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Magnet Lamination Eddy Currents Reexamined

The first analysis of this problem (Tech. Note no. 8, 2/12/86) cons-
isted of the solution to the 1l-dimensional magnetic diffusion equation with
constant parameters and with the triangular time waveform expanded in a
Fourier series; the analytic series solution was evaluated numerically.
Subsequently an analytical solution in which the linear time dependence
appears explicitly, rather than as an expansion, was obtained and was

presented at the Booster review in June. Since this was not published, a
summary of it is included as an appendix. The important findi?gs are that a
steady-state condition is attained with a time constant 7 = d u/(4n p), and

that the mean field lags the surface field by an amount 6t = d"u/(12p).

It was pointed out by John Galayda (of NSLS) that the currents at the
edges of the laminations may introduce harmonics in the magnet gap; his con-
clusion was that the effects are unimportant for the NSLS.

A 2-dimensional analysis using the approach given in the appendix was
first completed. The magnetic diffusion equation for the field in the
lamination is

62Hy/6x2 + 32Hy/622 = (u/p)3Hy/3t (MKS units) (1)

The coordinate system has z in the beam direction, y is vertical, and x
transverse. For a lamination of thickess d and pole width w, the solution
to (1) is given by eqn (2). It assumes H = at for the ramp up and H = -at
for the down ramp, where H is the spatial average field.

H = pa/4p[xz+z25(d2+w2)/lg]+at ) )
-pa/(2n7) [w B(-1)T/(n ) exp(-t/r N+d S(-1)"/(m Yexp(-t/7 )] (2)

where Th = (p/p)(w/2n7r)2 and 7 = (p/p)(d/Znﬂ)2, n and m > 0. It is assumed
that both r_ and Tp are much less than half the period, i.e. 7 << T/2.

The pole face width in the Booster is about 250 mm and the lamination
thickness is about 1 mm, so T, is about 62500 times T 1D the earlier work
it was assumed that a Tm of about 0.4 msec was desired, which would mean Th
= 25 second. Since this is much greater than T/2, this solution is in-
appropriate.

The appropriate solution follows the methodology of TN no.8, i.e.,
expand the waveform in a Fourier series. The solution is given by equation

(3).
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where k; = (l+i)/6n, k, = (-1+i)/6n and 6n = J[2p/(nwu)] is the skin depth

of the nt harmonic.



Equation (3) shows that the crossing current is confined to a region at
the edge of the laminaticn thickness of about a skin depth of the funda-
mental, n =1, i.e., about 1.5 mm in a typical material at proton cycle fre-
quency, or 3 mm at the heavy ion cycle frequency (2 Hz). This current sheet
on the sides of the poles is very close to the exciting coils and hence will
not perturb the field in the gap except for a small decrease in the funda-

mental.



APPENDIX

For eddy currents in the laminations, assume the field in the laminations
is parailel to their surface. Iook for the solution to the cne—dimensional
diffusicn equation: = 1
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Require L—;—’a_f for the ramp up. The field at the surface of the
lamination is then 2 —X/Z_
e at radH-2e 7]
0 i~ 7 - -
where & = 9 41 . his solution assumes the time constant tau is << ¥ T
yr* £ /
where T is the period.
tatime 1 ¢ /‘z,btrtalsolaxgeern.x;hthatthetransienthasdrq:ped
to a negligible value,

L
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At a same what later time, t +§t, m =a(t+51}has the same value. This
time delay is

y $f = i‘x.{‘j
1

§+ is the time by which the mean field lags the surface field. It is

provortional to tau, i.e.,
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To campare e.uAy current effects anorg e alileremnc nul—er.u:l..Ls, & TRILINTEE
was comprted for each which has a 9t of 1.24 msec, and hence a T of 0.377
msec. The 4 t was selected to correspond to the time estimated for transients
in the vacuum chamber tc damp.

mat'!l M19 M22 M27 M36 M43 iren Algny 42 Alany$s
d, mils 41.1 42.7 42.7 38.5 35.0 30.4 42.8 32.4
We, W/m 1.4 1.6 1.9 2.1 2.1 2.7 2.5 1.1
W, ¥/m 5.2 6.0 7.6 7.9 8.5 19. (4.1} (1.6)

We is the eddy current loss, watts/meter and Wh is the hysteretic loss.
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assconing & peak to peak amplitide of 2.5 kG ard assuming a 100% duty cycle.
Wh for the M series steels is extrapolated from Metals Handbook data for 60 Hz
and 10 tc 15 kG peak amplitide. These were extrapolated to zero thickness to

-~ 4—:-—«0—.~ Em Al vy - e o L ) Pt v by 1-\4-»-.'3 bf\ 9 & I wmaale &A ool
CLUULIMG UL wic Y Wllitiie VAAARALL, WiET] CJL\-.L%AJ.L Led NI PAAN WA LA

amplitde assuming a B 1.23 deperdence. The value for soft iron is for .008%
carban given in the Metals Handbook. The values for the Allegheny materials
are estimates based on M22 and M27, scaled proporticnately to Ho.
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