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and B. de Raad

I. INTRODUCTION

It will be necessary tr set the musnetic fields of the bending
magnhets for the beam transfer system ci t..¢c Tnterseeting Storage Rings
(ISR) reproducibly to within + 1 part in ot or pro~determined valuer.
This should be done preferably by setting the excitation currents
using a procedure which ensures the reaquired accuracy and reproducibility
in the field values. Experiments to fi:i.i a suitable current setting
procedure have bhecen carried out with a sclid-~cored wagnet and a laminated
magnet. These experiments were done =t different "imes with different

equipment and are described, therefnrre, .;eparately in this report.

IT. EXPERIMENTS %ITH A SOLID--CORED MAGNLD®

2.1 Experimential proceuure

The solid-ccred maznet was o standard 1 m bending magnet n6r~
mally used for secondary norticle heam from the CERN Proton Syﬁchrotron
(CPS). The excitation current for the magn»t was supplied by a rectifier
set (900 A,200 V) whicl: hal 2 -lord “erm instability of less than 1 part
in 104. The current was measured to within 1 part in 104 with an accurate
shunt (value 1 m “to within 1 nart in 104 having 2 temperature coeffi-
cient of 2 x 10'-5 perC@) and compensator. Magnetic fields greater than
1 kGauss were measured to better ti.an + 0.005 gauss hy a nuclear magnetic
resonance fluxmeter used ir ~conjunction with a frequency eounter. Residual
field values, which were alway: less tlian 30 gauss, were measured to

within 1 % using a commercial Fall plate gaussmeter.
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The rate of change of current could ve varied between 1.3
and 4.6 A/sec by altering the sp ed of a small d- motor driving thc
control helipot of the power supply. Setting the current to within 1
part in 104 of a desired value was not possible with this arrangement,
the precision being more like 1 part in 103. A ncgligible error is
introduced, however, by extrapolnting tie result tothe desired value
of current. Thus, in the results ;iven later, the rise in magnetic
field is given fer current increases from zero tc 100.00 A, 190,00 A,
240.00 A and 320,00 A, each result brin, calculated respectively from
readings with currents whic'. were to withiin 1 part in lO5 of each of

the above currents.

For the bending magnets of thc beam transfer system, the
moximum field required will *»c¢ 13 kGauss. For the bending magnet
under test, which had a ¢ap height of 11 -»m, a field slightly
greater than 13 kGauss wag obtained wher the excitation current was
340 A. Consequently, this was taken as the maximum current in the
experiments. Most of the work wasg carried out with one type of
current cycle which was investigated with different rates of current
change. At thc start of each cycle, the current was increased from O
to 340 A then decrcecased to zero agoin at the rate of change under
investigation, say K amp/scc. Thc¢ residual field was allowed to
stabilize ( ~ 12 min) and was measured. ihe following cycle was then
investigated. The current was increased again at % amp/sec to within
1 part in 103 of say 100 A, Preliminary experiments had shown that
having attained the final current, it required at least three minutes
for the field tuv reach :. stablc final value. This was the case over
the range of dI/dt values investigatel (1,3 - 4,6 A/sec). Jonsequently,
in general a 5 minutc interval was allovied between the time the current
was set and the time wher accuratce current and fiel' readings were
toaken., In thc case under discussion,  th¢ value of t!ie field at 100.00
A was calculated from these recadings. Thereafter, the current was
increased to 340 A and decrcased to zero agair at X amp/sec and other
currents e. g. 190.00 A, 240.00 A and 320.00 A were set rendomly in
the same way. From theArepeat of field readings at o given current
it was possible to see whether the differcrncesin the settings were
greater than + 1 part in 104. The some cyel« wns investigated at
other values of dI/dt.
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2.2 Lesults

The results of *hn irverti~otinrs with the current cycle
just described at various rates of currcnt change are summarized
in Table 1. Thc rcsults for each currcnt aore grouped together but
they were tcken randomly with respect to those for cther currents.
It can be seen that for all cascs the error in the reproducibility

was less than + 1 part in 10",

It con be seen also from Table 1 that the residual field
is dependent on the rate of current decreasc from 340 to zero amp.
This is illustrated in Fig. 1 wherc thce residual field is plotted
against the time after recching z.ro current. The rate of decrease

from 340 to zcro ampcercs is marked on cach curve,

Similarly the incrensc in field from the residual value
to that corresponding to o siven excitation current depends on dI/dt.
This is illustrated in "“*7ble 2, the 2t~ being obtained from the

results of Tatle 1.

