDe trlod,e in gerieE rlth the corona polnts. tto follorlDg

sectlons descrlbe tbe detalls of the stabtllzatlon neohrnLanr and

for contlnutty of preaentatl.on, the conetnrctlonal d.etelle and

perfornance of tbe neln couponentE fornlng the etabl1lsatlon feedbeak

Ioop. It hrs also been found convenl,ent to lnclude at thtg polnt

t Electrong accelereted. back up the eccelerator tube glve rlge to
coploua X-t&I productlon on strlklng the ternlnal hard;are.
These X-DByB- can tnttlate enall Local oorona dLschsrgee by
ionlzatlon ef the lngulatlng gas Burrountltng the htgh voltage
terninrl. lE
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a d.escrlptlon of the lnetnrnentatlon used ln tbe operatlon of

the energy stablllzed sccelerator.

2.3. 1 .2. fhe Doercy hror Sl.Fral :

Suppose the magaetlc field strengtb ln the a"alyzlttg

na6net pole gnp lE sucb thst a partLcLe of ener8y f,o passlng

througb the centre of the obJect slit le deflected through the

centre of the lnege ellt. For zero snergy spread ln the

lncldent beao and the lon current dlstrlbuted. unlfornlJr over tbe

obJect s1lt (1.". unlforn lllunlnatlon of the obJect sIlt) lt
follors fron equation (2?) sectlon (2.2.1.5.) thst the dlstributlon
of !.on current ln the lnage Blane of the analyzer le elgo unl'forn.

A plot of the ton current denslty versus dlgtance fron tbe centre

of the lnage gltt sotrld in thls case take the fors of r reotanglc

of tldth 
"o 

centred a5runetrically about the nld{l,e of the luege

EIlt.

If borever the Lon energ{es are dietrlbuted uniforoly

rithin a range of t ATr"r. of the moa4 energy for a plot of
dr vergue fuo (uelng equatlon 27) shovs that the digtrlbutlon of

the lon cugent ln the lnage plane of tbe analyzer takee tbe forn

of a tnrncated trlangle centred symetrlcally about the nldclle of

the lnage gl1t. In the speclal case rhen Af"o. / Yo . (so / Oo)

the dlstrlbution takeg the fom of 4n Leosceles triangle. Tbe

actlon of the etablllalng ampllfler is to rhol.df thlg isogceLes

triangle centred on the Lnage sllt '
For the present analyzer, the greateat intenaity for a

gf.ven total energy spread Ln the aralyzed lon beam, occurg for
egual setttnge of the obJect anct lna6e gllt rtdtbs. FLgrue tg(e)

ghore the varlatlon of the total en€rgtJr epread ln the anrl'yzed

bean es e funotLon of the sllt lldth for the cese $ r Bo.

Also ghorn on thle graBh ie the narlation of the I'ntenelty of

the analyzed lon bean rlth eor elPressad. ag e Percentage of the

lntenslty oocrrnlng for the cese "o 
I B r 5 ltnt aesuming

r:nlforo lllunlnation of the object ellt. In practlce the lon
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beae caJx noruslly be focusged lnto a Etr8ller dlameter croBe-rection
thsn 5 nm and the relatl.ve inteneitles ehonx ln flgure (tg) are
conseFvative. The d.Lstance nroved tn the lna6e plaae by the neen

partlcle path, for a fractlonal change ln snergxr6wAo, can be

calcrrlated uelng equatlon ( 38 1 and the delnltlon of d.isperaLon.

fhle dl.etance le ghomr as a firnction of OwAo, ln flgure 19(b).

An egtlnate of the order of magnltud.e of tbe errot
stgnal reeulting fron a given change ln the generator termlnal
potentlal can be nade in the folloring ray. The sllt rld.th
settlng that mrst be uged in ord.er to obtaln a g{.vea total energy
spread ln tbe analyzed. lon beatr lg forrnd. fron flgure 19 (").
An egtLuate of the analyzed bean current for thls elit rtdth
setting can be nade fron the value of the relatlve lnteneity
found fron flgrue 19 ("). If this be8m cunent ig assuned to
have a trlangular dletrtbution ln the lnage p1ane, the ion aument
strlklng the sllt edges for a given disBlacenent of the analyzed,

ion bean fron the centre of the lnage Ellt (found, for a glven
fractlonal change ln ternl,nal potentlal, fron flgure 19 (U))

can be cal.culeted.

For eranpler 8rr analyzed bean bevlng a total fractionrl
ensrgy epread of 2,5 parte per thoueand can be achleved rlth a elit
ridth of 8o - 0.5 ED, At thls sllt eetting tbe analyzed. bean

ls 1fi of the intensity occuning for ao ! J nm. An analyzed
bean of approxlmatcly 50 frA. of f or D+ lons can be obtained.

for Bo ! 5 En. (fUfe ftgrrre te egtlnated, fron tbe knorn beam

cross eectl.on at the obj ect s1lt , and. ths f ractlon of E+ lons
ln the lnctdent bea^ur) . The analyzed bean curreat for 

"o 
E 0.5 En

is then 0.5 /rA. If tbe nean energy of the lone lncreases (ot
decreasee) by 1 part ln 10OO the lateral displacenent of tbe lon
bearn 1g + (o" - ) O.{ trm. Aseumlng that the bean proflle
rlthin the lmage ellt is trlangrrlar, the cument striking the

hlgh (o" low) ensrgy electrode tg ellgbtly lees thnn O.5,rA.

The stabiltzJ.rry arapLtfter nust be eapable of provldtag a sultable
onerg1r comectlon signal fron a gualler orror current than thiet
if naJor excursions of the analyzed ion bean frorn the centre of the

lmage sllt are to be prevonted..
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2.3.2. __ _ UtE CoRONA Coilmot aSSEMBLI

DESCRIPTIO[

Tbe corons potnts ageenbly * ehorn d.tagramatlcally
ln figure (tg) ts tbe stand.ard. corona poJ.nts aseenbly for tbe
3l[ev Van d.e Gre^aff eccelarator manufactured by the Hlgh Voltage
Ehglneertng Corporatlon (Br"rrHngton, Uags. U.S.A.) nod.ifled. ln thls
Laboratory for use on tbe sxnaller nachine. The corona potnte
assenbly la oounted. on a port ln the pressure vessel rall, ln
the posltlon ortglnally occupt6d by the guall uanually adJusted
corona polnte supplted rttb the bastc acceleretor. (See Plate T.)

The corona polnts are nounted on the end. of iL stalnl.ege
steel shsft passlrrg through & pressuro glend (capable of rlthstan&lng
the 5 atnosphores preBsure d.lfferentlal betreen the lnsulattng tank
gas and, the atmoephere) looated, in tha nountlng flange. The posltlou
of the corona potnte ia altered, by neans of s motor, activeted by a
erltcb on the erterlcr of the corona assenbly. Thle feclltty
provid.es coarse controL of the corona current drar:o from the blsh
voltage telulnal. The corona points are elEctrically lnsulated
fron the stalnl.ess steel suBlnrttng shaft by a P.T.F.E. spacer,
and are corutectad by means of a feedthrough electrode ln the norurtlng
flange, to the anod.e of the corona trlodE (tyBe 4 - 12!,il. The

grtd and. cathode of thlg valve are connected. to earth through enall
reslstances. FLne control of the eorona cuuent dramr fron tbe
hlgh voltage ternlnel ts nade by altarlng the grld to cathode bieg
of thie corona trl,ode.

The follorlng nodlftcatlons and ad,d.itlong have been nade

to the corona polntE assembly. An edd:ltlonol ehaft drlven by the

corona polnts posltton notor is used to turn, througb a gerr
reduction, a potentloneter at lts lover end. The regulatect corone

trlode d. c heater voltage te applled across the ends of tho
potentioneter end. the vartable voltage on the potontlmeter trp le
ueed to provlde an lndlcatlon of the posltlon of the corom polnta,

h.rrchased rlth a nonetary grant froo the Nev Zealand Unlversity
Grants Conmitteo.



54.

on a meter tn the eccelerator control coasole. Rotatlon of thla
shaft aleo causes a nstal block to travel Lengthvlae d.ovrr the
sbaft. A microewitch trlpped by the trevel of the bloek lnternrpte
a cl,rcuit supplying po;6r to the corona polnte Bosltlon notor thereby
preventlng the corona polnts fron betng accldently posltloned, too

cloee to the hlgh volta6e temLnal.

2.3.2.2 . Perforoance

The corona dlscharge betreen the polnte and the hlgh
voLtage ternLnal ie nalntalned. by electrons Broduced malnly frou
fteld entegl.on and. thernlonlc enlsslon from the corona polnts 

'9 
.

Tbe coroDa ourrent therefore depends otrr and csn be controlled
byr the electrlc fteld dlstrlbutlon ln the lmedlate vlclnlty
of the polnts, The fleld dletrtbutlon ln the nelghbourhood

of the polnts ls tlependent on the potentlal of the corons polnts

rhlch ln trrru d.epend.e both ou the effective resigtance betreen

the cor€na polnte and. ground, and on the corona cument. The

effectlve gerleg reetstance of the cotoDa triode (tUe reslstance
betreea corona polnte and. ground) le controllad by the btaE

volta6e V_, applled betreen the trlodo grld and cathode. If al
6

ts the dlstance of the corona polnta froo the high volta'ge

ternlnal and Vt ls the generator ternlnal. potentlel then for a

glveu velue of d the cor'ona current I" d.epend,e on both Vt

andV.g

t .9. c E F(u"tvt)dconstant
( +r)

The varlatlon of corone cument I", rith grld blas VU

is shotm tn flgure 20 (") aB a fanlly of curvesr rlth Vt as

paraneter. lbe varlatlon of corona current rlth terminsl potantlrl
Vt le ghorn ln flgure 20 (U) rlth V* as paraneter. (for e glven

value of V_, patre of I" and. Va can be foundr by varylng the
g

generator bel,t charge crrment) .

In practtce, the corore current ls natntalned rlthin the

operating range of the corona trlode, by adjustments nade to the

d.l.etance of tbe corona polnts from the htgb voltage ternlrsl.
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In figure 21 (t) the distance from the prossure vessel rall that
the cotona polnts muet be postttoned, ln order to glve e oorona,

cuFent of 50 fiA le shorn ae a firnctioa of the ternlnel potenttal
Vt . llhe data ehorn ln flgure ( aO) , correspond.s to a congtant
value of d chosen ao eB to centrall,ee the graphs about thlg
value of the corons cument.

For a stea(y eteta potentlal Vt on the generator high
voltege ternl.nal.p the algebratc sum of the currents enterlng and.

leavlng the ternlnal 1g zero, and the cunent bal.ance of the
terninal can be represented by the scbeme

COROITA

CURREI{T

BEAilI
CT'RBWT

cOrt u$
CTTRREI$!

[he change ln terml.nal potential
change ln the coroaa trlode grtd blae, can

dlfferentlel form,

(ffrnctfon of
Vt, V, and d)

(tuaepend.ent of
Vt, V, and d)

(functfon of V* rith
ellght d.ependSnce on
hean current)

regultlng fron a enell
be rritten l.n the

(+41

(tUfs follore fron dLfferentlatton of the tnpltcit firactlon of
equatlon (+f). The termg on the rlght hnnd. glde oan be found

fron the elope of the curvos shorrc lu flgrue ( ZO) . fhe verLation
of ternlnal potentlrl rlth grld blae 1g ghorn ln flgure 21(a) dth
corona cument as peremetsr.

The dependence of tbe column ourrent on btgh voltagc
terolnal potentlal le shorn for conpleteness ln flgure 21 (b) .

fhe non-lltrearlty le due to the depeud.ence of the colrrnn reslEtance

on applled. voltage, It should be noted that the col.rrnn current

does not provlde a preclse Eeasure of the termlnal potentlal becauee

the total resletance of the column can d.rlft rith tlme end tbe

t!ffiL e),,

Belt Charge



Termlnal Potential (Kv)

Grid Bias

2.4 2.4 3'2
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colunn current d.epends on the proBertlee of the ion been lu thc
acceleretor tube. (Ione and electrong producscl by lonlgatlon
tn the beam tube strlke the columa planee at polnts d.orn the
colunn and ln thts ray contribute to the offsctive colum current)

2 .3.3 . EHE STASILIZIITG IIIPIIflIEB

2.3.3.1. DESCBIPfIoT

[he clrcuit of the strblllzLry anpllfler ls ghorn Ln

figrre (ZZ). Tbe clrcult of the poror eupply uscd, to furnleh
the porer requtrenents of tbe enpllfler ls Ehorn ln flgrre (23).

[he stebl].tzlng enBllftor conslste of tro ldcntloel
dc anpllflcre based. on i Hlgh Voltege hrgineerlng Corporatlon
d,es16n. The htgh energy electrode le connected. to the lnput
of the first; tbe lor energy elEctrode to tbe lngrt of the
ggcond.

fn each anpllfylrlg channel the poteatlal developed

3cross the gonged sensltlvlty potentlonater ls proportlonal to
tbe lon cnnent etrlklng the approprlete energy deftnlng elcctrode.
Thte lon current tg nonltored on i 50 lrA full gcale neter. Thc

voltege ecross the Botentloueter ls anpLlflEd ln tro anpllfylng
atages. CoupUng betteen ategee ls accompllehed rlth zener

d.lodee for tbe Lor frequencJr ec and. dc conponents of the
glg3rtl, rhl.lc the hlgb frequency coEponeuta are coupled. celncltlvely.
The anplified elgnal ls fed. to the approBrlrte corous trlode electrodo,
by an output cathodc follorer.

Ihe beLance control 1g colrmon to both charuelsr and,

eneblcs the standlng grl.d-cethoile bias on the corona trlode to bo

adJusted to zsro tn the event of any unbelance ia tbe galn of
the tro channels. fbe balance meter provld,ee a vigue], lntltcetlon
of the grid-cathode bles. The d.egree of fluctuation tn thls mcter

raedlng al.so provides an Lndlcatlon of the stablllty of operatlon

of the stcbillzation feedbrck eyatem. Tbe seagltLvlty control

altere the feedbsck loop geln and is adJusted. for optluun etebtl.lty

as indlcated. by the baLance mEter.
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[hen the tro chennele of the stabiliztng anplifler &re

correctly balanced the voltage elgnal appearlag batreen grld. and

cathocle of tha corona trlod.c representa the anplifted dtfferenco
ln voltage betteen the two enersr d.eflntng electrodeg. ff the
lon bean is esrnmetrically placed. rlth respect to the lnage glit
uo energy correctlon voltage is produced. by the a'qpllfler
Lrrespectlve of the nagnitude of the lon current strlklng the
erectrod.eg. (i.". the gtablliulng anpllfler operates as & d,c

differentlal anpllfter) .

2. 3.3.2. PmFonilANCE

llhe lnsulatlon resLgtance betreen eech electrode and.

ground. le approriuately 100 negohns (at !00 volte) rhen air
coollng of the lnage slit definlng cyl.lndere le used, end aBprori-
nately 200 ktlohne rben water coollng ls enployed. [bl,e
reslstance eBpEerB ln peralle1 rtth the gengltlvity potenttoneter
reeiEtanc€.

The conponents uged ln tbe constructlon of the anBllflcr
have been sElected ln ord.er to balance the clrcult voltagea end.

galn of the tro channsle. The povsr supply and gtablllzing
aopllfier then reach the follorlng EpeclflcatloDB. Tbe porer

eupply regulation ts bettar than O./$ for supply volta6e and

load changes of lees tban n$. The rlpple on the poror eupply

output ls lesg than ? En. (rns).

Tbe voltage gain of each cha^nnel of the gtabllislng
ampllfler ie continuously varl.able fron 0 to 8O (approrlnately
O to 160 for d.ouble ended. output). Tbe neriuum output voltege
srlng of 154 volts corresBouds to velueg of I 82 volts for the

corona triocle g'rld blas. llhe output rlpple Eeasurod betreen tbs

grld and. catbode of the corona trlode wltb the lnputs of the

stablllzing a^npIlfier ehorted., 1g then lees than 10 mv. (""").
fhe frequency response of the arapllfter is such that the output

voltage d.oes not drop below 50/ of the d.c output level for
slgnal frequencles lees than 80 kc/second,.
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g.r.+.- -' ffi'-su;irl,rry od rgn pEEbBAcC srsrgt,

fhe etablllty of the feedbrck systen is deternlned by
the rel.atl.ve tlne constants eeeoclated rith the conponente fornlng
the feedbeck loop. The tlne taken for & charged parttcle to
trevel fron the lon gource to the tnage plane of the nagaetla
aralyzer is typically leas than e mlcroeecond.. fbe energy orrot
elgnal ls therefore forned rithin one mLerosecond of the change

occuntng ln the htsh voltege tertrinal Botentlal.

fbe tine taken for the hlgh voltrge terulnal potentlal
to reopond. to a change ln the coronr trlode grld btas le d.ctermlned

by the velocity of propagatlon of lonizetlon through tha lnsulatlng
8as. Thte veloclty ie not accurately knorn for htgh prossure

tneulating gas rr22. rf the grorth of lonizatlon througb tbe
lnnrlettng gas ls csused solely by Electrong drtfttng trnder the
lnfluence of the electric fleld. betveen the ter"nlnal and. points,
then propagatlon timee wlll be long. Becently, however,

\DKritztnger-- has found that the veloclty of proprgatlon of
lonlzatton througb an insulating gas et atnoepherlc pressure,
le appreciably Lncreased by the presence of oxrygen, even Ln

concentratLone as snall aE 10 parts per nlllLon. fhe propagetLon

of lonization through the gas le effected, ln tbtg case, by
photons produced ln the corona dLscharge cauelng furtherproductlon
of photoelectrons by ionizetlon of olygen nolecules. Tbe

veloclty of photone through tbe gas le uuch faster tban the electron
drift veloclty and as B consequence tbe lonlzatlon gronth ls reptd.

The erletence of thle mechanlsn of lonlzetlon growth ln
tha hlgh pressure gases used ln acceleretor lnsul,ation, bae yet to
be conflrmed.. Recent LnvestLgatlons by Fena1d and 8"k""22 horever

have confirmed that the tlne of translt of lonl,zatLon betreen the
corona polnte and termLnal 1g less than one nllLlsecond.

In the present *ork tbe maxlunrm stabillty requlred of
the blgh volta,ge terolnal potential is 2 parte ln 1OOO (see for
erarnple chapter 3) . Thts B€a.ns thgt the enall amplLtude ( - O .1fi)

htsh frequency excurslone ln ternlnal potentlal can be tolerated.
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The addltlon lnto the feedback loop of an overld.lng tlme constant
can then be used to ensure uncondltlonal stablllty of thE feedback

aystem.

Thls bas been done by filterlrlg htgh frequency conponents

of the energy error oignal (> 1 kc/eee) to ground throtrgh a

capaclty of aBproxLnately 1000 pf placed acrose the sengltlvlty
potentlooeter resl,sta"nc68. fn practice lt bas proved. convenient

to locate the stabllizLrry a^upllflor ln the eccelerator control
consoler and. use the calnclty of the cormecting slgnal cables es

the ftltering cepecities.

2. 3. q . INSqIJUM{TATION OF TTIE STABITTZATIOI{ STSTETI

2.3 ,5 .1 . ACCEX,ER.{'1OR CURRENTI|

The four aecelerator currante, nanely the belt charge

current, column cument, corona cument and. beam cunsnt are
monLtored ln the follorlng uay. The belt charge cument meter
(O - 250 pA) meaaures the cument draln fron the belt charge

poiler supply, the colurnn current neter ( O - 50 trA) me&aurss the

current paeeing d.orrn through the colu.un reslgtor cbaln to eartht
and. tbe coron& curent meter (O - 100 d), located in the cathode

clrcult of the corona trlod,e (ffuure 22), neasur€s the corone trlode
anode current.

The total Lon beam current strlktng the obJect elttrr
or the lon crrrrent strlklng any one of tbe four conponant

alectrodes fomlng tbe obJect sllt, can be dleplayed on the 0 to

50 llA obJect gllt-bor neter. llhe bes$ cument etriklng the nagaet

bea,B tube ( conposed alnost entirely of the hlgher naes lon

conponente ln the ion bean) is contlnuously dleplayed on a 0 to 100 IA
neter.

The etabtllzlng aurpllfier lncludee tro 0 to 50 ,lA netere

for lndiceting the cugent strlklng each energy deftnlng el'ectrode.

Tbe curent etrlklug each of tbe tro reoalnlng electrodee fonilqg

the lnage s}it, ( o" the total cument strlklrg these two) caa be

dlsplayed on tbe 0 to 50 xA lna6e slit-bor meter.
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rn adclltion to indicatlug the target currsnt, tbe
0 to 25 t* target cunEnt meter can be used to dleplay the
out of focug lon current strlktng tbe focus electrodc.
(fnfe electrode is a metal d.Lec, havlng ln the centre s circuler
aperturee through rhlcb the ion besn pssses. It le usually
located lmmedlately ln front of the target.) The cuuent
metere menttoned. above are located, ln the accelerator control
coneole (p1ate 4).

2.3.s.2. TEE NUCIIUR UAGIIHII9 BEsolilAtICs (mB) cqtssm'rmr

The nagnetlc field strength ln tbe pole gep of the
anaLyzlng nagnet ls treasured. uslng a nuclear na€netlc resonanco

SauBsneter. (l (Lscusslon of nagnetlc fleld etrergth mcesurenent

using nucleer ma6netlc resonance absorptlon, ie given ln
refergnces (60 ana 5t). A novel feature of thie partlculer
geuaeueter iE tbat lt le operated. renotely fron a control rrnlt
ln the acceleretor congolc.

Tha p\yeloal locatlone of the ilUB gaussneter and

control unlt ere ehorrr ln flgrre ( t A) . Flgure ( z+) sbore the
circuit of the NXB gaussmeter heed. unlt. Thls unlt coneigte ot
the field aeneing probe, trensistorized tregecycle nargtnel
oscillatorl and. e d,etector and aud.iofroquency aoplifJ.er.
Rlgure (ZS) sbors tbe clrcutt of the geuEgueter control end

dlsplay unlt.

[he d.c nagnetlc ftelcl 1n the reglon of the sanple 1g

nod,ulcted, throtrgb a renge of epprorinately plus and nlatrs 10

gauss, by a 50 cycle/second ac cument ftorlng ln collg rorrnd.

The losg of gecondary electrons enltted frou a uetal electrodc
under lon bonbardment, can ln practice cauae a d.lscrelrancJr
betreen the obsexved and actual velue of the lon current
strlklng the electrod,e.
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on the sasple hold.er ebove and belor the saml,l.e. The rf
current fron the nargtnal osclllator caueee a reak osclllatoqtr
na,gnetJ.e fleld ln a dlrection et right angJ.ee to the nodulated
dc fleld. For a given dc nagnetlc field strength there tg
a correspondlng freguency of thle rf fleld for rhich nuclear
nagnetlc resonance of the protone ln the sanple (afstfUed. rrter
containing a enall quantJ.ty of fenLc nltrete) rrrr o"".."50.
Tbe relatlon between tbe narglnal oscillator frequency at
rosonancer and the dc na6netlc fleld atrength can be found ln
terng of tro fund.anental stouic conetants, tbe gyronngnetlc ratlo
aud. the ratlo of cyclotron to sptn resonence frequenoy of tbe

,q,proton-'. lE the nagnetle fteld atrength B 1g treaaured ln
kJ'logauss, and osclllator frequency f ln negecycheafsecond then6l

t r 4.2577 B (ag)

In prectice the accuracy rtth rhlcb B can be deteralned. is ltnited
only by the eccuracy rlth rhlch the oeclllator frequency at
reaonence, can be meaeured..

