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DASUREaiENTS ON TBB ll.AGNETIC J'IELD OJ' THI 
OREGON STATE COLLEGE CYCLOTRO 

IB'l'RODUCTION 

fhe purpose ot this paper is to discuss the measure

menta made on the magnet1a field ot the Oregon State Col

lese 070lotron, 1nolu.41ns the dea1gn of the neoeaaar)" 

aeasuring equipaent and the presentation of the final re

sults. J'or completeness, a brief history ot the aagnet 

oonatruot1on together with some ot the problems relating 

to 1~s design and operation will also be diaouaaed. 

In Zune, 1950, oonstruotion was started on the Oregon 

State College 07olotron. At that ttme the oonorete slab 

was laid, upon whioh the steel aeotiona tor the masnet 

were asaeabled, and oonorete blooka to proTide radiation 

shielding were plaoed around the magnet to torm the oyolo

tron ohaa'ber. Later in 1980, the building houa1ns the 

OJOlotron and 1 ta auxiliary equipaent was bu11t. In June, 

19&2, ~· aasnetlzins aoila and their a1r-oool1ng aystea 

haYing been eampleted, the measurements on the masnetio 

t1el4 were started. 

The steel tor the masnet, 1nolu41ns the aastinga and 

aaohining,waa furnished b7 the Radiation Laboratol"J of the 

Un1Yera1tJ ot Ca.l1torn1a at Berkeley. The design of the 

JOke and pole pieaea was superYised b7 Drs. Dempster and 

Brad7, aeabera of the Oregon state C7olotron Ca..ittee. 
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Prertou•l7 the Radiation La oratory had ooAetruoted and 

tested a ao4el ot a magnet alallar to the present ODe, 

and this 1Ator.aatlon was uaed as a guide ln the design of 

the full soale aapet. .11thousb .oae 4ata tor the general 

OTer-all des1gn was aYailable. oe:rta1n est~ate• had to b• 

a4e beoause of the laok ot kno•l•dse ot the aagnet1o 

properties ot the steel. therefore, the rather detailed 

aeasureaents described 1n t .his paper nre abaolute17 es• 

sent1al before further design of the 070~otron oould pro

ceed. 

'l'he aa.gnet, drawn 1n 1'1sure 1, is oonst.ruoted ot 

appros~ately 50 tons ot steel and 5i tons ot oopper. The 

oopper 1s wound ln two ooils, eaoh haT1ns 9 pancake-shaped 

larers. Eaoh pancake oonta1ns •o turns ot l x 1/' inch 

atr1ps g1rtng a total ot '120 tuns. The panoakes are sep

arated bJ 3/8 inch tlbe~ apaoers perforated to allow ci.r

oulation ot the air uaed in ooollng the oo1ls. Between 

the two pole ~aoes the total air gap ts 6 inches; 5 inches 

separates the two ooTer plates aDA t lnOh between eaOh 

oonr plate and pole taoe sene as shim gaps. 

BJ eXperiment and by theoretical considerations it has 

been found desirable to satisfy certain conditions in the 

design ot a oyolotron magne' (1, pp.5-30).. It is ditti

oult to build a magnet and expect it to haTe all the de

sired properties.. It the magnet 1e oaretully designed. on 
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• 
the basis ot general magnetio theory and preT1oua experi

ence, it shoUld produoe at least approx~atelr the 4•s1re4 

field. After oonatruotlon, howeTer, the exact t1eld prop

ertie-s •ust be 4ete:rm1ned by measurement, and a4Jusillent• 

ude to produce the proper field. 'these aeaauremente are 

aade one at a ttae in auoh· an order that &nJ adjue~ents 

made 11111 haTe a llitl11lum etteot on all preTioua measure

ments. This aequenoe a1110 allows a ainiJaum amount ot 

aeaaur•ents to be taken. The aeasur•ents whioh are d1s

ousee4 in detail in the following aeotiona ot this thelia 

1nolu4e: a 4eter.a1nat1on ot the absolute Talue ot the 

aapet1o t1el4 with 1ts 4ependenoe on the aapetizing our

rent; an 1nTest1gation or the azt.uthal hoaogenei\7 ot the 

tield; a obolt on the aagnet1o aedian surtaoe; and, 

tinallJ, a set ot profile aeaaureaents using Tarious aht. 

arrangements in order to obtaln a tield wb1oh oould be 

used tor tiDal operation. All ~portant data and calcula

tions are g1•en 1n the appendix. 
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DISTR'tlll!:RTA'l'IOI 

The st.pleat and most praotioal method tor the meas

urement ot a magnetic t1el4 11 o-talned ~7 the use ot a 

tluxaeter and search oo11. The advantages ot this 4ev1oe 

are atmplloity ot design end operatlon, and the usual 

aYa1lab1li'1 ot the neoeaaary equipment. The indicating 

device, the fluxmeter, ls a tYPe ot gal.-noaeter whose de

tleotion is proportional to the total oharge passing 

through the •oT1n& coil. In all ot the described field 

strength measurements, a Graaeot type tluxaeter manutae

tured by the Cambridge Instrument Company was used. The 

moving ootl in this type ot meter 1a designed to haTe neg

ligible restoring torque and 11111all m011ent or inertia. !he 

aoving coil ia suspended b7 meane ot a very thin quartz 

tiber and the leads are brought out by means ot tine 11l• 

ver apirale. The instrument used has a gtven sens1ti"Vit1 

ot 14,000 axwell-turna per soale diT1a1on. 

Although the su.apension had been oal1brated at the 

taotorJ, it was felt that the aenait1Y1ty ot the instru

ment should be cheeked. The sene1,1vitJ was oheoked by 

two 1D4•pendent me~hods, first by the use ot a standard 

mutual 1nductanoe, and aeoondlJ • by qu10kly removing a 

aearoh oo1l of known area tram the given tield of a pa1r 

ot Helmholtz oo1la. By both methods. the foraer aoourat• 



to leas than no per oent, .the measured sens11i1T1ty was 

fount to e.sree with the taotory o8.11bt-ation. 

The direct reading scale ot the tlumeter has a total 

ot 120 41v1s1one and is ~aduated in halt soale diT1aions. 

With praot1oe the person reading the meter can measure a 

4etleotion to w1 thin one ttJlth of a soale division. The 

mete%" was oheOked mul foun4 to be linear tor detleot1ona 

in either dlreotion, 1rrespeot1Te ot the starting poaltioa. 

Ideally, with no restoring torque, the tluzaete~ de• 

tleot1on 1s 1Q.dependent ot the t1lle during which our:rent 

1• tlo1t'1D.8 but 1• proportional ·only to the total amount ot 

Ohara• passing through the moving ootl. In practice, 

there ls a $11ell but not1oea'ble restoring torque. But it 

the tiae during wh1oh ~· searoh oo11 was flipped were 

small ooapar•d to the period ot the instrument. the rea4

1ngs were toua4 to be 1a4ep•nct·•nt ot the flipping tille. 

Sino• ·Ut.e aonng ooil hae a SJJlallmoment ot 1nert1a, there 

is Jalnia\lll d8Jip1ng without eny external oirou.i t. But •ith 

aa external resietanqe ot the order ot -.en ohme, there le 

stroag eleotro-aapetio daap1ng that pro"Y1dea a ball1st1o

like 4etleot1on. 

A. ooatrol box, a1ll11lu to one &esol!'l'bed 1n a thliY'er

a1t7 of Washington thesis (6, p.la). was bu.llt to proTide 

~ zero posi t1on1:ng 8114 drltt control tor the flllDltter. The 

oirouit le ehown in Figure 2. The one ohm resistance, R1, 
I 
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1a oonneoted in uries with the tlumeter end searob. oo11. 