It can be seer that the faster the rate of current rise is,
the larger is the increase in the field. This result is in agreement
with those obtained by Cobb and Harrisl. Also in agreement with their
results is thc relatively long timne for the residual field to reach
& steady voalue after switching oft thc current'(see fig. l). Both

(59

cffects will be discussed later in this report.

Furthcr investigations werc carricd out to see if it is
necessary to wait for the residual ficld tc have reached a stable
value in order to bc able to set the required ficld with an error
in reproducibility of less thon + 1 part in 104. This was investi-
gated by working witk thc¢ snme current cycle described previously

but always with an excit~tion current of 190 A.

As previously, thec results werc extrapolated to the exact
currcnt of 190.00 A. After rcociiing zero current in the cycle,
progressively longer times were nllowecd before starting to re-set
the current of 190 A, ¢. g£. 2 riin., 4 min., etc. Initially, residual
field readings ot various tineg afte: tic attainment of zero current

had been recorded. Thc results arc shown in Tablec 3.
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. TABIE 1
Rate of change Residual Currenc Field in Error in
of current field in I Amp. gauss with reproducibility
gauss I Amp. (parts in 104)
: excitation
currcnt
12,2 100400 4,08 46
12,1 100,00 4.,089.0 + 0,5
11,9 100,00 4.088,8
1,3 A/sec 12,2 190,00 TeT744,1 + 0,1
1z,0 190,00 | TeT44,2
12,2 240,00 | 9.733,3 + 0,2
12,3 240,00 9.733,6
12,3 220,00 12.547,8
10,43 100,00 4.,089,1 + 0,5
9,9 100,00 4.089,5
10,0 190,00 TeT43,1 0
2,3 A/sec 10,3. 240,00 9.73%5,8 + 0,1
1044 240,00 9.736,0
Yy9 520,00 124551,4
10,4 320,10 12.553,5 + 0,8
9y . 320,00 12.552,3
8,35 100,00 4‘508875 :t 0,4
B4y35 100,00 4.088,8
5,45 190,00 7f749’6 + 0,4
342 A/sec G,3 190,00 7+750,2
8,5 240,00 96739,4 i 0,5
8,4 240,00 7.73844
3,5 | 320,00 12.555,9 + 0,4
G435 320,00 12.556,9
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TABLE 1 (continued)

Rate of change Residual Current Field in Error in
of current field in I Amp. gauss with reproducibility
gauss I Amp. (parts in 104)
excitation
current
7535 100,00 4.088;7
7415 100,00 4.083,4 *+ 0,4
Tyl 100,00 4.088,7
iy 190,00 Te'l 5
’ ) o 49,) i 0,6
T415 190,00 7.750,3 ‘
4,6 A/sec 6495 240,00 9¢741,4 + 0,2
Tyl 240,00 9.741,8 -
05 20,00 12 8
7, J 3 ] 455 ’3 i O,l
Tyl 320400 12.558,6
LABIE 2
Excitation " Increase in field (gauss) from residual value when
current, I Amp. current increas:s to I Amp. at t'e following rates:
1,3 A/sce 2,3 A/sec 3,2 A/sce 4,6 A/secc
lO0,00 40076,7 40079’2 40080,,) 40081’4
190,00 7473240 7473842 TeT41,5 TeT42,7
240,00 9.721,2 9.725,6 9,730,5 9.734,6
320,00 12.535,2 12.542,4 12.548,0 12.551,4
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-0 =
T4BLE 3

REate of current change =‘3,2 A/sec

Time after :
reaching zero 2 4 & 8 10 12 | 14 16 16 20

current (min. )

