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" SOME EDDY CURRENT EFFECTS IN SOLID CORE MAGNETS
Klaus Halbach .

Lawrence Berkeley Laboratory.‘
. University of Californis
Berkeley, California QU720

September 1972

ABSTRACT

Analysis of eday currents in solid core magnets'éh@ws that for the two
extremes of large énd small field level changes, very different cénsequendeé of
theveddy currents'are of concérn’for.the user. It is‘shown that in the former"
cuse, irreprbdpcibility and deterioration bf‘magnet perférmancé can be caused
by theveady curreﬁts, ahd it ies indicated what steps can be taken‘to prevent E
‘this frqm occurring. . In the latter case, the main cdncerhs are fieid inhomogen—
eities that decay with.ﬁime. This may necessitate long waiting periods before
the magnet can be used.ggain to ité full capability, aﬁd'it is shown how that

- waiting time can be reduced.
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1. Introduction

‘This article is a summary of a part of the work done on eddy current
effects that were considered important for the design‘and operation of the
LASL High Resolution Spectrometer (HRS)l)_magnets. While the topics discussed
here are of importance for a lafger class of magnets than only precision spec-
trometer magnet;, effects thét are demonstrably unimportant for the HRS magnets
(for instanceeddy gqrrent—caused energ& deposition in the steel for reasonable
operating procedures) are not described.

The HRS magnets are equipped with field correction windings imbedded
in the steele) that allow to obtain a field homogeneity of the order 10—5.
Since it is very time consuming to detérmine the correction current setting
at a given field level, it is imperatiﬁe that all relevant magnet properties
are reproducible. To insure reproducibility of the magnetic properties of
the steel, the basic operating cycle for the magnets will consist of (with the
exception of the proceduré déscribed in sect. 4.2) increasing the magnet cur-
rent monotonically from zero to the maximum value, and then reducing it mono-
tonically to zero. This cycle puts a minor restraint on the typical experi-
ment, where one wants to take data at a fairly large number of slightlyv
differing field levels: the field levels have to be set in monotonical order.
Unless proper prééautions are taken, eddy currents can cause basically two
undesirable effects: |

1) When making small field level changes, eddy currents direcfly cause

field inhomogeneities, and one may have to wait for a long time until the eddy
currents have decayed to such a level that the associated field inhomogeneify

is small enough.



2) When‘making,igrge field.level chaﬁges, such as are, fbr instance,
necesséry whén-redﬁcing the.field level fro@ the higheét valué (required by
the_cycling proéedure) to a substantialiy iower working.level, eddy currents
can’generéte DC aftereffects that can lead to a deterioration of the field
hompgeneity. |

Although some explicit.prescriptions_Will be given.that allow one to
reduce or avoid these daméging consequencés of eady currents, the main éim is
to give a.good.understahding of the eddy currents, their'éecqndary effects,
~and fheir consequences. bTo this end, it will be attempted to give a model
that contaiﬁs»thé essential physics content,.but is still simple enough to
allow an analytical mathematical description éf the eddy currents that in -
turn gives still a little more insighﬁ, ana allows aléo to‘make estimates of
the'important quéntities involved. |

All descriptions énd calculations in this paper are carried out using

MKS units.
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2. Eddy—currents and eddy current-caused fieids
2.1. QUALITATIVE DESCRIPTION OF EDDY CURRENT MODEL

To simplify the introduction of the basic concepts, the magnet dis-
cussed first will be a long, straight, solid,core,.symmetric H- type dipole
magnet. The upper half df its two»dimepsionél crossvsection is schematically
shown in fig. 1. The discussion is restricted at first to the parts of the
magnet that are far from the ends, i.e. only two dimensional effects will be
discussed. Because of the assumed stmetry, a time varying excitation of the
magnet leads-fo an cddy current pattefn that is syumctfic to the tine a b c
in fig. 1, and the.eddy current density J at a given pointv(n) is propor-
tional to the flux change per unit,length_between that point and .the point
(n') located symmetrically with réspect to line a b c¢. From this follows that
J =0 along abc, and also glong e' d' ¢ q e to the‘extent tﬁat thé flux
going through the-air région-outside the maénet'can\be neglected. Since that
flux will in all but extreﬁely strongly saturated magnets be very small com-
pared to tﬁe flux carried by the yoke, this aif flux will be neglected in the
following discussions.

For the purposes of fhe discussionsvof this'paper; one can disﬁinguish
between three classes of eddy current phenomena. They are, listed in order of
incréasing length of time required for the»phenomena to develop:

a) For extremely fast chénges, eddy currents will flow only in a very
thin skinron the steel surface; and only directly adjacent to the coils, just
as 1f the air-iron interfaces werelcoated with a superconductor.

b) On a.slower time scale, eddy currents will be flowing everywhere in

the steel adjacent to the air-iron interface (except.the region immediately
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édjacent to point 5), and fiux'will enter fhe bble face region : ibi'.
The amount of fluﬁ that is carried by the steel is muchkiarger_than in case a,
and although it is spread over a much wider strip of the steel, the fields
havé ﬁot yet penétratéd significantly to the outer contour of the magnet, i.e.
the flux— and eddy currént pattérn is érﬁctiéally indépendent of the yoke
thickness (distancé between lines m k and d e; 6r k.j and 4 c).

c) On & still slpwer timé scale, the flux penetréteS'the bulk'of'steel;
i.e. the yoke thickness (4) becomes an éssential part of the»problém.

