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DESIGN OF BIASING MAGNETS FOR E-F AND
I-J BAND CROSS-FIELD AMPLIFIER TUBES

INTRODUCTION

A compact, l ightweight permanent magnet circuit for an E-F band cross-
field amplifier is needed for certain airborne devices. The space limitations
are as shown in Fig. 1 and the field required in the gap is from 2000 to 2500
oersteds. The severe space and weight l imitations , as well as the fairly high
field needed in the relatively large gap, lead one to believe that rare earth-
cobalt magnet materials might be the only ones that can satisfy these con-
straints. Their high energy products, high coercivities , reversible demag-
netization characteristics and the possibility of designing them to have
thermal stability make their use desirable.’ The present design calculation
is done to determine the energy product that would be required of a rare earth-
cobalt material to satisfy the above gap and field requirements.

PERMEANCE CALCULATIONS

The design calculations are straightforward and follow the method of
“estimation of permeances” which is described in detail elsewhere.2-7 This
method makes use of the analogy between electric and magnetic circuits where
the magnetic Ohm ’s law reads

- 

4 = P F  (1)

1. F. Rothwarf, H.A. Leupold , and L.J. Jasper , Jr., “Millimeter—Wave Micro-
wave Device Applications of Rare Earth-Cobalt Magnets,” Proceedings of the -

Third International Workshop on Rare Earth-Cobalt Magnets and Their Applica-
tions , Paper No. V-i, University of California , San Diego, 1978.

2. Herbert C. Roters, Electromagnetic Devices, (John Wiley & Sons, Inc., 1941).

3. H.A. Leupold , F. Rothwarf, C.J. Campagnoulo , H. Lee, and J.E. Fine, “Mag-
netic Circuit Design Studies for an Inductive Sensor,” ECOM Technical Report-
4158, October 1973.

4. H.A. Leupold, F. Rothwarf , D. Edmiston , C.J. Campagnoulo , H. Lee, and
J.E. Fine, “A Flux Circuit Analysis for the Magnetic Transducer of a Fluidic
Reed Generator ,” ECOM Technical Report-4284 , January 1975.

5. H.A. Leupold , F. Rothwarf , and D. Edmiston , “Design of a Tunable Magnetic
Circuit for K and Ka Band Microwave Fi lters,” ECOM Technical Report-4369,
November 1975.

6. H.A. Leupold and F. Rothwarf, “Design of a Tunable Magnetic Circuit for
K and Ka Band Microwave Filters,” Proceedings of the Second International
Workshop on Rare Earth-Cobalt Magnets and Their Applications , Dayton, Ohio,
1976.

7. H.A. Leupold , F. Rothwarf, C.J. Campagnoulo , J.E. Fine , and H. Lee, “Design
of Magnetic Sensors for Obtaining an Environmental Safety Signature ,” Army
Science Conference Proceedings , West Point , N.Y. Vol . III , p. 217, 1974.

1
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Fig. 1. Maximum allowable dimensions for the E-F band cross-fiel d
ampl ifier. The width and height restrictions are removed for the
I-J band device but the overall length is limited to three inches.

4

V I

2

~~~~ 
_ _ _ _ _  ~i~~~ Ii1_



— - — - - 5---- - —.
~~~ 

- - 5

and the flux •, the permeance P and the magnetomotive force F are the magnetic
analogues of the respective electrical quanti ties, current I, conductance G
and electromotive force V.

The magnetomotive force (MMF) of a magnet is given by
L B

F =  M r  (2)

where LM is the length of the magnet, Br its remanence, and the reversible

t permeability which, in the case of a good SmCo5 magnet,is simply the slope of
its linear demagnetization curve , typically between 1.00 and 1.05. As in an
electrical circuit, the permeance of a magnetic circuit is composed of a

• load permeance and a source permeance. The latter is just the internal
permeance of the magnet given by

~~ MUR

M

where AM is the area of the magnet ’s cross section.

The external permeance paths are approximated by dividing the space
around the magnet into regions bounded by cyl indrical and spherical surfaces
connecting points of different magnetic potential. The procedure is illus-
trated in Fig. 2 for two alternative circuit designs (configurations A and B).

