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Summary

The bending magnets of the Benm Switchynrd
(B3SY) of the two-mile linear accelerntor roequire an
accuracy of * 0.01% in the sctting of the magnetic
field for the proper energy d:finition.
pole magn~ts are located in such a high radiation
field and at such & remote location that o is in-
practicnl to use a variable frequency nuclear mag-
netic resonance detector (NMR) in the individual
magneto,

This paper deals with the problems associated
with settling the fields of several magnets in ser-
les using only current as an indicator for the cal-
fbration of the magnetic ficld.

It 15 shown that the rate at which the magnet
current 1s allowed to change, cven for short per-
iods of time, can change the calibration of the
magnet by 0.3%. A fast rate of change of current
during the energizing cycle rcoults in a higher
magnetlic field than when the current is raised
slowly.

We have not had the opportunity to compsrc the
initial magnetization curve of several identical
magnets nor have we checked how several magnets
track to these accurscies when the currents through
them vary in an identical pattern.

It is possible to set the mapgnets in the BSY
to an accuracy of 0.01% by current alone, if one
is preparcd to carefully control the rates of cur-
rent chenges In the series of magnets that make up
the deflection system. DBoascd upon the reoulls pre-

scnted here and making an estimate of the difficulty
of instrumenting the power supplies for a controlled

rate of current change, 1t appearc that the rate

should be set at approximstcly O smperes per sccond.
This rate is well within the capabllity of the power

supply run-up system, and it results in a residual
field of epproximately 9 gnuss for all currcnt sct-
tings over = 7500 pauss, thus simplifying the de-
gaussing.

The following recommendstions are made for
selection of the mognets to mske up the system ond
for setting of the syntem when installed in the
BOY:

1. Selection:

{a) Magnets chould be selected on the
basic of similar mepgnetization curves
when gausced at an excitation rate of
€ ampercs per seeond.

(b) A sccondary conslderntion in the se-
leetion should be the depnaussing
characteristies, specifienlly the
amounts of reverse ficld required to
depouss a magnet when the resldunl
fleld o a certaln volue.

(¢) A third conslderation tor selectlon
should be the slm!larity of the curve
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of maximum field produced by a ¢iven
current versus the run-up rate,
This could be an important faclor in
selecetion if it Ie planned to have
more than one rate of currcnt change
in the Beam Switchyard deflection
cyetems.,

<+ Procoduies to Enhanee Stability

(a) Use the G-amperc-per-sccond rate for
nll changes in current.

(b) Before depaussing run the magnet up
to 1.5 kilogauss and then back down
to zero.

(¢) Monitor st least one magnet with an
NMR for a check of the high fiecld
and with a magnectometer for a check
of the degaussed field. This can be
conveniently done in the spare magnet.

I. Introduction

Eight 3° bending mngnets located in the Beam
Switchyard are used to guide the electron beam for
1,000 feet through a 24° angle from the end of the
two-mile electron accelerator to the "A" End Sta-
tion. TFour magnets arc used in a similar fashion
to gulde the beam through an angle of 12° to the
"B" End Station.

The first four magnets in the "A" magnet
group are the most critical becsuse they sre used
in conjunction with a s5lit to preciscly define the
encrgy of the electrons. The magnetic ficld of
these magnets must be determined to withln * 0.0l%.

The energy of lhe beam is defined by ijd
through which the bcéam travels. It can bé shown
that thcf;%hd& 15 independent of temperature var-
iations for a given current for the accuracies
with which we are concerncd. The measurcment of

Bal connot be mode in the magnets after they
are inctelled beceause a vacuum chamber is installed
in the gap; however, it will be possible Lo mea-
sure the magnetic field with a nuclear magnetlc
resonance detector {NMR) at a representative point
for two fixed valuecs of magnetic ficld in two
sclected magnets., It will not be practical to
measure the fleld with a variable frequency NMR
because of the long distance (up to 400 fect)
between the magnets and the Beam Switchyard Datae
Assembly Bullding (DAB) and because of the high
nuclear radiation enviromment at the magnets.

