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INTIWUCTIOI

lleny etudiee Ln nuclear phyaice require the bonbardnent of a

material by a well-defined, uonoenergetlc beaa of particlea Ln order

to deterntne the nucleer propertiee nf netter. At Virginia Polytechnlc

Inatltute, a two nilllon volt electroatatic accelerator, nearly coqleted,

will provide e charged partlcle been for nuclear reeearch. In con-

junction with the accelerator, an analyelng device te needed to focue

particlee of only one kind on the target. Since the accelerator acta

ae en energy filter, been enelyeia can be accoqllehed with a properly

ehaped eguetlc flald, whlch acte aa e noaentuna filter.

A ngnetlc analyeer can perforn three functtona lu addition to

haan anelyeta. Pirat, proper eheplng of the negnetic field producee

refocuelng of a altghtly dlvergent partlcla been and lncreaaee the in-

teneity of the been when tt le dlrected agalnet e target dtatant froa

the accelerator. Second, aeneltlve voltage control can ba echieved by

lueertlng inaulated ellt jawa at the ngnet focal point end counectlng

the allt java through e feedback eyetc to the accelerator. Third, the

energ of the perticlee can be accurately daterained hy •eaeur$nt of

the ngnetlc inductlon in the air gap. In addition, a well-deelgpad

aagnetic analyzar can he ueed away froa the ecceleretor ae a parttcle

epectronater.

Several requlreente uauet he net by e ueaful ngnerlc analyzer and

tte aeeoeiated equipnent. A negnet capable of bending the been froa the

aceelerator and of rafccuelng the been met ba deelgned. An extremely



well reguleted power eupply met be provlded elnce the megnetlc fleld

eervee ee reference for voltege eteblllutlon of the ecceleretor end

elnce the fluctuatlon dV/V ln ecceleratlng voltege le twlce ee great

ee the fluctuetlon dl/l ln the negnetlzlng current.

V
· sä

zu

where: V le the ecceleretlng voltege

B le the negnetlc lnductlon lu the elr gap

r le the redlue of the pertlcle orblt

q le the electrlc charge of the pertlcle

I le the Inu of the partlcle

l le the negnetlzlng current

xnv-1-gw-el

Zn

il

·
2 gg

·
2 ax

V 5 T

'lhe doubllng of error elao occurn ln the deternlnetlon of the energy

of the pertlclee froI e neeeurenent of the Iegnetlc lnductlon. 'lhue,

the fleld Ieeeurlng lnetrunent eqaloyed met have tvlce the eccurecy

deelred ln been energ-
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REVIEW (I LITERATUR!

Charged perticlea move ln a circular path in a unlforn negnetlc

field. since tha radlue of the path le a function of tha megnetlc

tnductlon, the partlcle veloclty, and the charge-to—•eea ratio of the

partlcle, a anagnetlc flald will eort e nonoenergetlc been accordlng to

the charge-to-uae retlo of the pattlclee, or a been of ldentlcal

particlee according to partlcle veloclty. De¤p•ter,lZ Ln 1918, reported

the focualng effect of a uniforu ugnetlc f1e1d on e ellghtly divergent

charged perticla been collected 180 degraee fron the aource. Though

the negnetlc field provided focuelng only ln the plane perpendlcular

to the field and did nnt produce perfect point focuelng, high reeolutlon

wea ettalned by lntroduclng elite to llnlt the dlvergence of the been

at tha eource. The focuelng effect and the nee and veloclty diaparelon

of ngnetlc flelde were the propertlea needed for particle apectronetry.

Subeequent work wae dtrected toward Lncreaelng the eolid angle of

been which could be focueed with high reeolutlon. The theory of the

focuelng effect wee extended to include generallzed fleld gaonetrlee

end genarellted eource and collector arrangenenta. Uea of a n¤n~u¤Lfor¤

nagnetic fleld to lncreaee the eolld angle nf a elngle focualng

epectroueter vae euggeeted by Bock,} who provided an Integral equetlon

for the proper field ehape. In 1934, Stepheneu ehowed the focualng

property of a 180 degree unlforu fleld to ba a particular ceae of the

mre general focuelng propertiee of wedge ehaped flelda.
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Shaplng of the entrance end exit nagnet facee to provide perfect

eingle focuelng wes developed by Bembrldge,1 Spelgel,32 Hltenberger,15

end lerwln.U• 20 'lhe effect of the frlnging fleld on single focuelng

end the use of the frlnglng field to provide elsxltaneoue focuelng in

both vertlcal end radlel plenes were worked out hy Herzog,1‘* Qerten,7

Cotte,9 IIler,2“ Ooggeshall,8 l«lvatelll,2Z Sternhel¤er,3“ Ce§c,6 Cr¤se,m

end Deeq>eey.u Application of the ehaplng of entrence and exlt ngnet

facee, with correctione for the frlnglng field, hae reeulted ln elngle

foeuelng spectronetere corrected through thlrd order tn focuelng

eberrettone.

