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THE :LEPRODU CIBILI'l'Y OF i.IAGNl 21 _' '-"l}_:LJ) SETTINGS WITH 

�D-CORBD AND LM:El-JA-2:I:;D MAGNETS 

by F. M:. Harris, A. Ilelizee, i'• 
and B. de Haad. 

I. INTRODUCTION 

Middelkoop 

It will be necessary tr set the m1:.gnetic fields of the bending 

magnets for the beam transfer sycte:o cf t:,c 1nt(�rseeting Storage Rings 

(ISR) reproducibly to withi:r. .± l part Li ; 1 14 11· pr0-determined value:::-. 

This should be done preferably hy settir.l ·1) :8 excitation currents 

using a procedure which ensures the reo,ui:::ed acc1cracy and reproducibility 

in the field values. Experiment2 t.J fiLi a Sl:l.i table current setting 

procedure have hoen carried out with a sclid-cored wagnet and a laminated 

magnet. Theoo experiments w0re dono "',t 'Lifferent "imes with different 

equipment and are doscri bed, the:r-ef'nrc, .:eparately in this report. 

II. EXPERIMENT:.; \'/ITH A :::iO:UID-OORED MAGNL' 

2 .1 Experimen �al p:oce;u.uro 

The solid-,J-:.;rod ::1abnot wn,:_� a ztondard 1 m bending magnet nor

mally used for secondary �urticle ho3lll from the CERN Proton Synchrotron 

(CPS). The oxci tnti m ourTerc t i'or t;ho mag!11t was supplied by a rectifier 

set (900 A,200 V) whicl: hr.hl a ·:Lor-t term instability of less than 1 pa.rt 

in 104 • The current was meaourod t() ·,vi thin 1 pnrt in 104 with an accurate 

h t ( al ·1 �, .,__ 't1,,. l -'- ' lr,4 ' . t t ff' s un v ·· ue _ m _: "vO wi lllL _ '.)G.r, i:::l , · Hnving '3. empera ure coe 1-

cient of 2 x 10-5 per0 •;:) and c-)mpr_;n,rntor. Magnetic� fields greater than 

1 kGauss were moo.sured to better t:.o.r, + o. O:i �;auss }iy a nuclear magnetic 

resonance fluxmeter ·.1sod ir 0onjw.nctio:i.1 with a frequency eounter. Residual 

field values, which wor-c alway:; le::rn than 30 gauss,• were measured to 

within 1 % using a commercial hall plate go.ussmeter. 
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Tho rate of' chongo of current could "t.1e varied between 1. 3 

o.nd 4.6 A/sec by alto-ring the sp ed of 11 small d- motor driving the 

control helipot of tho power supply. Setting the current to within 1 

part in 104 of a desired vnlue was not possible with this arro.ngement, 

the precision being more like 1 pert i� 103 • A negligible error is 

introducedt however, by extrapol[l.ting tHn result tothe desired value 

of current. Thuo, in thP resultG ,�;iven later, thP rise in magnetic 

field is given f0r currer,t increaser, from zero tc: 100. 00 A, 190. 00 A, 

240. 00 A and 320, 00 A, each res'.ll t u::in1 calculated respectively from 

readings with currents wl:ic'. were to wi ;;hin l part in 10.:..> of each of 
the above currents. 

For the bending magnets of the- berun transfer system, the 

maximum field required will 1:o 13 kGauss. For the bending magnet 

under test, which had a \';O.P height of n ·}m, a field slightly 

greater than 13 kGauss wno 1..1bt8.ined wher: t110 excitation current was 

340 A. Consequently, thi£o wns taken ns the n:.aximum current in the 

experiments. Most f'lf the work was carried out with one type of 

current cycle which was investigated with <Hfferent rates of current 

change. At tho start of each cycle, the current wns increased from 0 

to 340 A then decreased to zero a.go.in nt the rate of change under 

investigation, say K runp/sec. I1hr residual field v·as allowed to 

stabilize ( rv 12 min) �md was measured. '.i.he following cycle was then 

investigated. 'rho current was increr.ised again at I< amp/sec to within 

1 part in 103 of say 100 J\., Preliminary experiments hnd shovm that 

having attained the fincl current, it required at least three minutes 

for the field tu reo.ci1 [. stable final value. This wns the case over 

the range of dI/dt valuep investignto,l (1,3 - 4,6 A/sec). iJonsequently, 

in general a 5 11inuto intervnl was o.llov,-ed between tho time the current 

was set and th0! time whr;1, accurate curront mid fiel·i_ readings were 

to.ken. In tho case undor discussion,. th1 value of t!·1e field o.t 100. 00 

A was calculc.ted from these rendings. Thereafter, the current wo.s ... 
increased to 340 A o.nd �ocroased to zero agair. at K runp/sec nnd other 