The difficulties in making e precice magnetic
field measurement in the Switchyard mapnets have
caused us to explore other methods of muking an
indirect determination off the fields in these
critteal magnets:  Flrst, we plan to conncet all
of the magnets in each of the bending groups in
serfes so that cach of the magnets will be sub-
Jueted Lo the same hlutory of current variations.
Second, we will add on additionnl mopnet In ecach
proup identieal to these in the Switehysrd but
loeated in the DAB, where tt wlll be available
for eriticol mayrnetie field mensurements. It is
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It 1s necumed thatl n monpnetie ield menourement
nnde in Lhis cingle mapnet will prove Lo give re-
producible datp and bLe representstive of Lhe mogp-
netie icld (#%hdﬁ) of the other mnpnets of Lhe
group in the Switehynrd proper. It 1s upon this
point of reproducibility nnd similarity of the

mopgnete fields of severnl mapnets that this report -

denls.,

IT. Equipment,

A sehemntie drawing of Lthe nrrangement of
experimental equipment 1 shbown in Fig. 2. The
individunl components are described bolow,

A, Mngnet

The prototype Beam Switchynrd 3° bendling
mrynet wan used for the tests. At the time of the
test the magnet was conflgured with only five en-
erpgizing coils instend of its normsl complement
of six, but this should not affect the conclusions
that enn be dreswn  fran the sequence of tests de-
scribed In thls report. The important electrical
and mechnnical charncteristies of the magnet are
given in Flg. 2. All of the steel used was low
carbon, high purity steel with the following
approximate camposition:

0.10% maxlmum
0.10% maximum
0.70% max imum

Carbon
Total AaMo++P
Total Cr+Cu+Mn+N{i+31

B. Power Supply

The magnet wans cnerglzed with a magnetic amp-
liffer controlled, 100-kW power pupply raoted at
100 volts, 1000 amperes {(max.) built by Litton
Industries, in sceries with a transistor bank reg-
ulator constructed by Spectromagnetics Industries.
This combinntion used a water-cooled chunt for
regulation with a zener repulated reference vol-
tage und held the current stable Lo better than
t 0,014,

C, Current Meocurement

The current to the mapgnet was measured with
8 Dymee Model #2401 ¢ digital voltmeter, and a
Leeds and Northrup Model K3 potentiumeter, and a
genpsltive resenrch shunt.

D. Mognetie Fleld Mensurcment

The values of mmynmetic field (nbove 1000 gnuss)

were read with o Varlon FOA nuelear magnetle res-
onsnee fluxmeter and s Hewlett-Puekard Model L2054
clectronte frequency counters  The Tow values of
f1c1d (less than L0 gauen) were measured with an
Fo We Bell Model 280 gnusometer,

of Current. Control

E. Hate of Riose

Ay SHo-tyn stepplng motor control was connee-
ted to the Helipot control of the regulated current
to provide for no oenslly controlled reate of chanpe
of current for valwes less than 20-nmps-per-second
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changree The fastoost rate of change, st sbout 100
amps per cceeond, was necompliched by turning the
pover supply on when the biss Lo the Lasie power
supply was sob for the required outputl voltngee,

IIT. Experimental Procedure

Ao Dependence of Mapnetic Ficld Attained Ypon
Rote of Rise of Current

Sinee we lacked sufficient knowledge of the
various prremeiers that could affect the setability
of the ragrots to Lhe required accurscy, we started
b cc:tral”ing as many different psrameters as pos-
tadie The Tiret object of the study was to find
out how well the field could be set by a knowledge
of’ the curreni only.
to less chan one gauss residual fleld and the Slo-
Syn motor controller was set so that it would run
the current up to 800.00 nmperes (13,100 gouss
during s time period that could be controlled, thus
giving the mognet a linear current increase with
time but with an adjustable run-up time to reach
the desired excitation current Ipgyx. The time to
run up to 300 amperes was variced between 6 scconds
and 910 seconds; 1t wags found that the longer the
run-uyp time, the lower the field that was attasined.