With the power switch S3 on, and the moTable arm on the 

variable realator R4 1a the middle pos1,1on, there is no 

' ourrent tlow1ng in R1• An unbalance in R.ft produces an emt 

across B1 and tberebJ causes a amall current to tlow 

through the tlUDeter. This ounent produ.tes a stead7 

torque on the l'llOT1ng oo11 wht·oh ia use4 to control the 

equ111br.1\11l poa1 tion, or position ot zero dritt, o.t the 

aov1ag ooil. By oaretul a4justment ot B.fr• the· dr1tt oould 

be re4uoed to an undetectable 8l'llOunt tor anr zero position. 

sl• a do,.ble pole -.oaentary oontaot sw1toh 1s notmallJ in 

the op,ea pc>sltion; moTing it to right or lett mo'fes. the 

tluaeter oo11 'to the right or lett, re.epeoti:Yelr. With 

Sl, olosed in either c11rett1on, depressing s2 provides a 

aore rap14 •otion of the mo.U..g ooil b7 aborting ou1 a1 

'Wh1oll 11 ln eeriea wi.th the eero position O'o:ntttol. 

nen one meaeuree a aapet1o t1el4 with a aeuoh 

ootl; the ooil e1tber oan 'be held 1n the field end then 

quicklY moved to a point ot zero tield, or it oan be ro

'ated on a d1811letll'1oal u:is 'through a gi.Ten angle. Both 

ot these methods giYe a meaeure ot the tlux 4ens1t7 of the 

t1eld. S.1Jloe the ctiaten•1ona ot the oyclotron t1.el.4 &JI'e .$0 

la:rge, it woul4 be very dittioul.t to rem:oYe th oo11 

rap1dl7 to a point ot zero rield; hence, the rotating ~ype 

ot apparatu• wa• used. 



Th• apparatus used tor t1el4 streng'h aeaaureaenta 

was des1sne4 so that tbe search coil ia rotated throush 

180°, the plane ot tbe coil being perpendioular to the 

tiel4 in the rest posi~iona. !here are two important rea

sons tor uaing 180° rotation instead ot goo. The aenai• 

ti'Yity ot the aeaaur•en•• 1• doubled ainoe the tlux link

ing the original area la swept twioe. Also, the starting 

and stopping positions do not haTe to be located with high 

precision, beoauee at these poaitiona the coil is cutting 

mintaum linea per degree rotation. S1noe two ditterent 

types ot tlip ooil arrangements were uaed tor the abaolute 

and tor relat1Te tield measurements; details ot the in

struments are d1aouaae4 in oonjunotion with the measure

ments tor whioh they were used. 
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ABSOLOTB FIELD IIE.ASURDENTS 

!he eearoh oo11 appa~a,us uaed 1n all' absolute t1el4 

aea•ureJUnta 1a ahon S.n l'iiUl'e 1. The ooil ean be posi

tioned both tor height in the SAP and 41atanoe troa the 

oenter aloag an7 desired radius. The searoh oo11 ia 

flipped by hand, the rotation being l~lted by appropriate 

stops. 

The aearoh ooll oonsists ot 7 turns ot •o. ao en..

ele4 oopper wire wound on a luolte spool. The oo1l has a 

41aaete~ ot a.ss -. and an etteot1ve area ot a,.a1 «a2. 

The leada are brought out of the Ooll and twisted to elim

inate UJ UJlWanted plokup. A a&ll loop Jla4e bJ the leads 

between ihe oo11 and twlste4 pair waa toNed so as to lie 

in a plane perpen41oular to the plane ot the oo1l. In 

'his position it will not oontribute to the etteoti'f'e area 

ot the ooll e1noe it oontributea zero aTerage at tor 180° 

rotation. 

'fhe twisted leads are brought along t» axis of rota

tion and ta1tened aeourelJ, under 811ght tension, ao the 

untwisting end twisting during the rotation will be unl

tora. TkeT are rigidly oonneoted at a tei'Jilinal strip to 

the, ah1el4e4 twisted leads from t .he tlumeter. 

While one person operated the search ooil apparatus, 

it was necessary tor another person to read the fluzaeter. 

wh1oh had to be plaoed outa14• ot the atra7 field ot the 
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aasnet. Figure 4 shows tbe setup used b7 the person tak

ing and recording data. In tbe photograph oan be seen the 

tluxaeter, the leads ooaing trom the searoh ooil apparatus, 

an4 the tlUDleter oontrol box oonneoted in the oirou1t • 

.Ueo Tieible on the table is a remote oontrol unit tor the 

magnet regulator. It was plaoed at this position so the 

ourrent oould be trequentl7 cheoked and 'faried when de

aired. 

7or normal OJOlotron operation, it has been toUDd 

adequate to haTe the tield ourrent regulated to approx

1llatel7 .01~. The eleotronio regulator whioh had been 

built, waa designed to regulate the ourrent to within one 

hut ot the aboTe Te.lue. This :regulation was better than 

required tor making absolute field measurements beoause 

the aoourao7 with whioh the t1el4 strength ooul4 be 4eter

a1ne4 wae not better than to within one per oent. A 

alight dritt in ourrent over a long period ot tuae had to 

be ooapensated tor by an oooaaional alight adjustment ot 

the hel1opot on the regulator control. 

With a t1el4 ourrent ot 250 aaperes, the magnet was 

4es1gned to produce a oentral tield ot approxiJilatelJ 

13,000 gauss in a 6 inoh gap. It waa realized that the 

aotual field Talue would depend upon the per.aeabil1t7 ot 

the magnet steel whioh was not too well known. When the 

masnetizing ooila and blower s;rstem had been oaapleted, 





\
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prelt.inary absolute tield measurements were made. The 

gap, at this t~e waa 9i inohes, since the two 1-3/4 

inohes thiok cover plates had not been completed. Asaum

ing the permeability nearly constant, the field strength 

in the 6 inch gap should be approximately li times the 

value produced in the larger gap. With thia knowledge we 

oould then predict the tield to be expected with the oover 

plates 1n the gap. 

On April 29, 19~2, the first tield measurements were 

taken to determine the central tield. It was tound to be 

8,700 sausa tor a magnetizing current ot 250 amperes. 

This indicated that a central tield greater than 13,000 

gauss should be produoed w1 th the oover plates in plaoe. 

When the oover plates were oaapleted, it was decided 

to use tbe dural vaculD. tank skeleton (shown in J'igure 5) 

to hold tbea in plaoe. The mean distance between the pole 

taces ie 9.530 iachea with the field ott. With the tank 

reet1ng on o• oover plate and supporting the other, the 

aean plate separation is .fa.96-4 lnohes. The thiokneae ot 

each plate ia 1.752 1nohea. Spacers, approximately .531 

inches thick were neoeaaary to separate the pole taoes and 

the oover plates. A set ot 24 dural spacers, 12 tor each 

gap, eaoh tbree inohes long and one inch wide were aade. 

These epaoera have about .005 ln. taper along their length 

and are about .486 in. thick at the thinner end. 





1
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Additional braaa ahta material was necessary to hold both 

oover plates snugly 
, 

in position. 

When the field is turned on, the magnetio toroe pulls 

the oover plates together about .003 in. Thia toroe, oal

oulated to be 1n exoess ot 40 tons even without the oover 

plates in the gap, displaced tbe poles b7 bending the hor

iZontal m..bers ot the magnet yoke. Sinoe the field 1n

oreases by one halt wben the cover plates are inserted, 

the d1aplaoement ot tbe poles should be nearly doubled~ 

It the tank were wedged tightly within the gap before the 

tield was turned on, the pulling together of tbe poles 

would squeeze the tank. In order to avoid possible daaage 

the apaoera were first set up solid and then about .004 

in. of epaoer ~terial was removed. Then with the field 

on, the oover plates are pulled tightly up against the 

spaoers without squeezing the tank. .By means of an inside 

miorameter ot non-magnetio material, the plate separation 

was measured and the thiokneaa ot the indiYidual spaoers 

adjusted 'o bring the platea into paralleli... 