No attempt is made to discuss or adequately déscribe the phenomena
listed in groups a and b,.since it will be shown that evén when the flux
penetrates all of the'stéél, damaging effects may dccﬁr unless proper precautions
are taken. Tﬁis means that it is certainly nof desiréﬁle to producé the
conditions leading to the ﬁhénoména ﬁéscfibed in a and b. 5§spite this argu-
ment, iﬁ some of the calculations made in this paper, a_time'behavior of the
eXcitation current is assumed that would lead during fhe early part of the
described process vto,the conditions described _ " “under a and/or Db..
~This is done onlyvfor mathematical simplicity, siﬁce invéll of these cases
the faét that condition c¢ is violated during some time is not relevant to
thé specific topic under discussion. But, as stated'ébove, the conditions
leading»to ~a or b have to be avoided in éétual operétion of a

magnét.

2.2. -QUALITATIVE DESCRIPTION OF THE EDDY-CURRENT AND ~FIELD DISTRIBUTION,
PART ONE
To obtain-an'uhdérstanding'of the process that leads to the eddy-current

and. -field distribution, it ié.Convenient to assume thaf the Ampére turns (I) carried
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by the coil have a constant time derivative, and that at the time of the following
consideration, f has such a magnitude (and has had that yalue for a sufficiently
long time) so that the conditions set forth in'clgss_c'df sect. 2.1 are
satisfied. |

A quantity of primary importance is‘the magnetic flux per unit length

that is carried by the steel, and how it is modified by the eddy currents. To

| -> >

obtain this it is usefultto consider first fuoH'ds along a closed contour such
as fgi} k\l m f in fig. 1, with path g - m lying just inside the steel

along the air-iron interface. One obtains

g o m B I » (1)
. B dy=pu, I - - ds . 1
ff y ¥ " Yo fg I

Ignoring eddy currents for: the momént, for most magnéts the integral on the
right side of eq. (i) is of the order of not more thén a few ?ercent'of the
‘integral on the left side of eq. (1), since the iongerrintegration path, and
the possibility of %l > By' is strongly overcpmpenSated by the factorAl/u.
Taking now eddy currents into account, it is clear ﬁhatvone of their effects
.will be.a change of B” on the right sidé of eq. (1). However, for reasons
given below, one will always want to keep this changevof Bll within moderate
limits. Consequently one comes to the conclusion that the left side of eq.‘(l)
will not change by mofe than a few percént because of the eddy currents, and
this holds for virtually évery path f g within thé'air gap region. This is

the reason for the ability to state that, within sohethina of the order of
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one per cent, the flux carried by the steel is independent of the eddy
éurrents.vb | |

Applying this now to the cross section € —:m “of the yoke, one can
state that the averageB value (B) then has the same value that B would have
had with the same coil  .excitation, buf without eddy éurrents. It is further-
more.clearvthat the fdiaﬁity of the eddy cdrrenf density in the steei is opposite
.to the current dénsity in the closest coil; Consequehtiy, the fiéld.must
decrease és one goes from. m toward _é, leading to-a field distribution as
schématicallyvindiéated in fig.‘2. That figure also'shdws the average value
of tﬁis distribution, Which, as mentiéned above, is fqr.ali‘practical pur—v
poses identical Witﬁ‘thé constanf_field»that one would have there without thé
eddy currenfs for the same excitation of the coils. - The important conclusion
is, of course, that even on a timé scale:that allows penetration of the
field thrbughout the:steel, the field can exceed.itsvultimate DC level over

a'substantial part of the Steei volume.

2.3. SEMIQUANTITATIVE-DESCRIPTION'OF THE EDDY;CURRENT AﬁD -FIELD DISTRIBUTION
IN THE YOKE | |

To simplify the ﬁroblem, it is assumed thét fOr.éome distance above
(and below) line e ﬁ,-g haé only ay cdmponent B, énd tﬁat B depends only on x.
" Then E has onl& a z component E; which also dépends on x ohiy. Since the
concern is with transients, the'ﬁC feferenée'ievel for B and I is arbitrary.
Since there is little chance for.confusion, the same iefter B is used for
B(x,t) or its Laplace transform B(x,p) = Jf B(x,t) e-pt dt, and thé same

C 7 o »

notation applies to E or the current density J = OE;v,For the relationship

> > > >
between B and H, B = uouH5-it is assumed that Y is constant.
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One then obtains for the Laplace transforms of

curl ﬁ
and

: >

curl k =

\

dB/dx =
and

dE/dx =

It follows that

|
‘ d?B/de

|
V

The solution to

B(k,p) =3B

-> >
j = oE

o4

HqHO E

= kB ; K = 2R UN TR

eq. (4) that gives j(0,p) = 0 is

00 cosh(kx) .

From this follows, with

k a

-
it

and

o 2
= /pT T = uouo d

e = x/4 :

B(p) = B. . sinh

B(Esp)

(¢)/¢, and consequently

= B(p) * ¢ cosh(¢e)/sinh ().