Yollowlng the work of lerst end Serberls on electron orbits ln the

betatron, the double focuelng propertlee of ugnetlc fields verylng

redlslly ee the reciprocel of the square root of the radlne were suggested

Lndependently by Hclüllenza end by Svertholu end Stegbahnß Double

focuslng uns shown to occur ln the l/rl field when the pertlclee were

bent through ZHTI redlens„ Svertholn end Slegbahnw conetructed e snell

(r

-

lZ.5c1e.) spectromter of thle type to desmnetratc the double

focueing prlnclple end later built a large (r
'

50 cn.) lnatr¤e•ent.3a

Shull end Dennieonza derlved the peth equatlon ln the l/rä field to e

eecond order epproxlntlon, generelizing the redlel field coqonent ln

e serlee expenelon lncludlng two erbltrery field peraxeetere. Iurle,

Oeebe, end 8leck,21 designed end conpleted a ZEIT epectroueeter beeed on

the work of Shull end Dennleomzg

Juddls and loeenbluezé extended the theory to include flret and

second order focuslug cnndlttone for erbltrery negnet engle end external

source dletence. ln conetructlng e lerge beta spectroueter, ßertlett
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And Balnbridgez utllieed the Zklldeelgn wlth the field nodlflcetione of

Shull And Dennieonzs And the deelgn reeulte of loeenbluA.26 An externel

Aource And cullector were eqzloyed by Snyder, Rubln, Fowler, end

Leurlteeulo ln their 180 degree Apectroueter end by mncenlß ln hle 180

degree epectroneter And 90 degree negnetic Analyzer. More recently,

Sternhelueraé hee euggeeted the uee of the frlnglng fleld ln conjunctlon

wlth the 1/r~ fleld to provlde double focuelng et A ehorter Lunge

dletence, lncreeelng eolld Angle And lnteneity. Optlnm focuetng for

A fixed deetgp hen been cebtained by Rubin And SAche,27 who gluyed

en edjueteble Alr gep And edjueteble pole fece ehlu in A 180 degree

epectroneter.



DBIGN G THB HAGIETIC ANALYZKI

Cholce of a partlcular type of analyelng magnet la based upon the

requlrenents of the electrostatlc eccelerator, the exlstlng fecllltles

for constructlon of the ngnßt, and the deslre to bulld en instrument

generally useful ln the laboratory ae a pertlcle epactronter. Though

the V.! I. acceleretor ls nov a horlzontel, tvo mllllon volt nchlne,

vertlcal muntlng of the eccelerator and the lncrease of lts voltage to

four mllllon volts are planned for the future. The vertlcal mountlng

dlctates a 90 degree analyzlng ngnet to provide e horlzontal bean, end

the energy of the acceleretor requlree a field sufflclently strong to

bend four million volt deuterone. Double focuslng le deslrable ln order

to provlde nxlnn been lntenslty at the target. The analyzlng ngnet

of Duncan nete these requlruents end, ln addltlon, ls a useful partlcle

epectrometer. Succeee of the deslgn has been proven st the Dnlverslty

of lentuckyu and at Cellfornla lnstltute of Technology.13

The amgnet ls of the clrcnnaferentlal yoke type wlth a 16 lnch

radlus and a 0.75 lnch alr gap. Tun cavatles, 2.50 lnches vlde and

2.25 lnches hlgh, hold the C~shaped current colle end a coll cooling

syetesa. The coqzleted ngnet le shcnm ln Plgure l, and drevlngs of the

magnet are lneerted ln s pocket ln the beck cover.

gurrent Oulls

The force of the nagnetlc fleld on the deuterone mst balance the

centrlfugal force of four mllllon volt deuterons travellng ln e clrcle

of l6 lnch radlus.
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qvß = mvz/r and §¤v2

'
qV

¤
‘

1 (lvm/q)l·‘
r

where: q
‘

tha electric charge of a deuteron

m
*

the man nf a deuteron

V
'

tha veloctty of a deuteron

I
‘

the aagnettc tnduction

r
‘

the radiua of the deutaron path

V = the accalerator voltage

Subetttutlon of the ngnet parameter! into the above aquatlon given

a value of 10,100 gauea for the required ngnetic Lnductton. Slnce

mild eteel, which baglna to eaturete eltghtly above 10,000 gauu, la the

eignet atructural nterial, the reluctanca of the yoke may be neglected

with reapect to the alr gap reluctanca.

Aqere'n Lew

Is
*

mnt

nl E lg/11,,

wher•: B = the aagnetlc inductton

1 : the path length around the magnetic circult

Mo: the permeability of air

n = the total number of coll turna

1 : the ugnetlrlng current

Direct aubatitution nhowed that 15,300 eqere turna were needed for

analyale of the four million volt beam, and a preltminary eouputation

indicated that approximately three ktlowatta would he required for exci-

tation of the nagnet at 120 volte. Since a motor generator aet of thin



rating waa avallable for tranafer from its installation ln another

bulldlng to the Nuclear Accelerator Laboratory, the magnet coll: were

designed for aerles operation with the three kllowatt source Ln entlcl-

petlon of connectlng them ln parallel later for use with e 120 volt

power supply of larger current capacity. Although hlgheat flelda could

be attalned by ualng a low voltage power aupply end large conductors,

fields nach above 10,000 gsuss were not conaldered because aeturatlon

of the yoke causea a emall lncrease ln fleld for e large increase in

aware turna and becauae aaturatlon of the pole plecea dlstorts the

field ln the air gap and lntroduces defecusing.

Table 1 contelne an outllne of the coll dealgn cowutatlong the

values ahown are the rasulta of two trial calculstlous. Coil restatsnce

ls set at 4.9 ohne hy the 120 volt, 24.5 awere rating of the generator.