At resonance, poyer le absorbed fron the oeclllatlrg rt
fleldr and tbe effective regletance of the rf aoll sumound:lng

the aample increaees as a result of tha rf loeeee. As the current
supplled by the oscLllator ls approrinately conetant, the voltage
across tbe coll Lnsteaseg. Thls voltage increase at resonaDce la
deteoted,, e'npllfledl and dleplayed as a resobanc€ rd.lpt on the
oscilloscope Ln tbe control unit. Provld.ed the freguancy of the
narginal oeclllator correspond,e to a nagnetlc fleld strength ln tbe
renge srept out durlng a uod.ulation cycle, tro resonanca absorptl,on
dlpe 1111 occur per oodulation cycle (one as the nagnetlc fteld.
strength iucreaees through the resonnnce value and the other for
decreastng na,gnetlc field at resonancs) . [he frequencJr com€epoudlng

to the dc naguetlc fleld strength in the naguet ie that frequency

for rhlcb the I d.ips r correepondlng to resonance abeorptlon oocur

Juet aB the modulatLon current pesses through zero. In practlce
oecilletor frequency ls ad.Jueted untll tbe tro ebaorptlon dlps on

the osclll.oscope d.isplay colnclde.
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The oeclllator freguency ls controlled by tbe d.c voltage

apptled to a palr of varlable capacitance dlod,eg (tyB" HCr?005) fo
prarallel rlth the rf sample cotl. (The d.ependence of oscllletor
frequency on apBlled. blae follore approrldately a F lar). Tbls
netbod. of oscillator twrlng enablee tha oscil.lator frcquency to be

controlled remotely, and has the advantage of obvlatlng the

lnevttable mlcrophonlcs aegociated rtth adjustnent of a neohanicaL

tunlns capacltor. The output current of thE oeclllator ls controlled
by the oscilletor regeneration control. The anplltude of tbe

resonance dlp ie greatest when there is only Just eufficlent
regenaratl.on to cause osclllatlon ( i . ". nargLnal ogcll,latton)
although the stgnal to nolse ratlo ls not necesearlly optlnun for
tbls setttng.

Tbe control untt, shown ln flgure (Zl), conslste of e

regulated, continuouely varieble d.c voLtage supply (tna frequency

control), a varlable a,c currant supply (tUe nagnetic field
nodulation control)r and. the display oscllloecops. Tbe volte6e
applled to the X platee of the catbode ray tube (typ" 3AP1 ) f"
an ac etgnal ln phase with the sinusoid.al. field noduLation

stgnal. The output slgnal from the d,etector - slrpllfler ln the

gaussneter bead unit, is amplifled and applled to the I platee.

With the preeent varlable capacitanee diod,es the

frequency range of the gaueeneter ogclllator ts 6 to 9 t 15 to 21,

or 25 to 35 msgacyct es/second., d.epenctlng on wLlch of three probe

assenblles ie uged (these probes dlffer only in the lnductance

of the rf coll surrounding the sample). In the preeent work

frequencles not includ.ed. ln thege ranges are obtalned by placl,ng

additional capacltance in paralLel rith tbe probe. Diodee havlng

a greater capeclty range (O to 10OO pf) have subaequently becona

available and rl1l. extend. the frequency ranges to 61ve conpl.ete

covera€e for magnetlc flelds betweerr 8OO and BOOO gaues uslng

the eristing thlee -cfob€s.
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The stabillty of tha osctllator frequency le detarnlned
by the constancy of the temperature of the rrarLable calncltance
iliod.es. The long tern stability of 4 parte in 104, and better
tban 1 part ln t04 ror short perlods (about j ulnutes) have

proved. ad.equate and. no special effortg to reduce tho fluctuationg
ln diode tenperature have been neceassry.

The frequency of tbe ogcl.llator at reeonanco le neasured.

to an accuracy of 5 parts ln tO4 Uy beatlng the osclllator output
agalnet the output voltege fron a crystaL caltbrated. slgna1
generator. (Uarcont: [tr-144H) . The beat ( atfference frequenoy)

voltage ls dlsplayed. on the oscllloscop€ at the s&Ee tlme as the
resonance pattern. Tbig nethod, has the advantage that the
aoouracy rlth rhlch the magnetic field can be deterurJ.ned le
reLatively lnd.ependent of drtfte in the gausstreter frequency,
provid.eil. only that the frequency is sufflcLently stable to enable

a stea{r osclLloscope pattern to be obtained.
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CTIAPTIE|R 3: TEE PERFORMANCE AND CATTBNATIOII

0[' mE .TSTABIIIZAIr0N SYSIEI

3.1 4tUIPMtsFI PffiFOR!{ANC4:

3. 1 .1 . TEE !f,ACI[Efl COILS

Each coil vaer wound. rlth approxlroately pOO turns of
double cot ton tnsuleted copper wlre ( nrtttsh S ,W.G No, 1 2) .

Intttel tests sbowed an exceseivel.y Low J.eakage reelstance
exleted between the coll rlndlngs and the coBper coil former.
This was attributed. to danpnoss in the cotton lnsuLatlon
coverlng the wl.re. The higher tnsulatLon reeletance of the

second. eoll, wound. after baklng the rtre for sone days at 15OoC,

conflrned thle vler, The moieture ln eacb coll vas rbakedf out

by paesing an 8 anp current through the coll for a perlod of
three days. The temperatura in the intarLor of the cotl
(uonltorecl by Beans of a coppBr-conetanttn thermocouple wound

aa apermanent part of the colI, durtng construotlon) at no tine
exceedea SOoC sven though vater cooling of the coll fornerg was

not smployed. Dlrlng thla rbakeout| Berlod the Leakage reslgtancot
af ter an inltial decrease, increased to a unlforu etaadSr va1ue.

At thig polnt the co1le wero eealed from the atnoephere by rlndlng
tro layers of insulatlng paper eealed ritb alr dry varnleh ovor

the outer surface of the coil. A 1.ayer of plastlc insuleting
tape was used to provld.e a moleture lnpenrtous outer coating to
the colI ( eee plate 5) . [he insulatlon regletanca of both colls
has remalned constant at 1.2 negobms (neasured at !00 vol.ts) etnce

thig time. The total reslstance of the tro colls connected ln
ssrLeg ls

3 ,1 .2.

7.1 ohms treasured at 18oC.

TJNIFOBMIIY STAs$TTY AND REPRODUCIBIITTT OF THE

The nagnetic fieLd etrength at the nornsl gLte of the

NllR Gausgmeter probe rithin tbe nagnet pole gap (tUe posltlon

shown ln flgure 15) was found. to be apBrortnately 1.25 kilogauss
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per anpere of ma,gnet cotl current, for currents of up to 6 a^Erper

(ttgure 26 a). The nagnetic field strength at polnts along the

ion bean traJectory (ehovn ln figure 10) and at polnts along a
llne at rlght angles to the ion path, was found to be unlform to
withtn ! parts in 104, with the erceptlon of the field etrength

at the points ln cl,ose proxlnlty to the Bol.e plece borrndsrl.ee

(potnts Br€r 5 and !t) and the tro points 4 and 4r, The fleld
strengths at polnts a and e uero respectlvely { and. 15 parts per

thousand. belorr the unlforn field strength value. The fall-off
tn fteld strergth ln the region of polnts 5 and 5t lg dlecugeed

in a Later section (3.2.4) and is shorm ln ftgure 26 (U).

The rron-ud.fornlty of the nagnetlc fleld at the

tnterfaces between the rotatlng pole sections and the pole

pieces (tne polnts labelled 4 and {t) ras reduced from an lnltlal
value of 4 to less than O.4 by reeeatlng the rotating cyllnd.ere

so as the dlecontlrmlty ln eurface level across tbe lnterface ras

less than I ten-thousand,ths of an lnch. The outsld.e surface of
the rotating cyllnd.erg and the lnside surface of the cyllndrlcal
boresr BS well as the ma6net yoke and pole plecee, tere cad.nLun plated'

ln ord"er to tnhlbit nrst f orrnatlon. Thls resulted in no notlceabla

cbenge ln the fleld dlstrlbutlon tn the neighbourhood of the rotatlrg
pole segments.

The stablllty of the na6yretic field in the magnet pole

gap for a constant current tn the magnet colle tas tnveetlgated

ln tbe folloslng ray. [he gauggneter, used vlth a nechsnicel,

tunlng capacltor, ras checked. agatnst a crystal controlled oscll-lator

and. rae found to be stable to vlthln one Part ln 1O5. An

oscllloscope rith steble triggerJ.ng facilitles (neHronix, tyTe 551)

waa triggered fron the rssonance absorption d.lp comespondlng to

the modulated d,c nagnetlc fteld lncreaslng tbough tbe reeonanca

value (e.3.5). The gecond. resonance abeorptlon dlp of the

nodulation cycle flaB then diaplayed on the oscilloscope scresn.

fhe horizontel Bosltlon of thts secondd,p ras accurately callbrated

i.n terms of small cbanges ln nagnetlc fte}d etrength. (A cnause

ln uagnetlc fleld strengtb of 1 gauea regulted ln a dleplacenent of

approxtnately 1 mn in the poeltlon of the dip).
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For a magnetlc field strength of 81500 gauss In the

nsgnot polo Bapr and. rith rater coollng of the coll formerst

the d.rift ln magnetic fteld strength over an etght bour perlod

at no tine ercaeded 2 parts ln 104 after en lnttial taro up

perlod. of one hour. WLthout water cooltrrg of the magnet coll
formere, thle ftgure d.eterlorated, to I part ln 103 . fhe

stablllty of the nagnetic fleld uag observed. to be hlgher at

Lorer values of the fleld atrength ln the nagnet pole SePr and.

ras consLdered to be ln all casee adequete (see sectlon 2.2)

for the preeent rork.

Because of dlfferential hgratere"i"58 effects occumlng

!n tbe nagaet lron, the lntegratad fleld traversed by the charged

partlcles need not necessartly be strlctly proportlonel to the

nagnetlc fleld strength at tbe slte of the fleld neeeurl.n€ probe.

For tbis reason the reproduclbtllty of tha nagnetlc fle1d.

dletrlbutioa rae lnvEstlgated.. Tbe nagnetlc fleld etrength at

tbe polnt 3r ras measrlred for a glven fleld strengtb Br at the

norsal poeltton of the gaussmeter probe (tUe polnt labelIed b).

fn order to elnulate the oogt ertreme experlmental cagsr the

magnet coll current ras cycled several tlnes fron %eto to n3lltrlrn

sugent, betreen each pair of readLngs. The valuee of the nagnetlc

fleld strength at tbese tro locations a6reed to rith ln 1 part in
1

10', for valueg of B ranging fron 10OO to 80OO gauBs. If the

magnet iron rag lnitielly deoagnetisecl (Uy tne nethod descrlbed

belor) and the nagnetic field was increreed to the value B by

folorlng a vlrgln tragnetleatlon curve, the nagnetic fleld strength

at the polnt labelled 3t was found. to be reproduclble to rlthtn
2 parts tn 104.

3.1 .3. THE DEMAG}IEIISATIOI{ OF SEB III\CNEII' IOreS

Conventlonal ac dene,gnetteatlon53 of the nagnet yoke

using naine supply frequency (fO cycl'es per seconcl) Pot€r fed

onto tbe nagaet field. coile is only partially eattsfactory.

The skln tbicknegs 62 
( tUet d.epth into the nagnet yoke et rhlcb

the nagnetlslng force hae fallen to I /" of lte valua at the eurface)
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ig of tbe ord,er of 1 mm for an alternatlng Bagnetlslng force of
thte frequency. The follorlng nethod of d,ena8netlslng the
nagnet yoke and pole Bieees hae proved setlefactory.

An alternatlng cument, having a frequency of 50 cJrcleE

per second ( suppl.ied fron the O to 2?O volt varlec ghorn tn
plete 4) ls passed through the magnet fleld colls. The cument
le Lncreased to e mexlnun of 5 arnps (*") and then reduced, to
zeto. At thie polnt a renenent field of a fer hundred gaues

renal.ns ln the pole gap due to the failure of the ac denagnet-

istng field to conpletely penetrate the nagnet yoke and. poJ.e

piece interLor. The enall remanent fiel.d ig renoved. manual.Iy

by cycllng tbe oagnet slorly througb a emall number of complete

B - E loops of decreasing narlnun anplltude. The ftald renelning
in the gap after deoagnetlsatlon of the nagnet yoke and. pole
plecee ln this ray is sufficiently sna1l to allory a 50 kev
proton bean to be centred. on tha stralght through port of tbe
nagaet beam tube,

The magnet ac d.enagnetisatfon and d.c porer supply

controls ars fully interlocked to prevent ac porer from betng;

epplled to ths nagnet fleld colls rhlle tbe clc potrar aupply ls
gttll connected. DC porer can only be euppLled. to the nagnet

fteld colls rhen the ac denagnetlslng varlac ie in the zeto

current posltl.on, and the varlac is leolated from the nagnet

circult. In the event of a fallure in the naln porer supplied

to the d.c nagnet porer eupply, the high voltage lnd.uced ln the

nagnet field coils by the collapetng dc nagnetic fieldr is dischergcd

by a catchlng dlode placed across tbe porer eupply output.
(lUe d.lod.e polarlty is guch that lt is normally non-conductlng).

t

The pooition of the three naln d.iffuslon punpB is ehonr

ln figure (ta). (The target aseembly ls punped rlth a 2't o11

dlffuslon punp rhlch ie not ehorn). Each diffusion punp lg
backecl rlth a separate nechanlcal rotary punp, ild ls equlpped

wtth a llguld nitrogen coLd. trap aB an lntegral part of tha punp.
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Tlhen the accelerstor ls not ln use, the ion eource glaee anvelope

and accel.erator bea,n tube up to e flap valve located at the

dlvta[ng rall r is naLntained. under a vacuun correspondlng to a
preseure of 1 r 1O-5 nm of nercuryr by a 2t' o11 d.lfftrsion punp

rhlch ls nur contlnuously. The renalnd.er of the beam tube le
naintalned. at a preEsure of approxlnately 1, mLcrons r usl.ng tro
nechenical rotary pu[ps.

Before the accelerator Ls operated the entire beam tube

is evacuated, to a pressure of 1 r 1{5 Em of nercuatrrr ueLng the

ad.dltionaL ztt and. 4tr oil d.iffusion punBs. The average Br€esure

ln the bean tube ls decreasect to about 3 r 10-6 m of nerqrry on

fllltrg four llqutd nltrogen cold traps situatsd at lntervals
along the beam tube. When an ion bean ls produced by the

accelerator, the addltlonal gas enterlng the vacuun system (aue

to gas punped. fron the Lon souree and outgassing of bEan tube

components beated by the ion bea,m) caos.e the aver€rg:e prsssure

in the bean tube to rlse to a eteady value batween 5 I 10 and

1 x 10-5 ntr of nercury,

3.1 .5. IIAOTET FIOCUSSING PROPERTTffi

The paths of charged. partlcles ln the horlzontal and

vertlcal planes of the lnage space of the analyzing nagnet have

been calculated uslng equations (t) and. ( 14), eectlon (2.2.1 .2)

respectivaly. Ftgrrre (27) shors the paths taken by particles

ln the horlzontal and verticaL planes for tbe nagnet conflguratlon
E^ - E . 260 34t; yo ! vd, - 2. (fUe dlagramuratlc representatlon

o
used. ie the direct anal.ogy of a ray d.lagrarn for lna6e fornatlon by

a tbtck lEns |n the equivalent optical case) ' Tbe bean profile,
aser.ming a square obJect, ts sbown for a number of dietancee fron

exlt uiagnetic fleld bounclary. Thts focuoelng configuratlon

exhiblts a c1oss-over tn the lma,ge space which is saall"er than the

ima6e 1tself. Image formatlon for a gecond double focusslng case

^^o T . 43026'; yo - OO ' X4 O,5r6i is shorn fortsos' u; I

conparison. Thls confi6uration c&8. be uaed to provide a point
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object ln the analyuer lna,ge FBace for a quadrupole Lene followlng
tbe analyzlng nagnet.

Tbe focusslng properties of the analyzlng magnet trere

investigated ln the followlng way. The magnet and nagnet bean

tuba wexe poeitloned appro=lmate1y, usLng a tenplate deslgned on

the basie of the predtcted magnet deflectLon propertles (fteure 10).

The lnage s1lt bor was replaced by a perspe flange onto whlch waE

cemented a quartz disc covered witb a flne mesh grid of tungsten

wlre. The ion cument strlklng tb,e quartz d.lsc wae collected on

this dlscharge grtd and read on tb,e target cunent neter in the

accelerator control console. [he bea,u was malntained on the

quartz tlisc by nanual control of the 1on beam energy (see appendlx 5).
The fluorescence of the quartz disc in the area bonbarded by tbe

lon bean, enabled the profile of the energent ion bean to be

dlrectly obgerved. Rlne adjuetnents rere made to the nagnet

allgnment ln order to centrallsa the energent lon bean accurately
on tbs lOo nagnet bearr tube port, ft rag found. that a comparieon

between the observed bean profile and the predieted beam proflle
calculated fron flgrrre (2?) provlded a useful guide in allgnlng
the na,gnet.

Tbe lnage forned by tbe analyzlng magnet of tbe unLfornly

llluninated reotangular obJect sllt, iE a rectan6le with straight
eidee. Thls lndlcates tbat aberrations ln image fornatlon
introd.uced by fleLd peylqlstformlties in the magnet poLe gaPr and

through neglcetlng eecond order terms ln Ar 3 and xor Ln the

nagnet desigR (equation 7 t eeoti,on 2.2.1 .2) are negllglble. The

vertlcal helght of the inage is found to bear a llnear relation to
the helgbt of tbe object slltr up to the ne,ximum object sIlt openlng

of 1 on, The concluslon is that the bean eize is not restricted'

by the vertical aperture of tbe ma6net bean tube and that the

trapsmlseion of a particular ion 6roup (eee section 3.4) through the

nagnet ls vlrtualLy 10Otr.
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The image has both a sl-ow lateral d.rlft, and. a 1or

amplltud.e, rapid,, xendom horizontal jitter whlch can juet be

followed by eye. The slow changes in inage posltion, whlch

have a typlcal periodiclty of several- seconds, correspond to

changes ln the generator terml,nal potentlal of approxlmately
! 4fi. Thls figlrre is calculated. fron the observed. amplltud.e

of the inage d.lsplacenents and the known dlspersion of the

analyzing nagnet (ttgure 19). The rapld ina6e dlsplacementg

correepond to ternlnal potentlal fluctuatl.one of anplitude

less than 1fi of tbe ternLnal potentlal. The frequency of

these fluctuatlons le typically between 2 and 20 cycles per

gecond..

fbe estinated geonetrical lmage ridth (1.". the width

of tbe lmage in the absenc€ of the fluctuatlons ln the lon bean

energy dlscussed above) ts ln good. a6reement with the rrelue

expected from figure (27), for the particular tletance of the
quartz disc fron tbe ma6netlc fleLd boundary. f,hen tbe lon

beam ls focussed on the object elit, tbe beas proflLe observed

in the lna,ge plane of the analyzlrrg magnet ler ln the flrst
order, ldentlcal rttb the bean profile ln the pl.ane of the obJect

sllt. As expected. the focussirg propertlee of the enalyzlng

nagnet show no signlficant variation wlth the energy or tbe

cbarge to ma,Es ratlo of the Lons 1n the analyzcd bean.

3.1.5. THE sfaBrlrz+Trolf gYSTEI[3

In order to lnvegtlgate the perfornance of the

atabllizatton eysten the lnage sllt box wae nounted on the 9Oo

nagnet beam tube port. The analyzed ion bean passlng tbrough

the inage elit was viewed on a guartz &Lgc rhl-ch ras mountedr in
tbe mawrer deecribed. above, on the exit port of the lnage sl'lt
box. The analyzed bean poettlon was obeerved as a functlon of

the gain of the stabllization feedback loopl uith the follorlng
resulte. ( A cletalled descriptlon of the operation of the

accelerator ln conjgnction rlth the stabillzation syeten le given

ln appendh (l)).
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Wlth the etabilizlng anpllfter galn at zero, terolnal
potentlal fluctuatione cause the analyzed lon bean poettlon to
fluctuate ln the ma,nner alreedy descrlbed. ( f o eectlon 3.1 .5) .

0n1y the slorest of these changes can be corrected by nanual

control of tbe eccelerator termlnal potentlal. As the stabili zLry

anpllfier galn ls increaged the analyzed lon bea^n ia constralned

between the energy d.efinlng electrod.es by tbe actlon of tbe

etabllizing eyetem. At 1or loop galns the current etriklng the

Energy deflnlng electrodes is an appreciable fraction (* Wfi)
of the total analyzed bean current. Increases ln anplifler
galn cause the ion current strlkl.ng each el,eotrode to decreaee.

For stablel balanced operatlon of the stabillzlng
anpllfler ("" d.escrlbed. ln appendir 5) the current stri.lclng each

electrodE is found. to be tlrplcally betreen ! and. ttfi of the

total a.nalyzed. ion current paesiqE througb tbe lnage sIlt '
Thls flgure does not depend greatly on the lnage glit rldth
(provided. the obJect slit rldth ie kept equal) ot on tbe total
lntenalty of the anelyzed Lon beam. It le concluded from these

observatione that tbe fluctuatione in ternlnal. potentlal obeeryed

tn t he absence of stabillzatlon, are conglderably reduced. by the

action of tbe stabilizatlon syetem.

The response of tbe stablltzation eyeten to large ampll'-

tude changes nade ln the accelerator operatlng conclltionsr d.eBende

of course, on the initial eettings of th,e accelerator and

etabilizatlon coatrols, and on the ma6nltude of the analysed lon

cur*ent. For erample, for typlcal val.ues of the enalyzcd lon

cupants (tO to 20 rlA) a current of approxlmately 1 rrl strlkes
eacb €nergy deflning electrode, rben the stabilized, aecelerator ls
operated, under the optinum settings outlined ln appendlr (5).

Under tbese conditiong the bel,t charge cunent can be altered ovsr

a rang€ of at lesst 50 fiA. rlthout any change belng observed ln
the accelerat,or ternlnal potentlal . ( fne range of belt charge

current change which can be conpensated for by the stabillzatlon

-.pystcn le deternlned. ln practlce by the operatJ.ng current range
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of the corona triod.e) . trtrthermore, the accel,erator temlnal
potentlal can be srung over a range of 100 tnr or Bor solely by

changes Bede ln the nagnet oument. (The ltdt here, ie set

by the droB ln analyzed lon current reeultlng fron defocusslng

of the prlmary lon bean cauEed by the change in ternlnal. potontlal).

lleou a prdctical polnt of vier, the etablllzatlon eysten

should retraLn rlockedr onto the analyzed Lon beam, whlle flne
adJustnents are nade to tbe accel,erator controls. Thls bes proved.

to be the case, although the d.eoande nad.e on operator Bktll
lncrease when the analyzed ion ourrent le bel.or 1 or 2 pA and

hlgh settings of loop galn are used.. Most d.ifficulties are

obvtated tf adJustnentg are made in the rotational sequence

described. ln appendfi (5). No eerioug dtfftcuLttes have beEn

experlenced ln operating the energy stabllized accelerator ovsr

the range of analyzed ion currents (-* * to 40 rrA) and energlee

(60 to lOO kev) ueed to date. A measurenent of the spread ln
energy of tbe anelyzed lon bean, and a nore d.etalled araalyei.s of
the ,perfornance of tbe gtabilizatLon eyetem is glveu in sectLon 3.3.

