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Abstract

A relativistic electron-beom laser designed at the Naval Research Laboratory produces cir-
cularly pelarized 23 GHz radiation by means of @ transverse magnetic field of which the eri-
entation rotates continucusly in the 4 direction with displacement along the z axis. A
field strength of sbhout 500 Oe is presently provided by a bifilar solenoid carcylng a current
of 200 amperes. It is desirable to eliminate the necessity of such high eurrents and the at-
tendant bulky power supplies by means of a permanent-magnet field source. This can be sccom-
plished by & tubular magnetic Btructure of rectangular cross section, which is twisted pro=
gressively sbout dts 2 axis with the deslred pitch of field rotation (2 » radiana in 2.5 to
b6 em). By means of a sheathing of rare earth Eermanent magnets orlented normally to the mag-
nets supplying the working flux, the magnetic field can be confined to the twisted rectangu-
lar tube t rﬂuﬁh which passes the cylindrical tube carrying the electron beam, Algo . dis-
cussed ia the design of an outer permanent-magnet structura for the supply of a solencidal
focusing field of 3 kOe,

Introduction

Recently, there has been considerable interest in the application of relativiscie electron
beams to high-pnwar, broad-band radistion sources for micro- end millimeter-wave radars. It
is often desirable in such devices to replace solenoidal magnetic field sources and their
cumbergome attendant power supplies with more compact and tractable pcrmanentamafnet config-
urations. For example, Figure 1 shows a 23 GHz helical undulator (twister) deve oped by the
Maval Research Laboratory.'® It employs a bifilar ecoll carrying & current of 200 amperes to
produce a hellecally varylng tranaverse fleld of 500 cerateda, A cylindrical solenoid carry-
ing 60 amperes provides a 3,000 oersted field to focus the electron beam., It is the purpose
of the present work te replace both electrical colls with permanent-magnet structures.

Figure 1. Bifilar helical coll flared at ends to prevent abrupt rise in field
there.

Design of a cladded structure

A simple magnetic pole distributien that would produce the desired transverse Field wauld
be that of two parallel infinite pole sherts of opposite slgn, twisted asbout the cylindrical
beam space with the approprlate helical pitch. (See Flgure 2.) The on-axis transverse field
of such a distribution is easy to caleulate and is given by

-ka
H,=H, e (1)

where Hg, ia the fleld for an untwisted structure, k 1a 2s times the number of roration-
al periods per centimeter, and a 1is the radivs of the cylindrical tube about which the
planes are twilated.

To produce the same flux distribution in the vicinlty of the sxis with a mechanically
realizable structure, we consider the arrangements shown In Flgurea 2c and 2d. BRare earth
permanent magnets my  supply the flux needed to produce a transverese fleld iy in the in-
finitely long working space W. The iron pole pieces p  ensure that flux is distributed
uniformly across the x-z plane of W. To confine all of the {lux to Che working space,



Figure 2. Production of a twister field. A. Parallel infinite planes. B. Twisted infinite planes.
C. Straight cladded structure. D, Twisted cladded structure. Small arrows show direction of magnecization.
Large arrows show direction of magnetic field H_.
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peripheral bucking magnets mp are oriented with thelr magnetizations normal to magnets mg
and pole pleces in such a way that all points on the outer surfaces of the reau?ting
structure are at the same magnetie tencfal. 1If =« 0 1is chosen as cthe plane of zero po-
tential, then the magnetic potential F Increases {incarly in the ¥ direction as

Faa(Y) = Wy = Ho ¥ {2)
because by applying Maxwell's equation te the inner boundarles of magnets mg we see chat
H, = H,- ) - (%3]

Since the bucking magnets are to carry no flux, their internal ficlds must be equal to thelr
coercivicies. This means that the peotential Fh becween the poles of the bucking magnecs is

Fp(y) = =R gy () (4)

where tn is the distance between polea. If we are to have zero potential everywhere on
the structure's outer surface, F, must exactly cancel Fp, which means that, according to

(2) and (4),
Eyy) = WyiH,, (5)

g0 the bucking mognets cladding my have triangular cross sections as showm. Elsewhere,
the bucking magnete have the maximua thickness glven by (5), namely,