• The first design Fig. 2A is the same as shown in Fig. 1 where the two SmCo5
magnets constitute the poles of the 0.75-inch gap with flux being carried by
an iron or permalloy yoke. The second design is shown in Fig. 2B where a
single SmCo5 magnet is fitted with two soft iron poles that define a gap
with the same dimensions as in Fig. 1. Points of demarcation between flux
paths are found by a method i llus trated with reference to Fig . 2A. In thi s
configuration one must find the location of point A which is the demarcation
between flux paths 

~M5 
and This is done by comparing the length of arc

AB with that of straight line segment AC. A is then located so that AB=AC .
If B and C were at different magneti c potentials VB and V

~
,then the condition

for locating A would become

*
HAB = HAC (4)

where and 1TAC are the average fields along the flux l ines AB and AC
respectively. 3

—— • — ~~V V _V - —— — ~~~~ - - — V
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FIG. 2. CONVENTIONALIZED FLUX PATHS USED TO APPROXIMATE THE ACTUAL
MAGNETIC FIELD CONFIGURATION FOR THE PURPOSE OF CALCULATING THE
RE’.f.i~ VE PFVRMEANCES FOR THE ALTERNATIVE MAGNETIC CIRCU!I~ A ~~~~~
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The permeances of most of the paths illustrated in Fig. 2 are standard
forms for which there are published formulae. The nonstandard permeances
can be estimated either through mod i fication of t~~

V
V formulae for similar

• 
- 

standard paths or from first principles . The followi ng pertinent formulae

are given with reference to Fig. 2.

A. Permeances of gaps with opposing parallel planar faces: Of Fig.
2A, 

~MG of Fig. 2B, and of both configurations are such permeances and
are given by the expression

where L
9 

is the gap length and A
9 

its cross-sectional area.

B. Permeances between parallel , linear edges of opposing surfaces such
as 

~~E’ ~GE’ 
and 

~KE 
are given by

P= O .2 6L 
-

where L is the length of the gap edge. 
~GE 

is only partially effective be-

V 
cause of partial preemption by path 

~ME~ 
By use of Eq. (4) we find that the

angle 0 is 16.00 rather than 0° as would be the case if 
~~ 

were fully opera-
tive (see Appendix A). We approximate by a plausibl e modification of the
standard form appropriate when 8=0.

g~O 16° 0.26 1 = (0.82) 0.26 L

The rational e for thi s procedure is that the average cross section of
path 

~GE 
is roughly proportional to the angle of departure of the path

boundary. Ordinarily this angle would be 90° with respect to the lower edges
of the magnets. But, because of partial preemption by path 

~ME’ 
it is only

(~O° 
- 160) in this case. Since the average flux line length does not vary V

much with angle , the permeance would be directly proportional to the cross-
section area and hence to the angle of departure.

C. Permeances of annular , cylindrical sections extending between coplanar
surfaces across a gap. There are no such flux paths in configuration A,but
they are represented in configuration B by 

~GL’ ~GL’ ~ML’ ~ML 
The formula is

P = ~~~ln (1 +~~ .) 

~~s_ _~~~~~~~ _ _ 
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where L Is the length of the annular section, t its thickness, and g its
‘Inner diameter.

D. Permeances of spherical quadrants (“orange slices”) connecting op-
posing corners of opposing parallel surfaces and given by P=O.077L. P1 of
A and 

~
‘GC of B are such permeances. ~GC 

of A is only partially effective due
to interference from paths P and P . In B, P2 is inoperative, being pre-
empted by 

~ME~ 
In section B it was shown that to find 

~GE 
one had to mult iply

the standard formula by a factor 0.82 to account for partial preemption. In
the case of however, the preemption affects two dimensions so the appro-
priate factor must be (O.82)(0.82) = 0.68 and

2(O.68)(O.077) L

where the factor of 2 is included to account for the two such paths present.

E. Permeances of paths that are quadrants of spherical shells (“melon
slices”) connecting colinear edges separated by a gap. 

~GB 
and 

~MB 
of con-

• figuratii~n B are such paths an4 the formula is -

_ V4_ 
V

where t is the thickness of the shell.