'lhe requlruaent of 15,300 awere turna lndicates that at leaet 630

turna are needed. Right C-shaped pancake coll asauaebllaa wound with

84 turna of 0.044 x 0.156 lnch flat copper wlre cowrlse the wlndlng

design. 'lheee windlngs flll the entire width of the eoll cavltlea and

allow 0.75 lnches height ln each cavlty for cooling purpoeea.

Coollgg Sgatu

Four 3/16 lnch thlck copper platea can be fltted between the coll

eaaenbllea ln each cavlty aa ehown ln Flgure Z. Coollng le accowllshed

by paastng water through 5/16 inch copper tublng, silver aoldered around

the inside and outalde of the platea and flattened to plate thlcknesa,

Flgure 3. Soldered copper albows, bent from 3/B lnch copper tublng,

clone the tublng on each plate, and the platea are interconnacted with
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flered flttlnge. In Table 2 the adequacy of the coollng eyateun ls cou-

pered with the ayetem eeployed by Snyder, lubln, Yowler, and Laurltsenm

ln thelr 180 degree spectroueeter.

Vecuum Chulber

The vecuus chesber le choeen for lte elupllclty, a J7 lnch eectlon

of 3/4 x 1-1/2 x 1/16 lnch rectanguler weve gulde bent ln a 90 degree

erc of 16 lnch radlue, The wave gulde extends approxlestely elx lnchee

beyond eech end of the usgnet. Standerd else flengee, ehown ln Plgure
·’•,

are eoft eoldered to the weve gulde, and two flenged bellowe, Tlgure 5,

are provided to connect the vecuum chejer to the vacuum syetn, yet

perslt sllgxment ef the segnet.

Supgrt Iebla

The support table mat be capable of holdlng the aaeenbled ngnet,

whlch welghe mre than 500 pounde, and muet ellow levellng of the ngnet

and ellpment wlth the scceleratlng tube. The teble, shown ln Ilguure 6,

le bullt cf ll; Lnch angle lron welded together end bolted to the floor.

A l x ZB x 28 inch eteel plate le supported above the teble on 4 one

inch bolte whlch level the ngnet. A 1 x l7 x 17 inch eteel plate elldea

on the levellng plate to provide horlxontel allgnsent. To prevent etray

fleld fros the segnet to the platee, a 4 x 17 x 17 lnch concrete block

eeparates the segnet frme the platee.





~
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Table 1

Deelgn Gmquutlon for Qoila

Generator rating: 3 lv, 125 volts, 24 aqz.

llexhnxn eeriee coll reeietancez 5.2 ohne

Ampere turn: required: 15,300 awere turne

llgulurn turne required: 635 turn:

Number of pencake coilez 16 coila

Wire else, rectaxxgulerz 0.044 x 0.156 lnchu

Double cotton ccrvering addLt1¤ne*: 0.014, 0.014 inchee

Overall wire eine: 0.058 x 0.170 inchu

Gevlty alu: two 2.50 x 2.24 inch cavetlee

Turn: per coll: 2.50/0.058
'

42 turne per coll

Allowence for gauze wrapplnge: 0.15 inchu

Space for cooling
¤y•t•n:

(2.25
·

0.15
·

8 x 0.170) =

0.75 lnchee per cevlty

Total turne: 16 x 42 Z 672 turne

lteen turn length: 4.9 feet per turn

Total wire length: 3,290 feet

leetetance per 1,000 £t.•: 1.51 ohne per 1,000 ft.

Total coll reeietance: 4.96 ohne

Aqere turne obtainable: 672 x 24 Z 16,100 aqera turne

Yield obtatnablez 10,600 yeuu

Deutaron energ: 4.4 HIV



Table 2

Design Ooqzutation for Coollng Syoteu

Space for cooling nyntenz 0.75 1nch•• per cevity

Plan thtcknouz 3/16 inch

Total nunhsr nf plane: 8 platu

Area of plate ride: 164 inch: per plate nlda

'htel cooling erea: 2,020 inchz

lllxinm pow•r input: 3,000 watt:

Power dluipetlon par unit area: 1.5 vutn per Lnchz

Ihximn current: 26 uqeru

wire eru: 0.00688 tnchz

lhxium current denaltyz 3,500 nqeren per lnchz

Coollgg Sxatan Q Snxder, Q Q.

Ihxhun power input: 15,000 wette

Power diutpntlon per unit Aru: 1.5 watt: per inchz

Current dexuttyz 6,000 aqaeren per inchz
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CWSTIUCXION (I TH! MAGNITIC AMLYZKX

guggort Ieble end Fhget

N. lernett, nechinlet for the V.P.I. Phyetce Depertnent, febrlceted

the eupport teble. The concrete block wu ceat upelde down eround

hreee relnforclng rod Ln a wooden forn. Sie pege ln the botton of the

form provided welle lu the block for the holt heede on the button of

the negnet. Since no lethe et Vlrgtnle Fulytechnlc lnetltute would

ewing the ngnet perte, they were nechlned from mild ateel by the

Vlrginte lrldge Ooqeny of loenoke, Virginia, end donated to the Phyalce

Depertnent. To lneure netchlng of the pole plecee and the top end

bottom pletee, coeplete cyllndere were turned, end two 90 degree eectore

were cut fron the cyllndere to form the utchlng perte. The Virginia

Bridge Coqeny doneted, eleo, the levellng plete end the allgnzeeut

plate, efter nechlntng their allding eurfecee.