A blt more should be said about the technique
used to make these weasurements. Because time con-
stants of the system were not known at the start
of the measurements, s program of allowing the
magnet to became stable after each change of cur-
rent was adopted. This consisted of starting with
a degaussed magnet, gaussing it by the controlled
method of current run-up, and then waiting 10 min-
utes before taking a fleld recading with the NMR.
After taking a rcading at high ficld, the magnet
wag turncd off abruptly by disconnecting the ac
input to the power gsupply; it was then allowed to
sit with no current for five minutes before a
rcading of the residusl gauss was taken. (It was
observed that the residual field was still changing
for times less than five minutes.,) After the res-
idual field was recorded, the power supply was
reversed and then run up until a current of about
three-tenths of the current that was used in gaus-
sing was reached. This was held for 3 minutes,
at which time the power supply was turned off, and
after ten minutes the residual field was recorded.
At this point the magnet was usually degaussed and
was ready to be used for enother measurement of
maximum ield versus run-up time. In the event
that the magnet had same residual fileld after the
degaussing cycle, this field was considercd to be
additive to the maximum field reached. This addi-
tion apsumed that the magnetization curve was shif-
ted by the amount of residual field for all values
of the ficld that were under study. (This is pro-
bably not an exactly accurate assumption, but it
did simplify the mechanics of performing the exper-
iment.) The corrections that were applied in this
way were very small, usually less than 0.5 gauss.

Figure 3 ic a graph of the field attained by
the magnet so the percent deviation of maximum
field versus the run-up time for the two currents,
300 amperes and 800 amperces. The curves were ar-
bitrarlly normalized to the 100-second run-up time,
and 1t con be seen that they follow reasonably

Barris and Cobb ——TPage 2 (of & pages)

The magnet was first degaussed



close to an exponentinl curve. It is slco reedily
seen that the deviation per unit time for the 800-
ampere maximum current is considerably greater
than the deviation per unit time for the 300-ampere
maximum current.

In Fig. 4 the deviation in perecent for cach
rate of run-up is shown when going to a glven ex-
citation current in amperes; the various curves
represent different rates of gauscing the magnet
after normalizing to the 8-ampere~per-second rate
which is shown as a straight line representing
zero deviation. Studying Fiz. 4%, one car conclude
that the deviation of field with various run-up
ratven 1o greates. at about 8CC amprres anc the
deviation in field as & percentspe 'veomes much
emaller as the currcnt gets higher Lhan 800 am-
peres, At 800 mmperes the deviation in field at-
tained varies by spproximately 0.2% as the run-up
rnte 1s changed from 1 to 20 amperes per second.
AL 1000 amperes, the total varlation of the field
with rate is approximately 0.05% over the same
range of rates. This behavior may be cxpected
since the ineremental permcability of the masgnet
steel chonpes conslderably at the 800-ampere
value.

B. Methods of Degeussing the Mapnet

When the magnet had been energized and the
meacurements of its fleld made, it was necessary
to degonuss 1t in such a way ss to have essentially
the same starting conditions for the next measure-
ment.  If the residuel fleld wes different from
zero, the next run was taken Just as 1if 1t were
zero and the difference from zero was added or
subtracted from the final field. Also, if the re-
sidual fleld reading indicated that the magnet was
not degsussed to less than 0.1 gauss, then the
reverce current used for degeaussing was changed on
the next degaussing cyele. Filgures % and 6 show
some typleal degesussing data for degsuseing when
the remanent fields are 4.7 gauss and 2.5 gsuss.
Figure 7 shows the remanent field of the magnet
after gaussing with varlous énergizing currents
(and fieclds) and with various current run-down
rates, which were the same as the run-up rates.
One can see that, in general, the slower the run-
down rate, the higher the remanent field will be
for a given ecncrgizing current I. It 1s also
seen that for & given run-down rate the remanent
field is generally higher for higher cnerglzing
currents than for low. Figurc 8 shows the reverse
currcent and field that arc neccssary to degauss
the magnet for various values of remanent field.
These values of reverse current and gauss are cor-
rect when one degaucses ucing a8 reverse current
run-up rate of 1M amperes per second, allowing the
magnet to stabilize at the reverse current value
for three minutes and then turning off the magnet
by mesns of disconnecting the ac input to the
power supply. The final degnucsed state of the
magnet was ascertalned by reading the recidual
field 10 minutes after turn-off of the power
supply.
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C. Time Varisnce of Magnetle Ficld After Resching
an quilibrium Condition with Excitation
Current