—\

Residual field | 21 [12,7 | 9,0 ] 9,0 | 8,5 | 8,4 | *,2 | 8,28,15 | 8,1F

(gauss)

Time interval
between zero : : : . L :
current and 2 V3 3 8 10 14
starting to

set 190 A (min)

Field at 190,00

It can be scen from these results that the overall change in
final field is 2,2 parts in 104. If 6 minutes awe allowed before re-~
setting the current after reaching zcro amperes the change is reduced
to 0,65 parts in 104. The results after a waiting perio” = 4 minutes
ogree to within + 1 part in 104 with the earlier results of Table 1
for dI/dt = 3,2 A/seq where about 12 minutes was allowed for the value

of the residual field to stabilize.

When further detailed design work is done on the power supplies
for the magnets it may prove preisrable to have a finite value of say
30 A as the minimum current instead of exactly zero amperes which may
mean the use of circuit breakers as was the case with the power supply
used for this experimént. W¥ith this point in mind, a further series
of measurements were madec with o minimum current of about 30 instead
of zero amperes, Initially, the current was cycled 30— 340 — 30 A

and then the following cycle investigated:
30——>II—~9340-—%30-—512——%340-—?30——all——%340 etc.

where Il and 12 werc 160 and 190 A. Pield and current measurements
were taken about 5 minutes after setting these excitation-currents
and about 12 minutes was allowed with the current at 30 A. Again,
these results were extrapolated to results at 100,00 &4 and 190,00 A

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

Excitation Field Error in reproduci-
current ( souss) 1ility (parts in 10%4)
100,00 4.090,0
100,00 4+090,5
- s + 1
106,00 4e 90,8 -

100,00 4.090,0
190,00 TeT48,6
190,00 Te7485,9 T 0445
190,00 TeThiiy3

It appcars from these resul+s, therefore, that it would

be permissible to work with a minimum current of about 30 A,

From the results taken with the solid~cored magnet, it can
be concluded that the magnetic field can be reproduced to within
+ 1 part in 104 if the excitation current is reset accurately to
l.-part in 104 using the current cycle described in section 2.1,
It is clear,'hOWever, that in oruer to change from one required
field value to another a total time of 6 - 9 minutes must be
allowed., A considerable amount of this time is the 3 minutes necessary

for the field to settle down to its final wvalue.

It should be possible to increase the speed at which field
settings are altered by using a laminated magnet in which eddy current
effects are greatly reduced. The investigations with such a magnet

are described 'below.

III.EXPERIMENTS WITH A DAMINATED MoGNIT

3.1 Experimental procedure

It was not péssible to obtain a 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?l92 turns. This magnet was also

powered with a 900 A, 200 V rectifier set but in the present experi-
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ments the voltage across the shunt was measured with a digital volt-
meter and not a compensﬁtor. A oc mercial Hall plcie gaussmeter was
used to measure the residual rield to within 2 %. It was not possible
to use the nuclear magnetic resonance fluxmeter to measure the high
field values since the field gradient was much too large. Consequently,
a thermally stabilized Hall plate was employed, the Hall plate current
being supplied from a current stabilizing circuit and was stable

to within 1 part in 104. Thc Hall voltazc was measured with a second
digital voltmeter. With this arrongement, it was possible to detect

2
changes of 1 part in 107 in fields greater than about 6 kGauss.

One of the main purposes of working with a laminated magnet
was to see how rapidly it is possible to set the required excitation
current and still obtain nmagnetic i'ields reproducible to within
F 1 part in 104. Consequently, a different system of current
setting was employed which was much faster and morc accurate than
the motor-driven helipot arrangement used previously. Such a system
may also be more convenient for o remotely controlled power supply.
The relevant circuit diagrams are shown in figse. 2 and 3. The control
voltage applied to the rectifier was that established betweéen G and
H (fig. 2). A highly stable reference voltage (8 V) was applied to
the terminals A and B. The relay contccts marked a9 bl’ 859 b2, coee
a,y b,-in figurc 2 were upc.aicd o) nanuwally turning the switch
S (fig. 3) to the poéitions l, 2, 3 and 4 respectively. In any
one position, the 8 V supply is connected across the appropriate-
potentiometer and the voltage acress the capacitor C rises expo-
nentially with a time constant IiC. The final voltoge across the-
capacitor and, therefore, the mognet'!s excitation current is de=-

termined by the setting of the potentiometer.