Table 1 ahowa two sets ot data taken ot the plate 

cseparation • . _'.\'}le readings in millilletera show onl7 ihe 

r~lat1ve separation, the larger. read1nge corresponding to 

.aall&r sep~rations. The readings were taken about 2 

inches from the edge ot the plates at twelve equally 

apaoed positions numbered oonseoutively around the 
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Table 1. Pre1~1nar7 Plate Separation Keaaurementa 
(lelat1Te Beadtnaa in M1lltaetera) 

Azilluthal l1el4 Ott field on l1eld Ott rield on 
Position (1) (1) ( 2) { 2) 

1 .695 .695 .680 .695 

2 .625 .620 .645 .630 

3 . .590 .580 .&00 .595 

4r .620 .610 .625 .615 

5 .l585 .610 .615 .&'10 

6 .610 .64.0 .6-i5 .605 

'1 .660 .&'10 .650 .640 

8 .610 .615 .eao .585 

9 .600 .600 .625 .5e5 

10 .64.5 .630 .655 .615 

11 .&40 .660 .64.6 .620 

12 .665 .6'75 .6'10 • 6'15 
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o1rolllterenoe. Theee twel'Ye n\labered poa1t1ons are used 

'hro~out all aubaequent aeaaurementa to define the ori

entation ot the aeasur1ag eqUipaent. Poaitiona 1, '• 7, 

u4 10 were talte!l due eaat, north; nat, and aouth; re

lpeoti'Yelr• 

.1tter the plates were oentered and •ade parallel in 

the gap, the oentral field atrength waa found to be 13,0~0 

puaa. Alao at th1a t1Dle 4ata tor a magnetization ou:rn 

was takeD., but 1i wae telt that another aet of data should 

be taken atter the magnet had been operated repeate417 

o'Yer· a long per1o4 ot t1ae. !he ooabtne4 reaulta are 41s

ouaae4 preeentlf, 

The masnet oool1ng •Jatea, as originally designed,. 

oonaieted ot two blowers, one blowins air through eaoh 

ooil. It waa found tha1: with an inoomlng air t811perat\ll'e 

abo'Ye 25°C, the oooling erst• was inadequate tor tiel4 

ourrente higher than 250 aaperea. It waa telt that, in 

addition to tlle original tans,. a tan auolttns on the ex· 

haust a14e of the ooila would taproTe the oool1ng. Thia 

new arst.. proTed adequate tor ourrenta up to SOO amperes 

tor Short periods ot tt.e, but additional work mar haTe to 

be done on the oool1ng arstem it the orolotron is to oper• 

ate at 800 amperes tor more than Z or 4 hours. the upper 

liJait tor stable operation ot the ourrent regulator waa 

100 aaperes, eo no further attempt was made to inoreaae 
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the ourreat. !he central t1eld measured at 300 amperes 1a 

14,400 gause. 

The 1'1nal •asne,1zat1on curve date wa$ taken atter 

the magnet had been in operation alm.ost daily tor a period 

ot about two months. The current was first raised to 500 

aaperes ani measurements taken at various currents as the 

current was deCr$ased monotonically. The magnetization 

ourve is shown in Graph l. The preltmine.rr data described 

earlier had be•n taken at Ya:tiou.s currents as the current 

was raised. No ditterenoe was tound 1n the data takea bJ 

'he two procedures at ditterent tt.es. Thie indicates the 

tield 1s constant over a long period ot tt.e it the cur

rent 1a kept oonstaat. 

Measurements were also teke,n at this time tc:> deter

mine the radial de.pendenoe ot the tiel4. .Althoush tbia 

could not be determined with a single search ooil to the 

desired aoourao7, a rough knowledge ot the radial depend

ence waa n.eoe•sary 1n the design ot the 41tterent1al. 

sea:roh ootl appaJ'e.t'Qs. 

Jrom these measurements, 1t oa~ \)e oonoluded that 

satistaoto:rr Talues ot m.agne't:lo field atl'ength are pro• 

duoe4 b)' 250 to 300 amperes •asnet1zing current. It oan 

be seen troa the slope ·ot the magnetization curve that 'the 

ae.snet oould be veey e.dYantageouslr operated at curenta 

h1gher tham 300 8Dlperes. it the oooling were iaproved.. 

http:preltmine.rr
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At'er tbe ini~ial measurements of the absolute field 

•trength, it wa• neoeesarr to determine the degree of azi

muthal hoaogeneit7 in the geoaetrioal midplane of the mas
net gap. In or4er to make 'he field aeaauremente to the 

desired aoourao7 of leas then .01~. a differential aearoh 

ooil apparatus was used. In tbla tJpe of apparatus two 

..aroh ooila ate oonneoted in opposition, one being lo• 

oated at the oenter while the other 11 moTed to 4itte:rent 

positions w1th1n the gap. When the two ooila are rotated 

a1multaneoual7 1n a uniform field, the two ooila will pro

4uoe e.t•a in the opposite direction that oanoel it the 

ooila haTe equal areas. An7 41fterenoe in the fields at 

the two oo1la will result in • detleotion on the fluzaeter. 

Benoe, the field at anr point oan be aeaaured b7 ooapar

1ng it to the oentral t1el4. 

the oon4it1on 1hat both aearoh oolla be rotated a1ll.ul

taneoualJ in a oo-on plane la aat1stie4 b7 mount1ng the 

two ootla lnaicle a tiber tube and bJ· I'Otating the entire 

tube. One ooil 1a held fixed to the tube while the other 

aouted in a oylindr1oal tiber oartr14ge oan be positioned 

at Tar1oua plaoea along the tube. The tube, whose azia is 

held tixe4 ln tbe geometrical a14plane, 1a supported by 

bearings at either end. Thia apparatus 1a shown in Yigure 

e. 
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:ritted in one end ot the tube, and oarry.lng the 

spring assembly whioh proT1des the torque tor rotation, 1a 

a tiber plug whioh turniahes the bearing aurtaoe and also 

has an adjust.ent to limit the end play ot the tube (Jts

ure ')· This end ot the apparatus is looked between the 

ooTer plates in the oenter ot the sap ao the entire appa

ratus oan be rotated in a horizontal plane about this 

point. A oartr1dge whioh holds the tixed oo11 is pinned 

rigidly 1n the tube so 1t will be positioned aoouratelr 1a 

the oenter ot the gap. 

At the other end ot the apparatus (Pigure 8) is the 

oook1ng and tripping meohanla. ne rotation 1a 11Jaited 

to 180° 'b7 adjustable stops. 'l'h1s end ia also looked 

tightly between the oover plates eaoh ttse a measurement 

1a taken. 

The j.nside ot the tub• 1• kerecl bT a set ot 3/16 

1noh diameter tiber pins extending 3/16 inoh into the tube 

at two tnoh inter-rals, and a keJ'W&7 la •ille4 into the 

aoTable oartridge. This arrangement preTents rotation ot 

the cartridge as 1t ls moved alons the tube. The aotual 

positioning is turni8hed b7 two spring loaded balls, near 

the ends ot the oartridge, that tit into indexing holes 

spaoed one inoh apart along the tiber tube. The mo\'able 

oartridge and one ot the search ooila are shown in lisure 

9. Strings tastened to the oartridge and extending out ot 
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each end ot the tube are used to Tary the position ot the 

ooil. 