,

3.2.1. INTtsoDUCTrol[

The energy of the lon bea;n is deternlned by usirg the

analyzLng magnet as a preclelon monentun spectroneter. lFro

nethod.s are available for callbratlng the energy of tbe analyzed

lon beem ln terns of the nagnetlc fteld strength at the site of
the fielal measurtng probe.

fn the flrst, the nagnetic fteld strength along the

particle trajectory between the object and inage slltg ie
accurately neasured for a given value of the magnetia fleld
etrength Bor at the noronl site of the gauesneter probe. The

lntegrated effect on the partlcle trajectorLes, of the non-

untforn nagnetlc fteld reglons, le then allowed for by evaLuatlon

of tbe lntegral ln eguation (8), appendtx (6). In thl.g tayr the

reel nagnetlc ftet d dlstrlbutlon can be replaced for the purposeE

of calculation, by an equivalent uniform magnetic fleld of rfurcqgth
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Bo, Located between effective tragnetlc field. boundarlEs sltuated
outside the real Bole boundarles. fhe value of the radius of
curvature requLred. to give 90o deflection of the Lon bea,m ca,n then

be calculated, and the a"nalyzed ion bean energy related. to the

value of Bo through eguation (+O; (2.2.1.?.). lbe adventage of
this netbod. of enelrglr calibratlon le that the charged partlcLe

energy ls related to tbe magnetic field strength ln terne of
tbe ftrnda,nental physical quantltles of cbarge and. nass.

In practlce, horever, thls method has a nr:nber of
dlsadvantages. In general the precise Lon trajectory wlthln
the magnetlo fleld ls not lonown, and if the evaluation of the

lntegral ln equation ( 8) , append.lr ( 6 ) le not to becone eubj ect

to appreolable emor, special techniques for d.eternlnlng the

exact ion traJectory ln the ne6netlc fleld reglon nugt be employed.

Includ.ed ln tbese techniguee, for eranple, are sucb uethodtr as

enploylng a llght flexible current carrylng rLre stretch/b"treen
the object and lmage slit to duplicate the partlcle traJectorles
wben the fleld is applieaS3; cloeely definlng the lon bean path

within the field regC.on wlth a series of narrow apertures pl.aced

along the bean patn25; and traoing tbe ion path througb the

fieLd. regLon using a trial and correctlon procedure suoh ag th&t

described by Batnbridg"5l. (fo thls latter nethod, the fleld 1g

rDeasured. in the first i.netance, along the eEtlmated lon patb.

1lhe equati,ons developed ln appendlx (5) then enable a more

accurate eetLxoate of the Lon path to be nader over vhich the

field is retreasured. The actual lon path tbrough the nagnetlc

fteld. region ls determlned by guccessLve application of thls
lterative procedure). In general these techniques are dlfficult
to apply. Wltb the tJDe of nagnet yoke configuration ueed ln
the present analyzer, there ls the added. technLcal difflculty of

poelttonlng the fleld neasurLng probe rith sufflclent accuracyt

wlthtn the narrow confinee of the nagnet pole goP. F'or these

reasons a second method of energy callbratlon, which obvlates the

above field lntegratlon problen, is used ln thls work.
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or en

d,o not

In thie nethod, the oagnetlc analyzcr lg callbrated by

neaeurtng the analyzcd lon beao rncrgy dlrectly lu ternc of the

reEonance snergy of nrclear reacttona lnduced ln eultabls target
naterlale. llhess resonanco cnergioe ara accurately horn fron
prevl.ous abgoluto Beesurenentg tn rblch eltber a negnetl.c analyzr
and a callbratlon technlquo slEl.Iar to thst dcscrlbed ebov 

"25 '7O ,

elcctroetatlc analyect30t3t (ao rhlch the ebove dlaadvaategcr

apply) hag been used.

!o be gultablc for callbratlon purpogeBr reactLone ln
additlon to hsvlng e preciecly born raaoDano€ cnergyr ehouLd hsvr

a narror rssonance r1dth54, a htgh reactlon croas seotlon at

reaong,nco, and, an eaelly d.etected reactlon product. lhc follorlng
teble llgts four reactlong cbogrn ee bclng Eultablc for oallbretlon
purposeE ln the lor cncrg5r reglon o! lutcrest, (g<500 kev.)

TAsTE I

The tro fluorlnc (pr<d reactLons marked rlth an asterlgk
are particularly eultabla as callbratlon reactl.ons, because of thelr
rel,atlvely narrof, resonancc rlalth and large orosE-Bectlon.

Beactlou Bceonancc
hcrgy
(nev)

FulI
trldth
( ke.r)

Befcr-
6noc

Croag
SoctLor
(nb.)

Btfcr-
CNCC

Blf(prtr) c12 153.t 3 0.4 ?.0 + I
6.3 g I

66
65

0.15 57
58

rlg(p,(U) 016 340.5 ! o.2 3,3 j o.z
2.4 j 0.3

25 r7o
30

150 69

tr?(p,f,) n.8 Ml .2 j 0.3 12.0
72,2

I
+-

I
0.5

25r7O
6,

5.0 'lt
72

Fl9(pflu) 015 483.6 j O.3 0.9 I o.'t
1.J J 9.2

30
31

>32 69
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3 .2 .2. ElPEBIllEQlIlr

3.2.2.| -TlBOSf PREPAEITIOSr

llbe targete uged for callbretlon purl,oaos ;ere ln all
caseB thlck targcts, tbe snsrgy lost by a lxoton (Uevfrg aE

energlr ologe to the resonanco energy of the reectloa und,er stuiy)
ln traverslng the target I rBB large c@paaed rlth tbe reactl.on

reBonance rld.tb. llargets rere Drope,rod by oyaporrtlns fron e
hot fllansnt ln vacuun, a thln fllu of target naterlal onto the
pollched eurfaoe of a lu. thLok copper illga. Conpounde rcro
oboscn rhloh evaporated, at a Loyer tenperatrrre thaa the tonpcrl-
turc et rhl,eh tbey d,ecmpoEed,. fhc ooDBotrnde uged rero eodlu
tetraborate (boron targat), calolun fluor".ldc (fluorlne target),
and lltblun fluonlde (tftUun target).

One of tbe d.tfflcul,tlee encountered ln bmbardl"g o

ta:get rlth e bsau of cbarged. partloles le tbe hrLldup of r
eurface laycr of oerbon due to the deoonlngltlon on tbc eurface

of the tergct of organlo yaBoum fron the vaeuun "y"t*30.tbla cffect rag reduced by lsolatlng tbc terget fron the rert
of the vaauun ayrtcn rlth a llqutd nltrogen cold trap plaoed

lnedlately ln front of the terget. l furthEr rciluctloa ln tho

rate of cerbon bulldup rae acblcvcd by nelntalnlrg the target
64 .bo"" the tenperature of the eurround.Lng bcrn tube.tmPoralurc

Even eo, appreciable cerbonlcatlon (a layer having an equlrralent

tLlclrreeg of 0.5 kev for a 4OO kev proton) had forued, oa targctc

thst had recelved Dore thsn tO4 ntcto-coulonbs of protong. lor
thls roaBon freah targets rcre Lnserted luedlatcly prl.or to
tha Breclse callbretloa illDa.

In the flrst erperlneutg the front face of the target

ras covcred rttb a tungatcn negb dlscherge grldr to prevent error
fron cbar6e accumrletLon on the non-eonducttng targct gutface.

Thlc preoautlon rag subecguently found to be uruoceaeerJr es no

dleplecouent of the resoranco peahs ras obgervcd on renovltrg

thc grld.
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I

Tlre btgh onsrgy gamB-refs produced In the target rer€
d,etected. rlth e sclntlllatlon d.etoctor placecl ln olose prorlnlty
to tbe target. The gcintlllatlon detector cotrprlsed a I{eI (nt)
gclntlllator ( til tncUes ln dtaneter by lf tnches dceB) optloally
oqr,rpled to a 68tfi1 photonrltlpller tube. Tbe Buleee fron the

pbotonulttBller rsro a,npltfted and fed lnto an lnte€fsal Erlae

hclgbt dl.Ecrlnlnator, the output of rhleh ras recordad on a

ratencter, or ln the case of the boron r€aonence reactLonr on

a scaler. Beceuss of the lor croag-sectlon of thte reactlon at

tesonanco, tt Broved. leoessary to shleld tbe gclntllletlon
detoctor rlth lead, ln ordar to reduce the background csunt retc
Ln thE Bhotomrltlpller chennel. fre photomrltlpll.er uee oBerated

at a reduced IHS voltage and a htgb &l,acrC.nlnetor thresbold btee

voltage rae used. The Bulsss recorded, then cottesponded to an

eacrg;r relcEse of 2 lev or trore tn the sclntlll.atorr and the

contrlbutlon fron the beckground corrnt rate to tha total count

rate at reaonaDce tas leee than 3t.

llhe target taE nounted on a Uquid nltrogen trap placcil

at the Erlt of ths tnage sllt bor. llhe horlzoata], obJect and

Sage sllt rldthe rere each set a 1 u (correepondfug to a total
fractlonal enorglr apread of 5 parts ln 103 lu the erelyaed, proton

bean). lhe stabillsatlon syctm reB usod to hold the anelyred

proton bea^u oentred on the lnage ellt. L'or target currentg

(tfptcally about 2 uA) rere used so as to avold. erceeslve local

beetlng of tbe thln target flln.

lbe boubardlng energy of the Protons ;EE lncrcased

oteprlse throrrgb the reBona,Dce vaLue of the reaotlon under atud.Srt

by alterlDg thc nagnetlo flEld tn the nagnet pole gaP. fhe

go66-aa1r count rate, target cunentred XllB geusoretcr frequency

rere acourately ncasured. at each polnt. The SArna-ray yteld

Ber n1.cro.coulonb of proton bean etrlklng the target ras calcrrlated

for Each lplnt aud a thlck target resonauoo steB p!'otted ( a" 1n

flgure 28) for eacb of the forrr reactl.ong lleted I'n tablc I .
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3.2.3. AfALtEfS OF BESULTfII

Thc erperlnental polnts ara fltted rlth an approrlnate

least squsroE ftt (geo flgrrre 28). fbc reeonmt enargy ls thc

ener{tJr at rhlch tho lncrease ln yleld 1r ono balf the EerlEun

lnereaee ln yleld. of the thlck target "t"p64. If the beckground

( off reconance) gaffiB-tay yleld la fo and, the increaec la ytcld of

thc thtck targat etep ls A I, then tho regonant cnergy cotreEPondr

to the yleld fo + t Af . [hc nIB geuesEctcr frequencJr

cort€lpondlng to thle valuc of tbe ylcld 1g the troquenoy correr-
poading to the reaction rosoneneo enorglr. llhe valueg obtalned

ln thlg r.rJr are sumarleed ln table 2.

TAIITE 2

SOttBCEEl 0F ERBOBI

Thc raguetlc flcld noasuronont le rubjcct to tro pooElble

crrors; thc flrst a scttlng crror of t Ot sa/e.c. 1B deternlnlng tbe

gauosacter frequonoJr (largely eltninated by th€ oathod of drta

analyels) 3 the aecond. caused by errors ln reproduclng accurately

thc gaugseter probe pocltlon rlthln thc uagset poh gaP. [hla
error Ls found, to be negltgtbl.e (3.t.2.).

In the oourle of settlng up the stablllzatlon systcn e

largc nunber of (pro(f) reaotion resoDencc treaau'rencnts bevc beea

nade nnd.er dlfferent condltlong of focuselng, lntenglty aud total

lracEn ructrDB Ptsglot ErEBor
(rcv)

GAItSSilrln rB,nuBf,c]
(mlcrclrs / sm.)

Boron

Fluorlns

Llthtun

Fluorlnc

163.1

340.5

441 .2

483.6

12.18 t .02

l?.5t i .ol

20. 10 j .o3

21 .04 t .Oz
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onergy sproad. of tbe enalyzed, proton bean. fhe geustDeter

frequencleg oorrEapondlrg to the uldpolnt rlecs tn yleld for the

340 kev fluorine rosona.nco 8€rco to rttbtn 3 .Ol rc/acc. La all
casos tn rhlch s frcsb target hsd bsen ugcd.. Tbe sblft ln the

obeerved, rcsoranco 
"o""g" 

65 
cauged. by aarbon depoaltg and

cbarge aacumrlatloa on tho Don-oonductlng target arrrfacE ls
therefore esttnated es belng lcsg then 0.2 kev.

fbe uetn axperlneatal error occura ln tbe doteruluatlos

of ths genaFnt oornt ratc pcr nLoroooulonb of Brotone dellverotl

onto thc targct. llhc 6rror barg ehonr la ftgure ( Zg) reproecnt

the fractlonal strndard, d.cvletton?4 la ratcnetcr roedlrg togcther

rLth the €rror Lntrodrroed, througb uncertaintlcg ln tergct ourrcnt.
fha rrrot ln the ggusrn€tcr frcquencJr et reaouaDccr quoted. ln table
2, erl,ges nainly tbrough the uacertalnty ln tbe Brcchc poaltloa

of the thlok targct stcp introduced. by thege tro Bource! of eliof.

lhr values aseured for tbe rosonanco onergtea of thc

flrgt threc reaotlone lleted tn table 1, foIlot the valucg

rcoo@cnded, by larloo?3 ln a revl.cr artlcle dcaltng rlth sscellrator
callbratt on. fhe value rrscd for tba 484 kev fluorlao rceonancc

1g the value obtalned by BondcLld and trennedy3o. Ualug the sEro

electrogtatls rnalyuer aud, call.bratlon teebnl.que these rorkarg

obtalned the nalue quoteil Ln table I for the 340 kev fluortnc
r€EolBDCo. The four valueg quoted. ln table 1 ehould thercfore bc

mrtually oonslstont and tbe relative retonancc energles gbould lle
rlthln the quotcd error. lhc abaolute aoouraoy of the quotcd

resona4cc energles lg, horever, lD sonc doubt. (For craaplcr ln
reocnt dctcrnlnatl.ont Etrnt ct 

"131 
have obtalned htghcr ablolute

valuee ( 340.9 aacl 484.3 kcv) for both fl.uorlne rcgonanoe cncrgles).

Ef,EROf CALmR.A[IOf,t

For non-rclatlvlstlc velocltlce, tbe proton cnerSl En

le rslated to the ncrsurod XIR gauelneter frequcucy f by thc

equatlon

kt2
B

E.
D



f ln nc/eec E ln kevp k
P

12.18 1 .oz

17.6i 3 .ot

20. 10 J .03

21 .o4 3 .o?

163 .1 I .4

340.5 J .2

M7.2 J .3

483.6 3 .3

1.agg 1 .006

t.og8 J .oo2

i.o9i J .oo4

1.Ag2 J ,OO3

T9o

rhere -' delnnd.s on ccrtala ph3relcal

(conpue, for eranpler oeuatlons (+O;

thc effectlvc rad.lue of the analyacr.
correctlons, for. proton energ{.es lesg
change ln k of lege than one part ln
erperluentaL valueg obtained (tatte Z)

tha value of k correspondlng to each

e
!O

-
D

constante of tbe proton

and, (Ag), chapter 2) aad. on

(fUe effcct of reletlvletlc
than J@ kev, a,norrnt to a
2r00O). Substltutlrrg the

lnto equatlon (t) gtvee

caLlbratlon polnt.

Tl3[,8 3

llhe sxror quoted Ln k ls calculated fron tbe poasible
erperlnental error Ln t, and the poselbl.e orr€r ln tha abeoluto

velue of D-r &trd tberefors represent; the posslble error ln thcp'
abeolute vslue of k. The reletlve values of k shofld bc

conslstcnt to rLtbln helf the guoted. ebsolute error. The value
of k erhlblte, vltbln the relatlve crror, a systcoatl.c deorease

rlth lncreaslng proton enorgy. Thts varletlon of k rttb eaergy

le attrlbuted to the varLatl.on of the effectlve enalJrser redlus rttb
the nagnetlc ftelit atrength ln the analyztng naguat polo gep

(eee sectlon 3.2.{.)

Eha energy callbratlon can bc ertended to lone havlng

a dLffcrent cbarge, e, and, nase, E , by uae of the follorlng
relatlon derived fron equatlona (+01 and. (+g) chapter 2,

n2
o 

-B2p

ts

-
k

P

DJ
o

D

(a)



t ln ac/;ec Ia ln hov ka

12.18

17 .61

20.l0

21 .O4

81 .5

170.2

22O.5
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0.1496 I .oo3o

o.r4g1 ! .oolo
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rbere B la tho offecttve analyzer radlue. For a gtven val.uE ot

freguency, B le cqual to tn end the valuc of k corroeltoni[ng

to the bora value of an at thls frcqucncy oan be caloulatcd fror
oguetloa ( Z) . [be follorllg are the prlrery oallbratlon polnte

erprereed ln terne of dcutcroD o[€rglf.

[aBts 4

-

[hc cnorglr aaltbratlon for the tbrec nal.n ton epeoleg found

ln a hyrLrogen bean le sborn ln flgum A(t). tlgure 29(b) givar the
gluilar curyes for lon epoolee ln a deutcrlun bea'n. llbcgc curvc!

have becn plottcd frou deta oaloulated fron thc Bnloary proton

callbratlon polntg uelng cquatl.on ( Z) .

3.2.L. llffi EEFECIM {trtlr.fZmn BADIUSI

fhe d,ecraese !n k rlth lncreaslng protoa cncrgy la
attrlbuted. to the follorlng effects. Ac the ra6netlo flur dcnclty

rlthln tbc nagact yoke is lncreaEcd tbe Berneablltty of the nagpet

lron lncreages ovor the tange of flur dcugltleg of Lnterest (ffglrrc 9)

llhc regrrltlng dccreagc ln the negactlo rcluctance of tbe nagnet yoLc

and pole pLeces, in reletl.on to the paral1cl leakag€ flur pathe ln
alr I lncreaeee the tendeucy of the nagnetl,a filrrr to bc oongtrataed

rlthln the negRet Lron. The fteld strengtb at a polnt ln the

nedLaa B1cue of ths ugnet frlngtng fleld then beconcs e lceser

frectlon of the unlfora oagnetlo fleld etreugtb ln the nagnet polc

gaD. Frgtbernorer the concentratlon of nagnetlo flur ln the rcglon
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of the ebarp pol€ edgesr at the posltlons rhsre the partlclcg enter
and Leave the nagnctlo fleld, causss the nagnet tron ln thlg
vlclulty to saturete even at very lor fleldE. As tbe flcld ls
lncreaEcd the area of local saturatlon increagcs and causeg a

relatl.ve d.eorease ln the aa6netlc fleld strength ncar the polc

Blece boundarlos. |lhcse tro effectg result ln a d,ocrease 1n

tbe gLze of the effectlvE ua6netic fleld reglon at hlgher fLclde.
The Effectlve analyzcr rad:lue and. conecquently, the value of k,
theroforer d,ecrcese rlth LncrEaelng Es6netlo ftcld strcngth ln
the nagnet pole gap.

In a BractLcal nagaet, lnhonoganaltles Ln thE Beracablltty
of the nagnet Lroar together rlth dlscontlnultleg and locel satura-
tlon effecte occumLug ln the nagnet yoke and pole pleces causo

trnpredl.ctable pertrrrbatlons of the nagnetlc flur dletrlbutlon
rlthln tha nedlan plane of the nagnet pole gap. It ls not poselble

therefore to Bred.lct on tbeorctleal grorrnd.s the vartatlon of k
rlth nagnetlc fteld etrength lu the poIG gapr or to assosa thc
relatLve contrlbutlons of the tro effects dtecuseed above to the

varlatlon of k.

uagnetlc EcaEurenents oade on an analyzhg mgn"t?5 ; 76

nade of a etnLlar lor carbon gteel to the present analyzer, lndloate
that corner saturatlon effects rculd contrlbute only a fer parts

Ber thousand to thE varl.ation ln k even at fleldg as hlgb ae

15rO0O gausl Ln the ragaet pole ga,p. For tble reason, ancl in
vler of the relatLvely Lor pe::neablllty and htsh eaturatlon flur
denaity of the gteel ueed Ln tbe preaent analyzer constnrctlont
the changee oocrrnlng ln the reluctance of the na6net yokc are

thongbt to be the predonlnant causo of tha narlatlone ln k.

t

In order to confirn the eristence of a decrEasE Ln

effectlve analyzet radius rtth lncreaeed, nagnetlo fteld atrengthl

the atrength of the nagnet frlnglng fleld rae neasurad ae a

functtoa of d,l.stance fron the nagnet pole bountilrrles for tro valueg

of flur d.enetty tn the nagnet pole gap (correspondtng to f,XR

Saussuater frequencles of 12.18 nc/seo. and, 21.0{ nc/soc rcspectively)

fhe etrength of tbe etrongl] tron{rxl.forn fringLng fleld rae neeeured
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ln the follorlng raJr.

The crf gen.roted ln a Eall na,gnetlc fleld Eoaeurlog p"ob"??

f,as cellbrated direstly ln terns of tha I{l|R gaussnotcr fregucncJrt

rlth botb fleld probss located. tn the san€ unlforn nagnetlc fleld..
The callbratlon of the EalL voltage ln teros of nagxretlo fleld ueg

found to be rcproduclble to rtthtn the ttnlts of accurecy rlth rhich
tbe ouf corrld. be d.eteruLned (Z parts ln 1O4) . llhe acouracy of
fleld B€asurenent uslng a Eall. probe callbrated ln thl.g taJr tas
bettor thrn J pr*r ln lO4 for flclds greeter than IOOO gaugt, and

appro-lnately lfi tot flelds ln the reglon of 10O gausa. The

of B spectal Jlg rhlcb ree a neat fit rlthln the nagnet bean

enabled tbe sensltlve area of the Eall probe ( t square m) to
posltloned rlth an accuracy of 0.1 nn rlth respeot to a datun

narked on the oagnet beau tube.

l[Easurenents of flelcl strength rere taken at 1 cn interyals
along the ton bean traJectory ovsr I range extcndtng fron the lnage

eIlt to the unlforn fteld regJ.on nlthln the nagnet pole gap.

fro valuos wore obtalned for the fielrt etrength at each polnt I
the flrst rhen ncesurlng tho fiald morring etegrtee araJr fron tbe

oagnetl the second novlng torards the oagnet. llh€gs tro va].ues

agreed to rlthin 0.15S ln all casoo.

lhe flel.d etrengtb correspondlng to tbe averege of the

tro readlngs at each polnt ls ghorn ln ftgure (ZO) 
"" a firnctlon of

the dlstance frou the erbltrary datum llne for tbe caso

t -, 21 .O4 nc/seo. The fteld strength 1g axpressed tn tcrms of thc

untforn na6netlo fteLd etrength at the slte of the I{UB geugeneter

peobe. For coopartaon the tbeoretlcal 
"o"t"51 

baeEd on the

assr.nptlon of eeai-lnfinlte pole pleces of inflnlte permeabllltyt

1s algo lnclud,ed,.