An investigation of the stability of the flcld
with time after a ficld had been established in
the magnet was undertaken. Thic arca of investi-
gatlon wag felt nccessary for two reasons. First,
it was hoped to learn whether the magnetic field
would be stable to the required accuracy of 0.01%
for long periods of time after it was once set.
Sercnd- with the results of the verious run-up
rriees yiolding different values of field, it was
. in‘erest ©o sze if, after running in the ener-
gized condition, the magnetic field would graduaily
shift either upward or downward toward more ctable
conditlons. For these ressons, seversl meagure-
ments were made. The magnet power supply was pro-
grammed to run up to 400 smperes in 60 seconds in
one case and in 120 seconds in another, and the
field was monitored with an NMR fluxmeter for
several hours. During this time the magnet current
was also monitored and held to a constant value
withir 0.01%. Figure 9 shows the results of those
measurements. It is scen that the maximum field
react..4 at 400 amperes is again higher for the
faster rate of rise of current. It is also shown
that the deviation «f field after 10 minutes is in
either case stable to better than 0.01%. (The
step shown in the upper curve is thought to be a
function of the line voltage into the regulator and
should be lgnored relative to the stability of
current versus field.)

D. Field Decay With Time

It has been scen that for the magnet to
reach a steady state after the power had been
turned off, one had to wait at least 10 minutes.
It was hard to believe that the eddy currents
would require that much time to decay. An exper-
iment was performed to determine the time constants
of the magnetic field decay when the magnet was
gaussed to 13 kilogeussc and then the power supply
was quickly turned off. The field in the gap was
plotted against time after turn-off of the power
supply and the curve was analyzed to find the var-
ious time constants of decay. Figure 10 is the
curve of field as m percent of starting field ver-
sus the time from turn-off. It can be seen that
the time constantsc found are approximately 2.8
seconds, 98.5 scconds, and 723 seconds. The actual
equation of the fleld decay can be written as

—%—(%) - 100e"4/2:8 | §.97,"t/985
(o]

+ 0.051e" 4723 | 0.028

where the 0.028 term st the end is the residual
ficld when the turn-off 1is fast. To get some idea
of the explanation for the various time constants
of the decay of field magnitude with time, one
must calculate the time constants for the various
known processes that could produce the delay.
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The time constant of the colls themselves can
be calculated from the known inductance of 0.12
henry end resistance of 0.078 olm as

L .
Time Constent = ¢ = 8-é$ hzﬁz = 1.54 seconds

The approximate time constant of the eddy
currents in the core can be calculated as follows:
Because there are 80 turns in the winding send a
total inductance of 0.12 henry, the inductance of
a one-turn short around the -~ore would be

2
0.12 (g%) = 18.75 x 1076 henry

The resistance of a short-circuited shell of iron
1 em thick around the poles, yokes, and legs 1s
about 72 X 107® ohm. The time constant of the
eddy currents in the outer shell, 1 cm deep, is
approximately 0.25 seconds ( 5 cm deep is about
1.0 second). The time constant for current shells
deeper in the core will be less because the induc-
tance decreases faster than the resistance. The
magnitude of eddy currents will be maximum in the
shell on the surface of the core; the long narrow
configuration of the magnet will produce eddy
currents with a magnitude proportional to the dis-
tance fram the center line of the pole pilece. For
a rate of change of field of 100 gauss per second
(6.0 smperes per second), the voltage produced in
the outer shell will be about 9 X 10~ volt. This
voltage corresponds to

-3
—2—5—;9:— = 120 ampere~-turns
72 % 1076

in the outer l-cm shell. The current in the core
will reach some steady-state value with a propor-
tional current distribution within a few tlme
constants (0.25 sec) sfter & uniform rate of
change of current 1n the megnet has been estab-
lished. The poles are 30 cm wide; therefore, the
total effective eddy current ampere-turns will
be about

l%g X 15 = 900 ampere-turns

at the center of the gap. This is to be compared
with the 24,000 smpere-turns required to produce
5000 gauss in the gap for the five-coill config-
uration. The magnitude of the eddy currents will
be proportional to the rate of change of the
magnetic field.

The time constants found from the decay
curve (Fig. 10) cannot be explained by the eddy
current or by the winding time constant because
it hac been shown that the decay of field with
time exhibite time constants of much longer dur-
ation thsn the winding or the eddy currents. (In
onc check the megnet leads were opened within 10
seconds after turn-off and no change in the flux
decay rate was observed.) These long-term effects

,

may be explained by the magnetic aftereffect some-
times called the magnetic viscosity, and the
Jordan lag.