Current C¤tle

A coqzleted coll la ehown ln Flgure 7. The 0.044 x 0.156 inch

wire wea found to be too flexible to be preeeed into plece eround the

pole plecee end could not he wound ebout the polee dlrectly, becauee

tenelon on the wire during wlndlng pulled the wire ewey fron the inner

15 1nch redlue of the polen. 'me wire wu wound on an elllptlcel forn,

ehown in Figure 8, end then formed ln a jig to provide the necueery

C·ehepe of the colle.

The perlmeter of turn! wound directly on e ereecent eheped form,

euch ee the negnet pole ptecee, renelne very neerly conetent iron turn

to turn heceuee the inner radlue decreeeee ae rapidly ee the outer redlue



~
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lncreeeee. For en elllptlcel Eom, however, the perlmeter of eucceeelve

turne locreeeee beceuee both redll lncreeee wlth eucceeelve turn:. Celcu•

letion ehowe thet the turn lengthe lncreeee by only ebout one per cent

for the elllptlcel form of Flgure 8 end wlre 0.044 lnchee thlck. Thie

emll enount of eleck elde in the fornlng of the colle, yet le eufflclently

enell to leeve no abeerveble epecee between turne of the coqaleted celle.

The reel of rectenguler wire wee eupported ln e box end provlded

with e foot opereted breke to control teneion durlng wlndlng. A enll

motor wee connected through e V-belt clutch end e worn end wheel epeed

reduce: to power the elliptlcel forn. Yorty turne of wlre were wound

lnto eech of the 16 colle, elght colle wound clockwlee end etgbt, cou¤ter·

clockviee. Two turne were dropped iron the deelgn velue of 42 turne

per coll ln order to lneure eeee of ftttlng the colle into the cevltlen.

The forning jlg wee e one-elghth lnch piece of plywood, cut to

the creecent ehepe of the pole feeee, feetened eeeurely to e lerge

boerd, end eurrouoded wlth c1eq>e. Colle were formed by cleqalng the

elllptlcel wlndlng egelnet the convex elde of the jlg, bendlng e few

wlree et e tlne egelnet the conceve eurfece of the jlg, end then

cleqlng the forned eide-

lech col]. eeeenbly wee nde of two celle, one wound clockwlee end

the other, counterclockwlee. The colle were etecked on one enother,

the two lnner leede were eoft eoldered together, end the eeeäaly wee

wrepped tightly wlth geuee. Oonblnetlon of the colle into eeeubllee

of two brought both current leede to the ourelde of the eeeäly,
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ellnlnetlng the neceeelty of brlnglng en inner leed over the coll surfece

efter lnetelletlon in the ngnet. The coll esseubllee were dipped ln

Irvlngton Io. H0 Cloer leklng Vernteh, cleqed in e jlg to hold their

ehepe, end beked et 120 degreee centlgrede for eeveu hour!.

cooling tletee

The cooling pletee were cut from e lerge eheet of 3/16 Lnch copper.

Copper tublng 5/16 lnchee in dleneter wee ellver eoldered eround the

inner end outer edgee of the pletee end hiered to the thlckneee of the

p1etee. 'lhree elbowe of 3/8 lnch copper tublng were nde for eech plete

end the pletee were eeeäled with eoft solder.

Aeeenblz

Prior to eeenbly, the coll cevttlee were pelnted with glyptol to

prevent ruetlng end coneequent denge to the coll lneuletion. Coll

esshblies end cooling pletee were elternetely pleced ln the lower coll

cevlty. When the vecuun chedzer une reeched, copper specere were ineerted

to eupport the upper colle. 'lhe coll end cooling eyetu fltted tightly

with the ngnet top plete bolted down. The current coile were vired

ln eerles end the cooling pletee were connected in eerlee to e neerby

weter outlet.

In the preeent errengeuent, the botton end top colle ere weter

cooled on one elde only end will ltntt the current cepeclty of the wtndlng.

Aeeily ehowed thet e better design of cooling pletee would heve been

echleved hy conetructlng ten l/8 inch pletee with l/4 inch tublng flettened

to plete thtckneu. The thlnner pletee could be used to cool both eidee

of the bottoe end top colle. Inrther Lqzrovenent could heve been ettelned
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by beuding the copper tubing ttghtly around the cooling plat•• during

conatructlon to eliniuata the nolderad elbowe, which Lxqede tnaertton

of bolu into the wave guide flangca.
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'leate were perforned to determine the mgnetleetlou curve of the

magnet, the unifornity of the field along the pole face, and the lnductanca

of the wlndinge. A l.5 kllovett mtor generator eet ln the Nuclear

Accelerator Laboratory provided etable current: up to l5 eqeren for

teatlng. A flip coll vae conatructed for field seaauruaente.

glan of Held Eeaeuraaent

The fleld uaa ueaeured by the deflection produced ou a ballletlc

galvanmaeter by rotatlng a flip coll through 180 degree: Ln the elr gap

of the aegnat. tor an lqulsive BMJ., the deflectlon of a balliatlc

galvanoueter ie proportional te the charge paeeed through lt.