[he sep'aratton of the effectlve oagnetlc flclil boundary

fronn the real pole boundary ras founcl fron the equatlon obtalned

by gubgtitutlng the elperlnental value of yt (-2.7, cn) tn

equatlon (8) r append.lr (6t) 1.€.

u80

tube

be

llne
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2.7,
rd, - lu(v)dt - z.T,

J
-I4

(t)

the lntcgral ln equatton ( 3) raa evaLuated. uslng nunerlcal. lntegpatlon
to flnd the ar€a rrnd,er the cu11rpU(y) versuE y, betreen the gtated

ltntte of $. The valueg obtalued, for d. (leasrtrred. along the lon
path directlon) rers

dt I (t .95 1. ot) cu for f t 12'18 nc/eec

h r (t.89 I.Ol)cE for t - 21 .O4nafeaa

The ebgolute value of d. calculated ln tbla ray t; eubJcct

to large errota lntroduced by the fectore dLEcussed ln eectl.m 1.2.1 .e

and by the lerge uncertalnty tn yr cauned. by erperlnental dlfflsul-
tl.eg ln deter"nlnlng the preclse distance of the real polc bounda,ry

fron thc reference d.atrln llne. The relatlve value of dZ stth
reepect to dt ts largely lndependent of crrors from thcec sor.rrcest

as sucb eyetenatlo Errorl do not affect the dlfference ( d2 - Ur ) .

lhe orror quoted. above for dt and. d., tncludeg only thoee srror6
affectlng the relatl.ve val.ue of dt and d2r nanely thc crrof,

lntroduced. lnto the evaluatlon of tbe lntegral by erperineutal

errors tn the n€esuronent of na6netlc field. atrength and the valuc

of y relatlve to the cb.osen datun ltne.

1[he decrease ln effectlve analyzer radlus AB corrsopondlng

to tbe lncreaee ln nagnetlc fleld etrength le elnply (dZ - dr).
llhe reeulttns frectlonal change tn the anal,yzer callbratlon factor
k, forrnd frou differentlatlon of equation (Z) le

Ak r 2AB r (f J a) parte per f OOO.

KR
Thls value le ln good. agreenent ylth tbat obtalned on the basle of
(nr y) reection resonance energLea.
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3 .2.5 DISCUSSI0NT

llhe energy of the nonentun analyzed lone 1g releted to

the SltB gaucsneter frequency tbrough t he analyaer callbratton
factor k (equatton 1), rhere the value of L depende on the

cbarge to maee ratlo of the lons (equatlon 2) and. to a llnlted
extent on the magnetic fleld. etrength ln the magnet pole BaP.

The error Lntroduced. tbroqh Lnaccuracl.eE ln meaeurenent of
gauEeueter frequoncy can be nade negllg!.ble conpar€d tltb other
erperLnental crrors, and hence the accuracy of the energlt

calibration at a gLven l.on energy depend.s on the accuracy rlth
;hlcb k nay be d.etermined. for tb,e corrooBondlng value of tbe

nagnetlc fleld strength.

For proton energlee ln the range O to !0O kev (anal

deuteron energtee O to 2!0 kev) tUe value of k can be

d.eteml,ned rlth an acourancy of # parte p€r IOOO' by telclng

a,n ayerege, rclghtad eccordlng to frequency, of the tro vElueg

of k comespondfug to the tro fluortne reaonance reactlons.
For tbe hlghest eccuracy the value of k, for d.euteron energlc;
greater than 210 kev, ehould be obtalned by cmparlng tbc neagtrred

frlngJ.ng fteld dletrlbutlon rlth t be dlstrlbutlon at a nagaetlc
fte1d atrengtb for rhich the value of k ls accurately hrornt
(tor eranpler et tbe nagnetlc fteld strength correepondlng to
the 340 kev fluorLne regonancc). Chsnges lu k of Lese tbsn

2 parte per 1000 can be d.etecterl by such a comparatlve nethod,.

The tndlvlduel errors ln k are lndependent and so the total
€rror ln k ls glvon by the Equare root of the gun of the 8quar38

of the lndlvldual euors. For deuteron energlee greater tbs,n

2lO kev, k can therefore be deternlned rlth an acoumoy of
better than 3 parte por 10OO.

i Thle flgure le deternlned ln tbe nain by uncertaintLee
ertetirg ln the absolute values of the (pr tr) reectlon
resonanco eaergLee
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A second erperlnontal nethod can be used to deternlne

ln thlg range of nagaetlo fteld etrengthe. [to addlttonal
callbratlon potnte can be d.eternlned, for nagactlo fleldg
oorroepond.trrg to gpussuoter frequencl.es of approxl-nately

24,,4 ncf aec. and 36., no,/rco., by etudylng tbe boron (pr f )

resonancc uelng r.a El ion bean (ot',-126 kev) and an Ei lon
bce^n (of ^'489 kov) reepctlvcly. [he acsurecy of thle nethod.

ls aeverely Ilnlted, horev€D' by tbe large fractionsl error ln tbc
absol,ute value of the boron resonance enorgy (taUte 1), end by

the experluental tnaccuract eE lntroduced, becaus€ of ths lot
orossFsectlon end. relatlvely largc reBonance rldth of the boron

rcaotlon. For thls reason, the ftrst nethod 1s to be preforreil
and. lE uged tn thlg ;ork.

3.3. tEE E{ERGY RESOIUIIOtr OF IIEE Ef,EBGT STISILIZATIOX SIS[flr

fhc total energy sBreed la thc aoalyzcd lon bosn dependa

only on the horlsontal obJect and lnage gIlt rldthe (equatlon

39t Eectlon 2.2.1 .6). lhe energy spread (nrff ddth at hEIf
na.rlnrn; abbrevlated ln the follorlng to (frU1)can be calcrrlated.

fron the total energy spreed, only by aserrulng a Bartlcular forr
for the en€rgJr dletrlbutlon (1.e. the nunber of lnrtlclee havlng
a glven sncrgfr Bs a functlon of energy) rlthln;the aaalyzed lon
bean. ft has beeu shorn (sectlon 2.3.1 .2) that for a uaiforn
dlstrlbutlon of energl.ee at the entrance ellt of the analyaert
the output bea,n proflle (nunber of partioleg plotted ag e functlou
of dlgtance across the luage plane) ls an lsoeceLes trlengle
centred around. the path o{ a partlcle havlrg the mean ion beam

oner€g. l[oEt authorg Tg.-.tr9'80, then assune rlthout firrther
elaboratLon, thst the aucrg:f dlstrtbutton of the Lon beau Ln

the lrage plane of tbe analyzcr algo takeg tha forn of alr leorcelee
trlangle. fhe roaeon for thlg aeerrnptloa is not apperent.
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In precttoe the onerg3r dletrlbnrtlon la the lncldcnt lon
bean 1g not nnlforn ht d,epcnde on the anplitude and frequencJr

of the fluctuatiour occunlng Ln the Botentlal of the Van de

Graaff accelerator htgh voltage ter:ntnel, and therefore on the

geln and frequenotrr respons. of the euergy Etablltzlng feedbeok

loop. If the tcmlral potentlal le aesnaed to beve a norusl *
dietrlbutlonSl ebout a Dean potentlal, then tbe energy itlstrlbutlolr
ln tba Lon bean (averaged oyer a tl^ue iuterysl that 1g long
conpaaed rlth the typlcal perlod of the ternlual Botcntlal
fiIuctnationr) ls e nornel. dl,strlbutlon ecntred absut e Dosn

eD€Dgle Tbie Deen energy La the .n6rt:tr oorrespondlr€; to thc
Eean llne ccntral orblt through the analynlng Dagnotl,o field.
As partlclre nclther galn nor logo cnerglr durlng dcfleotlon ln
tbe nagnetto fleIdn tha enorglr distrlbutton of the lon bcan Ln

tho t-lage plsne of the analyzer, lg a norusl dlstrlbuttoa.
[he energy dlstrlhrtlon of tbe gectlon of the Lon beaa paastug

through the lnage gllt ie d,eteruLned by tbe:atlo of tbe Luage

Ellt rlaltb (neaeurEd ae the fractlonal chenge ln cnerg:tr requlred
to d.leBlaoe the lon bean throrrgh one sllt rldth ln the lnnge plane)

to the rtdth (frhn) of the nornal energif dlgtrlbution of the lon
bcan 1n the lnage Bl+ne.

locordlng to the theory of EarvoaeohanisnlE2t83an error
ln the potcnttal of the hlgh voltagc terrlnal la d.ecreeeed by e
fector 1/ (t + G) rhere G 1r tbe loop anBllflcation. In
prectlce G 1g a functlon of frcquency, and tho degree of
canccllatton of an arror ln the tcrd.nal potentlal, d.cpcnds on tha

rapldl.ty rlth rhlch the teralnol exror voltage d.evelops. For a
glven frequcnoy responec of the stablltzatton feed.back loopr the
energ:f eBreed ln the ritalJrsed lon bean dcpende on the relatlve
anplltude of tbe frequenoy c@ponents ln tbe fluctuetlone of the

generator terulual. potentlal. .

or Oausal*n
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The actlon then of the stablll zLry systoo le to decrEase

the full ridth at hal.f na.rluun of the anelyzed lon bean energlr

dtgtrlbutLon, Ln reLatton t o the total entrgltr epreed rhlch ig
deternined so1ely by the obJect and lnage eltt rldths. fn the

ldeal cas€' the noroal onergy dletrlbutlon can be approrloated

by an lgogoeleg trlangle of baee rldtb equal to the total €norgy

spread. Th€ full rldth at hal.f na'rimrn of thls €nergy

dlstrlbutlon te then eqrral to half the totel energy spread glven

by equatlon (39), eectlon 2.2.1 .6.

If the loop gal.n le d.ecreeeedn the energy epread (f*")
1n the analyzed. lon bean rllltnoreese to a steady value equal to
the total energ3r epread.. l\rrther deoreaseg ln Loop galn are

aocoupanl.ed by decreases ln thE lntenslty of the analyzed lon

baen as a smaller Brolnrtlon of lone satlsfy the enorgy requl.re-

nentg for trangnlsglon through trs analyaer tmage ellt. At a

certaln polnt the loop galn becones lngufftctent to rholdf the

lon beam centred on the Lmage sllt and the etabllt zLng actlon
ceases. At the other end of the scale, lf the looB Sain 1g

lncreased beyond. a certain rral.ue tbe feedback system becomeg

unstable and oacillationg 1111 occur unlese speclal techntquesSzt83

are enployed. to conpeneate the aystem.

The spread. ln ths energy of the analysed lon beamt

Tt (trUn) provlcles a noasure of tha effecttvsnose of the energiJr

stabllltation syotem. Erperlnentally lll can be detertrlned

by analyztt€ tbe shape of the step ln the thlck target yleld.
(3.e.3) frono a resction of acourately hrorn resonence rldth
trZ (trU). At resonance, tbe shape of the thlck target yleld
curve d.epend.s on the untfornlty of target ooopoeltlonr tbe

reactlon resonance wldtbl and. the spread. in energy ln the

lnctdent charged. partlcle b6am. (lUe Doppler broadenfts64

tntroduced by tbe tbcrmal notlon of the target nucLel add.s a

euall contrib.rtion30 (- 8o sv) to the effectlve onergy epreed

lnte lnclclent parttcle b6a.m. Tbis contrlbution ls negUglble

coEpared lrlth the reaction resonance rl.dths shorn ln tablc 1 )

and has been neglected. in the follorlng).
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The orp€rinentally observed. reeonance rid.th, tr(f*n)
nay be talcen as the energy eeparatlng the one quarter and. three
quarter lncreage tn yleld, potnts on the thtck target 

"t"p54
(tUe lntarquertlle rtdth of flgure 28). !1 , nay be cel.culated
fron the erperlnental data ualng the equatlon relatlng energy

rtdths vLze-

T? ! t'-*3 (a)

Figure (Zga) lllustrates a typlcal thlck target fle1d
etop, obtaLned for the 340 kev (p, U ) fluortne resoDence reecti.on,
uslng tbe netbocl d,egcribed in gection 3.2.2.2. Eere enall
lncrenente tn proton snerg3r sre nad.e by alterlng the nagaetlo
fiald. strength ln the nagnet pole gap. (For the ecqrrate

ne&surenent of regonance vldtha tLla nethod has the dieadvantage

of d.leturblng the bean posltion rlthln the tnage sllt) . The

observed. lnterquartlle rld.th t 1g (Z.g 3 O.Z) kov. Thc

large uncertainty ln the resonBnce rlclth T, ( tne prbltshod vclueg

covor & range fron 2.4 to 3.3. kev) precludee the posslbtltty of
obtalnlng 8n a,ccurate mrlue for [, by talc{ ng the dLfference d
squares as ln cquetlor 4. 1[he tota]. ensrgy spread tn the

enalyzed. bean , calculated by subgtituting the hnovn sllt rldths

"o 
r s r 1 nn lnto equation 39t Chapter 2, le 1.7 kev.

Thls gives e value for T., of Epprorlmately 0.8 kev, ln the ldea1

case of a triangular enorgy dlgtrlbutlon ln the enaLyzed proton

lsanr. (For a rralue of !, ln the range 0.8 to 1.? kevl the
obeerved. regonancs rldth t r 2.9 kev le consletent rlth the

reactlon resonance rtalth TZ bslng ln the rangs 2.4 to 2,8 kev.

Tble range le ertended further by tha pogelble erBerJ.nentel error
Ln t).

Ei,grue (Zg)(t) llLustratee glullar ueasurenente nad.e on

the 480 kev (p, y ) fluortne rosonancs. In thls caso gnall
changea ln proton €nc:rgy are mad.e by alterlng the potentlaL of the

target rith respect' to the Van d.e Graaff generator e.esth . The

na6netlc ftelcl strength renalng conetaat througbout tbe erperlnent
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8t a 17al.ue correspond.lng to the mid.-polnt of the thlck target step.

[he moasurenent hae been nade uslng tro scttlngs of tbe feedback

loop gBlD. lrhc observed resonance rldth tr at htgb geln

( t .6 ! O.2 kev) ls congld.erably snaller then tbe valuc

(2.6 I g.2 kev) obtalned rlth a loop galn thst ls only Just
sufflctent to uelntatn stabllization.

Ibe publlshed values (taUte 1) of tbe 480 kev fl.umlnc

rcsontrnce d.o uot agr6s rlthln the guoted. erperJ.nental 6DFolE.

ln averege of tha tro noet acourate vel,uegr BB lndlcated by thc

quoted, erperlnental errors, is ueed tn tbls rork, nancly

[2 - (t.Z ! 0.2) kev. The enerry apread ln thE anal.yred becn

salculatect frou cquatlon (+) for lor and hlgb loop ga{ner ars

2.3 kev and 1.1 kev regpeotlvely, Tbege valueg are ln good.

a6rement rttb thoae pred,lcted, (2.4 and 1.2 kev) oo the baele

of the oalculated total onergy epread, and the cel.oulated energy

epread (frhn)l on the assunptlon of a trlangular dletrlbutLon of

energlea ln tbe analyzed beau.

It ghould be enphasised tbat the values obtal,ned for
tst Ln tbis ray Bre subJect to conslderable €rror because of the

Ierge crror lnberent ln the dlfference of squares of tro nunbers

of couparable nagnltude each subJcct to an alryreclable crrort
and beoaueo of the large uncertalnty eristlng ln t he publlahed

valuee of the 48O kev fluorlne reactLon regonalrce rl.d.th. Eorever

the obeerved. d,ecrease ln the experlnental rldth of tbe thlck
target yleJ,d. stepr otr l.ncreastng the loop geln ludicetee that

tbe frequency response of the feedback loop ls ad.equate to affect
appreclable cancellatloa of the hlgher enpl.ltudr freguencJr

conponente ln the potcntlal fluchratlone of tbe generator ter"ol'nal.

lbe actual sn.rgy epead ( ftl") ln the analtrzcd lon hean rl11

therefore in general be lese tban the total encrgy sBread

cal,culated uelng equatlon (lg), cbapt er.2.
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3.4 ION SPSrE Iil rHE PRIilARY BEAil:

3.4.1. . - ry3Etsqg:Iqrar,

fn addltlon to atontc and nolecular ionsl higher EasB

ione &re forned rhen hydrogen or deuterlun gas ls lonLzed ln an

rf lon souroe. lhe prlurary lon bean fron tbe accelcrator then
conslets of a rnl.rture of conponent lons, so@e of rLtch provlde

sufflclent analyzed Lon cument to operate the stabll.lzation
syeten. Drlng lnitlal teets on tbe gtablllgatlon ayaten lt
ras found that some c&re f,as necaosary to onsure tbe stsfutltza-
tlon of tbe correct Dssa ions. For thle reason, the relative
Lnteneltles of the nein !.on components ln the prlmary lon bean

bave been LnvestLgated.

The lrrage sllt bor ras removed fron the 9Oo port on

the na6net beae tube and reBleced Ttth a pereper flange onto
the Etrrface of rfolcb a guartz dlsc had. been coDentgd. The lon
current ctrtldng the dlsc f,as collected on a flne tungaten negb

placed over the dlsc eurface. Tbe output of the gtablllzlng
anBl.lfler was dlsconnected. fron tbe corotra trlode, and the lnput
to one channel wag connected to the tungston grLd, A

deflection of on€ nlcroampere on th,e stablll zIng anpllfler
balance neter correepond.ed to an ion current of lO-2 l*
strlklng the quarta d1ec.

The acselErator rae nalntalned manually at a flred
ter'mlnal potentlal and, the nagnetlc fteld strerrgth ln the nagnet

pole gap tas adJueted. to brlng each lon group ln turn into the
centre of tbe quartz 4_tsc. The geuseneter frequency and lon- ,the
cument collected on/twgsten grld rere noted for each lon group.

The relatl,ve enalyzed lon cuuent aa a functlon of gausmeter

frequenoy ts shown ln flgure 3O (r) for the case rhere \ydrogen
ga8 ras supplled to the rf lon souuoe and ln flgrrre 3O (U) for
deuterlun gas. Because of the J.arge rango of observed ion
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currents the relatlve lon cument lntenslty hes been plotted
using I logarithmlc scale. 1[o correctlons have been nade to
the observed. lon cument reedlngs, to all.ow for eecondary
electrong loet froo the target64.

3.4.2. ANALTSIS 0F 4FULTS:

The generatirg voltnetcr calibratlon (rt, terne of
(pr f,) reactlon resonance energiee) enablee the terulnal potentlal
to be d.eternlned wlth an accuracy or J 4. [he ter"mlnal
poteatJ,al and hence accelerattrrg voltage can be kept constant
to rithin i 10 kv. of the choeen value, usl.rrgi nanual accelcrator
control. For the accelerating volta8e used Q+A ! 10 kv.) the
atonlc (g*) and nolecular (El ) uva"ogan lone, rould, be erpected,
on the bagls of the nagaet energ:r callbretion (trgure (zg)),
to be observed at gaussneter freguencLee of 1r.1 aad 21 .3 mc/eec.
respectlvery. a trebre nass, eingly charsed Ej too65 havlng
tbls en€rgJr le expected et a frequency of approrlnately 26.2
mc/sec. llhe three lons E+, El r and Ej thcrcforc account for
tbe three nsln pealcs obeerved at frequencles of 1j.o5, 21 .60
and 26.0 mcf sec. respectlvery, ln the byd.rogen rpcctrrrn.

The reakEr lntenelty, eubgldiery pcake have been

ldentifled ln tbe foLlowJ,ng way. For a glven negnetlc fteld.
strengtb ln the analyzlng nagnet, the €nsrgy dlvlded by the
charge to trass ratlo of the analyzed lons ls detertslned unlquely
( see for exa^nple aquatlon (+01 , eection 2.p.1 .?) . If the
energy of the three nain lon groupe lteted above ts denoted by
E (whcre, ln thlg cag6 E le appror!.nately 248 kev), than the
tso peaks occurrl.ng at frequenciee of 8,8 and. 10.95 mcfeec. are
consletent rlth atonlc \ydrogen (r*) lone havlng cnerglee of
E/3 and' B/2 reepectlvely. TheEe tro peake ere attrlbuted to
protone foroed by the dlgsoctationS4 of rj antl Ef lons rblch
bsve been accelerated to the full energy E.

a+H; _4 E- +J EZ

Eo
__+ +g2 

-* 
E' +



The alternatlve diseoclatlon node of an nl
J
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lon, uamely

El+ Eo + s;

gl.ves rl.ee to an Ef lon havlng an enargr of (2/3) E. fhe Bsak

correspond.lng to s
g; lone forued ln

lhe erletence of lon groups havlng an energlr lonr
then the €norglr E correspond.lng to tbe firll accelerattng
voltage (for a eingly charged lon) 1 has been conflrned by

deflectlng the prluary Lon bca,u ln an electrostatlc anelyzer.

Blve naln groups sre obeerved oa.a quartz dlsc placed ln tbc

luage plane of the elactroEtatlc d.efl,ector. [he obscrved.

g3ouBs, Ileted ln ord.er of Lncreaetng deflectlon ln tbe electrio
fleld, a16 attrlbuted, to ( t ) undeflected neutral Loae, ( Z) thoee

Lons havlng an onorSr Er (3) Ei iona of enorgy (z/l) Et

(+) protous of eneryy BfZ and (f) Brotone of energy E/3. [he

neesured d.eflectlone are coneletent rlth the cnergl.ee tentrtlvely
aecrtbed. on the basls of na6aetlc dEflectlon.

llhe peaks ocaurrlng Bt frequencies of 3O.1 and 34.0

mcf sec. B,re attrlh,rted to etngly charged neae {, and nass J long

reepectlvely. lbcgc are thought to be iong of the tVle ff a^nd.

d , rhioh have tbE ftrll energy E. An attearpt to observe the)'
dLgeoolatlon producte of theee Long rae not euocessful beoause

of tba mrch hlgher background. contrlbuted. by the Dore ebundant

Long scatterlng onto the qtrertz dLsc fron the rallg of tbe nagnct

beau tube. The other nal.n* poealblllty ls tbat these ions ar€

D; ana O! E lons, forued, fron deuterlum gas occlud,ed on the

Lnterlor surface of the r:? lon source glase envelope. If thls
ls so the lntenetty of the peake rould be erpected to decregse

rlth tlne. I$o euch decreaee has been obseryed and go the flrgt
poselblltty is regarded ag the more probable.

The other Bosslbllttieg are mrltiply cbargedr blgher
nasc ions sucb as g+++ produced. i1 the lonlzatl'on
of contanlnantE ln the lon sourc€.

frequency of 17.45 mcfaec 1g ettributcd to
thls rago



Tbe naln features of the deuterlun epectruu (ffgure ( lOtl;
are slnllar to the \ydrogen sBectrtrn. In the case of dcuterlum,

a sllghtly hlgher accelerattng voltage yae used, (Zdl kv. ) . the

three nal.n peaks, at frequencl.eg of 22.3Or 31 .20 and 38.8 mef aee.

coneepond, to D+, D;, ane nj ione respectlvely. The peaks at
12.9 and. 15.75 me/aec. correspond to D+ Lons having au energtrr

E. fbese

tbelr \ydrogen
or Dl and

5

of Efi and, EfZ reepectlvelye rhlle the pcak at 25.90 nc/eco.

corresponde to a D! J.on havlng an energy of (Z/l)
lons are thought to orlglnate ln a elmilar ray to
cotrnterparts, nanely a8 the d.Lgeociatl.on prodrrcta

D; ione of eaergy E. 1.o.

ol- Di + Do

oj* DZ + D+

Ol* Do + D+

The tro ad.dLtlonaL penke ocourring at frequencLes of
26.9O and 34.90 mc/eee are attrlbuted to elngly charged, Eass

three (og*) and. nsga flve (0, g*) iouE respectlvely, the

\ydrogan coneltituent belng eupBllad by \yd.rogen gas ooclud.ed

onto the lnterlor rall of the rf lon source glaes envelope.