£y (L) = HWL/H, (6)

where L 1ip half the y dimension of W. The only remaining dimension to be determined is
the comhined thickness Ex iIn the x divection of the aupgly magnets ®mg. For the system

to be self-conelstent, the flux/unit length o pupplied by m, must equal the flux in W
boe = by = M, Wy (1
where W, 1s the x dimension of the working space W, but
fog " Bas Cx (8)

where B fs the flux density in @, and we have

me
b=l W fB (9
For a magnetlc material with a square hysteresls loop, B, 1s given by

B'“ - Il_‘ + Bl_ (10)
where 1s the remanence of the magnet material ond Hpy = Wy, by equatleon (3). Substi-
cuting (3) and (10) in (%) yields ’

- '“I W
£, = N M % (1

x "W, FE, " TTEJH,

ond all of the dimensions of the structure are determined in terms of specificd dimensians,
fields, and material propertiea. Figure 3 shows a sectional flux plet of an untwisted
structure, designed to give a uniform field of 1.5 koe.

To design a structure of the type ghown in Figure Zc, which produces the same fleld over
a veglon W as the Infinite parallel poly sheets of denaity e in Figure 2a, the value

W, =4rg : (1)
La substituted Ln equatlons (5), {(6), and (9.

Flpure 4 shows how the transverse fleld declines with Inecreasing ratlo of period-te-tube
radius, To restore to the twisted structure the transverse fleld that it had when it was un-
twisted, the original pole density o must be inereased by & facter of efd. An equivalenc
field restoratinn of the finite structure of Figure 2d can be made by increasing the supply
magnet Chickness Ey by the same factor. Because the transverse field Hy will be the smre
an in the untwisted acructure, the thickness tp of the cladding magnets remaine the same.
It is clear from Figure & that, Lf high twist rates are desired for high-frequency applica-
tlens, the working space rodlius will hove to be leapened LD the necessary magnetic fleld
strength L5 to be achleved with avallable macerfials. The twist also glves rlse to an axlally
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Fracction of Field of Untwisted Structure

1.0

0.9

=
=]

=
el

=]
(=]

=
B
Lo

(=]
&

(=]
Ak

=]
P

=
—

/_/_../' /H"--.____

= -

Figure 3, Quarter sectlon flux plot of
Figure Ze. .
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Flgure 4. H dependence of transverse fleld of twisced cladded structure.
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oriented field component that is zero on the center axis &nd incresees with radial distance

from the axla. The axisl components occcur in two dlstinet intermeshing helicel reglons in

which the fields have oppomite signa, se in Figure 5., Such axial fields aleo arise when a
*hifilar coll i3 ueed as a field edurce, &nd, while they do net prevent operation of the de-

vice, thelr Full ramifications are not yet completely understood.

Figure 5, Axial magnetic field structure at
periphery of electron-heam tubae,

A dipolar etructure

An alternmate structure for producing a helical traneverse fileld {s pletured in Figure 6.

I1ts hellically atacked segments are of the cctagonal dipolar configuration suggested by
%or a varlety of applications. The cn-axls transverse Eield produced by this

K. Halbach?®
gtructure con eaally be calculated by finding the equivalent surface pole distributions
vwia the formula

a

g b (13}

Figure 6. Twiaster structure with an octagonal
dipolar cress section.
i



I 3 R W

where B 4 the magnetization and fi the unlt vector normal to the surface at the point
in question. The expresslons for o obtained from (13) can then be ineerted into Couloob's
law and Integraced over all surfaces to calculate the magnetic fleld, Thie procedure is
possible because there are only magnetically rigid permanent-magnet materials present with-
out the complications arising from psesive magnetic materials such as iron, The fields in
the cladded structure can also be found in this menner 1if one integrates over its equivalent
distribution, showm in Figura 2b. i

Comparison of the two sCructures

A revealing compariscn of the dipeolar structure with that of the cladded rectangular ar-
rangement can be made by plotting the mass per unit length of each structure when both have
the same twist pericd and tube radius against the desired transverse magnetic field, If
thia is performed for a number of plteh-to-tube radius ratios N, a family of curves, such
as in Figure 7, 18 generated, It 1s apparent from these curves that, generally, the Halbach=
type structure is mere economical of magnetic material for lower fields and for higher wal- :
ues of N. TIf the fields at which the curves for the two structures cross are plotted
againat the mass per unit length, & "phase diagram" such as that of Flgure & results. The
curve divides the graph into two regions. The less bulky structure for any combinatlonm of
desired field and piltch ratic is then determincd by the reglon of the graph inte which the
point corresponding to that combination falls.