The current cycle investigated was established by mowing
S clockwise through the positions 0O, 1, 2, 3, 4 ana'back to C. In
position O the magnet's excitation current was zero. On moving to
position 1 a current I was established which was adjusted-to be
about 50 A by adjusting the setting of the potentiometer Pl; In
the same way movement of S to positions 2 end 3 gave currents Ié
and.I3 which were adjusted to about 500 A oand 50 A respectively.
On moving to position.4, currents l14-or 214 could be obtained by
using either potentiqmeter 1P4 or 2P4. In the present work 114
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was ad justed to about 390 A and 214 to abhout 30C A.

3.2 Results
Experimenté hawve heeov ~ornind ~at with two values of RC

viz. RO, = 4,7 seconds (R = 4,7 % .. ¢ = 10° pF) and RC, = 1,9
seconds (R = 4,7 k 0, “é = /NN :F). Tre results of these investi=-
gations are similar and only those for RCz will be described in-
detail. The reszults using ﬂcl are briefly summarized as follows,
The current cycle described in section 3.1 was used in which 1
minute waiting times were allowed after switching to positions

l, 2, 3, 4 and O. The ficld corresponding to position 4 (and
currents 114 or 214 depending or the position of the switch

Sl in fig. 2)'was found to show nc appreciable lag behind the
current, e. g. the curreni was within 1 part in 104 of the final
value in 43 seconds while readirgs oi the field taken every half
minute showed it to be stable withir i minuts of switching to
position 4. Reproducibility measurements were taken by repeatedly
going through the current cvele using either the value 114 or

214 as the current corrcsponding to position 4. The field values
corresponding respectively <o 113 and 214 were found to be repro-
ducible to within + 1 part in 10%. A similar result was obtained
when the time for the completc cycle was shortened by reducing the
waiting tire at each of the positions 1, 2, 3 and ” to 15 seconds.
Again, the field values correspowding co currents 114 and 214 were

stable within 1 minute.

In the faster cyclc described above, the time required
to change the magnetic field correspondin; to one current, say
114, to that corresponding to =& different current, say 214, is as
short as 2 minutes. This was rcduced even further by using the
shorter time constant 302 of 1,9 seconds. A simple calculation
shows that in this case tiic refesrence voltuge between G and H of
fig. 2 and therefore the current will be within 1 part in lO4 of
its ultimate value within 17 seconds. In ordexr to see if there was
any appreciable lag in the settling of the field behind that of
the current, readings of the Hall plate voliage 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 becausc insufficient prcecise calibration data
were availsble., It may be noted, however, that voltages of 206 mV
and 157 mV correspond approximately to magnetic fields of 12,6 and
9,8 kGauss respectively.
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TABLE 5

Readings of current a-7 "Tali ~late voltage at various times
after switching to position 4 in the currcnt cycle. 302 = 1,9

secondse.

?ime

(min-sec) 0-20 0-~30 0-40 1-00 1-30 2-00 3-00 4-00 5=C0

N

I, () 390.63 390.64 390464 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)

Tinme
(min-sec) 0-20 0~30 0~-40 1-00 1~30 2-00 3=00 4-00

2I4 () 299.96 299.98 299.99 299.99 299.29 299.99 299.99 299.98

Hall plate
voltage 156.88 156489 156489 156.39 156.89 156.89 156.90 156.90

(?Y)

It con be seen from the results of Table 5 that the field
values are constant to within + 1 part in lO4 20 sec. after switching

to position 4 in the cycle.