THE DIflSoCI]ImON UECEATISUr

The fractlon of lons dlesoclated ln collLgions rlth
resLdual gae noleculeg ln the evacnated. bea^m tube ls o-lrq
rhere n lE the number density of the rcetdual gea noJ,eculeet

o- le tbe total croea-Beotlon for digsoolati.onr and I le the

d.igtance travelled by the lon bean. The ntrmber deneLty of
rEgl.dual gae nolecules averaged. over the 3 metre lon path le
approrinately 4 - lolf / " 

3. [he total croso-Bectton$ for
dlesoclatlon of Uf lone on O, and lI, noleculEe 1g approrinately
2 x. 1f16 "r2 

fo""roo energiee in tbe rango of lntercEt. Thlg
cross-seotlon lnclud.es the contrlbutlon due to tl * 2E*,

93e
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g; + ?J.or and U! * U! nbich together have about the gane

probeblllty as El* f+ + g9. lhe d.issocl.ated fractlon of
z

H; ions rhlch glve rlsc to an E* lon, la fron these naluee,

approrlnately 1.4. ftne84 Uae eetlna.ted the angular spread

of the dleeoclatl.on products fron the dlesoclatlon of a 27Q kev

Ei lon to be .0o? radiang. In the preeent casel tbe obJect

sllt of tbe analyzlng nagnet subtends an angle of .006 redlans
at the Lon Bource, ed consequently the probablllty thEt both
dlseoclatLon producte pass throngh the obJect sllt ls hlgh.
The erperinentaLly obgcrved. dlEsoclated fractlon (t.5fi) le
therefore ln good agreenent rtth t he fractlon erpeoted, from

colllElon rlth rcsldual gas noleculee.

The electrlc fleld d.lssoclatLon of ion"84 rhllo
ln the acceleratlng electrlc fleld, or durlng deflectlon ln
the analyzlng Eagnetlc fteld (rhtch ta equlval.ent to an

electrtc fleld of approrioately 104 volts /.^) evid,ently doee

not contribute appreclably to the total dlssoclated. fractlon,
for in thls case a contlnuun of energies would be observed ln
the dlesociatlon products. This vLaw Ls eubetantlated. by the
nagnitude of the electrle fleld dissociatlon probabllltles
as publlshed by wlnd84.

99S9@'
Thg practlcal effect of the nrlttpllcity of Lons Ln

the prlnary lon bean Le that for a gl.ven fleld ln tbc analyzlng
nagnet, stable operatlon of the energy gtabillzatlon systen 1111

occur for a number of different htgh voltage ter"ninal potenttal.E.

fhe productlon of an anllyzed. ion beBB conprlelng lone bavtng

the destred charge to nass ratio and. enargy, can be eneured by

selectlng the correct hlgh voltage ternlnal potentlal before

increaslng the stabtllzatlon feedback J.oop galn (appendtr 5).
fhe gencrating vottneter, caltbrated ln terns of (pr U ) reactlon
rssonance energles, provides a gufflclently sccurate (* 4)
indlcatlon of the termlnal potential for thl,e purposer Be the

naln lon comBonents are scparated by relatlveLy large monentrn

lntenrals.
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A second effeot le thst a Eudden porturbetlon of the

aocelerator potentlal or of the analyzlng Dagnetic ftel.d strength
( orftnatlns Ln practlce tbrorrgh a nooentary lnterrtrptLon ot
surge ln the usLns supply voltage) 

""o 
cauEe the etablllsatLon

ryrten to flockr onto a nearby lon group. In the preacnt rork
only the hlsh lntanglty E+ anil. D+ ion groups ara uaed., and.

consequently tbe abovc cffeat ls Lnoedlately evldenced by a
gualden decreaee tn thc anaLyued im cument. For thle reasont

thls effect presents no problen Ln praotiee.
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0HAPTER 4

4.1

Iry dqsarurE-cEqEg sEcrroNs oF rm *39Ierda39
am -rr](n.x\ctjo nnAgntors ron e.45 - wr{ }rsurnors

ffmOx[]CTr0N:

A convenient nsthod of studying the nucl,ear reactlone
K39(.rph39.rra tr39(orx)c135, is to bombard a rr(tt) sctntilletion
crystal w'ith rnonoenergetlc fagt neutrons and. obgerve the sclntllla-
tlonB produced by the cbargad partlcle reactton producte. llhts
method deecrlbed orlgi.nally by Scott and Seg"t85, obviatee the
problem of low ylelds whlch necessarlly restrlt fron targets
sufflclently thtn to allow lov energJr charged partlcles to energe.

[be e value of the r39(orp)139 reactlon Le + 0.22 llev

and that of tue r39(nro4fl35 reactl.on + 1.3, l[ev, for the caa6

where the reactlone proceed to the ground states of tbe reepectlve

final nuclel. Consequently both these reactiong ehould be

reLatlvely pronl.nent for neutron energJ.es around 2,5 llev.

Reactions proceedlng to the flret ercited levels fn e39 ('t .27 l[ev)

ana Ct35 (0.?8 Mev) are al,eo energetlcally poeelble.

In addltlon to r39 (laotopl.c abundance 93.1fi), a

rr(tr) gctnttlration crystat contatn" d0 (.' .o1fi) t {1 G.gfi) ,

T'77 and. a enall quantity of thaLltun. For neutron energlea

around. 2.4 Mev, neutron lncluced reactionE in {27 and u2o5

should not be observed because of the hlgh Coulonb barrler presented

to the outgolng charged Bartlcles. Reactlone f r, #0 
"na 

#1
should not be promJ.nent becausa of thelr relatlvely low leotoplo

abundance. In Teble 5 )Bg the reactl.oae erpected for a neutron

energy E' E 2,46 Mev are shorn, together wlth tbe martuum and

mlrrlnnr-m energtae whlch the emltted partlcle can assune ln the

laboratory systen.



91.

rABtE 5
d

lflarlmu and. mlnluun energy of enLtted particle ln laboratory
system for Eo r 2.46 Uev

Reactlon e (uev) Errln (uev) Etrar
(uev)

r39(o, B)139 0 .20 2'41 2.66

r39(o, p)l3F -1 .o4 1 .24 1,42

#r (o, p)r41 -1 .80 o-53 o.55

r39(rr, o.;cr36 1 ,35 3 .10 3.67

r39 (o, x) c135* 0.58 2.43 2.94

#1(Br d)cr:e -O.09 1 .88 2.31

llhe asterlsk denotes that the final nucleue le left ln the

flrst exctted gtate.

Following the work of Scott and Segelr Klen1e and

Seg"t8?, lnveetlgated the posslble applicatlon of tUe f39

(orp ).1,39 reaction to neutron spectronetryl and nore recently
Llnd.stron and Neo"tt88, and Dixon and Altt"rr89 neasured the

absolute croEE sectlone of tUe f39 (o, p)139 ana tr39(tra)Ct35

reactlone ualng the aegoclated partlcle technlgue ln conJnnctlon

wlth the D - D reactlon. Theee workare obtalned the follorlng
results:
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^LLlndgtron and Neuertr En ' (2.59 : 0.05) tev
tr( n, o( ) - (f t 4 ) nb

O-( n' p ) - (+>!5 ) tb
Dlxon and Aitken, En !r (2.46 ! o.1o ) uev

f (nrot ) - 6 nb

r(o,p )= (ge 1e)nb

Tbe d.lscrepency betreen these reeul.ts lg too large

to be explatned by el.ther erperlnental errora or by reaonanc€

stnrcture ln the K39 neutron GrogB-Eectlong' For thig
rsason a further absolute measurement of the neutron croEE sectlon

10of KJ7 at thls neutron onorgy ras consldered rorthrhlle.

lrhe above abeolute croas sectlons oan be conpared rtth
the lese accurate relatlve crosE sectlon values obtalned by

on
Base et alt". Thege rorkers obteined the follorlng reeultar

E, E (2.4i J o.o5) revBass et all
f (n,a()- (4.8 tt) nb

O-(urp)- (80 J$ ) mb

In thle case the neutron flux enterlng the KI (ff) EctntlLlator
ras measured ln terns of the responso of a long counter callbreted
wltb a h - CX" - Be neutron source of lmorrr strerrgth. Thege

resul.tg tend to eubetantlats thoge of Dixon and Altken although

the agreenent le poor. .l,n ercltatlon crrrve Boasursd by Baes et al
uelng lmBroved. neutron energy resolutton (lesg tban 1O kev),
exhlblts pronounced reeonance structure ln the K(orp) A39

reaction 1n the neutron on€rgy range of Lnterest. Tbls le
dlscussed further in eectlon 4.4,
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1
4.2. TH3 n - Ee- CorNCrDEtilCE STSTEM:

{.2.1 . DQUfPMEMT

The maLn features of the reection chanber are sbown.

in flgure 31. An eLectrostatic quadrupole lene*r placed between

the loage sll.t box (ttgure 1S) and ths reaction chanber allored a

100 kev D+ lon bean to be focueeed onto a reaction zone of

approxlmately 5 mn dlameter on a 0.005 lnch thickr rater cooled.

gold target. The trdrlve-Lnrf deuterlum concentratlon ln tbe

target was sufflclent after about 3O mtrmtes to give a yleLdt

from the D - D reactlon, of 105 neutrons per second. (tnto a 41f
eoIld engle) dth a target cunent of AO2LA,

The R"3 recoil d.etector pl.aeed at an angle of 74o from

the lncident beam dlrectlon deflned a cone of asgoclated neutrone

at an angle of 9Oo. Thlg neutron dlrectlon was choeen for the

follorlng reason. When all D - D reactlona Ln t he target take

place at the full Lncldent dsuteron onergy (i... the target ls
tdeally t$n) the neutron onergy le iteternl,ned so1ely by tb,e angle

of emisslon of the neutron. ff, bowever, a thlck target Ls used

the D - D reactions take place wlthln the target, over a dtatance

egual to the rangs of the lnctd.ant deuterone ln the target materLal

and consequently the reactlng deuterone have & continuous spectrtn

of ene:rglas belov the tnctrLent d.euteron energy. The neutrons
a

eroltted at^-OartLeular angle are then no longer monoenergettc but

have a spread ln energy. Thls spread ln energy ls nlnlmtaed for
neutrons enltted at anglee ln the raglon of 9Oo to 10Oo, for ln

thlg reglon the neutron enargy has ibe least dependenco on the

reaeting deuteron energy (figure 2).

On loan from the N.Z. Inetttttt: of Nuclear Sclencest
Gracefletr dr Lower llutt.
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At this neutron angle, the angular dlvergence of the

cons of taggect neutrons depende on both the solld angle subtanded

by the recoll counter and on the spread in reacttng deuteron

anergles introduced by the thick target. Tbe Bosltion of tbe

IC[(ff ) sclntiLlator, shown tn figure Jl , was sucb as to

completely enconpass the tagged nautron bean deflned by the

recoll particle detector. In thls regard allowance has been

nade for the finlte area of the reactLon zone on the target.

The focue rtng served. as a collimator on tbe lncldent
deuteron baam and prevented large excursions in the positlon of

the deuteron beam on the target. An electron suppressot prevented

secondary electrons fron the target formlng apprectable cument

densltiee ln the nelgbbourhood of the recoll counter. Such

currents bave been found to impalr the operatlon of the eoIlcl

state d,etector despite the use of protective folls.

4.2.2. ELECIRONICS c

A schematl.o d.iagram of tbe electrontcs used le shom ln
flgure 31 . An Orte"c 101-201 aopllfier eystsm* sas used ln the

I
He'ehannel rith a soltd Etate d.etector, the equlvalent nolse

figure of the system beirg 5.8 kev (fvm) for an tnput calncttance

of 40 pf. A conventional elngle ohanne} pulse height sel.ector

(Dynatron Radlo ttd. tT" N.lOl) was used to d.eternlne a pulec

helght windor on the Ee' peak. Thls pulse helght gelector

Brovided a standard output pulee of amplltude 20 volts and rldth
0.? psecond.s, whenever the lnput pulse amplltude Iay betreen the

preset llmlte.

. The neutron channdl was deslgned to handle htgh corrnt

rates slnce the neutron detector wilL respond not only to reactions

produced by tagge,it neutrons but w111 also be subJect to target

roon background scattered neutrons and gann'a rays. The non-

overloadlng d.ouble delay llne anplifler used required fast riging

Manufactured by Oak Rtfue Technical Enterprlses Corporation
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lnput pulses w'itb a relatively slovr d.ecay tine. 1rhls slor decay was

obtalned by taklng the pbotouultlpller pulses fron a dtrmode havlng a
I lt0 load reelgtarce. A non-Etraplngr fast rtge oathode follorer
drlvtng a teml.nated ?5 o llne ansuxed that the pulse shape raa
preseryed at the lnput to the dou6tGFdclay Llne annpll.ficr.

f,eutron lnduced eventg ln the xx(ff) ecintlllator glve

rlee to a contl.nuous spectrnn of pulee helgbts and, thue a conventlonal
pulee beight eeLector cannot be uEed ln thtg cbannel rltbott lntro-
duclng a prohLblttvely large tl,ne spread. Thlg tine spread arlaee

bccause of the relatlvely htgh trlggerlng level of the dleorlnlnator.
ThLs problen ras overcono by uslng a Tcktro"l- ty?e 585 oecllloscoBo

as e lor trlgger level dlsorlnlnator. In the nA clclayed by Bn uodct

the releasa of the naln (e) sreep can be delayed by a contlnuorely
variable a,mount by alterlng the B tine baee settlng. Tbe duration

of the trA Gatetr ptrlee can be varled contlnuoualy over a rlde tangg

by adJustlng the A swoeB epoed.. In thle uay the oecllloscope ls
used as a lor trlgger Ievele varlabl.e d.elay, varlable pulse rldtht
stand.erd grlee generator. Thc osslLLoscope trlggere equally rsll
on posLtive, negatJ.ve, or as in thls cess, blBolar lulgee. ([he

uses of an osclLloscopc ln nuclear lnstlunentatl.on ars dLecuseed.

Dorc fully ln referenoee pl, 92).

llbe resolvlag tlne of the elor colncldenco trnlt ras

deteroined by the duration of the lnput puleee. The adJustnent

of the A srecp spced. thug gave a contlnuoualy rrartabLe colncldonco

reeolvlng tlne. The output of the colncldence unlt uae used to
gate a ntrltlcbannel lrulee belgbt analyzer (toUen tJTc 1024).

Bandon colnctdencos uore deterrlned by lncreaslng tbo dclay setting
of the oscllloscopo by 20 reecondsr and. obsenrlng the colncldencc

count rate as lndloated by the gate puJ.se gcal.er. ft ghouLd be noted

tbat the delay oan be lncreaged ln thls ray rithout alterlng thc

deadtlue of the eysten. Three ecalers rere uged to monltor the

countrate at the polnte shorn ln flgure 31. Knowledge of thcsc

corrnt rates was requlred ln ord.er tbat the nunber of rand.on coLn-

cldences occrrnlug durlng a,n erperinent could be cal.culated.
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4,2.3. BECOII PARTICIE DSTECTIONI

At 1or deUtEron bmbardlng energl.ee the croBs Bsctlons

for the D (atro) ge3 and D (drp) T reactLong are approrluately cqual.
1

In addttlon tberefore, to Ec' partlclee, there 1111 elgo be lnaldcnt

on the racol.l Barttcle d.etector trltons and. protone rlth cnergLcs of

I lev and 3 Xev respectl.vely, togcther rltb deuterone elestlcally
acattered from the prluary bean, llgbt enltted fron the targetr and,

neutron cepture ga@a raJrs fron Burrountttng nsterlal. For thlg
1:oagon uaanbiguoue ldenttflcatlon of the 80O kev Ec3 partl.oles le
dlfflcult. thle dtfftculty acco.rnta for the relatlvel,y gcant

attentton gl.ven the aEeoclated partt ole tccbnlquc a1ryl.lcd to the

D - D reaotion, conpared rlth that a^fford.ed, tbe T(atrn) Ect

reactl.on !n rh[ch the roooll alpha partlole h"es a,n encrgy of 3.5 Iev

for 1or lncid,ent deuteron caergl,ee.

Shaplro ana HggeS have used. a nagnotlc fleld to dcfleot
I

the Ecr particleg lnto a vlndorlees XX(T1') schtlllator so

gLtu8ted that ltght frou the target could not anter Lt. lhfu
syeten waa pnobebly rrneultable for absol,ute ctosB seetl.on noalursentr I

because of the Boselblllty of pulsca arlelng fron the p- deoey of tho

naturally occum{ r€i f4O fo the eclntlllator falllng rlthla the Ec3

luLse hclght rlndov. |Ihc euthorg nake no nentLon of thig hotcvert
hrt d.o etatc thst gcattered. deuterons contrl.buted to the cotrnts

reoorded ln the Ee3 peak. Franzen et a17 rortd.ng at a d.gtrteron enorgf

of 9@ kev avolded scattered d.euterons by uslng a ges targatr ht
1

tbcLr Ee' detector dld not digcrlnl.nate a6aLnst protona and trLtom.
Okhuysen et eI4 d.etecteA gr3 partlcLee !.n an organLc Eclntlllator
covered rtth a thtn aludntrrn abgorber, deeplte th€ tnLI puhc sigo.

Llndgtron and feuertffi lntroduced, tb,e Ee3 partlcler lnto
a proBortlongl counter through a thln nl.oa rl.ndor. The gas Pressure

ln tho proportlonal. counter ras adJueted. eo as tUe Es3 llartloles
gave the largeet outprt nrlses. Dlxon and AttkenSg u"ed e tbln
Cs I ([1) gclntlllatlou crystal rlth s thln a.luDtntun flln
(*225 W/*2) cvaporated onto the front face. llhlg fltrr stoppcd.
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llght fron the target but raE of laeufflcl.ent thlokness to etop

coapletely scattered. d,euterone.

In tbe present rork the tro noet sucoeseful recoll g.3

Inrtl.c1e tletectors have becn a thin Cg f (ff ) crystat -photonrttlpllcr
oonblnatlon and a eolld gtate detector . A typlcal epectnu of

1
recoLl Ec'partlclee obtalncd uslng a 0.5 m thlck Cs I (ff)
gclntlllator optloally coupled. to a Phlllpt 153 - IVP photourltlpller
Ls ghorn ln flgure 32 (.). lbe recoll parttcles rcre oolllleted
by neene of a 2.3 nn dlanetcr bolc Ln a bresg cover placcd la front
of the cr5retal and over rhlch a thln nlckel foll rlndor (ZZl pe/or?ll
hsd. becn mounted. [his oathod provcd Eor€ rellable tbau thc
cvaporatlon of thl.n aluminlrrn fllne directly onto thc faac of thc
crlyatal. l, peak to valley retlo of 1.611 rae oongistcntly
obtslned. rlth occael,onal lnproveoent to as htgb as 2t1. Dlron
and Altken have obtalned pcak to val.ley ratloe of 3r I . The

obEervEd. narl.atlon ln the Beak to valley ratlo:for tbe Ec3 p€ek

ln a Cg I (lf) crystal bas beon attrltubed. to narlatlons ln the

characterletica of ths drtve-ln target.89

fhe epectnrn shorn in figure 32b ras obtaLned uelng an

Orteo, eillcon surface-barrl.er detector of resletltrlty 53OO

obm - cu and an alpha 6ner6y reeolutlon of 23.5 key (f*r), rlth
an applled blae of d0 v.

ttttL 45O 1tg/cd" nlckel foll oounted over

a hole of d.lametet 4.3 m ln an alunlnlr:n coverLrrg capr preventcd,

scattered. deuterons and llght fron reachlng the counter. ft ;ag

found neceasary to electrlcelly lnsulete the solld gtatc detector
earth fron the bean tube Ln order to ellnlnate radlofrcqueacJr
plclup by the deteotor. The peak nolee level ln the recotl deteotor

cbannel rae obgerved to be approrlnately 16 of tba pulee heigbt

coxr€spond,lng to the eld&le of the Ee3 pcnk.

In vlet of tbe dlgadvantages ( enuneratEd, ln chaptcr 1 .2)

associated witb the uee of a Csf (ff) eclntlllator for recoll go3

partlcle detection, a solld etate detector hae been used thrarghout

the present rork. The folle plaoed over the eolld state detcctor
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are prepared. using the method deecrlbed ln appendix ?. It ehould

be noted tbat a low deuteron energy ellors better dlecrlrtnatton
betreen ecattered. cleuterons and the Ec3 recoll partlclcs sl.nce the

snorgy difference betreon tben decreases at higher bonbardlng

deutcron onergles. For thtg reaeon lf the deuteron energy ia
lncreaeed uuch above 10O kev the extra foll thlcknegs rcqulrad to
atop tbe acattered deuterona regults ln a prohibltlvely large
decroase ln tbe ensrgy of the gc3 partlclee.

4.2.4 --TtrE SCIffiIIJ,ATfOS DEIEtTOBT

t'he cyllndrlcel (t? nn dlaneter, 11.12 m decp) xx(ff)
eclntlllatlon cryetal raa Dounted onto a luolte ltght-ftic (ffgurc 31)t
good. optlcal coupllng betrccn the tro belng cnsured by a thLn layer
of htgb vlecoalty ( fO6 centtpoiae) slllconc o11 of matchcd rcfractl.vc
lnder. A slullar oll ras urcd to optlcally cotrplc the Llght plpr
onto the cnd. rlndor of a ftlllpe 56-AVP pbotouultlpllcr. fbe
llght-plpc uecd le sbapcd euoh thst llgbt leevlng tbc eclntlll.ator
at an angle to thc a.rl.s of the Llgbt plBe rrndcrgoes total lntcrrnl
roflcctlon at the llght-ptpc errrfaoe and eo rcechca thc photooathodc

of thc photomrltlpllcr.

Thc vacuum ecaL onto the target cbember rae Dade dlrcctly
onto the basc of the llght-plpe thereby cl,rcrrsuentlng thc nrcd for
s veouun saal onto the photouultlp[er glase envcloBc. In ordcr

to prevcnt llgbt entcrlng the aclntlll.atlon deteotorr an alud.nlun
rlndow of thlchreee 24.2 ,g,f"^z ,rt pJ.aced. bctrccn the gclntlllator
and thc lerget. llhls tblcheee of elunl.nlun ls eufftolent to provent

3 ltcv Brotons, arl,elng from etray D-D reectLons Broduoed by gcattmrd

deutcrone, fron enterlng thc eclntllletor.

fhs Pblllpe 55-AVP pbotomltlpller tubc ls a hlgb galnt

short tlne resol.utlon, 14 dyaode tubc, rlth a photocathod.c bevtngi

an S-11 spcctral responer sultable for use rith lx(Tl) cchtlllatorg.
In tho prcecnt oasc the focuesl.ng and acceleratlug electrodc potentLal's

have been adJusted for oBtlmrn oncrt:f rceolutlon and the photourltlpller
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enclosod ln a Eu-metal shield to nininige the effects of stray
nagnetlc flelde.

A nuber of d.ifferent coatlnge* have been trlod
on the erterlor surface of tne KI(TI) crystal ln an attcnpt to
inprove the ltgbt coLleotion fron the sclntlllator. The best
ensrgy resolutlon bas been obtalned. rlth an uncoated cryetal
treatad ln ths follorlDg vBy. The plane surface of the cr"yetal
faclng the photonmltlpller ls poltahed, uslng lens tlssue and, a

nlrture of Jorcl.lers rorye and net\yI alcohol (Es K:I(nf ) crystals
are \ygroecoBtc). I*inaL pollshtrrg ls achlevoal rtth leng tissue
(uera rltb polythene gloves) dampened. rlth uet\yl eroohol. Thc

tvo reualntng surfaces &r€ sauffed, ligbtly ritb {00 grede carbor-
und.un pepa". The natt surface obtalned. in thts ray acts &s a
dlffugc reflectlng eurfecs.