currents e. g. 190.00 �' 240.00 A ei.nd 320.00 A wore set rendomly in 

the some way. From the repeat of field readings at a given current 

it was possible to see whether thr) differc:n_cosin the settings were 

greater thnn _:I: 1 part. in 104 • The: scXJ.o cycl,- vr:s investigated at 

other values of dI/dt. 
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2 • 2 r; e sul ts 

The results of .,__hr, -lryo"°tj_ -.... t-:. 'F''s with the current cycle 

just described at vo.rious rates of current change are summarized 

in To.ble 1. The results for onch current ere; grouped together but 

they were tcken randomly with respect to tho rm for ether currents. 

It can be seen tho.t for oll cnsos the error in tl'.o reproducibility 

was less than+ 1 po.rt in 10
4 • 

It ccn be seen also from Table 1 tho.t the residual field 

is dependent on tho rate of current decrenso from 340 to zero omp. 

This is illustrated in Fig. 1 where the residual field is plotted 

against the time nfter rec.ching z1..:ro current. The rn.te of decrease 

from 340 to zero D.mporos is marked on onch curve. 

Similarly the i:tlcre::100 in field from th( residuo.l value 

to that corresponding to o. r�iven ex0i.to.tion current depends on dI/dt. 

This is illustro.t0d in ',':--blc- 2, tho -':'..t." being obtained from the 
results of To.1:.le 1. 

It ccu1 bo seen that th(._; faster the rate of current rise is, 

the lo.rger is the increase in the field. This result is in agreement 

with those obtnined by Cobb o.nd Harris1 • Also in agreement with their 

results is tho relatively long t�·nc :for the residual field to reach 

o. steo.dyvcluc after switching of1' tho current-(see fig. 1). Both 

effects will be discussed later in this report. 

Further investiga.tiono were co.rriocl out to see if it is 

necessary to wni t for the residual field to !10.vc reached o. stable 

value in .ardor to be o.blo to sot tho required field with an error 

in reproducibility of loss th[',J:l ± 1 pa.rt in 10
4 • This wo.s investi

gated by working with the: sn.rne current cycle described previously 

but always with o.n excit....,tion current of 190 A. 

As previously, tl1c result:i wero extrnpolo.tod to the exact 

current of 190.00 A. After rf:(:.c:�ing zuro current in the cycle, 

progressively longer times were ,:J.lowed before starting to re-set 

the current of 190 A� ci. 0• 2 rin., 4 min., etc. Initially, residuo.l 

field reo.dings c-,t various tj_.,aes ::1fto:. tl•o attainment o:f zero current 

ho..d been recorded. '.2�:ic results arc shown in Ta.blo 3. 
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Rate of change Residua.l 
of current field in 

gauss 

12,2 

12;1 

11,9 

1,3 A/sec 
12,2 

lL,O 

12,2 

12, 3 
. 

12,4 

12,3 

10,3 

9 ':) 

10,0 

9,9 

2,3 A/sec 10, 3 

10, 4  

9' j 

10,1� 

9 ',j 

s,35 
8,35 

D,45 
3, 2 A/sec L�, 3 

8,5 

8, 4 

e,5 

s,35 
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TABLE 1 

CurroLc 
I Amp. 