The two searoh coils used in this apparatus were con

structed to be as nearly identical as possible. Each one 

consists ot 442 turns ot No. 30 enameled wire and baa an 

aTerage diaaeter ot 1.914 am and an eftect1Te area ot 

1.272 om2. In aak1Qg connection• to the leads, atm1lar 

preoaut1ons were taken as used in the construot1on ot the 7 

turn co11. 

The twisted leads are brought out along the axis ot 

the tube and secured in a staple claaping deTice. A pair 

ot springs supplies moderate tension to hold the leads on 

the axis (See ~igurea 7 and 8). Upon rotation ot the tube. 

there is just a uniform twistins and untwisting of the 

leads. This type ot motion does not 1ntroduoe any appre

o1able stray piokup. 

One ot the requirements tor the t1eld ot a oyolotron 

is that there be no azimuthal Tariation ot field strength. 

Since the degree ot homogeneity ot the magnet steel was 

not known, oaretul exploration of the entire area in the 

gap was neoessary. The measurements were taken two 1nohea 

apart; both aztmuthally and radially, oyer the entire area 

out to and inoluding the lS inch radius. This entailed 

making measurements at 252 separate points. 

With the field on, the apparatus was first centered 
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W1thin the gap and lookEUl in plaoe .- Figure 10 shows the 

apperatus in position. The movable coil was set at the 

two 1nch rad1e.l position end measurements were taken two 

inches apart at 6 positions around the oen'\ier. Then tbe 

moTable oo11 w s moved to the tour 1noh radius, where 12 

pos1t1ons ••:re llleasured, end the process repeated out to 

18 inches. Results or 'these measurements are shown tn 

Graph 2 and will be dtsouased later. 

Although the two oo1la ae•ed to be 1dent1oal., there 

was aa eppreoiable detleotion resulting when both oo1lt 

were pu't in pos1t1ons where the t1e·ld etrength we.a the 

se&e. It was deo14ed not to alter one ooil but to t1nd 

the zeJro correction factor. ftls was 4eterm1ned b7 inter• 

changing the positions ot the two oo1ls and reading the 

deflections 1n the two oases, the oorreotion being the 

average ot the absolute value .ot tb.t two rtJadlnga. This 

was 4ete:rm1ne4 to be o.e 41v1s1on.•• and. was su.btre.ctect 

tram all readings in order to obtain e. measur• ot the true 

t1eld d1fterenoes. 

Xt was o'bees-'ft4, early in the measurements, that as 

the tube was cooked the tlUXJD.eter ahoweCl e. re·lat1velf 

larse detleot1on t1rat in one 41reet1oa and then 1n the 

opposi'te sense. An 1nYest1sat1on of the behavior ot the 

detle0~1oo resulting trom eaoh indiVidual oo11 oftered e. 

aolut1on. The apparent unbalance or the two coila ooul4 
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be explained bJ a ver7 alight angle, or the order or two 

or three degreea, between the planee or the two ooila. 

As the tube approached the 90° position, one ooil would be 

outting· tlux lines at a greater rate than the other, oaua

1ng a detleotion. As the tube proceeded berond the goo 

position, the seoond ooil would be cutting the linea more 

rapidlJ, reversing the sense ot the detleotion. Sinoe tor 

180° rotation the stationary position• are relati?elf in

aenaiti•e, this laok ot alignment is not serious. When 

the tube 11 flipped, the t~e ot rotation 1a very short 

oompared to the perio~ or the tlumeter so that only a 

smooth 4etleot1on in one direction reeults. 

The aearoh ooila were dea1~e4 to give reada"ole de

tleot1ona at the 16 1a. rad1ua with tull aena1tiv1t7 or 

the meter; but at larger radii the ditterenoe tn field was 

large enough to give detleotions too great tor the meter . 

There are two convenient methods to handle this proble•: 

either use a larger number or turns on the ooil in the 

smaller tield, or re4uoe the sens1tiv1t7 ot the meter by a 

shunt. Both ot these methods were used but 1t was 4eoi4e4 

that the lattet' method was more eatistaotory. 'l'lro ditter

ent types ot instrument shunts were used but the best re

sults were obtained by merel7 putt1ns a resistanoe in 

parallel with the meter and ·aeaauring the reduotion 1n 

aenait1T1ty. A 10 ohm reaiatanoe was used, reducing the 
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senaitiv1t7 b7 a factor ot 3. 

When ~he z~uthal field measurements were first made 

it was thought that the centering ot the apparatu• was not 

ver7 critical. But it was tound that tor aoourate meas

urements, in regions where the tield gradient ia large, 1t 

was neceeaarr to oenter it to within a few thousands ot an 

inoh. There waa a period1o variation in the readings 

which waa later reduced b7 oaretul centering. This varia

tion did not deoreaae the value ot the da~a sino• we were 

pr~ar117 interested 1n determining whether any discontin

uities or large 1nhaaogene1t1es existed 1n the field. the 

da,a, Shown in Graph 2, indicates that there are no appre

ciable detects in the magnet. (Graphs 2 and 3 are drawn 

so that a higher point on the graph indicates a higher 

tield. The zero correction ot g.& diviaiona was not aub ... 

tracted sinoe only the relative readings in the separate 

curves are taportant. !he upper two curves in Graph 2 and 

curves 3, 4. and 5 in Graph 3 have been displaced 't"ert1• 

call7 tor olaritJ.) 

After it became evident that careful centering was 

iaportant, another set ot data was taken at the 14" radius. 

The improvement can be seen b7 ~mparing curTea 2 and 3 in 

Graph 3; curve 2 ia plotted from the original data while 

the data tor the latter ourve was taken atter more caretul 

centering. 
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Sinoe the degree ot parallel!~ ot the plates waa 

known to atteot the az1llutbal ho11ogene1ty ot the t1.eld, 1t 

was decided to tilt the top plate slightly to dete~mine 

the etteot on the tield. The plate was tilted by varying 

the em.ount ot shim material in. the 1n41T1dual .spaoers. 

The amouat ot tipping is ahown by plate separation measUl"e• 

mente taken before and atter the plate waa t1p;p4td. 'The 

clata is shown ln Table s, Columna 1 and a, respect1Telr. 

There was a little bending ot the plate due to an Ul'leTen 

taper ot the •arious shima ~ut the total emount of tippiag 

was about .,018 1n. The az~utbal tield measurements taken 

with 'he plate tilted are ahown 1n Graph 3, ourYe 1., 

After tilting, the ooTer plates "~e again made plU"allel. 