_According to the discussion in sect. 2.2, one can use

LBL-12k42
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B(p) =K - I{p)'; K % const. | | : ' (8)

without committing a serious error. To make this explicitly clear, one can
take,the loss of Ampére turns in the steel roughly into account as follows:

Describing the field in the air gép by B.(p), and the totai flux entéring the

0
pole with the help of an effective halfwidth W, one obtains

CFenp) cwa . o (9)

v N v E
Considering, as in sect. 2.2, JH+dl alongpath fgi jklmf, one

obtains, analogously to eq. (1):

By(p) * h=y,; I-B(1,p) - L/u . o (10)
The approximation made here, describing quH” ds along.path gl k'l m by
B(1,p)L/u, where L is an effective path length, is admittedly crude, but

does contain the most essentisl feqtures that are of interest here. Eliminating

B(1,p) and B,(p) with egs. (7) and (9) gives, with

¥
d

=

I
= |-
= e

= _Hl oy g ' R | -
B T a-/(l+ n‘ . Tonh ¢ ).. ‘ o .. | (12)

It is evidenf that in.mOSt cases 0N << i will be satisfied, so that it is not
" very important that one knows'the values for W, and particularly L; only
approximately. It is‘also clear how one could refine the theory further. This

seems, however, hardly worthwhile because the effect approximately described
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by eq. (10) is fairly weak, whereas it would be hard to find a more accurate
way to describe the more important relationship between B and H, without losing
the analytical manageability.

| .
Substituting eq. (12) into eq. (7) gives

=
o

=~
=

. h{ed) '
B(e,p) = 3 sinh(%33¢ + 1 cosh(¢) (13)

Tc obtain B(e,t) for ramp excitation, i.e. I(t) =0, t <0; I(t) =71 * t,

t > 0, one has’to use I(p) = i/pe, and then take the inverse Laplace trans-

form of eé. (13). It'is, of course, not possible to represent B(E,ﬁ) in closed
form with:elementary transcendental functions; this is, however, not a serious
drawbaék, since B(e,t) is réally only of interest for times large enough so that
the turn-on transients (which would not be very accurately described by eq. (13)
anyway) have decayed. For theiasymptotic behavior of B(e,t) for long times,

one needs to know the singularities of B(e,p). They are, in order of increasing
distance from the imaginary p-axis: 1) from I(p) = i/p2 comes a double

singularity at p, = O, 2) From sinh(¢)/¢ + n cosh(¢) = O comes, to a very good

approximation for the first few n:

2 ' '
p, = -n°m (l—n)g/T , n=1,2 ... , (1l)
The contributions from the singularities at 15 forn=1, 2, . . . are pro-

portional to exp(pnt); therefore, even the term with the slowest decay (n = 1)

. has decayed after a time of the order T/T sufficiently that it can be ignored.
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" The contribution from the double singularity at p =0 is

(d(B(E,p)ept)/dp)p=O; this gives for the asymptotic behavior:

.

K ' .
Mot w1, T2 1 1+
Ble,t) = - 5 ger (43 (-5 200

As éxpected the last equetion.as well as eq. (lh) show exp11c1tly how unim-
portant n is for- the problem under dlscu351on therefore, the last equatlon

" can be rewritten, for n =0 and ramp excitation (Elt),= ﬁ-' t):

B(e,t) = B(t) +B 1 ~_(332 -1)/6 . ‘__v _ (iS)

8

Inserting in eq. (6a)‘for o the value 1/12.6 - 10 »(Qm)_l, corresponding

approximately 1010 steel, gives for T:
2 S B
T=10 *p-d . (16)

Althoﬁgh, ae mentioned befOre, the assumption u = coﬁst; is somewhat crude,
egs. (lS) and (6&)_or (16) give protably quite an adeqdate picture if in the
equation fer_f one uses for Y the value p = dB/duoH' ferbthe field level
existing in thefyoke at the time of interest. |

- If the 'ramp.excitétion is suddenly terminated bj’keeping-ﬁhconstant
from'time t von, eq. (15) shows that the fraction of the steel where B is
“at that tlme larger than the value B that one would have without eddy currents 
is L42.5%.  The maximum value by which B is exceedaiamounﬁsto B . T/3, a field

that can be quite substéntial for a large maghet'unless B is kept very low.:
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2.4, QUALifATIVE DESCRIPTiON OF EDDY-CURRENT AﬁD ~FIELD DISTRIBUTiON,
PART TWO | -

It is instrucﬁive to obtain an understanding of the eddy-current-
caused field perturbation with a iine of reasoning that is different from the
one used in sect. 2.2: The statement made in sect. 2.1 about'thé'eddy‘current
density j in the steel can be rephrased to say that .j is proportional to the

flux change/unit length between the point under consideration and any point

on line abc or e'd' cde in fig. 1. From this follows that J increases

if one moves from the outer air-iron boundary of the magnet to its inner air-
iron boundary. The field lines causéd by these eddy currents are invthe yoke
parts of the magnet, roughly speaking, parallel or antiparallel to the field
lines caused directly by thé coils. In the pole region, the pattern is quite
different: reluctance considérations obviously favor closing of the eddy
current-caused field lines in the stéel parallel to the pole face, rather than

going accross the air gap, and this is of course another way to see why the

previously mentionéd quantity B is practically not changed by the eddy currents.

One will therefore obtain a pattern of the field lines caused by the eddy
currents alone in one-Quarter of a symmetrical dipole magnet such as the one
shown in fig. 3. That particular pattern was computed by the program POISSONB)

for a slow ramp excitation and shows all features of interest here. Consider-

ing the sign of the eddy currents in the yoke region, it is clear that for II > 0,

the eddy current-caused fields are, again roughly speaking, parallel to the coil-

caused fields adjacent to the inner air-iron boundary, and antiparallel at the

outer air-iron boundary. This leads again to a total field distribution in the

yoke such as is schematically shown in fig. 2.
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3. DC aftereffects of eddy currents
3.1. . A SECONDARY EFFECT RESULTING FROM EDDY CURRENTS