100,uo 

l00t00 

100,00 

190,00 

190,00 

240,00 

240, 00 

320,00 

320,00 

100, 00 

100,00 

190,00 

190,00 

240,00 

240,00 

j20, uC 

320,no 

320,00 

100,00 

100,00 

190,00 

190,00 

240,00 

240,00 

320,00 

320,00 

Field in Error in 
gauss· with reproducibility 
I Amp, (pnrts in 104) 
excitntion 
current 

4. o8r,, 6 

4.009 1 0 + 0, 5 

4�088,S 

7.744,1 
+ 0,1 

I 7�744,2 

I 9.733,3 0,2 + 

9�733,6 

12.547,2 
+ 0,2 

12.5Ln,s 

4.os9,1 
+ 0,5 

4�089,5 

7. 74a,1 0 
7.748,l 

9.735,s 
+ 0,1 

9� 736 ,o 

12.551,4 

12.553,5 + o,s 

12�552,3 

4,088,5 
+ 0,4 

4� 088,8 

7,749,6 
+ 0,4 

7�750,2 

9.739,4 
+ 0,5 

rj � 738, 4 

12,5�5,9 
+ 0,4 

12.556,9 



Rate of chnnge 
of current 

4,6 A/sec 

Excitation 
current, I Amp. 

100,00 

190,00 

240,00 

320,00 
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TABLE 1 (continued) 

Residual Current 
field in I Amp. 
gauss 

7 - �r; ,,.,,,...,,,. 100,00 

7,15 100,00 

7,1 100,00 

'7 -' ' .I. I 190,00 

7,15 1go,on 

6, 9'.:i 240,00 

7,1 240,00 

7, 05 320,00 

7,1 320,00 

'.i.'AEI.iE 2 

Increase in field (go.uss) 

Field in Error in 
go.uss with reproducibility 
I Amp. (parts in 104) 
excito.tion 
current 

4 � 088 7 'i 

4, 0813, 4 + 0,4 

4�088,7 

7,749,3 
+ o,6 

7. 750,3 

9,741,4 
+ 0,2 

9�741,8 

12.558,3 
+ 0,1 

12.558,6 

from residual vo.lue when 
current increa.s, s to I Amp. at t) .0 following ra.tes: 

1, 3. A/soc 0 " A/ <--,)_ sec 3,2,A/soc 4,6 A/sec 
·-

4,076,7 ,t, 079, 2 4. oso,) 4,081,4 

7,732,0 7,738,2 7,741,5 7,742,7 

9, 721,2 9,725, 6 9.730�5 9.734,6 

12.535,2 12.542,4 12.54e,o 12.551,4 
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l' LB LL � 
Rate of current change = 3, 2 A/sec 

Time after 
reaching zerp 2 4 (5 8 10 12 14 16 18 20 
current (min.) 

Residual field 21 l
l

'" 
I 9,0 8' :� 814 

H,2 s,2 s,15 s,1� 
(gauss) 

Time interval 
between zero 
current and 2 I; 

. 
8 10 14 ) 

starting to 
set 190 A (min) 

Field o.t 190, 00 
(gauss) 7-751, 7 7.751,1 7.750, 5 7.750, 5 7.750, 3 7.750, 0  

A 
! 

It can be soon from these results tho.t the overall change in 
,1 

final fi old is 2, 2 p nrts in 10 '. If 6 minutes mme allowed before re-

setting thn current after reaching zero nm.pores the change is reduced 

to o, 65 po.rts in 10 • Tho results nf·cer a vvai ting perio; =::. 4 minutes 

agree to within .± 1 po.rt in 10/; wi tb tht, earlier results of Table 1 

for dI/dt = 3, 2 A/sec where nbout 12 minutes was allowed for the value 

of the residual field to stabilize. 

When further detailed design work iG done on the power supplies 

for th6 magnets it mo.y prove pre1Grnble to have a finite value of say 

30 A as the minimum current instead of exactly zero amperes which mo.y 

meo.n the use of circuit breakers o.s wo.s the case with the power supply 

used for this experiment. With this point in mind, a. further series 

of measurements. were mo.do with a. minimum current of about 30 instead 

of zero amperes. Ini tia.lly, tho current wo.s cycled 30-t 340 ➔ 30 A 

o.nd then the following cycl0 investica.ted: 

where r
1 

and r
2 

were 100 and 190 :1.. I'iold and current measurements 

were to.ken about 5 minutes after setting these excitation-currents 

and about 12 minutes was allowed with tho current at 30 A. Again, 

these results were extrapolated to results a.t 100, 00 A and 190 1 00 A 

which are shown in Table 4. 
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Rnte of current change = 3,2 A/sec 

Excitation Field 
current ( . .,.0.U"'"'' 

\ ;_:"Jl.- )Jl,J) 

Error in reproduci-
'I. il i ty (parts in 1 o4 ) 

100, 00 4. 090, 0 

100,00 4. 090, 5 
100,00 i;.. n90,c 

+ 1 

100,00 4.090,0 

190,00 7.,74s,6 

190,00 7 t '7 t1r8, 9 ,· 0,45 
190,00 7.'H:),3 

It npponrs from those results, therefore, that it would 

be permissible to work with n minimu:n 8Urrent of a.bout 30 A. 