It waa tound thai the ooTe:r plat.es oould be made 

parallel to w1thin •002 ln. bJ oaretul adjustment ot the 

spacer thiolc.neaa. Due to a al1sht uaeTenneas in the sur

taoee ot the oover plates, tb.1s t1gure could not easily be 

iaproYed. It was then desirable to tind what etteot this 

uaeTenneas had upon the field. It was decided that a ro

tation ot the top ooTer plate through goO would 1ndioate 

whether the t1eld wa~ dependent upon the angular ol."ienta• 

tion ot the plates. ror tbi.e purpose a jaok was built to 

raise the 'op plate eo that 1t oould be rotated. Before 

the rotation, i .ts axis was dieplaoed about .010 in. troa 

the axis ot the bottom oo•er plate. Atter rotattoa. the 
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Table 2. RelatiTe Readings in Killtaetera 

Azimuthal 
Position 1* 2* 3* 4* - 5* 

l .515 .075 .485 .490 .800 

2 .480 .075 .455 .475 .485 

3 .490 .240 .4&0 .480 .475 

4 .530 .270 .485 .503 .510 

5 .505 .310 .465 .4&0 .-480 

6 .520 .440 .485 .47& .480 

' .500 .&25 .505 .485 .510 

8 .500 ' .485 ' .4'10 .4'15 •.ft90 

9 •.ft90 .370 .4'10 •.ft90 • .friO 

10 .515 .300 .4'10 .490 .510 

11 . ' .520 .260 ; c .490 \ .465 .500 
' 

12 .520 .130 .490 .470 .485 

BxtrHle 
Variation 

( in inohe.s) .002 .018 .002 .0018 .0014 

*1. OoTer plates in or1g1~al position. 
2. Top ooTer plate tilted. 
3. Plates made parallel after tilting.
4. Top plate rotated through goo. 
5. Tank oentered in gap. 



two ooTer plates were made ooaxial by displaoins the top 

plate. The field measurements taken before and atter th• 

rotation are shown 1n Graph 3, ourves 3 and 4, reapeotiTe~ 

17. No large etteot oen be seen due to the rotation but 

there seems to be a slight Improvement that is probablJ 

due to better oente~ing ot the ooTer plates. 

When the magnet was assembled, the two poles were not 

made exaotlr parallel or coaxial, the pole taoes being out 

ot parallel by .ooe in. and not ooaxial by 0.1 in. These 

d1ssJUletr1es oreated a probl• in lining up the oo:yer 

plates. When the tank and oover plates were first plaoed 

in the sap, ther were centered with respeot to the bottom 

pole. It was then desirable to know it a position oould 

be found that would improve the aztauthal homogeneity. 

With the tank 1n the or1&inal position, there was a slight 

periodic Tariation in the t1el4 which could not be elt.i

nated b7 the other oorreotions. It was deolded to oenter 

the plates with reapeot to neither pole but to split the 

ditterenoe. This resulted in a small but significant ta

provement in the t1eld as can be seen in ourve I, Graph 3. 

Some variation is still present, undoubtedly due to poor 

pole positioning, but this yariation is Tery -.mall. By 

making the yarioua adjustments discussed, the aat.uthal 

variation at 14" was reduced trom about 9 gauss to 1••• 

than 5 gauss, or a t1nal •ar1at1on ot leas than .04~. 
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"ual1tat1velr th41tse measurements indicate the :raotors 

which. atteot the a~1muthal homogeneity pt the field. Quan

t1tat1•ely they 1nd1oate with what oare tae oover plates 

must be aliped end al•o the degree ot hoaogeneitr that 

oan be expected. It was tound that by t1pp1ns the pla,es 

abollt .018 in. the variation was increased troa 9 to 34 

gauss. . The oorreotions in alignment reduced the va:r1at1oll 

to 5 gauss. When the plates are t1nall7 positioned tor 

operation o.t 'the oyolotron, oe.re must be exero1se4 to in

sure ade~uate p~allelism and oent,ring. 



The mapetio median aurtaoe oan l)e " defined as 'he 

loous or points where the radial component ot the field is 

zero. Thus, a oharged particle moTing in a path along 

tbia surface ie aubjeot to no vertioal eleotro~agnetio 

forces. 'l'he beem will tend to travel on or near thia sur

face, 'hereby making a knowledge ot ita looatlon important. 

In particular, it is desirable that the magnet median aur

taoe oo1ncide •ith the seaaetrloal a14plane or the gap. 

Slnoe the linea ot toroe are vert1oal everywhere in 

the median surtaoe, a aott iron dip needl• oan be used to 

find its looation at various points. The needle uaed wae 

3/' in. long and 1/16 in. in 41aaeter. The needle 1e 

tapered at both ends, ao that it will produoe ain~ua dis

tortion of the field. Beoause ot ' th• oontinuit7 of the 

tangential oompo ant ot B, the magnetic 1ntensitJ, the 

value of B within the tapered needle will nearl7 eq~l 

that in the air gap. (S, p.75) A .-all front surtaoe 

mir~or waa fastened approxtaately parallel to the needle 

eo that the inclination of the needle oould be determined 

by means of an optical lever. The dip needle was mounted 

so it oould be moved up and down and also rad1all7 along 

a dural rail olaaped in the gap. The dip needle apparatus 

1a shown positioned in the gap in Pigure 11. 
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A oathetometer is used to measure the height ot the 

pivot axis ot the dip needle, end the cathetometer tele

scope, with a vertical scale attaohed to it, waa used to 

determine the inclination ot. the needle. This apparatus 

ia shown being used to take median surface measurements 

in Yigure 12. Initially, the geometric midplane is deter

mined and the teleaoope oross-hairs set on that level. 

Then the needle assembly is placed in tbe center ot the 

gap and the pivot ot the needle set at the aaae height as 

the oross-hairs. The telescope is then toouaed on the 
I 

iJI.age ot the soale and the soale reading noted. .since the 

tlux linea are vertical in all probability at the oenter 

ot the gap, this reading oan be used as a reference ~or 

finding the median surface at any position. Thus, in 

principle, points on the median surtaoe are looated by 

tinding those points where this reading oan be reproduced. 

All 1nolination measurements, ot course, aust be made with 

the oroaa-haira and needle pivot at the same height. This 

siJI.ple exploratory procedure was tound unsuitable due to a 

number ot taotora arising both in the dip needle apparatus 

and the oathetometer. It was round necessary to take sys

tematic seta ot readings above and below the midplane, and 

then by making certain neoes•ary corrections in the data, 

an interpolation could be made to tind the height ot the 

median surrace. 
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One ot the correction tactors erose trom purely in

strumental reasons. 'l'he cathe,ometer telescope was 

mounted in a m1orom.eter movement which was designed to 'be 

used, with the telescope vertical, the weight ot the trav... 

eling 1110\lnt being used to hold 1t against the wa7s. With 

the telescope horizontal, it was necessary to llold the 

mount against the ways by some other meane. This was 

clone 'by attaching a heavy st~etohed rubber \>and to the 

traTeling aount. But as the mount was moved along the 

ways ., the direction and magnitude ot the tension varied, 

tilting the axis ot the telescope slightly. To determine 

the amount ot tilting at Tarious positions, a large front 

surtaoe mirror ot high quality was placed in the gap anct 

scale readings taken at 5 mm tnterYals along the Tertioal 

path ot the, teleseope. Two sets of data were taken, one 

with the mirror in the center of the gap, and the other 

with it at the 8 1noh radius. The location ot · the oatheto• 

meter was t1xed so 1he optical leTet" ara changed when the 

position of the mirror was changed. With the mirror in 

the center or the gap. the leTer arm was 247 om. while at 

the 8" radius 1t was 227 a. Graph 4 shows the scale 

readings ,, observed ' through the telescope, plotted as a 

tcct1on ot the vertical poeit.ion ot the oathetoaete:r 

1elescope. The Dlirror to scale distance was 247 ODh It 

there ae.d been no instrumental errore, the scale reading 
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'' 
would be independent ot the Tertioal poa1,1on ot the tele

•oope. T'he ourTe plotted ehows tb.at a correction must be 

applied to the data whioh 1a a tunotion ot the telesoope 

poa1t1on. 'l'htJse. corrections are shown on the soale at the 

right-hand side ot the graph, where the teleeoope posi

tions at o.5 om intervale above &ltd below the geometr1oal 

midplane are alaso indicated. These measurements were re-. 

peated and the readings round to be reproducible. The 

sets ot data taken tor the two J..eTe'r arms were also tound 

to be compatible so that interpolations could be made in. 

the necessary corrections for dip needle reading$ taken at 

varioU:s rad11. In most cas.es, though, the oorreotlon wae 

l:'elatively so small that interpolation was not necess8X'f. 