In the case of the magnetic aftereffect,
Tamono® showed. that the effect 1s dependent upon
at least two factors, temperature snd impurities
in the iron. Basically, the magnetic aftereffect
is a delayed change in magnetization sccompanying
a change in magnetic field. Eddy currents are
not included in this category because they are an
electromagnetic phenomenon. Magnetization changes
accompanying structural changes or aging of the
sursteace £ie nob included because they do not
r-rmi . one to retw.n to the original state by
purely magnetic means. Tomono demonstrated that
if a magnetic fileld is suddenly changed from Hi
to Hy st t = O, the magnetization of intensity B,
is immediately changed by the value B,; this is
followed by the gradual change B, a5 shown in
Fig. 11 where B, 1s a function of time, or

B = Bn (%)

The magnitude of B, depends not only on the mag-
nitude of initial change of magnetization B; but
ulso c.a the final stage of magnetization. For
instance, if the final point is in the range of
rotation magnetizsiion, the value of By will be
fairly small; if the magnetization is in the range
of irreversible magnetization, this value may be
fairly large.

In the simple case By(t) is described by a
single exponential function

B (%) = B_(1-e7")

where Bpeo 1s the total change in By from

t =0 tow . The time constant 7 is dependent
only upon temperature and the value of Bno/Bl
depends upon the impurities in the magnetic mat-
erial. (Pure iron does not show any magnetic
aftereffect.) Richter2 showed that the time con-
stant of the magnetic aftereffect could be ex-
pressed as T = 2/3C e/KT where Q is the ac-
tivation energy for the diffusion of impurity atams
in body-centered cubic iron. For carbon atoms as
the impurity, Q is = 1 eV. The decay curve time
constant for the magnetic aftereffect is about 3.6
seconds according to Richter, which is in good
agreement with the 2.8-second time constant obtain-
ed for the first part of the field decay curve.

The longer time constants in the decay have not
yet been explained.

E. Variation of Ultimate Magnetic Field Reached
by a Camposite of Several Rates of Rise of
Current

In view of the strong dependence of field
attained in the magnet on the rate of rise of the
current in the magnet, it was of interest to see
the effect of several different rates of rise
which were changed at same point in the gaussing
cycle. Of special interest was the case of a
controlled slow rate of rise until a current near
the desired current was reached, and then a fast
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change or a series of fast changes to get to the
exact current. Minor changes in the final field
could be made fast with high rates of current
change. This situastion might be a practical re-
quirement to live with for a narrow range regulat-
or that has a controlled slow rate of change to
get to the desired current value but then might
have a fast rate availlsble for small changes.
Accordingly, e series of runs was made where two
rates of current run-up were used and the tran-
sition from one rate to the next was at 50% of the
desired meximum current in one cass and ct GO% of
the desired maximum current 'n the other casec.

800 ampcres was selected as +he ma..imum c rrent
and the current rates of 2 amperes per sccord and
8 smperes per second were chosen. In each case,
the magnet was degaussed at the start and was then
gaussed according to a predetermined program. The
finnl field in the magnet which resulted from the
composite of current run-up rates was also com-
pared with the final field when the run-up rate
was constant. Figure 12 depicts the various meth-~
ods by which the gaussing was accamplished and the
final field that resulted from each method. For
ease 1n reading Fig. 12, the various paths are
coded with a letter and one or two digits. Thus
the run that was made from O to 0.50 Imax at 8
amperes per second is labeled A, and at each point
where the rate change occurred the namenclature of
the run indicates a split as Al or A2, snd sub-
sequently Al becomes All and Al2, etc. Thus, one
can compare the final field that resulted from
paths A2 and Bl and see that when the transition
point is 50% of Ipy., the run-up of 8 amperes per
second and then 2 amperes per second is lower than
that for the reverse order of run-up rates by 10
gauss out of 13,100 gauss, or 0.08%. Comparing
runs All and Al2, one can sece that the run-up

by & continuous run of 8 amperes per second is

10 gauss higher than the run-up to 90% of Imax at
8 amperes per second and then 2 amperes per second
for the last 10%. This compares with only 1.k-
gauss difference between & slow run-up all the way
and the 90% run-up at a slow rate snd then a feast
run-up for the last 10%. One other run on Fig. 12
is of importence, run C. In this run, the rate
selected was 3.3 amperes per second and Cl is the
continuous run-up to Ippx, whereas run C2 was run
up to 50% of Ipax and then after a wait of 2 hours
the run was continued at 3.3 amperes per second
until Ipgy was reached. In this case, as one can
see by comparing the final field for Cl and C2,
the field is in almost perfect sgreement. Thus
the weit of 2 hours has not affected the final
field, if the overall run-up rate was the same.