F. Permeances of cylindrical quadrants connecting edges with plane
surfaces parallel to these edges. - 

~ME 
is such a path which is only

160/900 = 0.178 effective due to preemption by other paths. • Multiplying
this factor by the standard form

P 0.52 1 yields

P = (O.178)(O.52)L

G. , Permeance of This is a nonstandard path enclosed by flux lines
extending from the corner of origin of 

~ME 
of Fig. 2A to the edge of the 

- V

keeper trough. An average of the formulae 0.07701 and 0.O385 L seems reasonable
for the calculation of The expression must be further modifi ed by the

factor (i~.0)2 because the angle of departure from the corner is 16~ rather
than 9O~ with the square occurring because two dimensions are affected. We
finally have

~MF 
= (0.O62)(O.O5~,) 1 = 0.0036 L

6
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H. Semi- or quarter-cylindrical fl ux paths backstreaming from sides of
magnets . 

~~~~~~~~~ ~~s and 
~ s are such paths. The permeances are

P = O . 3 1 8 y

where y is the width of the magnet face.

I. “Orange sl ice” backstreamfng paths from longitudina l edges of mag-

V 
nets 

~MC’ ‘~~ 
and are such paths and the permeances are gi ven by

where 1M is the length of the magnet. 
~~ 

is only of this standard form in
the plane perpendicular to the figure . As one rotates the plane of the flux
lines to the plane of the paper and coincidence with the boundary of
the flux lines go from semicircular to quarter-circular form. So an average
value between these two types of paths seems reasonable and we have

= 
8 

2 
‘I = 0.188 L

where I is the radius of the arc bounding

• J. The “condenser ” permeance 
~MK is essentially of the same fo rm as

permeances 
~G 

except that since one side of the gap is the wall of a magnet ,
account must be taken of the fact that the path is not driven by the entire
MMF of the magnet. This is done by multiplying by a factor (see Appendix B)

21 — I
4 L M

where LM is the length of the magnet and Ls the width of the path ~MK
L L

~MK
where Lw is the length of the path perpendicular to the plane of Fig. 2A

- and I is the gap length of the path.

The values of these permeances for configurations A and B are listed V

i n Table 1.

Where there are several parallel paths of the same type, the permeance

listed for that type is the sum of the equal contributions of the individua l

-; paths.
V.- 7

~
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TABLE 1
Magnetic Circuit Permeances for Configurations A , B and C

4.00 4.00 4.50

~MK 
0.414 -- 0.891

~MG 
-- 0.718 --

~GE 
1.04 1.04 0.780

~GE 
0.390 0.390 0.390

0.855 -- 0.780

P1GL -— 1.25 0.339

p2
GL -- 0.468 0.170

P1ML -- 0.314 --

~ML 
-- 0.0785 -- 

V

~GC 0.115 0.115 0.0770

0.079 -- 0.0770

~GB 
-- 0.313 0.0540

~MB 
-- 0.110 --

~ME 
0.370 -- --

~MF 
0.004 -- --

1.27 1.27 0.716

0.477 0.299 0.358 V

2.19 —— 1.217

~MC 
-- 0.195 --

V. 

~MC 
0.094 -- 0.094

~MC 
0.120 -- 0.260

~KE 
0.027 -- 0.0772

8.96 10.7 9.32

4.20 1.~ 7 2.36
8
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- I  CALCULATION OF THE GAP FIELDS

Config uration A

From Fig. 2 and Table 1 we can obtain the total load permeance P~ by the
usual rules of combination of parallel and series permeances .

From Table 1 we see that the total load reluctance obtained in this
manner for configuration A is

• _ 1 _ 1 _ . —1
Pt

The internal reluctance of the magnets is just the sum of those of the in-
dividual magnets since they are in series. Thus , R~ = 2/PA = 2LM/AMUR

and R~ = 2 (1 05)(3) =0.238 inch~
and the total circuit reluctance is

Rt 
= R~ + R~ = 0.238 + 0.112 = O.35O~ inch~

The MMF of the combined magnets is also the sum of the MMF ’s of the m di-
vidual magnets

F = 2 
Lrn:r 

= 2 ~0.37~)~~.54) Br 
= 1.81 Br~ 

kilog ilberts

where the factor 2.54 converts inches to centimeters. The total flux is then
given by the magnetic Ohm ’s law, (again the conversion from inches to cm is
used

= 
F 

= 
(2.54)(L 81) Br 

= 13.1 8r’ ki lomaxwells

Since all of the circuit permeänces except for the source permeance are ‘In
parallel , the fraction of q~ passing through the gap is given by

•

and = 0.446 = (O.446)(13.1) Br = 5.84 Br~ 
ki lom axwel ls

The 4 Inch x 3/4 inch cross-section area of the gap space is

AG = (4) (0 .75)(2 .54)(2 .54)  = 19.35 cm2

9

V - 
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and the flux density In the gap is

• 5.84 8
BG = 

...~~~ r 
= 

~~. 302 8r ’ kilogauss (kG)

If Br is 9.00 kG, as in the best of coninercially availabl e SmCo5 magnets , the
useful fl ux density would be

BG = (O.302)(9 .Oo) = 2.72 kG

which exceeds the desired range of 2.0 to 2.5 kG (see Table 2). Typical

coi~nercial SmCo5 magnets have Br’5 of around 7.00 kG with some f a l l i n g  as low

as 5.5 kG; well below the minimum of 6.7 kG required for a gap field of 2.0

kG. For this reason the use of SmCo5 as the active magnet material in the *

present design must be considered marginal.

Configuration B

Because of the rather large ratio of gap length to magnet length in con-
f igura t ion  A, it was feared that perhaps there would be excessive backstream-
in g from the magnet walls as well as inordinate magnet to yoke leakage via

permeance paths 
~EK’ ~MF ~MK’ ~MS an d For this  reason , gap field cal-

culations were made for configuration B to check for the possibility of im-
provement over A.

Here the total external reluctance is 0.0934 inch ’ and the source
reluctance

L
RN - AMUR 

— 

(O.47)(4)(1.05) 
— inc

The total circuit reluctance is then

RN + R~ =0.0934+ 0.790 = 0.883 inch
4 

= 0.348 cm4

the MMF

F (1.56?~~.54 ) Br = 3.77 B,., kilogilberts

the flux
3.77 B

= ~~~~~~ = 10.8 Br~ 
kilomaxwells

‘I the gap f lux

= 4
~t 

= 
(4.OO~(i0.8) Br

: 4.04 Br~ 
kilomaxwells

V _ _
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and the gap flux density 
V

• 4.04 B
6 A~ 19.4

B6 = 0.208 Br kG

Again assuming Br = 9.0 kG

B6 = 1.87 kG

which is not as efficient as confi guration A and falls short of the required
2.0 kG.

Configuration C