ENEROY RHIOTUTTOI AffD CATIBRATTOI{:

Alpba particles of snorgJr 5.15 Uev and 5.42 ldev

rere obtaLned. fron r R 239 
"od 

h241 source respect!,vely. Ths

alpha partlcle energy yas rrarLad by neans of aluninLurn folls
placed. betrsen the source and ff([f) Eclntlllator. The alpha
particlc snsrgy for a given foil thlclcaesa was accurately
caltbratod, in terme of the hrorn llnear respoo""93 of a solld
etate d.etector. fhls nethod of snergy callbratlon has the
ad.vantage of not requirlng an accurate hrorledge of the foll
thiclmees uscd..

* f,OIE: A crystal. coated. rith a rhlte rsflecting palnt
conprtelng !i0, plgnent, cblortnated. rubber baset
and toluol eol?ent hae g{.ven good regolutlon.
Horever, thls palnt is lnconpattble rtth the elllcone
otl used. for optlcal coupllng and. for thls reason
ras not used. 0f course rater bagcd. palnte cannot
be uged becauee of the hygroecoplc nature of the
crystal.



Protons of erergy 3.0t Uev

reaction r6re uged. Ehe Broton energy

folls rhlch tera caltbrated. ln tcrmg ot
ralr as above. Tbe alpba partlcle and

partlcLes from kt241 tas g.6fr.

to an alpba partlole enorgy of 5

Thl g fl.gure cooparss favourablY

produced ln the D(drp) !
Yea varled rlth alunlnlun
proton energy ln the eane

proton energJr caLoulatod

Ths 6n6rglr reeolutlon crtrapolated
ilev rrae apgroxl,uatelY 8.8F.

rltb tbat obtatned bY lrlndstron

94fron the approrl,nate thicbess and stoBplng porertt of tbe folla
used. agreed. !n all casss rlthln # of tbe energlr Boasu:led ugtng

a solld, state detector. fhe energ{.es of the partlcleg ueed ln
the euorgy cal.ibretion are thought to be knorn to an aoauraoJr

of bettcr than 1fi.

[hs energy regolutl.on of the eclntlllatlon dctoctor

ras found to be approrlnately proportlonel to the reclprocal of the

alpha partlol.c crargrr [he reeolutlon for the 5.42 llev rlphn

and. ileuert (8.8F) uelng a larger (zt trn r 20 m) ru(ff) orystal.
Dixon and lLtken nake no nontlon of thE alpha partlclc enorgltr

resolutlon of thelr detector.

The EnsrgJr regolutlon for 2.7g lfiev protons ;as 11 .fo.

Intar.polatlon glvca the oncrg5r resolutlon at 2.1 llev proton cncrgy

aB 12.&. Thts figure compares unfavourably ulth thst obtelned

by Llndetron and. lleuert (ttfi). Dlron and. Aitken obtatned a rcgol-

utlon of 11 to |4 f ot e proton oncrgy of 2.65 lcv. [hle flgure

ls couBarable to thE regolutLon (lt.4fi) obtalned rlth the prcsent

solntlllatlon detcctor for protone of thls cnq1'$1ro

Typloal enor€nr spectra obtatned rlth thls drtector

for alpha prtlolee end protons are shorrl ln flgure 33. fbc re-

( t .32 l[ev) epectrun arlglng froo the clecay of nsturally ocotrrring

f40 coatained ln tbe cr5rstal gives rlse to a background countlng

ratc of apBrorlnately ?5 coqntg pcl, eecond up to an equJ.valent

proton energy of 90O kev (1.". 8ll alBha partlele energy of 1'! ltev) '

106 r



TYPICAL PROTON AND ALPHA PARTICLE

SPECTRA IN THE KIITI) SCINTILI.ATOR

100 120 140 16020 40 80
Ghannel No.

RESPONSE OF KT(TI) SCINTILI,ATOR TO

PROTONS, GAMMA RAYS. AND ALPHA PARTICLES

E
u0

ru

E4
tl
o
tq

is
d
[,
d

5.42 Mev3' 3o Mev I z' 79 Mev
x4oP- spectrum

R eaoluti
Figure

Alpha Partlclee



107.

The energy callbratlon of the eclntlllatlon detcotor

for a1pha partleles, gaotr8 reJrs and. protons ls ehorn ln flgurc 33 (U).

Thc gama ray sourcss uged rcre cE13? , 11122, co50, and. [h228.

lhe end polnt of tne f40 F- egsctrun provlded e furtber oallbratLon

polnt on the ggetra ralr gcalc. The aesponss 1g eEsentblly llnear

for protoas and ga^ma rsJrs but non-ltnear for alpha pertlclee oYQr

the energy region etudLcd.

The rcsponlc of ff(ff) eclntlllatlon crysta}g^has

baen the subJect of a nrnber of prevtous lnvegtlgatlone 88t89 
'9519 .

Tbeee studlee d.o uot agrec ln detall.. Dtrou and Altken attrlbuted.

dlfferences to varlatlone ln thalllrln oonceatratlon and other

d,ctalLa of crystal nanrfactnrer and found. that crystale obtalned

from tro dlfferent coopaniea gave dlfferent relatlvs reoponsc to

protone, ehctroas and alpba Bartlclee. ID the coruge of thle

vork, tbres dlffercat ff(f1) cryetala obtained fron tbe Earghar

chcnlsal co4pany have been used,. The tltgbt dlfferences tn the

obEcrved responee b,ave been attrlbuted to dlfferenc€s I'n the ltgbt
reflectfvlty fron the natt crystal surface.

[HnR0Iv CROSS SECIIOtr UEAFUBEEFIT

llhe sBectnrm of pulEee froo the gclntlllation dcteetor

in coLncldcnce rlth pulees fron tbe agsoclated Ee3 partlcle deteotor

lg ebornt ln flguro 34. For thlE erperlncnt the accelcratlngl

voltage ras 95 kv and the avcrage dsuteron orurent etrlklng the

target 25 ,tL. llhe data shorn ln ftgure 34 Lg e cotrpoel'tc epcotruu

obtalnsd after 15 runs sacb of {.'OOO seconds duratlon. lftcr each

group of 3 colncldence runs, randon coincldences lcro obeerved for

a perlod" of I,OOO seconds rlth a 2O rsecond delay placed ln the

sclntlllatlon tlEtector chennel .

The uean neutron cnsrgSr ln thls erperlnent lag 2,,46 l[ev'

Tbe total spread tn encrgy of aeutrong .!n the tegged neutron bcau

ra" i 40 kcv. ThLg cetl6Bte 1g baeed on the knorn argle gubtended'

by the recoll counter at the target (^r 3o) I thc fralte srea of the

reastlon sgne on the target, and the spread ln the reactlng deuteron

energles tn the drlve ln target. The neutron energlr epraad (ftU")

ls eetltrated as ! Z, kev.
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The aaln peak shorn ln figrre 34 occurs at s psoton

energlr of (2.54 t 0,05) fev and ls therefore attrlbutad to the

K39 (orp) A39 reactlon (eee table 5). A secondary peak of

uuch seaker lntengity occrrre at an atBba enargy of (3.4 J O.t)

fev and le attrlbuted to tne f39 (oro() Of35 reaotion. Both

tbe llne shape and regolutlon (lZ.qfi) of the Daln Broton peak

are ln good agr€cnent rith those erpectetl for protons of thlg

erergyo lhe trEln featuree of thle opectnu are ln agreemcnt

dth the epectrum obtalneal by Dlron and. lltken but {lffer
narkedly fron thoge forrnd. by llndetrom and l$euert. tbeec

latter rorkerg lnterpreted thelr speotnrn ae aborlng elBhe and

Broton peake of nearly equal lntenslty.

The abeolute neutron oroga sectLons for the above

reactione can be caloulated fron the relationt
(trpnber of tnre colncld.enoee) r (Funter of EcSpartlclee corrnted)r

(FrrnUer of f39 atme /^2 of sclatllLator) r (croos sectton),

provldcd. only that all tagged ncutrong Pass throrgh tbe

scintlllator.

A total nrrnber of 5tM2 oolncidences ras obtalned ln
the naln proton pealc. Bandon colncldences geve rlge to a totel
of ( fgO ! Zil countg under thls peak at an average count rete

of, 0.4 oounts per nlnute. 1[hE Broton pea]c therefore oontalned

(5rOjZ ! lOO) true coincidence couatg. The corrsspondlng

nunber of countg reglsterad by the Ee3 particle ecaler uae

4$ffi t29O.

llbe nrmber of r39 atooa/cnz of aclntlllator raa

calaulated fron the follorlng data;

Dens!.ty of n(ff) orystal
Uolecular relght of E

I amr

Igotoplc Abrtrndance of r39

Lensth of ff(fr) crYstal

r 3.13 eu/ac (g+)

r 166 a^rnr (g+)

r 1.662 t 1o-4gn (f+)
r 9711fi (lr)
! 11.12 @.



The ftgure obtalned, 1.175 r fi22 ataaf oaz tg

approxLnatery 2.4 hlgher tbsn the flgure (t.t5O r 1022)

deduaed from the nalue guoteil by Dlron and ALtkea (t.3t x rc22

r39 atwsf *2 fot a orystal 12.7 m tn lersth). It ls
unllkely that thle dlfference can bE erplalnecl by tlfferenceB

ln the thelltrrn concentratlon ( typtcally O .4) .

0n the basls of tbe above flgrrres tbe abeolute cross

sectton of tue r39(orB)139 reectlon ltg-

c (nrp) r (g+ J e) nb

fhe quoted orror lucludee a countlng error
d,evlatlonr together rlth an eettuate of tbe

aegegslng the arsa und.er the proton peak.

of t one etandard

posslble error la

The

mret be ned.e

attenuatlon
attcauatlon

follorlng le a sunnarJr of the correetlone

to the ueesured cross eectlon to allor for
that

lIheand scattarlng of the tagged ngutron bea,n.

of the tagged nsutron bcan 1n travcrslng a
thlchegg x' (cn) of naterlal of d.eaelty P (g/cc), total neutron

cross aection o- (barns), and. atonic lelgbt Ar le glven b5rr

60 P-t fi
A

provid.ed, x. 1g enall conpared rltb the neutron Deatr free path.

The values of tbe total neutron cross eectlone ugEd la these

correctlong ar€ those g:lvea by Eughes aad Schra,rt"lm The

attsngatlon of tbe ta6ged neutron bEan ln the SoId target backlng

(equlval.ent thlcbresg .O32 cn) te approrlnately l'Jf . [hts

lnoludeg e snall oorrectlon for neutrons rhlch altborrgb scatteredt

sttll paas through the ff(ff) scintll.lator. llbe attenuatlon of

the neutron beao ln the alrrnl,nlun eclntlllator sovsl (?A W/xDZ)

The effeot ot Lnelastlc ecattertng rtthlu the ff(ff)
crystal can be alloted for as follors. 8be lactdent neutron

energy of 2.46 lfev (2.4O llev ln the centre of naEs systen) ls
not suffloleat to cause ercltatlon of the fl.rgt erclted gtate ln

109.



K39 (vbtch occurs at an enargy of 2.53 llev).

therefore to conslder lnelagttc gcatterlng fron

ff(ff) cryetal of tblg elze the attenuatlon of

fron thia cauoo ls approxlnatel;y 2,6f, Slnce n€l4y nsutrone

travel an appreclable path ln the cr'Sretal before laelestlo
oo}!1g1on the actual flur reduction l,n the crystal due to I'nelastlc

soetterlng le approrlnately h81f tbe above flgurernanely 1:3f.
It ghould be noted that a ueutron produclng tUe f39(orp)f39

reaction havlng firgt undcrgone lnel.astlc ecettErlng fron an

nnuoleue, la unllkaly to contrtbute to tha proton Peak slnce

onergy avallable to the proton ls |n thl.e case less.

The effect of elaEttc neutron gcatterlng rlthln the

crSratal lg lnore dlfflcult to aseegg. For e crystal of thla
eLze apprortnstely 16 of the lncldent neutron flur 1111' und,ergo

elagtlc goattertng yttbln tbe crystal. Eorever the cllgtanco

travell,ed by a neutron tn the cryetal ls not apprecl'ably altered

by elastlc collisJ.on, and, slnce the snergf lost by a neutron

tbrolgh elastlc solltElon 1g snall, the probabtllty that the

neutron 1111 subeeguentLy produce e nuclesr rsactlon 1g

subetantlally unaltered. A nore detelled aaalygls foll'orlng e

neth.od descrlbed., for eranple, ty neUlol ghore thst the Lncreaged

neutron Bath length regultlng fron elastlo scatterlngr donlrateg

the reductlon Ln neutron flur caused by the scatterlng of neutFonB

out of tbe crtrretal. The relevant correction anounts to an

effectlve enbanaenent of tbe neutron flnr ln the cryetal by

approrlnately 1fi. A eecond. effect resultlng ln a correctlon

ln the san€ sense as thls corrsctlon ls tbe lncreased average

neutron Bath J.ength ln the crystal., (,a, O .1fi) reeulting froo the

angular dl.vergence of the tagged neutron bean.

{ydrogen, carbon, ancl orygon are the nala oonstltueut

atons of the llght Pip€ aseenbly on rhich the g(1[}) cr3nstal ls
notrnted. llbe narlnun energy of a neutron ;blch is backsaattered

fron the llght plpe asecnbly lnto the or3rstal occurs rhcn the

ecatterlng takes plaoe fron the heaviest of thase, nanely an

olygen nucleug. llhe €nergy of a neutton elastlcally back-

scattered. fron an olygen nucleue 1g 1 .gZ llev ( t .80 llsv for a

110.
It lg only necessarJr

{27. For a

the beas resultlng

T127

the
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oarbon nucleus) and. correspondingly legg lf lnelastloally
ecattered. A neutron of energy 1.92 Mev produclng tbe r39

(orp) 439 reaction ln the sclntll.lator g{.vee rLee to a proton

havlng a na,rtrrrm energy ln tbe laboratory syeteu of 2.12 lev.
Thle energy la lngufflclent to gtve rlse to a pulse enterlng

the oaln proton peak. Furthermore the cross sectlon for
scattering frotr olygen is e-tremeLy lor (< ZOO nU) for neutron

energies ln the reglon of 2.46 il,eY. For these reasona no

correctlon ls nade for tbe baokscatterlng of neutrona fron the

l.lgbt Blpe lnto the crystal.

Ihe acatterlng of neutrons lnto the crystal by oaterlal

located. outside the ta6ged neutron cone can only contrl.bute to

the randon colncidenco rate slnce tha aseoctated Ee3 Barticles
do not enter the recoil particle detector.

A number of effects aeeociated rlth thE d,etectlon of

the recoll n"3 particles can blter tbe obgerved crose eectlon.

Elgfecte arlelng from the eLastlc ecattering of Ee3 partlcles

by tbe target naterlal can be neglacted since ln the rorst cass
I

Eer particlee travel. only a short dletance (equivalent to the

range of a 100 kev deuteron in the target naterlal) before

energtng frour th,e target. If deutorons or trltone gtve rlee

to pulses thst can snter the He3 pulee balght rlndor the observed

cross sectlon rill be too em,Il . ft can be seen fron the recoll
partlcle detector speetnrnl figrrre 32 (U) r tbst tbe probablllty

I
of partlclee otber tban genuJ.ne Ee' partlclee glvlng rlse to
counts ln the Ee3scaler ls negliglble. The resolvlng tlne

loEsee tn tbe Ee3 scaler at tb,e count ratee uged (^,t30 counte

per second naxLrnrm) are aleo goall .

To sunnarl.ee, 8. correction of + 2.7fi ls nade to the

obsenred crosB section to allor for attenuatlon of the tagged

neutron beam d.ue to scatterlng |n the target bacftlng and

gclntillator cover and due to lnelastlc ecatterlng ln thc oryetal

ltse[f. A correction of -1.5% ie made to allor for the lncrease

tn neutron path Length resultlrU fron elastlc ecatterlrrg rlthln

the crystal and, the angul.ar dJ.vergence of tbe ta6ged heutron be8m.
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The corrscted value of the cross

0- (nrp) - GS !
The Lncrease in the quoted error
ln the cslculatlon of the effect
wlthln tbe cr;retal.

sectlon Ls

4) nb

ariees frour uncertaintlee
of elaetlc neutron ecatterlng

The wealcer intenslty peak (ttgure 34) le attrlbuted to

tUe f39 (or*) ef35 reaction. For a neutron energy of 2.46 Xev
r(

the e1'" nucLeus recolle rtth an energy of spprorlnately ?0O kev.

the ltgbt output from xx(tf) for euch beavy cbarged partlcles ls
not accurately lcaorn. llhe very mrch lower llght output for
alpba particl,es tban for protone of the sane enerry (ffgure 33 b)

suggeete thet the Ltgbt output for beavy recoll nucleL ehould be

negltgtble. fiowever there ie eone evldence that the ltght
output for beaqy charged partlcles ls greater than erpectedlozt103.

[he eubsldlary peak ln flgUre 34 corresponde to an alpha.lo"ttr
of (3.4 J O.t) lfev lf tbe llght output for the recoll 01Jo utrcleua

is ageumed negligl.ble,

The ares under the alpha psak bas been egtlnated by

flttlng the erperlnental data rlth a curve baEed on the knovn

spectnrn ehape of the eclntlllatlon detector for an alpba partlole

of thls energy. By flttlng the eurre to the relatlvely rell
d.eflned low energy alde of the alpha poak an eetl,nate of the area

obecured by the proton peak has been nade. The nrmber of tnre

cotnaldence counte obtalned ln the alpha peak le (lZ5 * 5O).

The Large quoted. €rror arlses through tbe Large uncertalnty ln
agseasing the area under the alBha peak and. to a lesser ertent

through the poor etetletloal accuracy of tbe erperluental data.

A val-ue of

tr(oro(). (6.2!1.0)nb

for the absolute crosg sectLon of tne tr39 (o, o( )tt36 reactlon !.s

obtaLned.

Tha valuee obtalned here , tr(orp) . (gf t + )tb

and fi(Dr o( ) . (A.Z ! l) nb &re in ercellent agte€m€nt rlth
those found by Dl.ron and ALtken, namely (gS J 6) ub and
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approrlnately 5 Bb rospectlvely. lto nlnor dlfferences elist.
fn the preaent ilork the overall oorrection tend.ed to raLse the

observed crogs sectlon by approrlnately 1.4 inplytng factors

tendl.ng to attemate the ta6ged neutron bean predonLngted' In

the case of Diron and Attken the aBp1ted correctlon lorrered the

observed croaB eectlon by 1.5fi tmplylng factors ten*lng to

enbance the effective neutron flur prodoglnated. [o correctlon

ras nade by theee rorkerg for attenuatl,on of the neutron beam In

the naterlel betreen ths deuterlun target aad the scintlllator.
Unfortunately lt ls not poeslble to estlnBte the nagnttude of

thls correctlon ae the relevant detalls of tbelr erperlnental

arrangement are not degcrlbed. A second dl.fference arises from

the value taken for tbe number denelty or r39 atoms ln a n(ff)
eolntllrator. rf the value quoted by Dixon and altken I'e used'

Ln evaluatlng tbe preeent reeults the abeolute cross eectlons

ars raised by approrl.nateLY 4.
The preeent resulte are qulte ctifferent to thoee

obtaLned by Llndetrom and, Neuert & ellghtly hlgher lncldent
neutron energJr, Eo r (2,5g ! O.O5) llov. In an attenpt
to obeerve the mrch nore pronlnent alpba pesk obtained by thesa

rorkerg, the nngated spectrnm fron the eclntlllatton counter bee

been eramlned at tro firrther neutron energlee. Ftgura 35 ghore

tbe ungated epectra obtaLned. rlth the Ecintlllatloa detector
located. at anglee of oo , 74o and 9Oo rlth respect to the
lncldent d.euteron beeu directlon. The neutron energtes corree-
pon&Lng to theee angles of obeervatlon are 2.85 MeYl 2.56 [ev;
and 2.46 Mav reepectlvely. Tbe geted epectrum of neutron lnduced'

events ln the scintlllator ls shown for conparlgon at a neutron

energy of 2.45 l[,ev.

fhe lncreased width of tbe peak in the ungated epectrun

ls attributecl to the large spread. ln energy of the neutrong

ecattered tnto the crystal fron surroundlng materlal. In the

gatecl spectnrn pulses arlelng fron thls Bource are reJected

slnce the ge3 p,artlole agsoclated rlth t he gcattered neutron

d.oee not enter the recoll partlGle detector. llhe ].ower average
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energlr of the lnelastlcally gcattered neutronB cauees the Beak

ln the ungated spectrun to appear at a altghtly lorer energlr

tben ln the gated epectnrn. The snarg:y of neutrons elastlcally
gcattered lnto tbe crystal d,epends prlnarily on the orlglnal
angle of enleslon of thc neutron from tha target, fbls snergy

can he hlgber or lorcr tban the neutron en€rgy oorrespondlng to
the angle of obeervation of the golntlllatlon counter and

consequently elaetlcally ecattered. neutrons reeult Ln e broedealng

of the ungated peak.

llhe rldth of the pcak ln the ungated spectnrn Lncreascg

rlth Lncreaslng neutron energy. fhle ls probably due t at leaet

In part, to tbe greater dependeuce of the neutron energy on

reactlng d.euteron energy at angles of obeervatlon ln tbe forward

d.lrectlon. The pulse hclght speotnrn fron ths gclntll,latlon

counter for 2.78 Iev protons le abortr for comparlgon rlth the

ungated spectnrm obeerved for neutrons ln the fortard *lrection
(Eo r 2.85 lev). ft can be Eoon that the ungated, peak ls
nearly trlce the rldtb erpected. for protona havlng a slngle
snergJr.

Desplte the increasecl peak rldth evldent ln the ungated

epectnrm, a gpllttlng of the naln peak of the nagnltude founcl by

Llnclstrom and ileuert rould be lmedlately app,arent. ilo euch

effect has been observed. elther in tne ff(Tf) crystal ueed tn

the crosg eectLon Eeasurenent or ln a second c4retal of ellgbtly
larger elze. For thle rsason lt is thought thst Llndstrop and

I{euert nay have n!.slnterBreted. thelr spectnrn. If tt le aeeuned

tbat the tro peaka found by these workers repreeent ln actual

fact a slngJ.e proton Beak, an abeolute croas Eeotlon of O-(nrp)

, 8t 3 i0 ub ls obtalned. llhle val.ue ie sttll conslderably

lorer than thst obtalned. here. A dlfference of thle nagnltude

oould be erplalned by attenuatlon of the ta6ged ncutron bean ag

apparently no conectlon for thLe rae nade.
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Sone featuree of the low snergy end of the gated spectrun

(ffgure 34) are of Lnterest. A discontlnulty (taUettce a*) occura

at a proton energ5r of O.t8 l[ev. llhere le no knorn erclted level
fn f39 that rould glve rlee to a proton of thls energy fron an

(orB) reection induccd U f39. On the baslE of the Q value alone

thls peak could be attrlbuted to tu" #f (trB) A41 reaction'
Eorever for thle reactLon to glve rLse to a dLeconttnulty of thle
tlze ln the presence of the cbance colnstdence background frou
the p- d,ecay of #0 and background. gaunn radlati,on, tt rould

requtre a cross sectlon of the order of 10 to 15 tlnes that of
the K39 (rrp)139 reactLon. Thls soens unllkely. rn vier of
the lor croes section for K39 (rrx) reactiong leadlng to the

ground. and flrst erclted etates ln e136, lt ls eqrrally w,llkeLy

that thls peak resulte fron an (rro() reaction proceeding to s
hlgbcr erclted gtate ln g135.