Althoﬁgh shown explicitly only fof ramp excitatidn, it is clear from
the previous séctions’that unless specific precaﬁtiohs are taken when makiné
large figld level changes, a large part of‘the steel in>the yoke will tem—v
porarily be excited substantially beyohd the flux density E; the value of B
that one would have throughouf'thé crqss section undéf discussion if:one had
no éddy currents. Restricting now for simplicity's sake the diséussion to the
case of an increase in field level, the hysteresis in the relationship between
B and H in the stéel leads to coﬁditions schematicallyirepresented in‘fig. b
Without eddy current effects, all pérts of the steel'undef consideration would
have moved up monotonically from lower.field”levels.through point 1 on the B(H)
curve to-the‘finalxpoint.2._ For somé parts of the sﬁéel, this pattern of mono-
tonic change is nof‘aﬂkdéd by'éddy currénts. | For other parts of the steel,
howéver, B will temporarily be higher than it ﬁould have been without eddy
currents.‘ If thebméximﬁm in a particular part of the steel corresponds ﬁo
point 3 on the B(H) curve in fig. 4, the decay of the eddy currents results in
a subseqﬁent léwéring of ﬁ. ‘Because of the hysteresis, the properties of this
steel will be describedvduring the eddy current decayby curve 3-&; with point
y deséribing the final state of this ?articular part of the steel after the
complete decay of the eady cu;rents. This DC aftereffécf ofvthe eddy currents
dn_the steel propeftiés has consequences for the performance of the magnet

that will be discussed in the following three sectibns.f
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3.2. DC AFTEREFFECT ON THE FIELD LEVEL OF THE MAGNET‘

As a consequence of fﬁe effect discussed in thé previous section, the
steel in the yoke is a little bit "better", i.e. for the same flux carried
by the steel, the associated value of H is a little smalier. This is immedi-
ately clear by considering cfoss section e-m in fig. 1, recognizing‘that H
must be constant'bver that cross section after the eddy;currents have decayed,
and by taking into account the content of sect. 3.1 ahd‘fig. 4. It is further-
more clearvthat, although différent in detail,'essentially the same happens
throughout the yoke of the magnet. One can formulate a simple theoretical
model that allows one to make & quantitafive éstimate of the reduction of H.
The model is not described here since one can prevent the DC aftereffects
from occurring with the procedure describediﬁ section 3.7.

The conclusion regarding the DC aftereffect on the field level can be
expressed as follows: If one uses a ramp to turn on a magnet to a given coil
current eXcifation the final fiéld levél Will be larger if one mekes the
ramp steeper. This is precisely what Cobb%) observed in 1965. Historically,
the order is,.of course, reverse: It was Cobb's deséfiption'of this field
level effect, together ﬁith the ﬁeed to.develop an understanding of the
eddy currents for the HRS magnets, that led to this study. The size of the effect
that Cobb'reported can be understood in terms of the:mOQel giﬁen here, and were
sizeabié for his magnét: by changing the ramp steepneés, field level changes

of the order 0.2% were observed.
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3.3. DC AFTEREFFECTS ON THE FIELD DISTRIBUTION ALONG THE AXIS OF A MAGNET
(UMBRELLA EFFECT)

5,6)

I£ has.been'observéd that when.one énergizés.a long magnet énd
measures the field along its axis, the field at thé ends deéreases_relafive
to the.field.in the bulk of thé magnet if‘dne tufns the~magnet

on in a shorter time. : - L Althoﬁgh,it is difficult to
conétruct a theoreticéllmodel that-ailows one fo compute fhié effeét quanti-
tativelj, the cause is qﬁite oﬁvious: Discussing thé:Case of a field level
increase, it was found invthe preyiogs,section that one éady current DC |
aftereffect consists of reducing the valué of H in the yoké, leading to a
higher field le&el. vConsidéring now the thfee dimenéidnal'eddy cﬁrrent flow;
it is clear fhat while the'éddy curfents in the bulk of the magnet flow
parallel (or_antipdrallel) to the magnet axis, they must clése over the top
and bottom of thé maghét at the ends. This must lead to a reduction of the 
"improvement" of the steel properties as one approacﬁes'the end, and conse-
quently to a reducfion in fieid iéVelthere relative to the level in the bulk of the

magnet. As one would expect from this model, the size of the effect is com-

parable_to the field level effect discussedh) in the previous section.

3.4, DC AFTEREFFECT ON‘FIELD'DISTRIBUTION PERPENDICULAR TO THE AXIS OF A
MAGNET (DISH EFFECT)
Referring to- sects. 2.&,'3.1; ahd 3.2 it is clear that when changing

the field level without precautions, the outer parts of the pole, i.e. the

- reglons adjaéent to 'i jr and i' J‘ in fig. 1, will have steel with modified



~16-~ LBL~1242

magnetic properties. For too rapid a field increase, the p in that region’
will be increased, leading to an increase of the field in the air region.as
one goes away from the centerline a b. This effect is not very large, but i
has been observed‘on an HRS test magnetT). The relative field inhomogeneity
produced by a rapid field change from 2 T +to 1.4 T was *&O—h, not very much -
for most magnets, but inﬁolerablé for precision magnets.
The fact that the eddy currents cause temporarily tangential field
componeﬁts at the poleface (see fig. 3) has been invoked by Enge8) to explain
the umbreila effect mentioned in the previous.section; While this author
finds that explanation very hard to understand, that temporary tangential field
component can, in principle, contribute to the field inhomogeneity discussed
here. However the mechanism, namély magnetic rotational hysteresis, seems to
be too weak an effect to expect that this aspect of the eddy currents contrib-
utes significantly to any of thé observed DC aftereffects.
It should be noted that fig; 3 is representative only for,the.eddy
current-caused fields at a field level where B/H =~ dB/dH. At higher fields,
where B/H is considérably larger than dB/dH, in the outer parts of the pole
the region where the eddy current-caused field is essentially parallel to the
coil-caused field comes considerably closer to the magnet gap, and this region
extends also closer to the vertical symmetry line. Consequently the dish

effect will be stronger at those field levels than one would expect from fig. 3.