For the I-J band amplifier the field requirements are 5 kG In a 0.5-inch
gap to be obtained from a package of the same external dimensions as config-
uration A except that the overall length is to be reduced to 3 inches. V

The permeances are of the same form as In configuration A except that
now the arc forming the boundary of P1 woul d no longer be twice that bound-
ing so that the condition F(PGE ) = F (PMS ) no longer holds. This means
that the demarcation between the gap spanning permeances and those encom-
passing the backstreaming flux lines would no longer be the peripheral edge
of the magnet face . The new demarcation must be at B on the magnet wall as
shown in Fig. 3 which also illustrates the new permeances 

~GL’ P~1 and 
~GB 

V

arising In configuration C.

The location is found through the competition condition

71r~~ur
Because arc AB is driven by both magnets and arc BC is driven by only one
magnet FAB 

= 2FBC, thus

____ — 

FBC
AB 

-

2BC = A B

‘iT (LM-x) = 71 (.

~
. +

where x is as shown in Fig. 3.
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_________ - - — 

•

~GL 
\P

~S

Fig. 3. Configuration C. This arrangement
differs from configuration A chiefly in its
shorter gap which gives rise to the additional
permeance paths ~~~ ~GL’ ~GB• The location
of points A and B and length x are derived

• in the text .

V I
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and similar adjustments must be made for permeances at the corners where a
“melon slice” permeance 

~GB appears as wel l as for the dimensions of permeance
paths 

~KE’ ~MK’ etc . V

By the same methods used for calculating the gap flux densities of con-
figurations A and B we find for C

B6 = 3.5 kG V 
V

if

Br 9.0 kG

Even if the structure were widened slightly to accommodate one-inch
magnets, the gap flux density would still be only 3.8 kG, or 1.2 dG less than
the required 5.00 kG. Thus , even the best materials presently available with
Br ~ 10.7 kG, would still fall short of meeting the specified field require- -

- V

ments . If the magnets were enlarged further by doubling their height from
0.75” to 1.5” , the gap field produced wi th material of 8r 10.7 kG would be
5.7 kG and specifications would be met. However , use of the best commerc ial
material of 8r = 9.00 kG would still fall slightly short of requirements wi th
a g ap field of 4.8 kG.

CONCLUSIONS -

We have seen that presently available SmCo5 permanent magnets can ful—
fil’ the flux density requirements of the proposed E-F band amplifier wi thout
exceeding space limitations if care is taken to use only material with
Br > 7.00 kG. For I-J band applications , the structure would have to be more
than doubled in cross-sectional area and even then the best of commercial
SmCo5 would have to be used to barely meet the specified flux-density of
5000 gauss.

Improved quality control and upgrading of the commercial SmCo5 magnets
to achieve laborator,~ results could concei vably be a marginally satisfactory

solution. A better approach would be to employ magnetic materials with higher
moments such as the Sm2 (Co,TM) 17 compounds, should It  prove practicable to
mass-produce such permanent magnets of sufficient Intrinsic coercivity, with
l i nea r , reversible demagnetization curves and remanences greater than 11 kG.

14
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The Japanese recently synthesized promising material which showed a remanence
of 11.2 kG and linear reversibility to a field “a 5 k0e.8 Tabl e 2 shows that

a magnet composed of such material meets the sp~..cif1catlons for the I-J band
amplifier (configuration C improved). Again the performance would be only
marginal with little leeway to allow for even slightly substandard Br ’S

~ 
It

would also be desirable for the Intrinsic coercivity to be sufficiently high
to insure linearity of the demagnetization curve to negative fields of at
least 11.2 k0e. This would insure virtual immunity to demagnetization by
exposure to stray fields or through use in devices requiring very unfavorable
magnet aspect ratios. To make the I-J band circuit truly viable one should
employ a magnet of Br of at least 12 kG, a UR as close to 1.0 as possible,
and an j H

~ 
of at least 15 kOe . These calculations point to the growing need

for more R&D in the United States to develop such high energy product, high
coercivity magnet materials. A more comprehensive review of the millimeter-
wave and microwave requirements for such materials is to be found in a re-
cently completed paper by Rothwarf, Leupold and Jasper.9

8. 1. Ojima , S. Tomizawa, 1. Yoneyama and T. Hori , “New Type Rare Ear th
Cobalt Ma nets with an Energy Product of 30 MGOe,” Japan J. Appi . Phys . J~671 (1977~.

9. See reference 1, page 1.
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APPENDIX A

THE DETERMINATION OF ANGLE B FOR FLUX PATH

Equ4tlon (4) shows that the condition determining the angle 0 in Fig. 2A
V 

Is that the length of arc CD be eq~~.l to t~1ce arc CE. The f~ctor of two
arises because arc is driven by the full MIlE of the magnetic circuit (2
magnets) while arc ‘E~ is driven by a single magnet only. We must now express
the lengths of both arcs in terms of 0 and insert them in the expression 

V

(1A)

We proceed with reference to Fig. A-i which is constructed so that arcs
CD and ‘E~

’are tangent with CE normal to the top base of the permalloy yoke.
In this way we satisfy our original conditions o-f circular flux lines at
the boundaries of penneance paths , normal intersections of flux lines wi th
surfaces and uninterrupted emanation of flux lines from the surfaces , corners ,
and edges of the magnets . -

- 
- 

_ _ _  _ _ _ _ _ _ _ _  _ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I _ _ _ _ _ _ _

- I I 
~II ~

- p
F

Fig. A-i. Determination of angle 0. - 
—
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F’
From elementary geometry It is clear that

0’ = .~R. .~~~~~~~. = .~f. (2A)
S i f l O ’  &g tg &g

0 _ CF (3A)sinO g

Div iding (2A) by(3A) yields

0’ sinO 
= (4A)O sin o ’ £

But 0’ = ~~
. — 0 and ‘