E
'

Q

tx. -5; dt
R

¤. Ü; ( u gg ) dt
R dt

M = gq

ZB

where: l
'

the charge eeneltlvlty of the galvanovaater

L

•
the gelvanoaater daflectton

Q *
the cherge peeeed through the galvanomater

I
*

the BMJ. produced ln the flip coll

l
'

the circult reeietence

t ¤ the tlae

N

'

the nuüer of turna on the flip coll
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where:
1} : the flux denelty tn the coll

A
'

the effective area of the coll

l
*

tha average ugnetlc lnductlon in the co!.1

A balltatlc galvanoneter with a 25 centiaatar ecale, and n period

of 25 eeconde, waa choeen for the naaaurenent. Ite charge eenaltlvity

wen found to bc 0.13 alcrocoulodaa per centlaeter, uatng a etnndard cell,

atandnrd cepecltor nethod of callhratlon. A whaatetone bridge ehowed

the galvanoneter realetance to be 2003 ohne. Ior full ecale daflectlon

at 10,000 gauaa, the above equatlon ahowe that 33 cnz turna are required

for the flip coll. A 1.6 cn braea apool wae wound with #36 wire to

produce about 35 cnz turna. the coll, ahown ln Iigure 9, wea aounted

ln a braee housing which could be lnearted lnto the uva guide, and which

wan provided with a flexible ahnft for annual fllpping. two atandnrd

aagnetron ugneta, 6850 gauee, were ueed to callhreta the fllp coll

and galvenoneter directly, Table 3. Relative nnaaurunte are thought

to be accurete to one par cent; abeolute aeaauranente, to five per cent.

Continuous control of the ugnet current ue ohtalned with elx

variable realatora. '1'bc clrcult te ehown in Hgure 10. A ravereing

switch peraitted dungnitixation, and a current ahnmt and a lublcon

portable aillivolt potentloneter were uaed to act the current. A volt

bo: ue connected to the ugnat and the potenti.o•eter for coll realatance

naaeurunt.

A Laede and lorthrup 0.001 obn l.B.S. type current ahunt, and a

Leeda and Iorthrup prectaton 0.01 oha, 100 eqere current ahunt were

available for aettlng current. Since both ahunta were purchaaed eone
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year: ego frou the Leede end Iorthrup defectlve stock liet end vue

uncellbreted, their reeletence me aeeeured wlth the lelvln double bridge

end ehunt epperetue of the llettouel Bureeu of Stenderde. hhle A glvu

the dete obtained.

Ileld leeeurnent

the field neeeurenente for the sgnetlsetlon curve were teken with

the flip cnl1 centered ln the air gap 15 lnchee frau the exit face of

the negnet. Dnegnettsetlon wee eccoqltehed hy repidly reverelng the

direction of current while elovly decreaelng the current iron 15 aqeree.

The dete of 'teble 5 wee then nbtelned hy naeeurlng the field et euccee-

elvely higher valuee of current.
'l'h•

reeultlng ngnetlnetlon curve le

plctted in Ilgure ll. After dueegnltlsetion, the current vee eet et

ten aqeree end plvenuneter readlnge were taken et e müer nf polnte

along the length of the pole face. The deta le contelned ln fehle 6,

end the field profile ie plotted ln Figure 12.

xnductence ueeeurueut

the negnet wee energlzed with 60 cycle 120 vo1t power, end the

lqedence of the coll: wee deterulned to be 12.6 ohne with a vnltneter

and an exeter. Iron the lqzedence of the windlnge et 60 cyclee, end

the 6.11 oha velue of reeletence frou Table 6, the tnductence of the

wlndlnge wee fnund to he J2 nilllhenrlee.

gut geeulte

Teete ehew the ugnetic enelyser to be edequate for une with the

electrnetetlc ecceleretnr. 'l'he ngnetleatlon curve le ln good agreint

with the deelgn coqutetlone, which predlcted 10,600 geuee et ZA eqeree.
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lxtrepoletian of the negnetiutlun curve, euuning no eaturatton of the

magnet, givee the valuea: 10,100 geuee et 25 ueperee. 'lhe five per cent

e-ller value of actual field ie accounted for by the 650 turne

ectuelly vuund in the solle ae coupered to 672 turn: utineted in deelgn.

The co!.1e cen carry 30 eqaree in etill eir end the field profile le

uniforn tc one par cent. Table 6 euxerisee the cberectarietlce uf the

ngnet.







~





-37.

'hble 3

Hip Cnil Gnlihuziou Dnu

Ihgguron lhggu l #18651 4850 Geuu

Gllvnnouetu D•f1•ct1o¤

Z•ra Illxlll Etui

0.15 cn 13.40 cn 13.25 cn

0.15 cn 13.40 cn 13.25 cn

0.15 cn 13.30 cn 13.15 cu

0.15 cn 13.20 ca 13.05 cn

13.18 cn nv.

lnggn C #2293 4850 Gnuu

G¤1v•m••c•r b•f1•ct1o¤

zero hnxinn '1’0t•1

0.15 cn -13.1 cn -13.25 cn

0.15 cn -13.1 cn -13.25 cn

0.15 zu -13.1 cn -13.25 cn

0.15 cs -13.1 an -13.25 cn

-13.25 cn •v.

da£1•ct!.on 13.22 cn

C•11but10¤ ccnnunt 366.9 puu
p•r

cu



Table 4

Shunt Calibnuon Data

E
X :