From the results token with the solid-cored magnet, it can 

be concluded that tho magnetic field can be reproduced to within 

.± 1 part in 104 if tho excitation current is reset accurately to 

1 part in 10 using the current cycle described in section 2.1. 

It is clear, however, thnt in orL..er to chQXJ.ge from one required 

field value to another a. total time of 6 - 9 minutes must be 

oJ.lowed. A considerable amount of this time is the 3 minutes necessary 

for the field to settle doym. to its final voJ.ue. 

It should be possible to increase the speed at which field 

settings are altered by using n laminated magnet in which eddy current 

effects aro g�atly-reduced. rhe investigations with such a magnet 
are described 'below. 

III.EXPERIMENTS WITH A LAivIIHATT;JJ M.i ... GN.i.';T 

3.1 Experimental procedure 

It was not possible to obtain n suitable homogeneous-field, 

laminated bending magnet for these experiments so use was made of a 

laminated magnet with ahyperbolic pole profile which was available. 

This consisted of five of the original test blocks of the PS magnet 

and a special coil consisting of 192 turntJ, This magnet was also 

powered with a 900 A, 200 V rectifier set but in the present experi
PS/5605 
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ments tho voltage across the shunt was measured with a digital volt-

meter and not o. compensator. A er :rmercial Hall plc-te gaussmeter was 

used to moo.sure the :i;-esiduo.l I'ield to within 2 %.  It was not possible 

to use tho nuclear �o.gnetic resono.nce flu:x:m.eter to measure the high 

field vnlues since the field gradient was much too large. Consequently, 

a thermnlly stabilized Ho.11 plate was employed, the Ho.11 plate current 

being supplied from a c'l.:l.rront s·':: abilizing circuit mid was stable 

to within 1 paJ'.'t in 104 • Tho Hall vol tac;o was measured wi tl:i o. second 

digi to.J.. voltmeter. With this arr1::ingemont, it was possible to detect 

changes of 1 part in 10 in fields grouter than about 6 kGauss. 

Ono of the mo.in purposen of working with o. laminated magnet 

was to see how rapidly it is possible to set the required excitation 

current and still obto.in mo.gnctic t'iolds reproducible to within 

.± l part in 10 • Consequently, a. different system of current 

setting was employed which was much faster and more accurate than 

the motor-driven helipot arrangement used previously. Such a system 

may also be more convenient for n remotely controlled power supply. 

The relevant circuit diagrams are shown in figs. 2 ond 3. The control 

voltage ap�lied to the rectifier was tho.t established between G ond 

H (fig. 2). A highly stable reference voltage (8 v )  was applied t0 

the terminals A and B .  The relay 0onto.cts marked �, b1, o.2, b2, • •  • • 

a
4

, b
4

- in figure 2 w_ere u .l,' c  ... ,::i.t, ..,J. �" :J.u:.1u.o.J.ly turning the switch 

S (fig . 3) to the positions 1, 2, 3 and 4 respectively. In any 

one position , the 8 V supply is connected across the appropriate 

potentiometer o.nd the vol to.ge o.cr0ss the capacitor C rises expo

nentio.J..ly with a time constant I:C. The :finnl vol toge across the 

capaci tor and, therefore, tho mngnot 1 s excitation current is de

termined by the setting •Of the potentiometer. 

The current cycle investigated was established py moving 

S clockwise through the positions o ,  1, 2, 3 ,  4 o.nd · bo.ck to C. In 

position O the mo.gnet 1 8 excitation current was zero. On moving to 

position 1 o. current I was established which was adjusted , to be 

about 50  A by adjusting the settinc of the potentiometer P1 • In 

the same way movement of S to positions 2 and 3 gave currents r
2 

and
. 
r3 which were ad justed to about 5 00 A mid 50  A respectively. 

On moving to position 4 , currents 11
4

- or 21
4 

could be obtained by 

using either potentiometer 1P
4 

or 2P
4

• In the present work 1r
4 
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was ad justed to about 390 A and 2r4 to  about 300 A. 