~~~
— = 1.333, so (4A) becomes

~~ :~ 
:mno 

= (
~ 

- i)  tan 0 = 1.333

~~~~~

- -  1 = i.333 ctn e

1.333 ctn e +1 (5A)

20 1
it 1.333 ctn0+ 1

0 2.67 ctn e + 2  (6A )

This is a transcendental equation which is solved graphically with the result
that e= 1 6°.
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V APPENDIX B

DETERM I NATION OF THE FACTOR F IN THE CALCULATION OF

Is a standard gap permenace and would ordinarily be given by A/L
where A and L are the gap-face area and gap length respectively. However,

because emanates from the sides of the magnet, the driving MMF varies

directly as the distance from the yoke end of the magnet such that MMF at the
F

yoke is zero and achieves the full value of -r at the other end. The factor
of 1/2 appears because there are two magnets on the circuit and Ft is their

V total combined MMF. So the value of F at any point x from the yoke end of
the magnet is given by

F — x Ft
t~ T ( 1B)

where LII is the length of the magnet. The average value of x is at the middle

of the path 
~MK and can thus be wr itten~~ = LM - -i-

) 
where L5 is the path

V 

widt h an d so
V L

L - - ~~F -_ M ~ t
M

21 — L F- M S t _- 21
M 

T IlK

with 2L I
M ‘s

~MK - ________

Vj
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