400

T T T TT
—

350
Cladded structure — — — - !

[Dipolar structure
app [N = period/tube radius

250

200

=130

Mass/Length (gfom)

100

50

Transverse Field (kOe)

Flgure 7. Comparison of masses of dipolar and cladded atructures.
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Figure B. Diagram of reglons of SupEtL?Fit! of cladded and dipolar structures.

Realizable approximations to the ideal structures

Ho suitable known magnetic materials have the capability of withstanding the twileting
necessary for the desired perlod-to-radius ratle N which, in the devices of interese, is
of the order of two or three. The structures of Flpures 2d and & can be approximated by a
discontinuous ntuch[nf of discrete rectangular and octagonal sectlons, as shown in Flgures
%a and 9b, respectively., Of course, the approximation can he made as good as desived by in-
craasing Che number of alices per perled. However, s lorge number of thin sectiona in pro-
hibitively expensive and impracticable. Fortunately, mechanlcally and n:onamiealli viable
devices that glve a very good approximacion te the ideal continuous structure can be cbtained
with rela[iuefy coarse sectlons. For example, the configuration of Filgure 9b has sixteen
secticns per period, corresponding te the rather large votation of 22.5 degrees between
suecessive sections, vet, as can be seen (rom Figure 10, produces a trapsverse field that
differs from the ideal by less than one pereent.

Recause all of {ts constituent magnetbs are geometrically idencical, the dipolar structure
tends to be cheaper and easler te manufacture than the eladded eenfiguratiens. Hewever,
since the trend is likely to b tewards shorter twist Eerluds and higher magnetic flelds, uee
of the more expensive cladded structure will probably be necessary for many applicationa.
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Realizable atructures that approximate those of (&) Figure 2d and'{bj Figure 6.

Figure 9,
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Dealipgn of the focusing structure

The principles® Invoked In the design of the focusing magnet are simllar to those uscd
for che untwlsted cladded structure. An axial magnetic flux is supplied in a cylindrical
space by on annular shell magnet M, and distributed via pole pieces F as ahown in
Figure 11. Again, radially oriented claddin me  is waed te bring the potentlial &t every
point on the outer surface to Chat at eircumberence ©. Other bucking magnets mp are
placed at the ends and corners to prevent flux leakape from thoac points. The sasme sec af
self-conalstent relationships ore used to determine dimensiona. The thickness of the magnet
M 1is fixed by the conditlon that it provide as much £lux as is needod to produce the de-
glired field In the central eylindrica HnrkinE space, * To get the flux denakty Bp with
magnet M we use equation (10}, which descrlbes the demagnetlzatleon curve for an ideal rare
eatth permanent magnet, The field Hy in this equation is just the fleld Wy desired in
the working space. The maximum thickness of the cladding magnets is then given by expression
(6}, In which L 4is the half-length of W, and the structure is complecely deotermined. The
diameter of the working space s chosen sov that it will accomodate the electron-beam tube and
the twister atructure, Holes H drilled through the pole pleces and bucking magnets at the
ends, to accomodate the beam tube, should be Kept as small as posalble in the interest of
fogusing-£fleld uniformity.

Figure 11. Permanent-magnet structure for fecusing fleld. Small arrows show
magnetization directliona. Large arvow shows magnetie fleld direction.

Concluslione

With modern squere-looped, high-energy product materials, Lt is possible to replace the
electrlcal coils presently used in twisters, thus eliminuttnf the necessity for heavy power
suppliecs and the energy dissipation of hundreds-of amperes of eurvent. For example, the
200 ampere, 500 oersted coll presently used im an NRL prototype can be replaced by a cladded
structlre welghing less than five pounds. (See graphs of Flgure 7 and apply them te a 100 cm
long structure.) Two alternatives have been discussed, and their relative sultability for a
particular application can be determined from Flgure B, Feocusing solencids can also be re-
placed by permanent-mognet structures,
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