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1. INTRODUCTION - -

In the past few years, considerable research-l(o-13) has
been conducted on binary and ternary alloy systems of the 3d trans-
ition .lements with metals of the rare-earth group (elements with
nucleer charge 21, 39 and 57 through 71). These studies have re-
vealed many new ferro- and ferrimagnetic substances. The most im-
pressive of these new alloys are those based on the hexagonal inter-
metallic cobalt rare-earth (RE) compounds Co5 RE. Strnat (1) has
reported on the interesting magnetic properties of such compounds as
Co5Y, Co5 Ce, Co5 Pr and Co5 Sm. The particular alloys Co Sm and
Co5Smo. 5 ro. 5 represent a major breakthrough in the development of
permanent magnet materials in that they possess extraordinarily
high maximum energy products and extremely large intrinsic coercive
fields. The advent of these remarkable materials calls for imagin-
ative new approaches to the design of both static and dynamic per-
manent magnet devices. In this paper, we present new designs which
utilize these materials in the development of a compact electron-
ically tunable high field dc magnet for use in microwave filters

• and power limiters as well as in the design of power generators for
use in artillery fuzing applications.

* Section II is a discussion of permanent magnet materials.
The concepts of maximum energy product and intrinsic coercivity are
considered. A comparison of the Co5RE alloys with commercially
popular permanent magnet materials is also presented.

In Section III, the specific design relationships for the
Co5RE magnet materials are given. Particular use is made of the
fact that these materials have, to a good approximation, a linear
demagnetization characteristic and also possess low recoil permea-
bilities.
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In Section IV, detailed analyses of the tunable permanent
magnet and the power generator are given. Results based on feasi-
bility models, built at our laboratories, are presented and dis-
cussed. A promising fuze power system resulting from using a power
generator in conjunction with the fluidic oscillator developed at
Harry Diamond Laboratories is presented.

In Section V, we summarize our results.

II. SUMMARY OF PERMANENT MAGNET MATERIALS

The alloys, Co5 Ce and Co Sm, possess unusual permanent
magnet qualities. In general, sucA qualities are manifested by the
demagnetization characteristic (the second quadrant of the B-H
hysteresis curve) of the material. The usefulness of a particular
material in permanent magnet applications is determined principally
by the remanent induction, Br~which measures the intrinsic magneti-
zation remaining in the material when the applied field is removed
and the coercive field, Hc, which determines the field necessary to
reduce the induction to zero. An important criterion in considering
the utilityofa prmanent magnet material in design applications isthe,
so-called maximum energy product, (B.H)max- If one takes the pro-
duct of B and H for all points along the demagnetization curve and
plots this product versus B, a maximum occurs at the point, say,
(B', H'). For materials whose demagnetization curve is not linear,
such as the curve foi Alnico in Fig. 1, B' and H' can readily be
found by solving for the point of intersection of a straight line,
passing through the point (Br, Hc) and the origin, with the demag-
netization curve. For materials with linear demagnetization curves
such as that of Co RE in Fig. 1, It is easily shown that B's- r/2 and
H' •- Hc/2 so that (B.H)max - Brc/4. The maximum energy product,

(BoH)max, is a measure of the magnetic field energy stored per unit
volume of material. The new Co5 Sm and Co5 Pro. 5 SmO. 5 magnets havebeen
produced with (B.H)max values as high as 23 and 26 mega-Gauss-Oersted
(MGOe), respectively. By comparison, the various commonly used Alni-
cos have a (B-H)max value of about 3-5 MGOe.

Traditionally, (BeH)max has been thought of as the main
criteria for excellence in permanent magnet materials, This follows
trom the fact that the amount of material necessary to produce a
given volume is inversely proportional to (S.H)max. However, its
usefulness, as a criteria is limited to static cases. In dynamic
applications one Is concerned with the coercivities Hc and Hci of a
material. Hc has already been defined as the field which reduces
the Induction B to zero in the second quadrant. Hcl is the field
at which the magnetization, M (commonly referred to as the intrinsic
induction Bi), defined by the relation ? - I+4'•(I(H) - H+Bi, goes to
zero. It is the difference (Hi.Hc) which determines the usefulness
of a materia >' dynamic applications, For materials such as the
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Alnicos, Hci is approximately equal to Hc, Furthermore, these
values are usually small, ranging from 0.5 to 1.5 kOe. Thus, such
materials are easily demagnetized by transient f;elds. In contrast,
the Co5 RE magnets Nci >> Hc. For Co•Sm, specially heat-treated
samples have been produced with H '18 kOe and Hc & 9 kOe. This
means that the B-H curve remains lnear into the third quadrant of
the hysteresis loop (Fig. 2) for a negative field up to 18 kOe and
will recoil nearly to the Br value of 9.7 kOe, with almost no loss
of flux, when H is again reduced to zero. Table I gives a compari-
son of certain important parameters for several commonly used mag- A
net materials.

Ill. MAGNETIC CIRCUIT DESIGN

in designing magnetic circuits for the most efficient use
of the new magnet m-terials, one tries to choose a load-line such
that it intersects the demagnetization curve at an optimal opera-

* ting point, namely at a point where the stored magnetic energy is a T
maximum. The load-line is a straight line through the origin of
the B-H plane and is given by

B/H = -k (1)
where k depends on the geometry of the magnetic circuit. For a
ring type circuit with a small gap-length, a, k imA /IgAm where
Im.Am are the length and cross-sectional are , resp ctively, of thv2
magnetic material and Ag is the cross-sectional area of the gap.