The correotious the.'t were appl1.ed to most o.f the data are 

tabulated in Table 3. 

The readings e.lso had to be corrected for a slight 

le.ok of pa:ralleliem 'bet;reen the needle and its m1r:ror. 

Sinoe the hori~ontal position of the telescope is fixed, 

as the needle is moved along a radius, the lever arm 

changes. This etteot is illustrated by figure 13 1n wh1ob 

the laek ot pattallel1sm 1s greatly exaggerated. The error, 

r", is direotly proporti.onal to d n , the tU.ste.noe ot the 

dip needle trom the original position. Because or the 

linear nature ot the error, the corrections can ee.s117 be 

4.eterm.1ned by inverting the needle e.nd taking another set 

http:appl1.ed


Table 3. Ce.lhe,ometer Oorreot1ons from Graph 4 

D1•tanoe Prom K14plane 
. ( 111 ODl) 

1.15 

1.0 

o.s 

0 

-0.1 

-1.0 

-1.1 

-8.0 

Correotion 
_ ( 1n JDJil) 

-1.2 

-1.0 

-0."1 

-0.4 

0 

0.4 

O.lf 
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FIGURE 13. DIAGRAM ILLUS'~RATI'lG SRROR CAUJJD BY 
LAC~ OF PARALL.SLI .)U BJT':/i:;~; .JIP U ~ ..~DL ..:: 
AJ'iD MIRROR 

CATHETOMETER SCALE 

p 

-
-AXIS OF TELESCOPE 

:1:====-d-"=====·1=.==-d======-d-·=========: 
NOTE: VERTICAL SCALE IS EXAGGBHAT~D 



.., 
readings. Graph 5 lhowe two curves, one taken with the 

needl• in 1ts original position and t•e other with the 

needle inverted. Th' &oale readings which are plotted tor 

Tarious needle to telesoope 41stanoes are taken with the 

magnetic· tield on, end, therefore, are plo-tted. tor on11 

the a.aller radii. J)ata taken at ra411 greater than & 

inohes departed trom. the straight lines shown due to the 

de•tat1on ot the magnetic median surraoe tr~ the geo

metrical midplane. However, the graph. is not intended. to 

abow these 4eT1at1ons ., but, instead. it illustrates a 

ample geoaetrio etreot. By extendins. the curves to zero 

distance between mirror and tttlesoope it can be eeen that 

they oonverge at a eoale reading ot -.251 om, the soal.e 

reading at the height or the orosa-ha1re. 

lor measurements taken at radii sreate~ than 13", it 

was round unnecessary to uae the oorreetiona juat men

tioned beoau.se or the large ourYBture ot the tlux linea. 

B7 applJing these corrections wherever appropriate, the 

median aurtaoe ooul4 be located with fair rel1ab111ty. 

Graph 6 ahowa the results ot t~e measurements tor two iU.t· 

terent a~imutbal poa1tiona. 

'lhe median aurtaoe at position No. 'I seems to lie 

Tery oloae to the midplane tor all radii but at the No. 2 

poai tion there appears to be e. muoh. larger deY1at1on tor 

the 4ft ra41us. This apparent deTiation 1a not Terr 

http:beoau.se
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aeriouJ at .euoh a •all radius. Since the eu.rl ot the 

Dl&SJletio field la zero in th• gap, in Oflindrioal coordi

nates we haTe ~ • aB... where B is the eo-called radial ar oZ. r 
tield and Bz is the Te:rtioal field. Aa will be d1sousae4 

in the next section, the magn1 tude of §~if was found to 

be $ gause per iaoh at the point ot interest. With the 

median aurtace d1eplaoe4 i in. ~pward, the radial t:1el4 on 

the aidplane 1a probably leaa than. 2 or 3 gauaa, or about 

.02• ot the central t1el4. Bence, it can be seen that. in 

this region the location ot the median aurfaoe is not Yery 

or1tioal. Fo~ radii greater than about 14 inohea the 

median aurtace. could b• clete:rm.1ned to within leas than .o5 

in. For anal.ler radii it was estimated that the aoou.raoy 

was to within approximately .25 ln. 

these measurements, while not extre11ely aoourate tor 

the llll&ller radii, allewed. the median aurtaoe to be lo• 

oated with fair rel1ab.111tr. lt was to\IDd to nearly oo• 

1noide with geometric midplane except tor localized •aria

tiona. Therefore, no attempt was made to oorreot these 

Tar1at1ons. 

' '!!'' 
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JUGNE'l'IC I'IBLD PROJ'ILE MEASUREUENTS 

The final set ot magnetic field measurements, after 

the az~uthal homogeneity and Tertioal ay.mmetr7 had been 

established, consisted of a study of the radial dependence, 

or profile, ot the tield. In general, a certain degree of 

homogeneity is necessary to proTide a near-"resonant tield" 

while a certain degree of inhomogeneity is important tor 

foouslag ot the ion beam. 

The "reeonant tleld" oonditlon, ln a oonstant fre

queney cyclotron, inTolTes maintaining a constant phase 

relationship between the accelerating Toltage applied to 

the dees and the accelerated ion beam t~ughout ita 

entire path within the dee chamber. The ideal profile tor 

this condition, neglecting ~elatiTistio effects, is a per

fectly homogeneous field out to the exit radius, were the 

field suddenly decreases to zero to allow the ions to es

cape trom. the dee ohamber. 

Since the ions usuall7 leaTe the source in random 

directions, large focusing forces are needed to produce a 

beam haTing a small cross-sectional area at the exit elit. 

· These tocua1ng forces must be supplied by the crossed 

electric and magnetic fields. Although the tiRe dependent 

eleotrio t1eld supplies phase focusing during the first 

few accelerations of the 1ona, it supplies negligible 

Tert1oal tocus1ng. (3 1 p.396} The latter must then be 



52 

supplied by proper adjustment or the magnetic field pro

tile. 

When a particle, with a · oharge q, moves in a agnetio 

tield B, with a velocity i, it experiences a torce 1, at 

right angles to its motion, given by the vector expression 

1 • q(i x B). The vertical component or the field serves 

to circulate the ions in the dee chamber, allow1n6 them to 

be accelerated repeatedly in the dee gap, while the radial 

component provides vertical forces on the ions. It the 

tlux lines are concave inward, that is, it there is a nega

tive field gradient, then these vertical torces are di

rected toward the median surface and increase with the 

distance trom it. But it there is a positive field gradi

ent over even a small region, the de-focusing forces will 

cause nearly all the beam to be lost. Foss (l, pp.5-30) 

has round that the following condition must be fulfilled: 

the tield should decrease with increasing radius such that 

tor radii less than the exit radius, 0 < "n" • -<i> (~) < 

0.2, and at the exit radius the value or "n" should be 

0.4. Since the magnitude or the radial field increases as 

the vertical field decreases, the toousing toroea increase 

as the radius increases. These forces are proportional to 

: l~~ ~z (3, p.398), where Bz is the vertical field. 

It is obvious that the profile chosen must represent 

some compromise between the two basic requirements tor 
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resonance and tocueing. Uoreo'Ver, in praotioe the optimum 

shape ot the field protile ia ala& a tU110t1on ot other 

pa:ramet.ers such as the design ot the ion aouroe, the mag- . 

ni'tude or the dee voltage, end the working prese\U"e in tb.e 

dee Oham.ber. fhe eolid 11nee in Graph '1 ( 2., p. 6) ahow a 

wide variation ot protilea used in some ot the constant 

trequenoy orolotrone in this o.ountry. "'or a quutitatl•e 

oo.mperison, the toousing toroes in the st. Louis oyolotron 

are over 1000 times greater tb.en in the Seattle maoh1ne. 