A cycle was then investigated i which 10 second intervals
were allowed after switching to cach of the positions 0O, 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 after switohing to position

4 in the cycle. The results are shown in Table 6,
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TABIE 6

Order in Hall Plate { Error in Hall Plate| Error in
which currents 1% (A) | Voltage reproducibility Iy () | Voltage reproducibility
were set (mV) of flel(.i_ 4 (m'\T) of field 4
' (parts in 107) (parts in 107)

1 390,63 206,15

2 390,62 206,15

3 29v, € 155,00

4 + 0,5 299,96 157,88

5 390,62 206,17 0

6 390, 61 206,15

7 | 299,45 155,38

8 390,61 206,15

2 299,95 156,83




the current and the magnetic ficld are well within + 1 part in 107,
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It can be seen that thc reproducibility in the settings of

4

FPurther, the time to change from one working field value to another

when using such o current cycle is 1 minute,

It is of interest to see whether the field in the laminated

magnhet depends in cny way on thc rate of rise of current to a given

current. The mecn results from the reproducibility measurements

using RC

to 114

and RC

2

in each caso) and 300400 (noar to >

results are shown in Table 7.

TABIE 7

reproducibility measurements.

‘have been tuken and normalized to 390,70-A (near

14 in each case). These

Normalized results obtained from the mean results of the

Time to Hall plate voltage Hall plate voltage
RC (sec) complete corresponding to corresponding to
1 cycle 114 (normalized to N (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 1l min. . 206 415 156,90

It can be secn that the magnetic field at o given current is

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

The results with the solid-corcd magnet showcd that the value

of the residual ficld depended on the rate at which the current

decayed to zero amperes. Similar investigotions with the laminated

magnet were made by measuring the field as a function of the time

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

i. e. from 114 to zcro amperes. The field measurements were made

with the Hall plate gaussmeter.

The decay of fho fields after switehing from position 4 to

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

RC, = 4,7 seconds and RC

2

= 1,9 seconds werc token, position 4 in

the cycle corresponding to I, ~ 390 A, It ocan be seen from these

174

results that the residual field is not significantly dependent on

the rate of decay of current. Further, when the current decay curve
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has an RC time of 4,7 seconds, the field is within 1 gauss of the
final residual field in 2 minutesy with RC = 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 reach a steady valuc is not easily explained. The
time for the field to stabilize to within 1 gauss of the final wvalue
is about 7 minutes whereas tlic time constant for the decay of current
in the magnet's coils is about 4 seconds. Purther, thec time constant
for the decay of eddy currcnts which could directly produce magnetic

flux in the gap is cstimated tc he clso about 4 seconds.

Ewin 2) first observed similar effects and in the later work
of Richter-3 a well defined lcg was obwserved in specimens of car-
bonyl-iron., Snock 4) has demonstrotad . close connection between
magnetic lag and the impuriticc of carbon and nitrogen in the iron.
He showed, for example, that with carbonyl-iron thec effect disappeared
when the carbon was removed by -prolonged annealing in vacuum at high
temperatures. PFurther, Richter's work with carbonyl-iron showed there
was a closc connection between magnetic and elastic-lag, both effects
obeying the some laws and having the same origing i. e. the diffusion
of carbor., -nitrogen or other im urities at the temperature of the
experiment. Also, thcoretical work by Polder 5) has explained the
elastic lag on the basis of the diffusion of carbon atoms in the

iron and many of his prcdictions have been confirmed experimentally.

It is difficult, however, to see that these explanations of
magnetic lag arce applicable to the results of the present work whici
shows that the lag is considerably longer with the solid-cored magnet
than with the laminated magnet. It is very unlikely that the slight
differences in impurities that m2y be vresent in the stecl of each
magnect could account for the considercble differcnces observed in the
magnetic lags. It is far more likely that the lag observed with the
laminated magnet is shorter becausc of the fact that the magnitude
of eddy currents is cénsiderably reduced in the core of such o magnet.
Some measuremecnts by Brianti which have been reported by de Raad
show that closed loops of flux exisev in the core of a magnet. Eddy
currents associated with these would tcke a long time to decoy in

the case of the solid=cored magnet beccusc of the high inductance L
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and low resistancoR(mnd, therefore, large tine constant L/R) and
may have an cffect on the field ve ues mecsured in n1e gap. These
explanations, however, are without zonelusive experimental proof

and must be regorded ns very tentative.