3.5. GENERALIZATIONS
The simplifying assumptions introduced in order to develop more suc-

cinctly the basic concepts are obviously not essential for the processes that



&

17— LBL-1242

lead to effects described in this‘paper;..Td see how dropping ofbsimplifications
modifies'the1diécussed effects, the following two casesvwill be discussed:
A long C-magnet, and a joke withvcircular cross sectibﬁ. ' |

' Discussing first the C—méghét,vfariaway from its ends the‘eddy.current
density J is barallel’to thé axis of the magnet and'fhe integral of ovér
the ironrcrosé séction ha$ to be zero. That means that’fhere must be a line
in the two dimensionai irén cross‘section‘along‘which j = 0, corresponding in
fig. 1 to the line a b ¢ and the outer boundary of ﬁhe.symmetfical H—magnet.
This J = 0 line must obviously‘be iocated approximateiy a$'indicated in fig. 5.
From this follows that, except for minutebdetailé; a léng C magnet should
behave juéf as an equivalent H magnét does. Specificall&, the distance d-
‘entering in the.equation (6a).for the time constant f ié 1/2 of the yoke width
in case of the‘C magnet, i.e. identical to the quantity to be used for an H
magnet that uses the same amount of steel as'the'C maénEt.

A yoke with circular eross éection is discussed:as.a mathematically

treatable examblevof a magnet that is short. While the basic éonéept, that
the flux thaﬁ has to bevcarried by the steel is essentiélly independent of thé
eddy current éffects,iS'not aitered, some details are:affécted: It is clear
that as a magnetvbeébmes sﬁorter, the electric field:associaied with the return
of the eddy currenfs_af the .ends of the magnet bedomeé ﬁore and more important,
and ultimateiy changes the three dimensional’eddy current pattérn completely.
For instance, while fﬁr a'long magnet the eddy cﬁrfeﬁtvflowing’far away from
the ends throﬁgh point p in fig. 1 will return at the end 6Ver_the top and.
'then will flow throﬁgh point p' far away from the end, for~a magnet whose |
length is equal to the widtﬁ‘ d vof the yoke, the curfeﬁt flowing in one direc-b

tion at location p' will return through p".
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To treat a yoke with circular cross section of area ﬂr02 in the
vicinity of the midplane it is assumed that the magnetic field has only a
component perpendicular to the midplane that depends only on the distance r
from the center of the circle. Then one obtains, instead of eq. (h):

2 2 '

d°B/d r" + dB/rdr = KB ; k°=p HgHO (17)

The solution, corresponding to eq. (5), is (Jn denotes Bessel functions of first

kind and order n):

B(r,p) =By, - Jo(ikr) . (18)
With

¢ =kd =vpT; T= HoHo r02 - (19a)
and

€ = r/rO (19v)
follows

_ | J,(i¢)

B(p) = BOO ¢ W-é— S (20)
and finally:

ip/2 - JO(i¢e)
Jl(i¢)

B(e,p) = B

(21)

Considering again a ramp-like excitation and ignorihg the effect described by
n in sect. 2.3, one part of the long time asymptotic behavior islgovernedvby

the roots of Jl(i¢)/i¢. This gives, instead of eq. (1k4):
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p_= ;ag' /T 3 J.(a. ) =0 n=1,2,.. : ' (22&)
n 1,n s 1 1,n R > ’ ’
a1,1"= 3.83; ‘a 1,2'= 7592 35 e .. o B (22p)

~ and the statements following eq. (1) apply with obvious modification. After
the transients resulting from turn-on of the ramp have: decayed, B(e,t) is
obtained with a procedure equivalent to the one that gave eq. (15), and one

obtains
B(e;t) = th),+ é&(ze?—l)/8 . ) o o (23)

As one'expects, the eddy-currents and fiélds are governed by shorter effective
time constants, and a somewhat modified time constant pattern. It should be
noted that the above treatment of a yoke with circﬁlarvcross section applies

equally to the légs of a symmetrical H'mdgnet‘of a C magnet.

3.6. POSSIBLEVBENEFITS OF DC AFTEREFFECTS

" Since DC.afﬁeQéffects-Can modify the field digfribution in‘magnets, one
can try to use this factvté improve the fieid distribution by using special
turn on pfocedures. Although occasionally such'preééfiptions haye.been devel-
oped empiriéally, it has to be pointed out that they are practical only for
one.particuiar kind of use bf'a magnet, némély'when ﬁhat magnet is used fof.
very long times ét‘thé>same‘field level, or field levels that differ oﬁly'very'
little ffom the'original fieid level, When’one'wanfs to‘use a magnet for only

a relatively short time at any particular fieldblevel;“and intendS.tovchange'
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trequently that level by small amounts, se that one changes the field level

by a factor of 1.5 to 2 during the course of a day, utilizing DC aftereffects

can become time consﬁming. It would obviously require one to "re-process'" the
steel by appropriate cycling several times during ﬁhe:course of the day, a
procedure that would clearly be time consuming since one would always hgve to
wait until the field inhomogeneities that are directly caused by eddy cur-

rents havevsufficiently decayed. For this reason, it will often be advisable

to obtain the required field distribution with other means,.ana to operate the
magnet in‘such a way that the DC aftereffects are kept down to an unobjectionable

level.