F. The Effect of Run-Up Rates on the Homogeneity
of the Central Plesne Field of the Magnet

A series of measurements of the flatness of
the magnetic field in the central plene of the
magnet was made when the field hsd been establish-
ed by several different current run-up rates. It
was found that with a fast run-up rate, the re-
sulting field in the central plene of the magnet
was not as hamogencous w8 it was with slow run-up
rates. However, the difTerence between the flat-
ness was about 1 to @ parts in 10° at transverse

832

positions - 2 aend + 2 inches, and was therefore
not a large enough effect to worry about.

G. Offset in Magnetic Field Due to an Overshoot
in Current

It has been pointed out to the authors that
effecte of the type that have been reported here
have previously been seen, but in many cases have
been traced to power supply overshoot. To check
the data and to ascertain if power supply over-
zhoot coula be responsible for the observed ef-
fects, the current in the magnet was monitored
--are Juliy c.a both increasing current runs and
alsc during the fast cut-offs of the supply. In
neither case was any significant overshoot ob-
served. In the case of a fast turn-off of the
magnet, the leads were opened when the magnetic
field had decayed to 1% of maximum and no change
in the continuity of the decay curve was observed.

A measurement was made to determine the
permissible amount of programmed current over-
shoot when the rate of change of current was held
to 6 amps per second. Table I shows the errors
inireduced in the relationship between field and
current for various fields and overshoot.

This error was determined by first degaussing
the magnet, then setting the current to a given
value at the specified rate of rise. Next, the
current was slowly increased by the desired
increment and then returned to the initial value.
The magnetic field was read before, during, and
after the small current change.

Similar small changes were alsc introduced
as fast steps for comparison to a controlled rate
of change, and it was found that the results were
of the same magnitudes, but they were erratic.

It was interesting to note that successive
small (less than 1%) changes in current after
the initial overshoot measurements shown in
Table I did not cause any significant additional
hysterisis error in field.

TABLE I
Magnetic Field Change Due to Overshoot of

Current at a Rate of Change of Current
of 6 Amps Per Second

Percent
Initial Set Value Initial Field | Increase
of Current I, (amps) Gauss Current
301.59 4998.4 0.2k
599.95 93939.3 0.2k
920.02 1k,593 0.23
920.05 14,598 0.62
899.97 14,373 2.2
Percent Increase|Percent Change in Field When
in Field the Current is Returned to I1
0.24 0.0l to 0.02
0.235 0.01
0.16 0.013
0.40 0.0
1.5 0.09
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Digcugsion

Alec Harvey, Atomic Energy of Canada, Ltd.

Q.

How reproducible are the fields which you get?
If you increase your current to 3.3A/sec right
up to 800 A several times, you quote a number
for the field to 6 significant figures. Is
this reproducible to the sixth significant
figure every time?

To the 1,01% value the meagurements are repro-
Gucidie meassured over a time period of 24 hours.
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FIGURE CAPTIONS

Schematic diagresm of experimental apparatus
3° bending magnet charscteristics

Percent deviation in raximum {ield versus run~up time for two
maximum fielus

Percent deviation in maximum field versus maximum currents for
different run-up rates

Residual field after a single-step degaussing cycle for different
reverse currents (maximum field 13,100 gauss)

Residual field after a single-step degaussing cycle for different
reverse currents (maximum fiela 4,976 gauss)

Residual field versus pesk forward current for different run-up
rates

Reverse field required to degauss the magnet for differént maximum
forward fields

Magnetic field long time stability for constant magnet current and
two different run-up rates

Magnetic field decay versus time after turn-off

Time change in magnetization on the occurrence of sudden change
in the magnetic field (Tomono)

Deviation in maximum field with different cambination of run-up
rates and delsys
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