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MODELING THE ELECTROMAGNETIC BEHAVIOR OF FERRITE IN THE TIME-DOMAIN *

J. Johnson, J. F. DeFord, and G. D. Craig
Lawrence Livermore National Laboratory
Livermore, CA 94550

Abatract

The behavior of ferrite loads commonly found in induction
accelerators has important consequences for the performance of
these acceleraters. Previous work by the authors on modeling
the electromagnetic fields in induction cavities has focussed
upon use of a simple, phenomenological model for the process
of magnetization reversal in these ferrite loads. In this paper
we consider a model for magnetization reversal which is more
decply rooted in theory, and present a simulation of the reversal
process based upon this model for an idealized set of boundary
conditions.

Introduction

The subjcet of rapid magnetization reversal, in addition
1o its substantial theoretical importance, has acquired a prac-
tical significance as well, anising from the use of this process
in linear induction accelerators (linacs). In these devices, the
large electromagnetic felds generated by rapid flux reversal in
ferrite toroids are used to accelerate charged particles. It is
necessary to understand the fux reversal process in order to
model these fields.

In general, the reversal process is extremely complicated
because it results from the simuitaneous influence of four dit-
{erent interactions: the magnetic, anisotropy, magnetoelastic,
and exchange interactions. Because of this complexity, a gen-
eral treatment of the process is, at present, hopelessly diffi-
cult. One can, however, by limiting one’s attention to regimes
in which one or two of the interactions dominate, reduce the
co...p.cxi:: to manageaoic levels. Of thesc limiting regimes.
there are two which may bear upon the flux reversal process in
Tinacs. In the first. dominated by magnetic interactions alone.
the Sux reversal occurs by a process called uniform rotation (1.

= the second. the eversal occurs by domain wall motion 12},
and is dominated by the combined cfects of both anisotropy
and exchanze.

The authors are cursently working to incorporate math-
ematical models for both regimes into a numerical algomhm
vhich simuiates the electromagnetic fields inside linac cavities.
The focus of the present paper. however. will be upon the uni-
{orm rotation regime. We will briefly di.cuss the theoretical
basis of the model for this regime, and present the results of a
numerical simuiation of the fux reversal process in an infinite
cyiinder with 1dealized boundary conditions.

>{airetization Reversal v Uniform Rotation

fundamental supposition underlying the nniform ro-
ion modei ‘s that there exist circumstances in which the
process 18 governed by magnetic interactions alone.
odel aegieets the offects of anisotropy, magnetostric-
tion. and exchange. Neglecting anisotropy and magnetostric.
tion 15 at least superficially plausible for the soft ferrites used
N inac cavities. since tiie maxisnum anisotropy and magne-
tociastic energy densitics in such materials are both geaerally
smailer fsometimes much smaller) than the magnetic encrgy
deasity However, the energy density associated with the ex-
change nteract:on can be several orders of magnitude Iargcr
than the mag-u-uc energy density, if n«:lghbonng dipoles in
€ lattic erent orientations. [t ¢an be
shewn, though, fie orieatation of the atomic dipoles
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does not change significantly over a distance on the order of
10° lattice spacings (= 10~? cm), then the exchange energy
density is indeed negligible c d to the ic energy
density. (This is a consequence of the short-range nature of
exchange: a given dipole i via the ge interac-
tion only with its nearest neighbors, whereas the same dipole
interacts magnetically with every other dipole in the sample.)
Thus, the ption that may be neglected can be
scen as equivalent to the assumption that throughout the re-
versal process, the magnetization remains a gradually varying
{function of position.

Consider a rigid, cubic lattice of magnetic dipoles. (The
choice of a cubic Jattice is a convenience; the following treat-
ment may readily be extended to any other regular array). If
f, is the magnetic moment of the :th dipole in the lattice, then
the torque V, on that dipole is given by:

= _0_ - _
Ny==—=4, - i
=g =H x B {1)

where J, is the angular momentum of the ith digole. and B, is
the mngnctic induction at the ith lattice site due to all other
dipoles in the lattice and sources outside the sample. It can
be shown that B, is velated to the volume averege ragoetic
induction J and volume average magnetic moment density e
by the expression (3]

m

= —_—] bt
5,=8B- 3 A, )
where p, is the free-space pcn;)nbilit_\'.