3.2 Results 

Experiments ha�r0 1, 0 °.,,, � ..,.,,.. �-; ,v, �· , -:- with two values of RC 

viz. Rel = 4 J 7 S.Gconds (R = 4 , 7  l': · " �  ;\ c: 103 µF) and RC2 = 1 , 9  

seconds (R = 4 ,  7 k 0. , ,., . ,---- ;< "n - F ) .  T�,e 1'.'esul ts o:f these investi-
c. . 

gations are similar and only those for RC2 will be described in -

detail. The results u3i:::1g 3.C\ a:r0 brj ofly summarize<'; as follows. 

The current cycle des0riber: in se0tio:·1 3. 1 was used in which 1 

minute waiting times were rulowed after switching to positions 

1, 2, 3, 4 and o .  The :field c,Jrresponding to position 4 ( and 

currents 114 or 214 depending or: the position of the switch 

s
1 

in fig. 2)-was founct t0 show nc appreciable lag behind the 

current, e .  g .  the curren�; was within l pai�t ir� 104 of the final 

value in 43 seconds while readir�gs of the fi.eld taken every half 

minute showed it to be .stable vri tl:.ir. l minut e of switching to 

position 4 . Reproducibility measurements were taken by repeatedly 

going through the cur:•2ent cyclG using ei tl,er the value 114 or 

21
4 

as the current corrcspo1:ding to position 4. The field values 

corresponding respectively ·co 
1 

I _ '.  and 2r,; were found to be repro

ducible to within + 1 p art in 104 . L si:nilar result was obtained 

when the time for the complete cycle was shortened by reducing the 

waiting ti.r.'.e at each of the posit '.�ons l, 2, 3 and r to 15 seconds. 

Again, the field values correspo:i.:i.e1.111g G O  currents 1 I 4 and 2r 
4 

were 

stable within 1 minute . 

In the faster cycle rl escribed above 9 the tin:.e required 

to change the magnetic fi<:ild correspondin-; to one current , say 

1 r4, to that corresponding to a different current, say 2r4
, is as 

short as 2 minutes. This was reduced even further by using the 

shorter time const ant �;_c2 o:f 1 � 9 seconds • .  '\. simple caJ.culation 

shows that in this ease t:13  reference vol tL.ge between G and H of 

fig. 2 and therefore the current will be within 1 part in 104 of 

its ultimate value within 17 seconds .  In order to see if there was 

any appreciable lag in tt.e settling of the :field behind that of 

the current , readi�gs of the Enll plate voltage were taken at 

various times after switching to position 4 in the cycle. The 

results are shown in Table 5. The readings of the Hall plate 

voltage have not been converted into the equivalent values of the 

magnetic field-because insufficient precise calibration data 

were availc.ble. It may be noted, however ; that volt nges of 206 mV 

and 157 mV correspond approximately to magnetic fields of 12,6 and 

9 , 8  kGauss respectively. 
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TABL8 5 

Headings of current a:· r" ·Tc,:i.. :. :--,1::d; c voltage at various times 

af'ter switching to position 4 in the current cycle . RC2 == 1 , 9  

seconds. 

,---------------------- -----------------------, 
Time 
(min-sec ) 0-20 0-30 0-40 1-00 1-30 3-00 4-00 5-=00 

1I4 (A) 390 .63 390.6 4 390. 64 390.64 390.66 390.66 390.66 390.66 390.66 

Hall plate 
volatag 206.15 206.17 206 .17 206. 15 206 .15 206.15 206.15 206.17 206.17 
(mv )  

Tim8 
(min-sec) 0-20 0-30 0-4 0  1-00 2-00 3-00 4-00 

2r4 (A) 299.96 299.98 299.99 299.99 299.99 299.99 299.99 299.98 

Hall plate 
voltage 156.88 156.89 156.89 156.:'39 156 .89 156.89 156.90 156.90 
(mv)  

It  cf'n be seen from the res-:.11 ts  of  Table 5 t11at the field 

values are constant to wj_thin ..± 1 p art in 104 20 soc. after switching 

to position 4 in the cycle. 

A cycle was then invostieated iL which 10 second intervals 

were allowed after switching to each of tho positions o ,  1 ,  2 and 3. 