For theee reaaons tt le thought tbat thlg diecontinulty
(rbich ie mrch mor€ pronounced rhen pJ.otted on a graph bavlng a

horlzontal scale ertended ln the lorer €nergy direetton) le
probably due to a ganua ray bavlng an energr of approrlnately
(O.9O I O.t5) llev. Gannrs raye of thls €n€rgy occur then neutrone

are tnel.agtically ecattered fron the O.94 Xev or 1 .01 Xev levcl
in T127. Evldently the cross sectl.on for tnaLastLc neutroa

scatterlng fron these leveLe ln the neutron en€rgy raDge of
lntereet, has not been measured.. An order of uagnltucle eseegsnent

baeed, on the present resulte 1.€. lOO to 2OO nb rould soen reagoneble.

It should be poaslble to subgtantlate thlg ldentlflcatlon by

obsenvlng the gated nautron induced. epectrun ln a faf(ff) or

Cef(ff) achtilLator.

fhe Beek }abeIled. b* cones at a proton energy of 1.30 llev

and le alnoat certainly duer at leaet ln Bart, to tUe E39 (orp) 439*

reactLon (see table 5). There Lg sltgbt evldence of a engll peak

at an elBha lnrticle oneTgy of 2.5 lfev (tUe polnt labelled' at).
This may lndlcate e sEa,II contributlon to the spectrun fron thE

K39 (o, o() Ut:6* reactlon, on the basls of thls spectnrn lt rould
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Eern that the absolute cross Fecttons of tn" r39 (orB) t3F"oa
K39 (o, a) Cf36*reactLong are leee than 15 mb and 6 nb respectlvely.

4.4. TEEOBEII08I, .AJ{AI,ISIS 0F RFULIEg

Accord.lng to the Bohr asnrnptloolo4, the cross eectLon

for a nucleer rsactl,on of the true K39 (o, r) T ls glven by the

product of tbe croas eectlon d(") for the foroatlon of the #o
cotrpound nucleue, and. the probabtltty P (t) thst the conpound

nucleus, once formed, d,ecaye by the eml,gslon of a particle r
r*tth a reeldual nucleus Ir i.B.

o- (u, r) r d(") P(r)

ts r 1 r (zmrt
tt

P (r)

(r)

The conpound nucleus, tn general, can decay through

a nrrnber of conpetlng erlt reactlon cbannels.* The channel lave

nunber k and. channel. ravelength t , ar6 related to the channcl

energlr E ln the oentre of mase ayeten of ooordinstes, and, the

reduced r"""105 il ln the reaction channel., by

It can be shorn fron the reclproclty theorsn for nucleer

reectlonelo5 that the probabiltty of the eonpound nucleus decaylng

by enl,eelon of a partlcle r le, ln terns of the above notatlont

1tr'(')

(z)

(3)

{,*2r(u)
,

rhere A(r) ls the cross eectlon foi the fornatlon of the couporrnd

nucleug by the lnverse reactLon (1.e. a target nucleus Y

bonbarded by an tncl.dent partlclo x) rlth a glnllar notatlon for
t (u). The sun ln tha d.enouLnator ls evaluated over all I openr

ertt channele for the decay of the oogpound nuoleug.

The 'rord charurelr 8e used ln thls context, ls deflned.

in ref.1o5
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Tha flrgt erotted gtate of K-' has an eroltatlon

energy of 2.53 Uev. Inelagtlc excltatlon of thls etate lg not

possibla at lnctdent neutron energies belor about 2.5 llev ln the

laboratory systen of coordl.nateg. The only decay node of tha

cornpound, nucleus therefore, ln addltloa to cbarged partlcle
emlseion, te re-@lsglon of the neutron ln the entranoe ohanneL.

tr\rthernore, the probablllty of decay of the eonpound nucleus

by neutron emlsglon ln the entrance cbannel, te verJr nucb larger.
than for proton or other charged partlcle enLselonr elnce the

lettsr nugt penetrete the Soulonb potenttal barrler. lhe sun of

oross eections tn the denoolnator of equatioa ( 3) reduceE then to

{, EZ rb) = rl r1"1

- +, dG)and fr (n'r)

(+)

(l)

k2n

fne #0 oonpound nucleue forned by the absorption of

an lncld.ent 2.4O ltev neutront has an ercitatlon energy of 10.2 llev

For ercltatlon energles ln thlgabove tne #0 ground. state.
regton the average level. spaolng ln the tr4o ootleue, predlctad on

the basls of the Feroi ges nod."t16t10?, ls of the order of

1 kev. Erpsrtnentally, Baes et 
"t90 

d.educed' en avsrege level

apaclng of approrlnately 20 kev, from obgsrved resonancss ln thE

proton yle1d, fron tne f39 (.rp) f39 reactLon. In vler of the

ftntte (*5 to 10 kev) spread Ln neutron enorgy ln thle erperlnantt

lt ls alnost certaln tbat soms overlapplng or unreeolved reBonBncos

;sre obecured.. Coneequently the avsrage levcl epactng ln K4O

ls probably sonewhat less than 2O kev. In the preeent rork the

total eBread in neutron onorgy (1 +O kev) regultg ln the obeerved.

croag sectlon being an evereg€ over sone 6 or more reBonanooE'

For thlg reason, the regton of ercltatlon ln the comPound.nuclanl

can be regard.ed. as an energy contlnuum, and the nalue of a(t)
found. fron 

"ootlor 
,-105 theory.

0n the basls of thls theory the cross eectlon for

fornetlon of the compound nucl.eus d.oes not d.eBend on the quantun



state or 84y other epeclal property of the target nucleue r but

d.epend.s only on the type of lnctdent partlcle I (e.g. proton

or elpha particle), on the cherurel eaerglr Er and' on the cbmge

and radlus of the target nucl,eus. In tble 
""""105

r (') t rr t: {fn + 1) rr (')
where fr(x) le the tranenlselon coEffiolent through the opon

erlt ohannel r, for a partlcle havlng an angular momentun I
relatlve to the resldual nuololls. A conpartaon of equatlone (l)
and, (5) sbors

tr(n,r) -o *1 I 1 (er + 1) rr(x)

If p and s( are subetltuted for x, then

c(tr?) .n-t:

r(nro() *\1 (er + i) !r (.<)

L
{'

Ihe transmtgsion cosfflct ente represent tbe probabi'Itty

of a partlcl.e penetrattns througb the Ooulonb and centrlf\rgal'

barrlers &s rre}] aa through tbe potentlal d'lscontlnglty at tbe

nucrear eurface. on tbe bagis of contLrn'rn th"o"ylo5, [t ls
glven by

Tt 4 ffisr

118.

(er + 1) rr (p)

(6)

(r)

(8)

(g)

( to1

Ai + (sr +n)2

rbere K Is the rave nunber of the nuoleon lnelde the nrrclear

eurface 1 and, [,, and, S, are firnctlons dependJ-ng on the rave nrnber

k of the nrcleon outslde the rmclear eurfaca, the radtus of the

resldual nucleus R, the angular monentun Ir the obarurel energSr Et

and tbe betght of tb,e Ooulonb potentlal barrler' Ehe vaLues ogAl

ancl S, aan be calcul.ated Ln terns of B ueLng the If .K.8.105

apBrorlnatlon method. Thls hag beeu d.one; for exa,npl'e by

Llndstron and N"r."tt.88 The reeultl'ng values for 1I, (p) ars

ghovn Ln table (5).
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tigli" ' ro( n) rr (B) rz (p) !3 (p) 0- (t'p)
(nbarn)

4,o r 1o-13cu

5 .o r 1o-1 
3cn

6.0 r f o-13ct

1.oz (r)

r.8o (r)

2.61 ( r )

3.51

8.1 I

1 .49

(z)

(z)

(r)

4,32

1.51

3.82

(3)

(z)

(z)

2.33

1 .29

4.81

(+)

(3)

(3)

60.5

r33

244

119.

|[hs drmberE tn brackets ln the body of tbe table denote

negatlve pouere of 10. (for eranple 1.O2 (f ) denoteg 1.02 r 1O-1).

fhe oross geotLon e(nrp) correepondlng to a gtven val.ue of Rr has

besn calculated by eubstltutlng the values for f, (p) lnto cqtrstlon

8. 1able 7 ahoss the relatlon bet;cen A(n, o<) and the redlus R

of the resl,dual e135 uuclGUE.

IA3[,E ?

Redlus R ot cr35 C (nr o<)
nbarng

j.5 r lf13 ctr

7 ., r lo-13 co

8.5 r 1o-13 cn

1.

50.

2'J2.

81

5

0

Ihe

work, aamel.y

tbe follovlng

B

R

crperluentally daternlned crose aeetlons fognd ln thl's

O- (nrp) r gi ob and O{n, d) I 6 nb corresp'ond to

effectlve radlt for the respectlve resl&ral nuelel:

(139) - 4.j, r lfl3 cm

(cr35) r i.1i r io-13 om

These naluee bave been found fron a grapblcal tnterpoletlon

of the values glven tn tabtes (6) and, (t).
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On the bagls of the usuaL fornula relatlng tbe etfectlve
radius of a nucl.eus to lts nBBs rurnber A, na,neLy B E to A'
tbe value of ro glveu by the neasured, valuE of the (orp) eross

sectlon ls

lo'

fn the cage

radtus B 1g related.

1 .34 r 1o-13ct (tor A39) .

B , toA%* f
;herc f L" the effective radlus of thg alpha partLcle. l[hE rad.lua

of tbe alpha particle accord.Lng to BaghkLn et Bllo8 le 2.3 = 1o-13o".

Blatt and. flElseropr'lo5 atlopt a snaller value , f - 1.2 - lo+o, on

the gronnds thst the repulstve 0ouloub force oontlnues to act on thc

alpb,E partlole sven rben the alpha partlol.e lg partlally lumersed' la
tbe target nucleus. It ls thlg latter va1ue tbat 1g usEd. here.

Thc radlug B of tbe residual C135 nucleua ls tben 4.55 r tf13""
and the correspon&lng value of "o tgr

r r 1.35 r'lO-13*.
o

Both the values obtaiaed bere for ro ere Ln good agreeuent

vtth the ugual etatenent1o5. ! ' 1.3 to 1.5 I 1O-13"t,| 'o
coneiderlng the approrlmatlon lnherent in the contlnuun theoryr and

the lnaccuracy of the U.K.B. netbod. for predlatlng ba,rrler

penetrabllltlee .

of thc (n, * ) reactlon, the effeotiva channcl

to "o by
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CEAPTER 5:

-

couctttsl0r

t

Three paranetere aesocLated wtth the

an energy etabtUsed Van de Greaf,f aocelerator

interegt.

analyzed. lon bean from

are of lnrtlcular

( t ) The nean Lon energy

( a) The spread ln lon energJr

( 3) The analyzed ion current

The leet two parametera aro not lndcpendent and 1111 be

d.l.scussed und.er the satre beadlng.

5. 1 .1 . TIIE MEAN ION E{ER,GT:

The nean Lon energr ls d.eternlned by the nagaetlc fleld
etrength Ln the pole gaB of the analyzlng na,gnet. llestg lndicatc
tbat the etabtlity of thie nagnetlc fleId ie better than .O4.
Thts comesponds to a poeslble variation of O4fi La the onsrgy of

a partlcle follorlng the trean llne orbtt through the analyzlng

nagnetlc fiel.d.

The stablllty of the mean lon energy bas been obecked

dlrectly by obeerving the thtck target yle1d. from the 340 kev

fluorine (pr*6)reeonanc. at a nagnetic field strength correEpondlng

to the mld-polnt rlse ln 5rleld.. The garuoa-ray oount rate for a

given target current remaLns conetant rlthin the statlgtl.cal llnltg
of accuracy for periods in ercess of 3O ntntrtee. fhe yleld ts
then observad to slor1y decrsase. Thig effect lg attributed to

the bulld up on the target eurface of a carbonaceous conta'ninsnt

flln. The thlchess of thls flln bas been estlnated by obeervlrg

the displacenent of the thlck target yield etep betreen fresh and

ueed, targets. The thlcbeee obtalned (apprortnately 0.1 kev at

j40 kev proton energy, for 104 nicrocoulonbe of protons dellvered

onto tha target) lg of the correct negnltud.e to erplaln the obeerved.

decrease ln yleld rlth tl.ne. The lorg term stablllty ae lndicated
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by thls nethod. le at least as gpod as O.1fi.

Srergy aallbration technlques have been deecrlbed rblch

enable tbe mof,n energy of the analyzed lon bean to be deterrnlned

rltb an accuracy of O 3* for atonle tons ln the €netgy range beloc

lOO kev. A eubetantlal lncreage ln the eccuracJr of thls callbratlon

le Brecluded by tbe large uncErtalnty erletlng ln the publlshcd values

of the (p, f ) reaction resonance enargl.eE belor )0O kev. The

nagnetlc fleld etrength correspondlng to the nld-poLnt rlso ln
gor&B-Day yteld fron the 340 kev fluorlne reaonanse r le reproduolble

to wlthln .O5fi ln all oases 1n rhtch a fresh target le ueed. lrhe

onorg:tr callbratlon le therefore reptoduclblc to rlthtl A.1fi.

5.1 .2. r0r OIIBSENI ASD S!tsEAD Iil IOI ENEBCI:

Dre to the flnite obJeot and inage eIlt rldthsr tbe epread

in the enarry of tbe analyzed ton bearn le not entlrely eLlnlnated.

The prc&l.oted total fractlonal epread ln ensr€fir baeed on the cel-
culated performence of the oagnetlc analyzer hae been verlfled
experlnentally dorn to a total. energy epread. of 0.|fi, (1.". O.25fi

firbn). For the obJect and inage gltt rtdtbs (s t "o - 1m)

correspoudlng to thls value of tbe energy epread, anelyaed lon

currents of 6,nA have beea del.ivered onto a target located after

tbs lnage s}tt. The contrlbutlon to the total fractionel ener$r

sprcad t[ the analyaed. lon bean, resulttng fron nodulatloa of the

nagnetlc fteLd by rlBplc on tbe nagnet ftel.d coils, and Lnstrbllltleg
ln tbe nagnetlc.fteld ltself , ie in all Gases legs than .Qrfi.

At preeent efflclent uBe of the lon bean fron the accelerator

is prevented. by tlo effectg aseocl.ated rltb focueslng the lon bcan

on the obJect sllt. ELretIy the nlnlrun attalneble croBs-Beatlona]'

arsa of the ion bea$ in the plane of thE object Ellt ls conelderably

larger than at points closeD to tbe accelsratorr ed secondlyt the

bea,n posltlon ln the prane of the obJect e-h{bltB an enorglr dependent

lateral ehlft of up to 3 on. Tble Latter effect bag not becn

eLlnlnated elther by careful bean tube all'gnnent or by rcallgnneat

of the lon sourcs ertractor and focug electrod'os'
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It is not posElble to aBpr€clably decreage the long lon path

( e 2.3 netree) between the ion Bourco and the object sllt orlng to

the exigencLes of the physlcal layout of the target room. For thle
roaEon, lt ls lntended to overoone the lnadequacles of the accelerator

focuselng rlth an electroetatlc guafuupola 1"o"109 ("t present undcr

constructton) pl"acecl betreen the accelerator and. the obJeot sllt.
fn adclltlon to enabltrg flne focusglng of the lon bean eucb e lens

ean be ueed to pnovtde flne control over the beam poeltlon. fhts

le accompllghed by uaing the opposlte paire of eLectrodcs conprleing

tbe lens, ln the sane ra,y as the deflectlon plates ln a,n electroetatlc

deflector. The actlon of the lene then ls to both focug and

centrallee the lon beam on the obJect sllt of the analyzing ragnet.

Wlth the additlon of thls facll.lty tt Ehould be posslble to dellver

an atonl.c lon current of at least 25 DA through an obJect sllt
hevlrg a horlzontal ridth of 1 mm.

The queetion arl,ees as to sbat proportlon of tbe atonLo

Lon current paseing tbrotrgh the obJect ellt 1111 pass through the

lnage sltt. Agsunlng tbe lone have no epread ln energy and the

loage sllt rldth ls equal to the object sllt wtdthr the nagnet

focugslng propertles are adeguate to provtde vlrtually rc6 trans-

nlsslon through the loage sllt. Tbe increase in the horlzontal

rldth of the lmage caused by the spread. ln onergJr of the atonlo

ion bearu cEruses Eorn€ fraction of the analyzed. lon current to gtrlke

the onergy defintng eleotrodes forning the lna6e sllt. The fractlon

of the anal,yzed lon cugent that etrikes these Electrodeg dependst

of course, on the settlngs of the accelerator and stablllzatlon controls.

Under t5plcal operatlng condltions, over a rlde range of analyzed

lon cugentg and energles, it has been found. that 10 to 26 of the

analyzed lon cugent etrlkes the enerry deflning electrodes.

Thle inBlles that 806 or moro of tbe atonic ion crrment passlng

through the obJect sllt, le tranemLtted. through the lmage e1l-t.

Any substantlal increase in analyzad lon current must, therefore,

cone fron lnproved performance of alther, or both, the rf lon source

ot the bean transport systen prior to the obJect sltt' In thls
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regard, a recent overbaul of the Lon source has resulted ln a nuch

inBroved percentage yleld of atonlc lone, and analyzecl atonlc lon

currente ln €lrceas of 60 rlA havo been dellvererl onto a target placed.

after the lnage gllt.

Tn additlon to the nautron cross gectlon neasurcnsntg

d.egoflbdd bere, the snerry stabillzeci accelsrator bas been used in
the developnent (U. Bartlsl trl.Sc. tbesis ln preparatlon) of a
nagnettc deflactor for tha saparatlon of Ee3 partlcles produced'

ln the DD reactlon from deutorons elastlcaLly ecattered fron the

drtve-in target. For theee expertnents lt has proved. convenLlnt

to est the tnage and obJect gIlt widths at about 5 nB. For

deuteron energJ.es around 100 kevr md tba above gltt settlngst

stea{r dsuteron target currents !n the range fron 2l to 4O lA
have Broved to be eas5.l.y attalned, After lnittal ad.Justnents

have been complated, the accelErator and stabillzatLon oysten

bave been found to reguLre only occagional readJuetnent &rrln8 tha

course of tbe subsequent experioent. Slnce the addltlon of the

etabtltzatLon factllty, tbe accelerator hae been operated' for ovsr

i30 bours, under experinental condltlonBl and durtng thls tLne no

serloue fauLta have develoPed.

5 .2. TEE TAGCED NETJTRON SEAl{t',

A soll6l. state detector protected from the ecattered d.euteron

flqx by a thln nlckel fotl, bas been founcl to glve oonsld.ereble

lmprovanant over a eclntlllatlon detector ln the abiltty to dlecrlBinate

agalnst unwanted. counts in the R"3 cbannel. Tbe conplete resolution
1of the Her peak and oonsequent tmproved. neutron fLrrx cletarnlnation

ls especially gulted. to accurate neutron cross sectlon neagurenent

using the assoclated. partlole technLlue'

The lncident ileuteron energy ls at preeeat llnLted to

energtes belov approrlmately 1 10 kev, slnce at hlgher energf'es the

thlckness of foil required tc etop the scattered deuterons stops the
1

EeJpartielee as ve11. For lncld.ent deuteron energles ln thle rangs

tbe taggecl neutron energy can be vartsd from epprorinately 2.3 to
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2.5 trfiev by altering the angle at which the neutron ars obeerved.

The spread ln energy of the tagged neutron bean le at
present daternlneil by the spread in reacting deuteron onergy caused

by the thlclsress of the drLve-ln target, fn the cross sectlon
measurenente descrlbed here it ras posslble to mlnlmlze this effect
by obeervlng the tagged neutron eone at 9Oo to tbe tncldent deuteron

bean. At thte angle the neutron enargy 1g rel.atlvely lndependent

of the raacting d.euteron ensrgy. At other angles of obsarvation

lt is lntended. to use thln. d.euteriun loaded targets to reduce the

spread ln reactlng d.euteron energy.

1q
5. 3. IIIEE K-' NH.I1Its.ON CROSS SESTTONS:

The abeolute cross sectlon
reaction at a neutron enersr of 2,46

be (gS t +) Bbr rhlle tne r39 (r, ot )

sa&e neutron energy is (6 t 1) mb.

for the K39 (orp) 439

Mev has been maasured to
c136 cross section at the

Theee vaLuss are ln gooil agtee-

ment wlth those found by Dlron and Altken but do not agree rlth
the regults of tlndstron and lleuert rho worked at & sltghtly higher

neutron energxr (2.59) l[ev.

fne f39 (orp) and (rr*) reaction cross sections calculetad

on the baele of th.e optlcal nod.el of tbe nucleugr are approrl.mately

100 nb and 5 nb respectl.vely. These estlnates are eubJect to

reLatlvely Large uncsrtalntles arlslng both froo the contlnurrm theory

approrlmatlon on rhish the calculatione are based and from the

!f .K,8,105 approrlnatton metbod used for calculating the barrl,er

transmLsslon ooefflclentg. Evsn congtdcrtng thege inaccrrractee

it la doubtful rhetber the results of Llndstrom and feuert aro

compatlble rith this theory.

It ls lntereettng to compare tb,E lnesent absolute maasurcnents

rrlth the relatLve cross eections obtalned by Bass et ut90. 1[he neutron

flux enterlng their Ex(nf) acintillator ras neasurad by nsans of a
callbrated tong counter placed behind the golntillation detactor.

The reeults obtalned (g+ t 1?) nb and (5.0 ! 1.0) ub ars conpatlble

rtth the present resulte rtthtn the quoted ltmtte of accrrrsolr but
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the agreenent ls not good.. 0n the basie of tbe present regults
the flrrx determlnatlon of Bass et al ghould be decreased by

approrlmatel.y 14.
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APPETTDIX T

Tm KIlrEl[,aTrcg 0F mE D(d.n\ Eo3 BEA,C"IrOtr (NON-BELATTyISTIC\

Thie reaetl,on can be ;rltten as

D + d-+n *Ec3 + e trlev.

and repregented ln the Laboratory sgeten of oo-ordl.nates by the

d.lagran: -
Ecllun - 3

Incldent Bea,m Dlrectton (Pu%U

(ru nu uu)

ileutron
(no nn rrr)

rhere (fU nU UU) ar€ respectlvely the momcntunr energy and na;e

tbe lncildent d.euteron rlth a slnllar notatlon for the reactlon
products.

Conseryatlon of &rcrgXr requl.rea tlratl-

Ea + e r Eo*L
Conservatlon of llodentun a1.ong the lncldent bean dlrectlon

1lne perpendicular

(r)

requlrea that

(z)

to the

Po0ose *PbCoafi ! PA

whlle conservatlon of monentun along a

bea.m d.lrectlon gives

Postn} !' Poslnl
The energy EU ts related, to

EaES
fla

(l)

the cquatlon

(+)

the momentum Pa bY
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wlth el.nllar relatlone for the paire of energ3r and mmentun

(Pn, Eo) and. (Pa, ra).