!ke problem ot obtaining the desired profile by the 

use or magnet1o ahtae is discussed in detail by Rose 

( 4 1 pp.715-7l9). The proper· shim toJ: a eertain pJotile 

oan be pred1oted to a oertaln extent by math~atioal 

analysis, 'but it 1e sometimes tound more aat1etaotol'J to 

inaert oerta1n shims and then measure their etteot on the 

:tield. 

Since the t1nal dturign of lll8ll.7 components ot the 

oyolotron had not been oomplete<l ,, 1t waa requested by the 

oy. lo'tiNn oommittee that a oatalos ot shims be made up 1n 

order that a protile ot ellf deelred shape oou14 qu1okly be 

o'btaiaed. Consequently_. a ta1rl7 OOJaprehensive study was 

ma4e of Tarioue profiles whioll might be· desired. Measure• 

ments were t1rst made of the profile without shims. and 

then wi,th thirteen different shim urangements. seven ot 

these we~e repeated at three ditt•rent magnet ourrents 
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while two others were taken at two Out"rents. By interpo

lation it is pQss1ble to pre<li.ot the approxima~e profiles 

resul.ting trom 41tterent ehi arrangements. 

The p:rotile mee.surements were taken along an a.l'b1.

trar117 chosen radius with the d1tterent1al searoh oo11 

app.aratus. Graph 8 shows the profile without lhime. to:r 

three different values ot maenet ourrent. The percentage 

decrease in total t1eld e·t:renath relat1ve to the t1el4 at 

the center is plotted as a tunotion ot the radius in 

1nehes. S1noe the saturation efteots in the tapered pole 

pieces are greater near the edge- ot the t1el4, the central 

t1•14 is greater in proportion at the h1.gher ottrrents. 

Therefore, the highest profile oune on the grap.b is pro

duced at the smallest current, although the magn1 tude ot 

the central tield is am.aller. 'rhe oentral t1el4 Yalues 

are noted on the @J'aph. Even at the highest ourrent the 

t1eld without shims has a posi 't1ve gradient oTer most ot' 

1ts length and thus 1 t is olear that shims ere necessary 

in order to satisfy the oon41t1ons set torth by Yosa. 

The shims were made 1n pairs ot galvanized iron 

41sk:s ot Yarious rad11. The sbim.a wer• centered 1n the 

external •h1Dl gaps between the oover plates and the pole 

. raoes., They were plaoed in the gap so that they would lie 

a1JDllletr1cally abOut the midplane., A list ot the shims is 

shown in Table 4. 

http:pre<li.ot
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Tail• •• :Ltat ot Shima 

Shinl Staok Disks per ll1emeter Tbiokness 
N•b•r . s"aok {lnohea) {1nohea) 

1 l 10 .o.f.B 
a 1 26 .048 

e l .10 .1&78 

2 20 .Q.f.B" 1 eaoh •• 10, 14, ao, 86 .048 

6 1 eaoh 6, 14, l2t 86 .048 , 1 eath 6, 20, 26 .068 

B l eaoh •• lO, JO .048 
a. .015• 

1 eaoll 6, 10, 20 ,Q48 
1 eaoh 26, 30 .015 

I 4 .015 

l.O 1 eaoh ,, 6, 10,. 14, 26, 50 .015 
1 20 .048 

ll 1 eaob a, ,, &. J 8, 26, 30 .011 
1 .20 .048 

1! 1 eaeb •• "· 6, e. 10~ 14, 26, 30 .015 
1 20 .048 

1& 1 eaoh 6, 8, 26, 10 .011 
2 4 .015 
8 a .010 
1 20 .048 



Graphs 9 tllrougll li, inolusiTe, ahow the prot1lea tor 

the aajor ahill arrangeaents. At the bottom ot each graph 

1• drawn a prot1le ot the · ehim staok. The vertical soale 

ot the ahim stack has been @X'eatlt exaggerated, with 1 

1111al.l 4iv181on equal to approXilaatelr .015 tn•h ot shill 

thiokness. Comparisons ot the t1el4 prot1les produoe4 by 

•ome ot the 41tterent shim.a are ahown in Graphs 16 throush 

20, 1nolua1T•· 

Graph 1 shows two ot the Oregon state profiles cam

pared w1 th profiles ot various othe:r oyolotrona. The 

ourves are nol"!D.al1ze4 bF plott1DS the re.dtua in tractions 

ot the ex1t :rad1ua. The extt radius ot the oregon State 

Jae.oh1ne was tentatively aee-.ed to be l& inohea. None ot 

the ahim.e used seemsto provide a eut:tioiently rapid de

crease in field at the e.xtt radius to sat1aty the ross oon• 

d1t1on. It this drop•ott is not adequate, excessively 

b.ish deflector voltages are needed. It has been sugge•ted 

by members ot the crolo,roa Magnet Group ot the 'Un1TersltJ 

ot Cali~ornia Radiation Laboratorr that internal r1ns 

shims, or tbe so-oalled Rose shtms be used to 1norease the 

drop-ott in field strensth at the exit radius. Although 

the ring shims neoesee:ry to produoe the desired prot1le 

oan lMt estimated ta1l:lY aocuratelr tro:m the prot1le 4ata 

and the magnet dimensions, there are oertain advantages in 

not using ring ahtms. An alternate method woul4 be to 
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1noreaee the exit radius slightly and use the neoeeaa17 

41sk ah~a to obtain the desired profile, Increasing the 

exit radius alone would provide the required drop-ott in 

field, but then the magnitude ot the field at the exit 

radius would be too low. Adding the required large diam

eter disks would increase the field at the exit radius 

without appreciably ettecting the drop-ott, although quite 

possibly the drop-ott would be increased. S1noe the con

struction and testing ot the full-size deea and r.t. sys

tem he.a not been completed, it might be possible to in

crease the exit radius. Increasing the exit radiua would 

have the additional advantage of allowing higher energy 

ions to be produced in ·the oyolotron. 

By observing the mod1tioat1ona in the t1el4 profile 

produoed by the various shims, cert 1n gener 1 statements 

can be made. It was tound the.~ the oentral field was in

creased by the addition ot ehtas. The greater e.ppar nt 

decrease in tield with increasing radius, oaused by the 

e.ddi tion ot sh1ma,. 1a due to an increase in the oentral 

t1el4. It the diameters ot the dieks are not less than 

about 6 inches, this increase in tield is nearly propor

tional to the decrease in air gap at the center ot the 

magnet. ror smaller disks, the increase in field is pro

portionately smaller. Thie etteot is illustrated 1n 

Graph 18. Although the total th1oltnesa in Shim #8 is 
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greater than in Shtm #'1, the increase in central field due 

to the latter is larger. Hence, it is shown that the field 

e.t one point cannot be altered w1 thout affecting the field 

at other points. Thua, to increase the central field, the 

p ripheral field must also be increased proportionately by 

combining larger disks w1 th the smaller ones. At first 

glance, Graph 16 appears to illustrate the opposite effect. 

Curves 3 and 4 result from adding first a 14 in. and then 

both a 14 in. and a 10 in. disk, reapeotivelJ, to the ahta 

produoing ourn 2. But curve 2 a1read7 haa a relativelJ 

large field gradient at the larger radii. Also the effect 

ot the 10 inch disk was not aa pronounced as that ot the 

14 inch 4iak. 

Althougb the ahtmaing was aeant to be ar.-aetrio about 

the geoaetrio midplane, the indiY14ual 41aka were rather 

unenn and it was 41ft1oult to oenter the shtms to within 

leas than 1/8 inoh. Therefore, it waa desirable to deter

mine the degree of az~uthal homogeneity and the location 

of \h~ median surtaoe w1th ahtme in plaoe. 