P QA11 correctlonn given ln Erte ger nlllionl

X I P D I

sohn} hr john}
E

Qohzul {ohne}
_{§_}_

U 06506 0.01 H 06507 0.001 50 500.313

{958 26°C {578 2z°c {1200 {1586 25

L { I 05685 0.01 V 06570 0.001 50 502.130

{6591 {578 22°C {1200 {5122 10

L { Il 05686 0.01 U 06507 0.001 50 502.110

{/+559 {sas 2;1°c {1200 {5182 25

L { I 05686 0.01 H 06507 0.001 50 501.688

{3746 {614 29°C {1200 {6:60 75

L { I 05686 0.01 W 06507 0.001 50 501.150

{2666 {612 2a°c {1200 {3262 100

W 06507 0.001 W 06510 0.0001 50 500.190

{593 26°C {656 26°C {1200 {1360 20

L { I 08573 0.001 H 06510 0.0001 50 500.360

{89] {656 26°C {1200 {1660 20



Table 5

Klgnetiutton Curve Deta

Field Fo•LtLo¤* Current Shunt Belllatic
G•1v•n¤¤•t•r

jguul Q1nch••[ ge} LQNSS73 Zero Hexinn Etal

842 15 2 2.0018 uv -0.10 cu 2.20 cn 2.30 cu

-0.10 cn 2.18 cn 2.28 cn

-0.10 cn 2.20 cn 2.30 cn

-0.10 cn 2.20 cn 2.30 cn

2.30 cn ev

1690 15 4 4.0036 uv -0.10 cn 4.50 cn 4.60 cn

-0.10 cn 4.50 cn 4.60 cn

-0.10 cn 4.50 cn 4.60 cn

-0.10 cn 4.50 cn 4.60 ca

4.60 cn ev

2540 15 6 6.0054 uv -0.10 cn 6.80 cn 6.90 cn

-0.10 cn 6.82 an 6.92 ci

-0.10 cn 6.83 cn 6.93 ca

-0.10 cu 6.83 cn 6.93 cn

6.92 cn ev

3410 15 8 8.0072 uv -0.10 cu 9.20 ca 9.30 cn

-0.10 cu 9.20 cn 9.30 cn

-0.10 cn 9.20 cu 9.30 cn

-0.10 cz 9.20 cn 9.30 cn

9.30 cu ev

4260 15 10 10.009 uv -0.10 cn 11.50 cn 11.60 cu

-0.10 cu 11.50 cn 11.60 cn

-0.10 cn 11.50 cn 11.60 cn

-0.10 cn 11.50 cn 11.60 ce

11.60 cn nv
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Table 5 Qcon't[

Field !oaLti.¤n* Current Shunt B•111•t1c Gelvennneter

[pure} [I.nch•n[ Qgnl LtI#8573 Zero Ihxl-n Toul

5100 15 12 12.010 uv -0.10 cn 13.80 cn 13.90 cn

-0.10 cn 13.80 cn 13.90 cn

-0.10 cu 13.80 cn 13.90 cn

-0.10 an 13.80 cn 13.90 cn

13.90 eu ev

5940 15 14 14.013 uv -0.10 cn 16.10 cn 16.20 cn

-0.10 cn 16.10 cn 16.20 cn

16.20 cn av

6410 15 15 15.014 uv 0.00 cn 17.50 cn 17.50 cn

0.00 cn 17.50 cn 17.50 cn

17.50 cn nv.

*
The position of the flip co11 is neesured

fron che exlt face of the uugner.



Tlble 6

Held Profile Deu

Belliutic

Field Po•1t1on* Current Shunt Volt Box Gnlvemneter

Qpuesi (kuchen} jagq LIMBS73 750[1.5 Total

176 -2.5 10 10.009 uv 82.45 nv 0.48 cn

0.49 cu

0.47 cm

0.48 cn nv.

748 -1.0 10 10.009 Iv 82.45 uv 2.00 cu

2.08 cn

2.04 cn

2.04 cn ev.

3150 0 10 10.009 uv 82.45 mv 8.65 ce:

8.62 cu

8.50 cm

8.59 cn uv.

4300 5 10 10.009 uv 11.70 on

11.70 cn

11.72 cn

11.71 cn ev.

4250 10 10 10.009 nv 11.60 cn

11.58 cu

11.58 cu

11.59 cn ev.

4220 15 10 10.009 uv 11.50 cn

11.50 cn

11.50 cu

11.50 cn ev.
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T•ble 6 (con't[

Belltstic

Field Position! Current Shunt Volt Box Gslvsnonnter

jguul (iuchuj (Es} LfM8573 750[L5 totsl

4220 20 10 10.009 lv 11.50 cn

11.52 cu

11.52 ca

11.51 cn sv.

3420 25 10 10.009 uv 9.12 cn

9.·’•0 ca

9.38 cn

9.33 cn sv.

1030 26 10 10.009 uv 2.80 cl

2.82 cn

2.80 cn

2.81 cn sv.

183 27.5 10 10.009 lv 0.50 cl

0.50 cn

0.50 cn

0.50 cn sv.

Reuistence of Hinding: 4.12 ohms

*
The ponttion of the flip coll Ls neasured from

tha exit fnc• of the ugnet.