Substltutlng these valuee of E4r Eo and % ln
equatlon (t) gtves

+e (l)
?2E Pb + P,-n 'b

* n̂n

tut

ud

VaLues for masgeg and Q """ 
9r-

Ia ! Deuteron Dsss - 2.01474 Entlr

t - Ifeutron Baas ] 1.00899 snur
n

\ - Eellrrn -3 trBBsr 3 .01599 8srl r

Q for the D(drn) n"3 c 3.2685 llev,
reaction

Uslng equat1ons (Z) (l) and (l) three of tbe flve
variables nay be d.eternlned by lettlng the renalnlng tlo narlablcg

assune lstorn valuee. For erample Po, i alna PO nay be unlquely

d,eternincd for any glven assull€d conbinatlon of EU and O.

geillo bas conplled fron conputor data a table of values of

Eo, % *d fl fot Jo lncremente ln 9o (for F. betreen 0o anil 18Oo)

and 1O kev- lncrements ln EU for lncldent deuteron energles belor

!00 kev, Data presented in this table has been gwnnarlsed I'n

flgtues 1 and 2.



129r

APPEIIDIX 2z

THE RMATIO}I BFIIffEEhI IMACE AIID OBIECT

DISTANCEII IOR HORTZONTAI TOCUSSINC IT
A TTNITORII SECTOR - UA,CNENIC FI4,D

Uslng the notation of the assoclated. flgrue,
the law of sLnes to trlangles I and. II ons obtains

1 , r+f'

and applylne

(r)
sLn ( E-E ) sin Il' o'

rr r r
ein Eo

Ellmlnating rl
I

Fron synmetry,

k

ein (g-nJ

and rearranging gtvee

(z)

(r)-f

sln W

the aguatJ.on

=]l

Sln W

(sln 1n-no) + stn Eo)

for K is
(etn (s-e) + sln E) (+)

Equatlons (3) and. (+) bave been calculated for tbe central ray

StfUV. SlnLLar reaeonlng applled. ray STTUTV glvcs

I+n = r (gin (n + A - Eo) + sin (lo+no))-(l)
sla W

and k+n = r (srn(E+ao-E) + sln (l+s)) (e )

sln W

Subtractlng eguetlons (l) and

m-f
( l) sives

( srn(s+Ao-r)1"111;llfl"(^..4 
t rl

for the dlfference of tro einea aawhlch on uslng the

a product glves

n

sln W

erpression

E -.I--
sln W

Ae Ao and A are gmall (funplyine enall angular

bean) they nay be neglected in a coslnetern.

for sin (*Ao) in equation (S) tben glves:

(z cos !';Ht*#i:,fts] i_,r,
divergence of the

Irrittns (ft[")
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" 

(Ao cos (n-n) + A cos n)

stn f,
X'rom eSrnnctry subtractlrg equation (5) and.

h rB r (l coa (H-Eo) * Ao oos Eo)

Fron

sln W

the figure lt can be seen tbat
ncos(l+E)3 ncoEE: ytan

ncosB: yA 
I

n coB Eo : yoAo

Subetituting these nalueg for m and

and eolvlng tor A,fA,o givee
n ln equatlon (l) and

(r+)

( r:)

rooB.-EoOosE ffi (t6)

( +) rtIl gj,ve,

(el30'

(ro)

A:YA (rr)

(rz)

(rl)
(5)

L/Lo r

l,/1, s.o

Y^ eLn W - r cos E^ Cos (g - U)oo

-

o
rcosE cogE

o

i"frIV-roos'Ecos(H-E)
o

The condltions for horlzontal focugelng in the unlform gector

field are obtaLned by equating tha right hand sldes of equatlone ( 14)

and (t:) i,o.
y sln W - r cos, E cos (g-f-) .'o'

rcoeE eosE
o v"=Inn - r coe(E-E)cosEo

Equatlon ( te1 may be eolved expltcltly for the ina6e dlstence y

(Uy subetltuting W , E - (Eo* E) and erryancllng the cosine of the

dlfferencss of anglee) to glve

y - r oos' E (ro"o" (u-E") + r stn H cos Eo)

-;sfn W - r cos EO cos (E-E) )

Thlg equation may be umltten tn the s5rwtetri.cal forn by eolvlng

for tan II:-
tanH ' (tanEo+"/yo) + (t*tE*"/y)

(rr)

(ta1

1 - (tan
r tan(P+

The focussing condltion

Eo +" /vJ ( tan E * t/v)

q)

becomesslmply E r P

a tan Eo *"/yowh,ere tan P

+a
( rg)
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andtanQ ' tanE +rh
Srltln8 ao for tan Eo and a for ten E r and neaeurtng

( zo)

(zr)

(zzl

y ln untts of r

tauP -
tenQ r

on€ obtalns

"o + t/yo

a + t/v

Tbtg gf,vea the focusslrg condltlon ln the forn moet suited for
conputlng ptrrposoe.

Frluatlon ( te; mey alao be rritten ln the foru

tanE a ("o+ t/v) + (a+ t/v)

1-("o+t/v)("*r/v)

( 23)
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APPET{DIX 3

TH3 RH,ATION BEI1TEEN ITIACE AI{D OBIECI DISTAIICESi

FER \IERTICAI TOCUSSTNG TN TEE XtsISCING X'TEID

OF A I]I[IFI)RT{ SECTOR-UAOII.ETTC ETELD

In 2.2.1 .2. lt has been Bbown thst deflectlon of a cherged

partlcle beam ln the ?, dlrectlon occurs ln the fringtng fteld
unlegs the bean enters and leaves the oa€netlc fleld, along llnes
perpendlcular to the fteld boLrnd,artes. Thc relatlon betroen

obJect and J.nage dietances nay be founcl by solvlng the equlvalent

optlcal problen whera Z tleflectlon occurs ln thLn leneee of focal

lengthe tftan Eo and tftan E, placed at the polnts of entrance

ancl erit respectlvely. ff tbe obJ eot dletance le yo then the

dlstance V to ths lnage forned, by the flret tMn lens can be

fornd by appllcatlon of the thln lEns foruula

rritlng eo for

I , tanEo
v--

and. soLvlrrg for V glvee

_ ,yo
BoIo-l

The oelnration of the tro thln lenses ts rE rhere H

La the angle through rhlch the lon bean ls deflectedr and r
ig the radlus of curvature of the lon bean, both meaaured ln thO

nedl.an pLane. The tnage fron the flrst lens acts as an obJect

for the second lens at an obJect dletanca of (rH - tI)

rH (ao yo - r) - ryo

Soro-l

Applylng tbe thln lens formrl.a to the second lens glves

_1 +
yo

tan Eo
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SoIo-F

rH (a

whore h ls
the exlt pole

"o vo

rE (.o xo -
a

' ' xrrt ("o to - r)

rhlch ylelde

("-")
yv

oxo-r)-3ro Yv

the vertical focusslng

boundary (tteure 3).

r!

!A

r

lnage dtetance neaeurd fron
Bearraugtng glves

arr_"
Y"t

rE (ayv - r) ("o% - t)

+1

r) - 3ro

*so("r"-r)i

(*o- )
yo

Thtg forn of the

B"*"r"4? and by ctr""45.
the radlue of curvature

eguatlon relattng 5ro and. y' has been used. by

ff all Lengtbs aro treasurod' ln unl.tg of
De tben thts equatlon becomeg

I

t"{)
yv

{ro-1)
yo

It ehould be noted that thts derlvatlon requlree that the

reglon ov€r rhlch verttcal (") deflectlon talcee place be snall
conparod rlth the path length ln tbe unLform fteld rCglon.
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APPWDTI 4

-

llote 1r

lT0Tffi oil mE rRloNolmqgrcAr l[AsIPt LArIotr 0F TEE

FocnsslNo EquaTlolls

Equation (tZ) (2.2.1 .2)

l1he horlzontal angular focueglng condltlon ls from cguatlon

(te1 g{.ven by pq - 1, rhtch on subetltutlng for p and. q gtvee

[-y^sloN-GoEEocoe (H-E)J 
fr"ror-cosEcos 

(E-t"l ' 1

uo o J t
ro"2E

ot
[v sin N - cos
L-o
solvl.ng for the

,y ' cog-Eocos E

o

E cos
o

lmage

+ cog

(H-E)] L'
dlstanca y
E coe (E-Eo

(s-Eo)] ocos2Eo"o"2E

s - coo Eo eos (E-E)-l

"o"2E

eLn I$ -

gives

) fvo"i"

cos E cog

sin I f voetn u - cos Eo coc (s - u)l
cog E cos Eoogs f,-69s

yo eln l/coe Eo) - oos (n-n sin tr

[be flrst term ln the laet bracket nay be slnpllfled. by puttlng

I[ - E - (Eo + E) (Equatlon 13) and erlnnd.J.ng coslnce and. slnee uslng

formrla of the tYPe

etn(A + B) r sln A cos B + coE A gln B

cos(A + B) E coe A ooe B - Sln A sln B

rhere A ls put equal to E ancl B cgual Er Eo a^nd' (Eo + E) in succession,

thie tern is then found to be Sin E and

.'. y - coe E (eln E + y. cos (E-E.)/cog Ea) l

yo eln lt/coe Eo - GoB (r - g)

rhich on mrltlplylng through by coe Eo g{.ves equatlon (t?)

I{otc 2: Equatlons ( r g) to ( z+) (2.2. 1 .2)

F4uatlor, (t?), on divtdlng tbe top and botton

rtght hand gidc bJr Io cos g coe E coe Eo I'nvertlngt

llncg of tbc

ancl rrltlng
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E-E -o

1 = (stn

E for S, beconee

(H-Eo-E)/cos H cos Eocos E)-(coa (s-s)/yo oos E aos E)

(sln nfyo cos H) + (coe (u - Eo) ooe Eo 6oe H)

Erpand,ing sj-nes and coeines

| -tanH-tanEo-tanE
ae beforel

- t&n H tan Eo tan E - (t/yo)- (tan E tan n/vo)

-Y (tan *o) + I + tan E tan E

- tan H - ((f/yo) ; tan Eo) - tan E ( r + tan H ((t/yo) + tan Eo))

1+tan

Wrltlng tan P - (t/yo) + tan

glves equation (Zt) vizr-

1r tan(n-P)-
v

tan Eo)H

E
o

(( r/v) +

tan E

In

1 g

-
v

Y

a slrrllar manner froro equation 18:

(tan Eo -(t/yo))+tanE-H tan E (t.o Eo - (t/vo))

1-E(tanEo-(t/yo))
tan Q E tan Eo - (t/vo)rritr ng

gl,vee

1

--
yv

I

-E
yv

tan Q

-
1-EtanQ

+tanE

tanE- l
g-cote

which ls equatlon (ZZ). Eq,uatlon (23) ls the result of ellurlnatlns

U/Vl fron esuations (ef ; and (ZZ), rhlle eguatlon (Z+) 1s tb'e result

of ellnlnating tan E fron equatlone (ZZ) and ( 23) .

Note 3l An erpregel,on for tbe reeolutlon factor Do (Z,Z'1'5)
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In ecction 2.2.1 .J. tt ls shoyn that the resolutlon

factor Do tray be mttten Ln teros of the cosfflclentE ln
oquatlon (t) YLB. z

D,., . I . qoefftcieqt of tns nononlyn dlgp?r$o?|%OE

0n subetitutlng the nalues of v and. v fron equatlone (g) anil ( lO) t

Do - z coe Eo eln (*ff) (cos 1no - *E) + q cos (848))

einI q

If Do ls ncasured. at the polnt of hortzontal foaus thcn PQ - 1,

and B ls glven by equatlon ( t t ) . The above cqrr.atlon beconog

The tcrm lnvolvlry Vo nay be rrltton as

- 2 co6 Eo sin (*g) . coo 1no - *ff) yo sln tT

slnN .coB2Eo

! yo(z gln (*s)cos Eo cos (*fl) + 2 sln (*[) sln Eosln (*tr))/oosEo

- Io(cos Eo sin E + (f - coe E) ein Eo )/ coe Eo

- yo (eln E + tan Eo (t - cos E))

The coefflclcnt of tan Eo above, cliffere by a factor of 2 fron thet

givcn by Cros, 46 but iE ln egrcment rtth that quoted' by Braans and

snrth?5 Thte dlecreprancy 1g attrlbuted to a typograBhical error in

CrogsrE papcr. The tcrn not lnvolvlry Io slnBllfl'ee to (t - oos E)

on puttl.ng tr - g- (no + n) and. erlnndlng gines and coglneg as befors'

.'. Do 3 yo (eln E + tan Eo (l - coB E)) + I - oos E

and fron e5rmnetrY

D t y (ein E + tan E (1 - cos H)) + | - cos E'

- 2 coe B. sln *n f"o" 
(r - *s) + ""j j_t-a: F)l[ro"t" It-cos

sln lt L

cos,{Eo

I
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FTIrcWn{G PARA.MEIM.S OF THE AI{AIYZED BTiA}'

^{7./'
IdEAN ENERGY

I

Y
I

Determines magnetlc
field. (Frimary
energy callbratlon
ln terms of gauss-
neter frequency
Flgure (zgl )

ENERCY SPREAD

sllt wld.ths
Figure ( tg)

Belt charge
(See section

Determlnee the incldent
beafir cument required.
AdJueted by the gas and
bean controL.

Determines the voLtage of the
accelerator (measured either bY
the generating voltmeter or
column current) - SecondarY
energy calibration ensures
that tbe correct lon sPecies
are selected..t0tl
Y Deterrnlnss the column current
I
I

I
Determines the poeition of tbe
corona polnts Figure (ztt.) and
hence approximate corona current.

Flgure ( ztu. )

current
2.3.2.2,)

The requiremente on the analyzed I'on bean, ("'g' the ion speclest

mean energy, maximum pernisstble energy spread, and iOn cugent delivered

onto the target ) ar* detersined by the requirements of the particul-ar

expertment. Tbe above scheme ehows bow these factors deternine approxi-

mately the settings of the accel.erator controls.

It has proved. convenient,to set tbe folloring controlsr before

activatlng tbe accelerator belt d.rivemotor. The object and image ellt

wicltbs are set at tbe value (ttggre 19) reclulrerl to give the desired

total energy spread in the analyzed. beam. The magnetic field strength

E E
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In the magnet pole gep ls sst at the correct val,ue to select ths rerlut red

ensrg.,/ for tbe particuler ton spectes, Tttl.s ts achieved by settlng the

gausemeter frequency at the a-oproprLate rralue giverr by flgura (29) and

adjue ttng the magnet coll crrment ( ff gure 26) untlL a magnetic resonanco

abeorbttcn,lLp tg observed or1 the N Iil R gaussmeter dlspLay oscilloacops'

The corona polnts at.e posltionad (figure 21b) so that tbe corona current

,lrain at the c[osen oparatleg potentlal rlf the Van d.e Gr:aaff generatort

is wlthin tha operatlng ra€e of the corona trlode stabili zLnS ampl tf ter

eombtnatton (-50 frA. draj.n is satlsfactory). The stablltzing ampllfter

galn ls set at zoro,

Power is nup^olterl to cornponent,s in the higb voLtage ierminal.

apJ,rroxlrnately haLf a miaute (aetermine,l l.y the closlrrg of a thernal

de'Lay gwltch ) after aoblvattng the belt drivemotor. The belt chargo

c11yrent is adjusted to give a generator teemlnal potential of approxl"-

mately BO to 1o0 k''r. (r" indicated try the colurnn cument rneter, figure 21b)

whlle t,be rf dlscharge ls tnitiated ln the ion source. Tbls ls
accompll-ehed by cycli-ng ihe gas prcssure in the ion source (uelrlg the

gas corrtrol )with the beam ertraction potentlal at zsPo, (i.e. the beam

control i.n the minimum posltion) , Confirma'uion of tbe presence of an

rf dlscharge in the t on sor.Lrce may be obtalne,l by lncreaslng the beam

control, If ionizatlon ls occurring in the lon source a clocrease in the

pot ential of the hi.gh voltage terml-nal w'rll oocur as a resul t of tb'e

lncreased cumenb rlraln :Frorn tbc terrainnr.l caused by the removal of iong

from the rf dlscharge. Once the ion souroo bas rstruckr, the bigb

vol tage termina1 potenti*l is increase,l (ty tnr:reasing tlre be}t cbarge)

trl the potential copesponding to tbe desired energy of the lon baam'

!'or this combtnatlon of terninal potentlal ( tUe second-ary enBrg:y

caltbratton) and. magnetlc fiel,d strength (prlmary ens-rgy callbratlon)

on)-y ions havtng the deeired charge to mass ratio satiefy the condltLons

nocessary f or transmlssl on through the analynlLrg magnet ( see section J .4) '
1rhe ges r beam, and focus controls are acljueted to 81ve a

current cf about 10 Jd. passing throqgh the object sLlt' Sltght

actjustnents are made to the terntnal potential in order to centraltee

the eorrect analyzed iorr epecies on the image slit and' tbe galn of the



139r

stablllzlng ampltfier ie increased to floekt the stablllzation syetem

onto the analyzed lon beam. At this polnt the gasr bean, and focus
controls ale opttmlze'l to give the requlred target current, The

stabiltzing amplifler gain, the posltion of the corona pointe, and the

accelerator belt charge current ars adjueted. in rotatlon, to obtaln

stable, balanced. operation of the stablltzlrrg amplifler, (tnstabllltles
are inillcated by tbe degree of fluctuation of the stabtll.ztng ampllfler
balance meter, seotion 2.3.3.1). The most stable operation is ueuelly
achieved with a corona current betreen 50 and p0 J.rA., (see figures (eO)

and. (at)), The fraction of the analysed ion currant striking the

energy defining electrodes ie typlcally 5 to 1tlr.

Correct operation of the stabllizatton syatem can be checked.

in the follorring wsgo A change ln the belt chargo current shouLd

glve rise to an error signal (lnatcated by a d.eflectlon of the

stabili zlr ampltfler balance meter) and. to a correspondlng change ln
the corone current drawn from the tr-lgh voltage terminaL. The

stabillztng action sbould hold. the hlgh volta6e tarntnal potentLal t
as indlcated by the generatl,ng voltmeter, conetant throughout this
cbange. A ohange in raagnet current ehould charrge tbe terminal
potentlal (ovar e range of et least 1OO lrllovolts or so) as the error
signal sl,nulated by changing the deflectlon of the ion bea^mr causes

a change ln the corona cr:rrcnt.



APPEIIDIX 6:

TrIE EFFECT 0F M+_GITET FRTNGING FrE[,m 0N

ION TRAJECTORTI$ IN THE XY PTANE

Tbe frlngJ.ng ftelds extending beyond the pole gap bound.arieg

of an analyzLng ma,guet exert slgntflcant forces on movlng ions in
the region between tbe obJect (and image) sli.t and the unlform

magnetlc fteld reglon. The effect on partlcle trajectories ln the

Z plane has been d.lecussed ln 2.2.1 .1. For motion ln the horlzontal

plane (tUe XY plane of figure 4), equatton (l)r (2.2.1.1') glves

d2r

d.t2

Sfunl1ar1y

110o

(r)
=g

m

Bo gE

dt

g& = s B,

dlz m

dx

dt

(z)

(l)

(4)

where B
z

functlon

\ may be

dx

d.t

where vo and r
ln the untform

ls given bY

ts the vertical componcnt of the magnetic field
of y al.one (assuning for slmpltclty that Eo '
rritten as g(V) . Integration of equatlon ( t )

/ ttv)dv

and le a

E=O), 1.o.
above gl.vas

d.r 5g
dtn

where the constant of lntegratlon equals zero as tb,e lone tntttally
bave no component of velocity in the x directLon. If b(V) 1g dcflned

by t he relatlon t(y) a n(y)/no where Bo ls the nagnetlc fleld
strengtb in the rrnlforn fteld reglon then cguation ( l) becomeg

v
=O

r
/ otv)dv

ar€ tbs Lon vel,oclty and radtue of curvature of thc I'one

fieLd regton respectively. The veloclty ln tbe Y dlrcctlon

EE s 'o -/g\
d,t \atl

and bence

€------_-- ( I )
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(5)atx = .f t(.rr\a:n

dy ["t - (,/ r(y).rf ] +

If the integral ls evaluated. for val.uss of y rangtug from

the obJect (o" lmage) digtance to tbe unlfor-n field region thcn

d*/ay represents the tangent of the angle msde by thc ion bcam path

with the Y "=ij, and for a given r, dcpends solely on the valuc of

the lntegral J t(y).qy. Tbe effect of the fringtng field can ba

allowed for by aesumlng tbe unlform fielill 3o ertends a dl.etancc al

beyond the pole gap bound.aryy and tbere falls abn.ptly to zcro.

Then by deflnltlon

.[ n(v)av

/ u(v)av

uniformlty extendg some dlstance yr

Bda
o

dr
+IN

inside tbe

practlce the flel,d non

reaL pole boundary and
yl

+d. r f t(y)av
_oJuo

(r)

(8)yr

where Jro ig the obJ ect or tmage gl lt dlstance .

The above dlgcusslon ts stiLl applicable in the case where Eo

and E take ilon-zoro vaLues ercept tha.t the integral uust bs evaluated

along the tncl,dent l"on bean dlrectlon and equation (8) thcn glves valuae

of yr and d along thie ltne. The lateral ( or X) dlsplacement of the

bean at the entrance to the unlform field raglon ie obtained by

intcgratlon of equation (5).



112.
APPHIDItr ?: TEE FOII WIrfDofl rN IR0NT 0F TEE HEtIgU - 3 DETECToR

The foll rLndow plaeed. over the sol.id. state detactor ls
prepared ln the folLowing way. The lO-5inch thlck nlckel foll
manrfactured. by the Chronlun Corporation of Anerlca comes nounted.

on a thlck coBper backlng. A gmall square of nlckel plus copper

backing ls glued, over the bole ln the alunlnium oap coverlng tho

solld statc detector. The copper backlqg ig etcbed off the a;rea

of fotl lmnrediately ln front of the hole uslng a eaturatod chronl.c

acld eolutLon contalnlr{f a snalI guantlty of euLphurlc acld. After
approxlnately 10 ml.nutee the etch eolutlon ls rerroved by rinalng
carefully in water. A second folI of ldentical thickness is nounted

over the f irst foll and etched in a silnil ar IrBDDof, .

The tlne for which tbls etehing process ie carried out lg
critLcal. If the etchlng time is too long ecattered deuterone will
penetrate the foll window at lnoldent d.euteron energlee below 10O

kev. 0n the other hand, if etchlng tlnes are too ehort the foil
thlcknees beconee sufflcient to degrada tbe He3 pulee hetght to a

level conparable rith the noiee level ln the detector chennel.

It has been found tbat with an etohing tine of 10 ntnuteer ono

conpleted foll rlndor ln tbree ntll be satlefactory at &n lncldeat
d.euteron energlr of 1OO kev. The dlfference betreen fotL rindora

etched in an ldentlcal way le attrlbuted to sltght vartatione ln
the thLckness of the nlckel foll used.

Obeervations nade und.er experinental. conditione lndlcate

that a soltd state d.etector oubjected to B gcattered d.euteron flur
of nore than approxlnrately 1O-4 nicrocoulombs 1111 probably bave

guffered permanent denage. For thls reaeon lt le eesenttal that

the foll vtndow coverLng the d.etector doee not erhtbtt fatigue effects.
prelimlnary results lndicate that provlded ad.equate heat cohductiou

away frorn the f o11 wlnd.ow is provldecl ( ensured ln thte case by the

heavy alrrnlniun nountlng csp) a fotl rlndov nade ln thle ray bsg an

tnflnlte llfetlne under accelerator condltlolrgl nechsnl-cal chooks

ercepted.
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