The aztmuthal field was measured at three different 

radii and was found to be tairlJ acceptable (Graph 21). 

The total variation at the 12 in. radiua 1s 10.'1 gauss and 

at 16 in. 1a ·12.3 gauss, or a total variation at 16 in. 

ot leas than .o~. The variation has then been approx

imately doubled by the addition ot the shtma, but it still 
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is not excessive. The University ot Washington cyclotron 

field shows up to 0.1~ variation, and other cyclotron 

groups report even larger ones. 

The median surface was measured at the two previously 

measured positions and its location is shown in Graph 22. 

At the No. 2 position, the deviation of the median surface 

from the midplane is nearly 1 inch at the 6 inch radiua. 

This variation is quit$ large since the radial field, due 

to the shims, is at least 20 gauss at a distance of 1 

inch trom the magnetic median surface. Hence, the loca

tion ot the median surface is more critical with the shims 

in the gap. Although it was felt that the radial field is 

larger then the mentioned value, time did not permit 

direct measurements. The magnitude of the radial field 

could be measured by rapidly moving a search ooil from the 

center ot the gap to the point in question. 

Graph 23 shows ~alues ot "n~ tor various shims plotted 

as a tunotion ot the radius. These curves are more useful 

than the profiles tor evaluating the radial dependence ot 

the field. Although the condition that "n" must satisfy, 

tor radii smaller than the exit radius, is rather broad; 

the value ot "n" at the exit radius should be about 0.4. 

It can be seen that the greatest calculated value of "n" 

at the exit radius is .286, which indicates the drop-ott 
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'' 
tn field 1a not large enoqh at the ez1t ra41ua. 

A Ya:r1et7 ot ah1m8 haTe be•n teated in order to obtain 

p0881ble 4e81re4 profiles end the results were qUite aa\18• 

taotor,. The median aurtaoe and az~uthal t1el4 haYe been 

measured end the r•aul ta 1n41oate that the final ahllu 

allo\114 be aoouratelr oonstruotecl e.nd poe1t1one4 1n ·the gap. 

!hua• it 18 telt that tbe azilluthal t1el4 and median aur

taoe Tariation• will not neoeeaar117 be inoreaaed b7 the 

final ah1aa. 
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Table 5. Magnetization OurTe 
(Data tor Graph 1) 

Data of August 4 
Current Central Field 

Data of JUly '1 
Current Oentral lleld 

' ampa} (ktlosauas} . (ampa) ( kilOS&\?-118) . 

ao 1.19 50 2.96 

40 2.31 75 4.35 

60 3.36 100 5.80 

eo 4.52 125 '1.00 

100 5.57 150 8.38 

120 6.75 175 9.71 

140 7.'78 200 10.90 

160 8.84 225 12.05 

1,0 9.35 250 13.08 

200 10.80 275 13.75 

220 11.'13 

240 12.58 

248 12.90 

260 13.32 
" 2'12 13.68 

280 13.90 

sea 14.11 

2~6 14,31 

300 1,.40 
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Table 6. Az~uthal Field Homogeneity at the 14 Inch Radius 
(Data tor Graph 3) 

l* 2* 3* 4* 5* 
AZimuthal (Readings in fluxmeter divisions, without 
Position correction) 

1 7.3 6.8 9.95 6.65 6 .. 8 

2 '7.9 '1.~ 8.95 6.45 6.7 

" 
3 a~o '1.1 6.8 6.0 6.3 

7.3 6.'15 5.65 5.35 6.05 

5 6.'7 6.1 5.0 5.3 6.1 

6 6.05 5,95 4.0 5.35 6.0 

., 5.,85 5.'1 3.8 5.8 5 .•85 

8 6.2 5.'75 4.9 6.2 5.85 

9 6.35 5.8 6.6 6.55 5.85 

10 6.25 5.6 '1.5 6.6 6.0 

11 6.8 5.8 8.'15 6.8 6.'1 

12 '1.2 6.1 9.95 6.8 6.8 

'l'o~al Variation 
(c11T1s1ons) 2.15 1.'1 6.15 1.5 .95 

Total Variation 
(gausa) 11.8 9.35 33.8 8.25 5.22 

*1. Plates in original position. search coil apparatus 
po~rl7 centered. 

2. Plates in original position , searoh coil apparatus
oentere4. 

3. Top plate tilte4.
•• Top plate rotated • 
5. Vaouum tank centered. 
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Table 7. Location ot Jlagnetio Median surtaoe 
(Date. tor Graph 4) 

Aaimuthal Poa1111on No.2 
D1.stano• trom Midplane 

(1nohes) 
l * 

0 

·"" 

-.0&9 

0 

0 

-.0:51 

-.063 

Azimuthal Poa1,1on Bo.7 
!ad1us Distance troa Kidplane

(1nohes) (1uohes)
1* 2* 

0 0 

.... 14 

-.1 -.1 

.08 

.08 

.012 

-.oooe 
-.002 

0 

4 

e 
12 

14 

15 

16 

1'1 

l8 

1.9 

ao 
22 

24 

27 

*1. Beedle in original position.
2, Needle in:Yerted. 
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I. SensitivitJ ot Field Strength Measuring Apparatus 

A. Calculation ot SensitiYity ot Fluxmeter used with 
'1-iUl'D Ootl. 

GiYen the tollowin& data: 

1. Seneit1Y1ty ot the tluxaeter, s • 1•,ooo Max
well-turn• per d1Y1aion 

2. EtteotiYe area ot 7-turn ooil, A • 27.86 aa2 

Then the aena1tiv1tr a, ot the apparatus,
expressed in gause per eoale division is: 

1•.ooo Ka~•tl-turna8 
• 2 x 27.86 a. 41vialon 

• • 251.3 gause per division 

The taotor ot 2 in the denominator enters because 
ot the 180° angle ot rotation ot the searoh ooil. 

B. Calculation ot sensitivity ot Fluxmeter with 442
turn ooil. 

Given: 

1. A • 1272 •2 

In a a~ilar manner, the sensitivity ot the 41t
terential tield measuring apparatus is: 

14,000 c • di~ 1• • ! x 12¥a • u.u gause per , ..... on 

c. Calibration ot flUDleter Sensitivity 

1. A standard mutual 1nduotanoe was constructed 
with the tollowing 41aena1ons: 

a. Prillary:
Length, 2L 
Radius; R 
Number ot turns, N 

b. Secondary:
Length, 21 
Radius, r 
lhDilber ot turns, n 

19.56 in. 
1.40 1n. 

Z64 

1.41 in. 
1.40 in. 

118 



83 

2. The sensitivity ot the fluxmeter may be cal
cUlated tram the following approximate tor.mUla: 

4 Nn AiSensi tiTity ., S • !6 12 12 (Ke.nell-turna per
diT1s1on) 

whe.re 1 1s 1n amperes per d1T181on, determined 
by taking the slope ot a graph ot the prtaary 
current, I, as a function ot the detleotions 
resulting when the oirouit is interrupted 

Then 8 .(15.00H3J~lhi7~~(3~S~!~~~>tz! amaf!iT.) 

• 14,200 gauss I d1T. 

This agrees to within slightly more than one per oent, 
with the taotory oal1brat1on, and sinoe no greater aoouraoy
is ola~ed, the latter figure ot 14,000 Maxwell-turns per
diTision has been used throughout. Only a two per oent 
Tariat1on in aenaitiTity 1s observed when the '1-turn ooil 
and the two 442-turn ooils are used due to their different 
resistances. 