V, CONCLUSIONS

The-main conslusion to bc draw: Tro.. the experiments with
the solid-qored magnet and ti:c leminat-d .agnet is ihiat the magnetic
field invboth‘ccb be reproducod to withi:. + 1 part i. lO4 by accurately
resettiﬁg thé eurrent to 1 part in 104 as?..g the procodures described
in this report. The time takcu to ~nangse from one field value to another
is considerably shorter with the leminctd magnet. This is primarily
due to the shorter time las between tiic 2t ainment of the final current
and the attainment of the final ficld, <« .. not more than 3 seeonds
with the laminated mognet compared with 3 minutes for the solid-cored
magnet.‘Thc prescent results show thnt witi thc laminated magnet it
is possible to change from onc field valuc t¢ nnother in as short a
time as 1 minute and still obtain the required reproducibility of + 1
part in 104. This fact may he very significont if rapid chonges are
needed in the magnetic fields when working with particles of different
encrgy, €. £ traﬁsferring particl: s to the externa” target Hall of

different energy to those LujecTea w0 sue ISR

The method of setting the ekcitation current of the magnet by
using the output vbltage ol an integrator circuit as the control
voltage for the rectifier has proved satisfactory ond could form the
basis of the remotc control system. 1t should, in fact, be possible
to modify the system so that .he speed of the current setting procedure
is incrcased. For example, when setting tlic required current the value
of C could be automatically reduced after a time t = 2 RC (:::4 seconds
with the lowest RC time used in thc present work). This would bring
the current much more rapidly to its final wvalue and, since there
appears to be only o very small time lag between field and current
for the laminated magnet, this would decrease the time to change from

one field value to another.

PS/5605




REFERENCES

1) J. K. Cobb and C. Harris, 3LaC-Tl 5-45
2) J+ A, Bwing, Prec. Phys. Soc. A46, 269, 1889
3) G. Richter, Ann. T'hysik, 29, 605, 1937
4) J. L. Snoek, Physica 6, 161, 1939
Physica 6, 797, 1939
5) Ds Polder, Philips Res. Repte, 1, 5, 1945
6) B, de Raad, Ph. D. Thesisy, Technical University of Delft, 1958

Distribution: (open) AR and ISR Scientifio Staff.

Ps/5605







t
T

-2

DS iUt Sy S 1 vy

eZAE

e A
;

LiD:

| _ v :
; : v i1 e |
1 i H k et N
1 pr e : H . i H
t Ay 438 g. ; ; i
! e AR i
AR - HHEs i R ._.
S EEH : e . m b
PR hit eIy i
TR i L 1 RN | it
18 ] i M |
ek i g LT 1 ! ﬁ ;
SN s il i i
I RS J
i t ,,ﬂw T ; V.
L 11 i
b ]

R SWITCHIN

The

¢

=
The:

— ;‘eg: z

t

;
S p—

Lo} Arre

e

A

oW

N
N

: .
N T TN

~ mme

T + T j
S S T Sy S

==

2

N St

3

S=a

¢
RO g

- ——-tE==

xCAi

“ABR

I
lll

b

12 “.'.v
0

SIS/R/14084






A
o-w&cv—\_
~ 2ka
. )‘11
@
o
®-
P b
. 41' « e ! ’W\/W\,——-/vvv\,__go
0703 2 ' R
' e PZ . ba
g——-—-«/o-————'
a/:bs
C ——
o Yo
B H
P“};,‘P:,MP“ amp B ARE Sk, 10 TURN HELIPOTS

DIAGRAM OF CIRCUIT USED TD ESTABLISH THE (CONTRoL VOLTRGE

APPLIED Tp THE RE(TIFIER . | N ’

Fig. 2







R;’

Ra

‘ i
CiTARTIO
Y EX
RAM FOR RELA
Hq -
wT D
CIRC

Ra

6V

Fig. 3







40 e R e e = o P h:h:" = B ety == e e j“ -
: . = —t - = PR |
N - e
o t putiugied Subit st umeut 0 S g paa s

FABRICATION SU(S.‘