The net angular momentum of an atomnic dipoie is related
to its magnetic moment by j = y~}ji, where ¥, the gyromag-
netic ratio, is a constant which is characteristic of the matesial.
Using this and employing Eq. (1) we obtain:

i, =i x B, (3)

Multiplving by the number of dipoles per unit volume. and
using Eq. (2), vields

- - 5 _ ey
A=l x (a- Bei) =2 x 8. o

This expression. essentiaily an equation of inotion for the mag-
netization. was first introd-:ced by Landau and Lifshitz {4}, and
1t is figourously correct provided that our assumptions ase cot-

rect. Notice, however, that since Ais perpendicular to both A
and DI, the equation implcitly conserves the magnetic energy
of the sample; this, unfort:nately. is at odds with the observed
tendency of magnetic materials to dissipate magnetic energy
{into lattice vibrations) wienever the magnetization state of
the matenal changes. (Eg 3 is deficient in this respect be-
cause we assumned that lattice was perfectly rigid.) The
dissipation mechanisms involved in magnetization revessal are
poorly understood; despite this, we are forced to take account
of the dissipation m some Yashion. and we therefore make the
following moditication of E |. (3) suggested by G:lbert '5.6):
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where M, is the saturation magnetization of the material. The
added term is a dnmping term, since it produces a component
of jon that is liel to the torque exerted by the
maguetic induction. The constant ky is to be treated as an
adjustable parameter. It should be emphasised that there is,
at present, no sound theoretical basia for this chacacterization
of tbe damping process.
The Solution for Simplified Boundary Conditions

Under the assumptions set forth in the previous section,
the vol age elec gnetic fields in a region of space
containing ferrite are governed by the following set of equa-
tions:

xHB=af+D, VxE=-8,

v.B=0, V.D=p, 16)
3 =281 x B+ 201 % 3,

provided that the ferrite remains in the uniform rotation regime.

We now obtain solutions to this set of equations for s simple,
one-dimensional problem. \We choose for the sample geome-
try an infinite circular cylinder of radius a. This geometry is
depicted in Fig. 1. {Note that this geometry does bear some
resemblance to that of the ferrite toroids in linac cavities, since
an infinite cylinder is equivalent to a toroid of circulsr cross-
sccuonmthehrm:uxhemnundmsohbemd‘oato
infinitv.) The applied field B,, i.c., the magnetic induction
due to sources outside the cylinder, is assumed to be spatially
uniform in the vicinity of the crlinder, and have a time varia-

tion given by:
(t<0). -
(t2 0)‘} N @

B, =3,z
B, = -B.3,

The applied fieid, then. is assumed to be reversed instanta-
neously at ¢ =0. If the system is initially in equilibrium, thea
att =0, 3 = M, it follows that for ¢ 2 0, AT = 0, and sys-
tem remains in {unstable) equilibrium. This situation would
never arise for any physically realizable set of boundsry coa-
ditions since, among other things, one could never Leep the
apphed field perfectly parallel 10 the magnetization during the
process of reversing its direction. Dut for the idealized bound-
ary conditions used heze, it is necessary to assume some initial
angular displacement in M in order for the reversal to occur.
The choice we wiil make is:

MM = M,cosé3 = M, snds, S (s)
It is 20 be emphasized that this rather aniificial assumption of
initial displacement wiil not be necessary when realistic prob-
lem geomersry and boundary conditions are used.

Since the appiied Seid. the initial magnetization state, and
the governing equations ail have cvlindrical symmetry, it fol-
lows that the resultant motion of the magnetization will have
the same symmetry. We therefoce require that £ and 5 ex-
hibit only radial (p) variation. which forces £, = B, = 0, and
yields the followi ing relations:

- oH, s
;a—P(ﬂﬂ-] =¢E,, - = £,

J3E, ; v 19 . .
e (Ha - ..!,) 3% (pEs) = po (H, q-.\l.) .
(9)

We apply the boundary conditions E, = -f; =0atp=0,and

apply a radiation condition 1o the fields at p = 20. Eqs. (5)
and (9) can be xnte;med numerically using an explicit time
integration scheme [7]. To carry out the integration, the field

Fig. 1. Sample geometry. Cylinder has circular cross sec-
tion of radius &, and is infinite in the axial (2) di-
rection. Cylinder is surtounded by free space.