In that time , the current corresponding to eaeh position , therefore , 

reaches 99 , 5  % of its ultimate possible value. Readings of current 

and Hall plate • voltage were taken 20 seconds af'ter swi tohing to position 

4 in the cycle. The results are shown in '.rablo 6. 
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1-u 
C/.l 
'-.. \J1 
0\ 
0 \J1 

Order in 
which currents 
were set 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Hall Plate 

114 (A) Voltage 
(mv)  

-

390, 63 206 , 15 

390, 62 206, 15 

390 , 62 206, 17 

390 , 61 206 , 15 

390,61 206, 15 
-

. 

TABLE 6 

Error in 
reproducibility 
of field 4 (:pnrts in 10 ) 

+ 0 5 - ' 

214 (A) 

292:1 , . C  

299 , 96 

299 , � !5  

299 , �J5 

Hall Plate 
Voltage 

(mv ) 

-·1 
1:56 , .�t, I 

lS •';; ,BB 

156,88 

156, 88 
-

Error in 
reproducibility 
of field 4 (parts in 10 ) 

---· 

0 
1--' 
1--' 
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It ca.n be seeµ tho.t tho reproducibility in the settings of 

the current n:nd the magnetic fiold are well within .± 1 part in 104 • 

Further, the time t·o chnnge from one working field vo.lue to another 

when using such � current cycle is 1 minute. 

It is of interest to see whothor the field in the lom.ino.ted 

magnet aepends in cny wo.y on tho rnte of rise of current to n given 

current. The mecn results from the reproducibility measurements 

using RC1 and RC2 ha.ve been tc:.ken nnd norma.lized to 390, 70 · A (nen:r

to 114 in ec:.ch ca.so) cnd 300 � 00 ( near to 21
4 

in each ca.se). Those 

results are shown in Table 7. 

TABLE 7 

Normo.lized results obta.inod from the mean results of the 

reproducibility measurements . 

Time to Hall plnte vol to,ge Ho.11 plate volto,ge 
RC ( sec ) complete corresponding to corresponding to 

1 cycle 114 ( normalized to 214 ( normalized to 
390 , 70 A) 300,00 A) 

4,7 5 min. 206 , 19  156 , 91 

4,7 2 min. 206 � 22 156,93 

1,9 1 min. 206 ,19 156,90 

It con be seen tha.t tho magnetic field o.t n given current is 

not significantly dependent on dI/dt for the coses investigated. 

The results with tho solid-cored magnet showed thnt the value 

of thn residual field depended on t�o rate nt which the current 

decayed to zero amperes. Similo.r investiga.tions with the l omino.ted 

magnet were mnde by mea.surine the field a.s n function of the time 

ofter switching from position 4 to position O in the current cycle, 

i. e. from 11
4 

to zero amperes. Tho field measurements were mo.de 

with the Hall plo.te enussmeter. 

The decay of tho fields :::.fter switching from position 4 to 

position O in tho cycle is shown in fig. 4. Results with both 

RC1 = 4,7 seconds o.nd RC2 = 1,9 seconds were taken, position 4 in 

the cycle corresponding to 1r4 � 390 A. It con be seen from these 
results that the residual field is not significnntly dependent on 

tho rate of decay of current. Further, when the current decay curve 
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has an RO time of 4,7 seconds, the field is within 1 gauss of the 

fino,J. residual field in 2 minutes ; with ?.O = 1,9 seconds this is 

true after 1 minute� 

IV. DISCUSSION 

The relatively long time for the residual field in the solid

cored magnet to roach n stondy value is not easily explained. The 

time for tho field to stabilize to within 1 gauss of the final value 

is a.bout 7 minutes whereas tho time const ant for the decay of our-rent 

in the magnot 1 s coils is about 4 seconds. Further , tho time constant 

for the decay of eddy currents which could directly produce magnetic 

flux in the go:p is ostimo:ted to bo c.lso about 4 seconds. 

Evvin
� 

2) first observed simiL,r effects nnd in the lo.tor work 

of RiGJhter - 3 o. well defined lLg wo.s o1.iserved in specimens of car

bonyl-iron. Snock 4 ) has domorH:Jtrc:t c,d ·. close connection between 

magnetic lag nnd tho impuri tioc of 0ar1.,on mid nitrogen in the iron. 