3.7. SUPPﬁESSION OF DC AFTEREFFECTS

One obvieus'method to avoid eddy currents affecting magnet performance
in a significant way is to laminate the magnet in conventional fashion. Time
constants can - also be reduced by approximately a factor L if one splits a
symmetrical H magnet (fig. 1) along its length, with an insulating gap
along line b ¢. Since other censiderations often rule out these solutions,
one must find other ways to prevent "damaging'" a magnet by excessive eddy
current effects. Since the simple rule "make large field level changes suf-
ficiently slowly" would require in the case of large magnets intolerably long
times,one has to find a way to make large field level changes as fast as pos-
sible without producing DC aftereffects to such a degree that the performance
of the magnet is noticeably affected. The method proﬁosed here consists of
measuring B (or a quantity directLy related to B) in the steel at fhe location

where one expects to find the strongest DC aftereffects, and controlling the
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current in the'cbils S0 thatvthe field level at the B-probe location reaches:
the finally desired DC field level as fast as.possible”without overshooting
that level by more than a safe améunt. What that.safé amount is depends, of
course, on the detailed characteristics of the magnet énd, for any given mag-
net, on the field levél; but an upper 1imit'between‘0.05 T aﬁd 6.2 T seemé
reasonable, whéfeas an overshoét by more than 0.5 T ﬁiil.proﬁably give
noticeable DC afteréffects in most precision magnets.

"The following is a particular and more detailed éxample of how. the
above given method'could be éarried out. One can use a power supply regulator
that has inputs fbr Both the signalvfrém the.probe that’gives a. measure of B'in
the steel, as Well as from a probé that meaéﬁres B in the air gap. If one
wants to chanée the field to a new level in the gap, one Qould have a provision
to enter that new level, as well as the éorreépondiné Signal ievel for the
steél probe, but increased by fhe safe amount of,overshoﬁt. By an appropriate
feedback system, thé power supply would at_first be éontrolled by the steel '
pfobe, giving thefe véry soon the préscfibed level. -This means that the cur-
rent would change in the begiﬁniné quite rapidly, then slow down more and
more. While fhis is happening, thevother probe will measure the field in the
gap, and control of the power supply will switch to thét probe'as soon as the
desired air gap field is reached. That:will then result essentially in a
"freezing" of the coil cufrent; As a consequence, the eddy currents will decay,
and the field at the steel prbbe iocation will decrease gradually by the safe
overshoot amount ﬂo the DC level corresponding to the air gap field. '
'While the nonlinearity of the B(H)'curve_makes it difficult to calculafe

_accurately‘how'long the above mentioned process takes, a célculation with
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U = const. givés at least some idea, and allows a fairly accurate estimate how
much additional time it takes when the amount of safe overshoot is chaﬁged.
Referring to eq. (T),.and ignoring the effect described by n in eq. (12), B

is proportional to the excitation current. For the purpose of thié discussion,
B(1,p) has to be considered the primary quantity, since the behavior of B(1,t)
is prescribed. Using for the saske of mathematical simplicity a step function

with unit amplitude for B(1,t), B(1,p) = 1/p and

(o) < L . sinn(8)/¢ I
Blo) = 2 * Coante) I

For the asymptotic behavior at long times, the singularity at p = 0 and the root of

cosh(¢) closest to p = 0 give the only contributions of interest; and one

obtains

B(t) = 1 - §§- éxp

™

2 . :
SUS -’;-) . (25)

It should be noted that the‘exponential function entering here decays four
times slower than the dominant exponential function for the eddy current decay
given in sect. 2.3.

As mentioned before, eq. (25) cannot be expected to give an accurate
description of the whole period during which the current changes. However, if.

the appropriate value for uy = dB/uOdH is used in the expression for T,

2
B{w) - B(t) = AB(t) = C - exp(-— ﬂ_h . %) - - (26)
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'will.describe with'fair accufacy how the fiﬁal value of B would be appfoachéd

if the value of B was not frozen béfore. Since one fréeées B at a value AB
(corresponding %o the permiésible ovefshoot) below the original asymptoticvvalue,
anotﬁer‘form.of'eq. (26)., namely |

5

AB(t + At) = AB(t) + exp|- %—A—i) : (27)

allows one to estimate"atuleast how much longer the wholé process lasts if the
“allowed value'of'zgﬁis cﬁanged. It follows that reduétion of Aﬁiby a factor
two requires»the additional time At = 0.28 T.

- For completeness; é few suggestioﬁs about methods to measure B in the
steel are added; With régard té the size of the DC aftereffects the strongest
effects may appear at the sides of the pole. However, the difference between
the pole and the yoke willbin most>cases be small enough so that the probe can
be placed on the appropriate location of the yoke.

P0551bly the 51mplest way to measure a quantlty directly related to B
invthe steel may consist in machlnlng a slot with its long dimensions perpen-
dicular to ﬁ into the surface and inserting a Hall probe.into it. This method
has the disadvantage thét unless the thickness of the si§£ is small compared
to its large dimension dividéd by the permesbility of the steel, one measures
esseﬂtially H in thé steel.. Although such é'signal.is usabie'in.principle, it
would lead to an extremgly‘inconvenient calibration curve between the air gap
field énd thé signdl from ﬁhe steel. Consequently, the‘following‘methods all

use a fiux measuring coil whose butput signal is intégrated. Beqauée of the

quality of Qperationél amblifiers'available today and the ease with which one
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can obtain,a'reasonable total coil afea,-drift considerations are not important
for any of the probes describéd below.