Table 7

Magnet Charncterintlcn

Ihgnet type: Double iocuetng, 90° vedge,
lg

Eleld

rocel length: 16lncheeRadius:

16 lnchu

A!.r gap: 3/4 inch

Toul turne: 640

Nuuber of ccllez 16

Ruder of coll nuenbllu: B

Wire size: 0.044 lnchae x 0.156 lnchu

luintnuce at um uqereu: 4.12 ohne

Inducuncez 32 nilllhenrien

Nuubcr of cooling platzen; 8
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Ill-D STAIHIMTION All) PIKLD HIASUIDBIT

'l'he Ihyelce Depertment hee obtelned and le Aweltlng dellvery of A

6.5 kllowett, 125 volt motor generetor eet for the power eupply of the

megnet. The unit conelete of e Generel llectrlc CD 284 D.C. generator,

ehunt wound for eeperete 125 volt excltetlon; e ten horeepower, three

pheee, 60 cycle, 208 volt lnductlon mtor, type K, freme 256U; end A

udel SAM 79Al334 eotor-Aqalydine with en electronic empllfler. Kegnetlc

full voltege etartere end etert-etop pueh button etetione Are provided

for the eq>lydi.ne mtor end the l0 horeepower notor.

'lhe negnet current met be held conetent to prevent fluctuetlone

ln Acceleretor voltege. A number of dlfferent control methode heve been

eucceeefully gloyed, All of vhlch ninteln conetent fleld by reference

to A etable etenderd or etenderde, euch ae, voltege, reeletence, tlme,

or ngnetlc fleld. Van der Heltag hee ueed the fleld of A permenent

megnet ae reference to etteln e eteblllty of 0.004 per cent. Souere,

Helen, end Helpernn heve echleved etabllleetloo to one pert per milllon,

ualng high pin valtege feedbeck of en error elgnel obtelned by coqerlng

the potentlel ecroee e etanderd reeletor cerrylng the ngnetlzlng current

with A reference voltege. Peckardzs mployed e fleld reguletor which

utllieed nucleer megnetlc reeonence of protone for both fleld control

And fleld meaeurement. Hin eethod hee the Adventegee of lnherent hlgh

eeneltlvlty end of uelng Actuel Air gep condltione for obtelnlng both

the error elgnel end the fleld meeeurement elgnel.

lkntll nuclear ugnetlc reeonence equlpeent le obtelnable, the V.!.l.

negnetlc Analyzer will be etabllized wlth voltege feedbeck, elnce thle

method le reedlly eppllceble to the eqlydlne And eqallfler. Ixeld
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control to a few parta in 10,000 ls required in order to lneure acceleretor

voltege etablllty of one pert per thoueend.

Voltage leedback gyatn

The operatlon of the voltage feedback eyeten with an eqlydlne

exclted generator ny be underatood fron the block dlagran of Ylgure 13.

The eqlifler euppllea the enplydlne control cotle ao that en lncreaee

ln elgnel fron the enpllfler ceueee an lncreaae ln eaplydlne output.

Feedback of e portlon of the aqlydlne output to the eqllfler atabillzee

aqlydine output. The current level control eppllea a voltage directly

to tbe eqllfler, setting enplydlne output, generetor output, and excltatlon

current. A reference realator and a preclalon ehunt are connected ln

eeriea with the generator and the ngnet. After eettlng current, the

potentlel acroaa the reference realetor la balanced wlth the reference

voltage so that no elgnal le eent to the aqllfler and uqlydlne vle the

feedback network. Any varlatlon in ngnetlzlng current cbengee the

potential. acroae the reference reelator and ceueea the error aignal,

due to the difference between reference voltage and reference realetor

potentlel to enter the enplifler and enplydine. 'lhe eqalydlne reeponde

by changing the current untll the error algnal dleeppeare end the current

le restored to lta orlglnal value.

Sufflcient loop gnln for current control to 0.02 per cent can be

attained by ueing a enll reference realstor, 0.01 ohne, perhape, and

additional electronic aqllflcatlon in the feedbeck network. The dif-

flcultlee of operation of a D.C. eqzlifter can be avolded by uelng a

large reference reeletor, one to elght ohne, whlch wlll provide the gain
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needed et the expente of generator efflclency. Beceuse of the slqliclty

of e lerge reference reeletor end the lerge generator capacity available,

the second nethod of atteinlng galn ie choaen, uelng a reference voltege

of 60 volte.

A euggested feedback clrcutt te ehmm ln Figure 14. The clrcult

deelgn end the values of clrcult elenente ere based on the work of

Shelton, Howard, end Kernza et the Uulverelty of Kentucky. A six kllowett,

water cooled, reference reelutor provldae et leeet 60 volte for each of

the current rengea: 8-12 eq., ll-15 eq., 14-21 eq., 20-27 eq.,

26-36 eq., 35-47 eq., and 46-60 eq. Theee current rengee are choeen

to keep the reference reeletor voltege betweux 60 volts and 95 voltu.

The 10K potentloneter balencee the reference realetor voltege egelnet

the reference voltege when aettlng current. A 60 volt eercury cell

eteck eervee ee the reference voltege end a dual range elcroeqeter

lndlcatee the belanced or unbalenced condition of the clrcult. The

error elgnal le coupled to the feedback network through e l30K potentlo-

eeter. A voltege dlvider, an lntegretor, end e dlfferentletor, nade

up of llnear eluente, glve the feedback network e reeponee which Le

dependent upon the eegnitude of the error elgnal, the rate of chenge of

error, end the duretlon of the error. The elesente of the Dnlvareity

of Kentucky feedback network had the following veluee: C,
*

l nfd.,

CZ ¤ 0.25 nfd., C3
'

0.50 raid., ll
'

1 eegohn, lg
*
l negohn.