d at discrete radial points, and at
ducreu.- nme steps. . The electric Beld is repruaucd at integer
time steps, t = 0, At, 24, ..., where At is the time step size,
and at radial positions p = 0 Ap, 'lbp. whcte dpis thc
radial node ing. The dat
radial pouuom ~ = Apf2, JAp/" ey and etuu at hah-.ntc;er
time steps, ie., t = Atf2, JA!/-,.... The parameters At and
Ap are chosen to satisfv stability criteria

Fig. 2 depicts the solution for A/, (t) averaged over ali
radii for ¢ = 10 em, B, = 942 x 107* T, M, = 300 KA/m,
v = =278 rad-sec™!-T~!, and a dielectric constant of ¢, = 12.
These values are rcp ive of the situation in the ATA
(Advanced Test Accelerator) linac cavities. Nonuniformities in
the induced magnetic ficld causc significant radial variations
in M to develop during the switch, an effect that becomes
moce p d as the damping par: is decreased. For
the results presented wn this paper the damping parameter was
taken ta be &y = 4, and was chosen to produce a switching
time in agreement with the values observed in the ATA. Fig.
3 shows the solutions for M,, M, and M, at p = a, 2 It
may be obiserved that for our choice of parameters Al is quite
small, reaching a maximum of = 1073/, }alfway (hrou;'n the
switch. Therefore, to a rirst approximatius, the rotauon of
M, ata particular radius p, occurs tangent to the cylinder
of ¢ p- The time-evolution of the flux of this tangent
comp of M is deg d in Fig. 4.

It is also worth noting that the switching time can be min-
inuzed with respect to the d Nng pa . The
switching time for B, = 9.42 x 107* T is approximately 1/4th
of the value observed in the ATA, and is obtaned for &y = 1.

These results can be understood qualitatively in the fol-
iowing way: The magneuc energy density of the sanple at
¢ =015 gaven by:

W, = -‘(‘]—'.u’ + ueMD, (10}



where the first term rep the magnetic self. gd;hc

ple, and the d term thei tion energy
between the sample and the lpphcd ficld. After the flux rever-
sal the magnetic energy density is

W= -—G. LA~y MB. (11)

So the magnetization reversal can be thought of as resulting
from the tendency of the sample to seek out a state which
lowers its interaction energy with the applied field. However,
the magnetic self- gy of the le (ficat term) is typically
two orders of magnitude larger than its interaction energy with
the applied field (second term). It follows that since the pl

< My > /M,

pryre

-

starts out in a state of minimum magnetic sclf—cnetgy it must,
to first order, remain in states of 1f.
thmu;hout the process of reversal. It can be shown that states
of minimum magnetic self-energy are uniquely those states for
which ¥ - AT = 0 everywhere, and an examination of Fig. 4
reveals that the intermediate magnetization states are, indeed,
states in which the divergence of A7 is very nearly zero (in
fact. if we ignore the small radial componeat of A7, V. M is
rigourously zero).

Conclusions
The Landau-Lifshitz-Gilbert equation can be used in con-
:unction with Maxwell's equations to model the magnetization
reversal process in those situations in which the agnetic

~u ~— v —
20 e . .“ (] "a 1z R ]

Time (sec.) x10*
Fig. 2. M (t) lveraged over all radii for ¢, = 12, M, =
WO KA/m, B, = 042x 10" T. kg = 4. v =
—.27S rad-sec™! -T~?, and a = 10 cm, which values

interactions in the material are negligible. We have scen that
the resulting behavior, called uniform rotation, is characterized
by intermediate magnetization states for which V- M ~ 0, and
mavbedambedulp ion of the izati
about the small demagretizing field that is induced during the
switch.

The theoey underlrmg the uniform rotation model which
we have pr d is inc lete in two resp
results from the purely ad hoc nature of the model’s charac-
terization of the dissipation process. The second results from
she inability of thbe model to predict its own threshold, that
is, to specify the set of circumstances in which it will be valid.
Although 2 general theoretical treatment of these issues has
proven a formidable task, it should be possible to resolve them
experimentaliy for any given material, should the need arise.

The work pmenledberexspuno(abmndertuemptbv
the authors to simul ion reversal process in
induction linacs. This worl mdudc (1) the incorporution of
the uniform rotation model, and a separate model for domain
wall motion, into & gencral aumerical algorithm for field sim,
ulation in linacs: (2) an atiempt to gain a theoretical under-
standiag of the thresholds and dissipation mechanisms of these
regimes: and (3) an cfort to verify expen lly the exi
of boti: trpes of behiavior.
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AM,, while small compased with \,, produces a ra-
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to the applied field.
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