Two practical geometries for a flux-measuring coil are:

-

a) At thé appropriaté location, iron is femoved in the shape of one half of a cir-

cular cylinder, with its.axis_parallel to ﬁ there. A smaller half cylinder, pfefer—
ably made of the same steel‘as the yoke, and with the flux measufing coil on it, is
inserted.into'the aboveidescribed void. The total gap at the top and bottom should be
smaller than the lehgth of thé void divided by the permeability. This condi-
tién should be easily satisfied by grinding the surfaces involved, and possibly
press-fitting; |
"b) Similafly to a),'avshort hole is drilled into the steel, with the

axis perpendicular.tO’g. Thén‘a steél disk with a coil, as shown in fig. 6,
islpress fitted into thé holé.

The'iast two examples have the advantage that they do not interfere
with the coilé of thé magnet. If the coils leave enough room, one can also
attach a steei cylinder (with a coil on it) to_the yoke surface, provided one
can produce a“iow reluctivity connectioh betWeen the cy;inder and the yoke.

It is imertaﬁt to know under what circumstanceé.it is most important
to adherg very strictiy to a DC aftereffect—suppressignvprocedure such as the
one described above. As a basis for this_diségssion it is assumed that one uses
the cycling procedure deséribéd in the introduction, and fhat the magnet is
used only during that-part_éf-the cycle when the fiéld level is decreased. It
is clear.that it is most important to suppresé DC'afteréffects when one makes
a large field change toward a”working level; a good exaﬁple is the change from
the;maximum field level, (required By the.gycling bréscription) to an often

'substantially lower working level. Next in order of importance is the turning
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dff of the magnét. Sihée the field ie?el used lasf.beforé turning off will in
general'vafy e&ery fime»thé magnet has been used, Wiﬁhout suppression of DC
aftereffects the amount by which some of the steel is driven into the third
quadrant of the B(H) curve would vary, léading té énvimpairment of the repro-.
ducibility of fhe’magnef...The.degree of impoftance of DC aftereffect suppressioﬁ
during turn off dependsvén the magnifude of the maximum field levei atfainable
during the cycling process. ;If the maximum field level ié so high that'the
steel is driven sfroﬁgly into.safuration; the memory of the Steel for past
history is effectively destroyed, and correct turn off is ﬁot very important.
If, on tﬁe other hand, a magnet is usea oniy at ﬁoderéte-field levels, and - the
power supply.doés nofvallow strong saturation of the stéél, proper turﬁ off is
much more impqrtant. :DC_afteréffect suppression is leést imporfanﬁ during the
first part of the turn dn procedure, namely whén going from zero field level
to its maximum &alue. in.fact, sinée one is feally only concerned with the
reproducibility of ﬁhe:magnet, DC aftereffect suppressibn during this phase

is nof ap ali important as long as fhis initial field change is done in an

identical way every time the mégnet is used.
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b, Temporary eddy current effects

In contrast to the topics discussed in.sect. 3; the subjectsscrﬁtinized
here are the direct temporary eddy current effects that occur when small field
level changes are made, and how undesirable effects cén be suppressed. Whether
a particular field level change can and should be treated as described in
sect. 4 depends on the amount of local temporary overshoot of the final B value
associated with the prescripfions developed in sect. 4. TIf this overshoot
exceeds the experimentally determined safe amount, the rules déveloped in
sect. 3 are, by definition, of mére importance than those developed here. If,
on the other hand, the amount of overshoot is small enough so that the DC
aftereffects are negligible, thé treatment of the problem with the linear

theory developed below will be valid in most cases.

4.1. PROPERTIES OF TEMPORARY EDDY CURRENT-CAUSED FIELD INHOMOGENEITIES

The discussion is restricted at first to the middle part.of a long
symmetric magnet, and it will be assumed throughout that the excitaiion changes
are so small that the béhavior of the magnet in time can be described by a
liﬁear system, i.e. the Laplace transforms of all quantities of interest are
related by transfer functions of the Laplace variable p. In order to char-
acterize the béhavior of thé magnet, its response to an excitation change in
form of a step function will now be discussed. It follows from sects. 2.2,

2.3, and 2.4 that after some time, the eddy currents in the pole région would

be well described by the first few terms of the asymptotic expansion.
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JsF (x, v, t) m.co(x,y) + §: Cn(x,&) et (28)
o : : n=1 .
Thé'impprtant pfoéerty'of this expression ié ﬁhat while the coefficients
C depend on_loéation X, ¥ thé-timé constants do nbtf _This follows from the
qualitaﬁive piCture.developed in sect. 2, and is implicitly contained in
(13). From that section (éq. (14)) one’woﬁld also expect that the time
constants T héve, ver& roughly, the pattérn T, %'l/ne{ The fact that.in
(28) therevwill be no_ﬁerms porresponding to compleben, i.e. the absence
of terms’proportibnal ﬁé damped>trigonometric'fungtibns, is qualitatively
clear when one realizes that the wholé system has only one kind of energy
storage. |
| The‘magnétic fiélds.generated'by the eddy currents will produce a field
line pattern siﬁilar to the one dépictéd in.fig. 3. The comﬁonent of that
pattern that is parallel to thé‘pélé—air intérface at that interface produces
a field perturbétion in the air region. The field change resulting'from a step
function—like_excitation changé must therefore have.the same form in the air

as eq. (28):

BSF(#’ Y;.t) f Bo(x,y - E: B (x,y e—t/TnA_ . | .(29)

The Laplace transform of this equation can be described by>the Laplace trans-
form of the current change times of the transfer-function F(x, y, p) relating
. the current to the field change at location x; y. Normalizing to one the

amplitude of the current chaﬁgevthat gives eq. (29), it follows for F(x, y, p):
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Flx, ¥, 9) = Bylxoy }: p+1/T o (30)

The fact that the singularities of F¥(x, y, p)varé independent of x
and y 1is only a reflection of the fact that the time constants .Tn in
eq. (29) are location independent. Whether this is really true for a particular
magnet can easily be determined by measuring the first few Tn ‘at a number of
locations. It is the experience of this author and a number of other workers
that Tn. is indeed pfaqtically indépendent of location for a variety of mag-
nets. Bﬁt it is ;lso easy to imagine magnets where this condition will be
strongly violated, for instance a long magnet whose pole- and yoké—widths

change significantly over its length.