The field ln the nagnet air gap la nde e repeateble function of

the ngnetlzlng current hy following a duagnetlelng routine before each

run with the acceleretor. The pertxrle energy can then he cellbreted
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agalnet the potential drop acroee the preclelon ahunt in the ngnet clrcult,

uatng known nuclear reeonancea.

Rucleer Ilegnetlc leeonence Syste:

In 1900 Lernor ehowed that a gyronagnetlc eyetea with collneer

angular srnentun and eegnetlc nsnent wlll preceea ln e conetent ngnetlc

field about the direction of the field. The angular veloclty of praceaelon

le equal to the product of the gyrunegoatic ratio of the eyaten and the

applled field. lluclear particlee have lnherent collnear eegnetlc uvnent

and engular aonentnne, hut are epace quanttxed in e megnetlc field. In

flelde of uaual lahoratory aegnltude, the Lerner frequency of auch

particlee te in the LF. range. Aa ehown by Bloch,3¤

’*

application of

an I! nagnetlc field et right anglee to the conetaot ngnetlc fleld

caueee traoaltlona in the quantlxed energy etatee of preceeelon. By

lnductlon, theee traneltlona can be datected directly with an I! recelvlng

coll placed at right aoglae to both the conetent uegnetlc field and the

IP trenanltting coll.

A dlegraa of e oucleer uegnetlc reeonance probe le ehown ln

Flgure l5(a). For proton reaonence, e eeqle auch ae alnerel oil la

placed ln the eaqle bottle S. A negnet, I4-lfeuppllee e unlfora fleld

lu ebout which preceuton occure. The I! traoanlttlng call end the

recelvlng coll are ehowo at "X" end et "Y". A third coll "Z" le placad

with ita axla perellel to ho and le uaed to introduce an audio perturhetlon

on lo. At a fixed R! tranenittlng frequency the lnduced I.! eigoel varlee

wlth la ea ahcrwn ln Ilgure l5(b). Htth the fleld Bo at point A lo

H.gure lS(b), application of an audio elgnel to coll "Z" caueea e large



audlo vdulatlon of the IF slgnal lnduced ln the IF receiver. Htth Bo

et polnt B, the reaonant field value, audlo mdulatlon of the received

IF algnal vlll be a mlntnm because the resonance curva le horizontal

et thia point. At point C, a nodulatlon will be ohtalned equal ln

magnltude to that at point B, but with 180 degree phaee ehlft. Detection

of the envelope of the received IF signal will produce an audio algnal

which variea with Bo aa ehown ln Figure l$(c). 'lhls audlo slgnal Le

eaelly aqallfied, and provides the positive-negative fora needed for

voltage etablltzatlon with an aqalydlne controlled generator.

Application of the axqllfled audio pulee to the eqalydlne locke

the ngnetlc field to the IF oaclllator frequency. Stabllity of the

fleld la dependent upon the etabtlhation of the oaclllator, a technique

well advanced. In addltlon, the IF oaclllator frequency la a direct

meaaure of the ngnetlc field eo that pertlcle energy can be found

directly from osclllator frequency after cellbration of the accelerator.

A block dtagrem of a proton aegnetlc resonance ayatem la given Ln

Figure 16. The accuracy of field maaaurement and the degree of fleld

stablllsatlon are dependent upon the eharpnase of the resonance. A

Field nonuniformlty of 5 per cent broedene the reeonance eufflclently

to make the method Lneppllcable. Since the field in the air gap le

aeda nonunlform for vertical plane focualng, lt cannot be uaed for

probe lnaertion. However, a eszall cyllndrlcal hole can ba drllled into

the side of the aegnet to produce a unlfora field and to accept the

probe. The prohlen of a cyllndrlcal hole ln a uulformly aagusttzed

material of peraaahlllty ul has a slqzle ao1utton.35
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B
•

IMG}G

LAHAG

where: I ie the negnetlc lnductlon et eny point in the hole

Bo in the negnetic inductlon in the ngnetic neterlel

et e greet dintence frau the hole

L;
1

Le the perneebility of the ngnetic neteriel

4.G ie the perneebility within the cevity
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SUDHAIY

A nagnetlc enalyzer capable of bendlng the four nlllion electron

volt bean of the Vlrglnle Polytechnlc Xnetltute electroetetlc acceleretor

hae been conetructed. 1'he aegnet ie the ctrcuaferentlel yoke, double

focuelng type. icete ehou lte field to be uniforn within one per cent

along lte 16 inch radiue, lte ngnetlzation curve to agree wlth the

deaign requlrenante, end lte cooling eyetn to be nore than edequate.

A aotorqeneretur eet and e nntor eqzlydine have been obtatned

for the _gnet power eupply, delivery nov awelted. A voltage feedbeck

eyetn hae been deeigned for field etabllleetlon, end the conelderetlnne

ln epplylng nucleer ugnetlc reeonance equlpnent to field etablllzetlon

have been exaalned,
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