He showed, for example , that with carbonyl-iron tho effect disappeared 

when tho carbon wns removed by . prolonged nnneo.ling in vacuum at high 

temperatures . Further, Richter ' s  work with carbonyl-iron showed there 

was a close connection between magnetic and elastic - lo.g, both effects 

obeying tho s��o l�ws o...�d having the sruno origin, i. e. tho diffusion 

of cnrboL, • nitrogen or other im_ uritics nt tho temperature of the 

experiment. Also, theoretical work by Polder 5) has explained tho 

elastic lag on tho bnsis of the diffusion of carbon atoms in the 

iron nnd many of his predictions hnve been confirmed experimentally. 

It is difficult, however, to sec tha.t these explanations of 

magnetic la.g nrc o.pplicc.blo to the rosul ts of the prescmt work which 

shows that tho lag is considornbly longer with the solid-cored magnet 

than with tho laminated mcgnct. It is very unlikely that the slight 

differences in impuri tics that mc.y bo !,resent in tho steel of ca.ch 

magnet could account for tho considornble differences observed in tho 

magnetic la.gs. It is fo.r more likely tho.t the lng observed with the 

l aminated magnet is short or boo a.use of the fa.ct that the ma,gni tud0 

of eddy currents is considerably reduced in tho �ore of such n magnet. 

Some measurements by Brian ti which hnvo been reported by do Rand 6) 

show tha.t closed loops of flux oxis·c in tho core o:!? a magnet. Eddy 

currents o.ssociatod with these would tcke a. long !iimc to deco,y in 

tho case of the solid-cored magnet been.use of the high inductance L 
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and low resiotnncoR(e;.1d, 4;horefor0, l nrgE; ti11e cJnst rmt L/R) and 

may have an effect on the field vc ues mac.sured in :1e ga.p. These 

explana.tions, however , o.re without JOn8lw:d ve: experimental proof 

and must be rego.rdod ,".S very tenta.tive. 

Vt CONCLUSIONS 

The - main conslusion to be (1 :r·o.w�: f:..�o. _  the expar:i.ments with 

the solid-cored mD.gnut a..rid ti1 r.: ll'minnt ·,d : ,ngnet is t :mt the magnetic 

field in both crn be reproducc·d to wi thi: _ .± 1 part L. 104 by o.ccurately 

resetting the current to 1 p ',rt iL 104 ..1.s� .g the proc)dures described 

in this report. Tho time tnkc11 to r;.i.1ru1,;o from one field value to another 

is considernbly shorter with the lr:.mir.c.t ,(1 mngnet . This is primarily 

due to the shorter time lag betwoer:.. tLo <it J· ninment of tho final current 

nnd tho a.ttainment of the iino.J. field, , ,. . • not more tho.n 3 seeonds 

with the lruninntod m.ngnot compa.rod w:!. t�1 3 minntes for the solid-cored 

magnet . Tho present resul to shov: th,�.t wi tr. tLo lo.CTi:nated magnet it 

is possible to change from ono :f:'iald v-QJ.ur1 tc '1!1othor in o.s short a. 

time a.s 1 minute nnd still obtni.n th(.; required reproducibility of .± 1 

part in 104. This fnct ma.y he very signific �'..rlt if ro.pid cha.nges a.re 

needed in the magnetic fieldi.: when working with p o.r+,icles of different 

energy, e. f •  tra.nsferring po.rticl , s to the oxterno., ta.rget Holl of 

different energy to i;ho8e J.�1 J 1c:ci; r::u .1.u �u  ·G110  ISR . 

'.rhe method of setting tho exci to.tio1. current of the magnet by 

using the output vol t2,gc oi' on intogro.tor circuit ns the control 

vol to.go for the rectifier hns proved s.'J.tinfa.ctory ::md could form tho 

basis of the remote control syotcn. I t  should, in fnct , be possible 

to modify the system so thn.t -�ho speed of the curren-: setting procedure 

is incroa.sed. For example, when sottine t�::.c required current the volue 

of C could be nutoma.ticnlly reduced a.ftor n time t = 2 RC (,_, 4 seconds 

with the lowest RC ti111e used in tho present work). This would bring 

the current much more rapidly to its finc..l vnluo a.nd, since there 

a.ppea.rs to be only a. very_ smcll time lng between field a.nd current 

for the la.mina.ted magnet, this would docronse the time to cha.ngo from 

one field vo.lue to another . 
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