4.2. SUPPRESSION OF TEMPORARY EDDY CURRENT EFFECTS
When one is dealing with a large precision magnet, the effect described

in sect. 4.1 can make it necessary to wait for unpleasantly long times until a

magnet can be used again productively after a small field levelrchange has beenmade.

It is fairly easy to determine the firsﬁ few time constants over the range of field
levels of interest, and it will be assumed ffom now on that they are

known. When one wants to reduce the waiting period after a.

small field level change, one is really only interested in eliminating the
contributions associéted'with Tl’ or possibly with Ti.and T2, because the Tn
decrease very rapidly with increasing n. One way to express one particﬁlar form

of a solution is to require that the Laplace transform of the current change,

I(p), satisfies the condition

(1(p)) =0 forn=1, orn= l,A2 . (31)

p=—l/ln
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_While.this expféssion is very coﬁvenient wheﬁ-oné wéﬁts to work out
specific solutions, a better undérstanding of what céncellation of the Tl term
means for'I(t) is obtained by going back to eq. (29). Since the field change
at location X, y can be éxpressed as the convolution integrél of i(t) and the

right side of eq. (29),'cancéilation of the Tl'teim means that
o rt . -;-(t—T)/T N . : ..
G=3B,(xy) | I(1) e 1ar . (32)
A o Jo | . S

has to be zero for t > to if to’ is the time whence the current is constant.
Normalizing that current to be one, the condition for cancellation of the Tl

term becomes

t, SRR
7Jf (1) VM ar =0 .

" Integration by part leads to

_j' (1(t) - 1) eT/Tl dT/Tl =1 . - - (33)
0o o _ '

‘This equation means that it is unavoidable that the final value one of the
curreht_isrtempofarily exceeded, and that the maximum value (Il) of the current

is a minimum for given t, and T, if

0 1
CI(t) =0 . for t<0
(t) = 1, =';/(1 - exp(- ty/T;)) | for O St b | (3L)
I(t) = 1 for ty <t
_ )
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The Laplace’transformbdf this I(t) is

I(p) = (1, + (1- 1)) expl-p t))/p . (35)

From this follows also that any field level change procédure gives

(I(p)) 0 if multiplied by the numerator ofvthe right side of

p="'l/Tl B .
eq. (35). Expressing that in words gives the rule: initiate any suitable

at t = 0, and linearly super-

field change procedure with amplitude Il

impose the same field change procedure, but with amplitude 1 - I. (<0) and

1
initiation time _to.
Sometimes a different method is used to make field changes: the field

is measured at a particular point (x ), and by using the appropriate feed-

0° Yo
back system one can prescribe the field change there as a function of

time. The feedback system then generates the current change
and the field change at other locations becomes
B(x, ¥y, p) = B(x,, ¥,» P) * Flx, y, p)/F(x,, ypop) . (36)
. 0’ Y0 : (0] 0= .
Since the singularities of F(x, Y, p) are cancelled by‘those of F(xo, yo, p); 
the long time behavior,of B(x, y, t) is dominated by the roots of F(XO;‘yO"p)

closest to the imaginary'p—axis. As before, the most damaging contributions

can be compensated by appropriate choice of B(xo, yd, p).
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According té the discussions above, singuléritieé of F‘(x; y, p) are
fairly well undefstodd, and these singularities and their residues can in fact
be computed with reasonable accuracy with the POISSON program. Unfortunately
the same 'is ndt true of‘the roots of F(xb, yo, p), aﬁd-although the author
tried-sﬁccessfully the procedure described by eq.v(3ﬁ), the equipment to
determine the.roots bf F(XO? Yoo ﬁ) was not available.._The reason for the
intérest in the roots.of F(xo; Yo» p) is the poésibiiity that their locations
mighf be such that the last déécribed procedure alloﬁs faster small field
level changes than theidiréct current chaﬁge'procedure_discussed first. ‘Oné
could also imagine prescribing some other field quantiﬁy with a feedback
system. However to be useful, the corresponding transfer function must have
the same singularitieé as F(x, y, p), and ifs roots must be more advantageously
located than the singularities of F(x, y, p).

Sometimes it can bé désirable to cancel the first two singularities
léading to tempqrary‘fiéld.inhomogénéities. The reason may be ihat they are
not Separated.as far aé eq. (14) suggests, or that some.parts of the magnet,
such as the ends, havé'a dominating time constant very different from the one
| iﬁ fhe bulk of:the.magnet; This cancellation Of two timejconstants can easily
be accomplishedvby’generalizing eq. (34) or eq. (35) through the inclusion of
one more fiéld level during a certain period of time. The procedure to carry
Lhis through is so straightforward that it needs no further elaboration} and.
it is also clear howfthe>methods presented ih this paper can be applied to

magnets(other than dipole magnets.
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Figure Captions

2D cross-section of upper_half of symmetrical H-magnet.

Field diétribution.in yoke with ( ) and without (----) eddy currents.
Field distribution éaused by eddy currents alone in 1/4 of symmetrical
H-magnet. | |

High field parf oflhysteresis curve.

1/2 of C-magnet with j = O-line.

Shape of B-probe.
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