In our applications, the load-line equations are derived
by making use of the well-known magnetic circuit analog (14) of
Ohm's law

4(flux) = F(magnetomotive force)/R(reluctance) (2)

and the flux conservation theorem (14)

Sd 4- 0 (3)
where d 4 is given by d 4t=-B ds.

The first stage in the development of design calculations
requires the specification of the demagnetization curve for the

chosen magnet material. For the CojRE materials, the demagnetiza-
tion curves are essentially linear lsee Section II) and can be ap-
proximated by the straight-line equation

B - lm H + Br (4)

where ,m, the recoil permeability of the magnet material in the
demagnetization region, is given by the ratio, Br/Hc, The simul-
taneous set of solutions to Eqs. (1,4) are easily obtained as

kBr Br
am -(5)
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The Bm and Hm values are clearly a'function of k and represent the
operating point for the magnet.

The second stage in design calculations requires the de-
termination of the load-line (or k). Having specified a magnet mate-
rial of length Im and cross-sectional area Am, it is necessary to
calculate the operating point required to deliver a field B to an
air gap with reluctance Rg=lg/Aq(%e-11 1 9 being the length and A9
being the cross section areo ofthe gap. This calculation would be
rather routine if the magnet reluctance, Rq-l~I/1rAm, were negligibly
small (ltm very large). But, in point of fact, the permeabilities of
the Co5 RE materials are typically of the order of unity, thereby
making the reluctances of these magnets comparaLively large. Thus,
the Co5RE materials behave as 7agnetomotive sources with high inter-
nal reluctance. For these materials, one is concerned with a "ter-
minali magnetomotive force, T. For a magnet material with reluctance
Rm and an "open" circuit magnetomotive force F= -Hrnlm, the analogous
"terminal" magnetomotive force is given by

T Hmim C (6)Rm+ Rg

Using this notion, Eqs. (2,3) can be written as

T 4R' 4 (7)9 9
and

BmAm - BgAg -0 (8)
where T is given In Eq. (6). ay succo,.sively multiplying and
dividing Eqs. (7,8), while using the fact that B9 = Hg, we obtain

Bm M /-- = . -.J_ - (9)

"Hm Am Rm+R/

and f ~29
" BmHmVm -e V (10)\Rm+Rg

where Vm and V9 arethe respective volumes of the magnet and air-gap.
Eq. (9) represents the desired load-line equation whereas Eq. (10) is
a manifestation of conservation of magnetic energy. Since k is now
establ-ished for this particular problem (see Eq. 9), the operating
point for the magnet can be obtained frc.ai Eq. (5) as

(Rm •g

Bm"Br (Rg + TLRm) (I1)

and Hm " - Hc (12)
(Rg+2Rm)
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In order to transfer the maximum available maqnetic energy from
the magnet material to the gap, we utilize the analog criterion for
maximum energy transfer in electrical circuits, namely, that the re-
luctances of the magnet and gap be equal, thus yielding

ImlA - .m (13)

This condition restricts the operating point given in Eqs. (11,12) to

Bm Br/ 3  (14)

and Hm 2 2Hc/3 . (15)

Putting these expressions into the energy relation of Eq. (10), we
obtain

(B•.J:c)V9 2 V (16)

An explicit expression for Vm is then found to be

Vm -(982 Vg/BrHc,) E m~m (17)

From Eqs. (13,17), unique expressions for im and Am can be obtained as

Im 3Bg Ig/Hc (1•)
ar..i

Aim = 3 Bg Ag/Br 0 (19)

Eqs. (18,19) represent the design criteria relating the field in the
gap to the geometry of the circuit. However, in the foregoing dis-
cussion, it was tacitly assumed that flux leakage effects were negli-
gible. in practice, such effects are significant and are handled in
a variety of ways depending on the particular geometry of the magnet
circuit. Nevertheless, in the applications section that follows, the
above design criteria are utilized, to within a limited degree of
accuracy, with both gap and magnet parameters serving as independent
variables.

Lastly, it is interesting to note that the points, Bm and Hm,
found in Eqs. (14,15). do not correspond to 8' and H', the values
corresponding to (.H)m. This follows directly as a consequence

max*
ot assigning a non-zero reluctance to the magnet. If the magnet re-
luctance was negligibly small so that Rm-O when compared to Rg, then
the desired operating point would be found, by Eqs. (4,9), to be
Bm - Br/ 2 - B' and Hm H4c/ 2 - H', in coincidence with (B.H)max.

1
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IV. APPLICATIONS

A. Electronically Controlled Magnets for Tunable Microwave Filters

i. Introduction

An existing in-house ECOM program (15) is concerned with the
development of magnetically tunable bandpass filters covering th6
frequency ranges from 18 to 26.5 GHz (K-band), and from 26.5 to 40
GHZ (Ka-band). These filters are to be utilized as fast-tuning
front-end preselectors in microwave receivers desida f~r these fre-
quencies. They make use of the principle of ferromagnetic resonance
to achieve very sharp bandpass characteristics. A sharp resonance
occurs at the angular frequency w given by .- y H Where y is the
gyromagnetic ratio and H is the applied magnetic field. Preliminary
design models incorporate low-loss single-crystal yttrium iron gar-
net (YIG) spheres as the filter resonator material, chiefly because
of its low linewid:h and high Curie temperature. YIG has a yof
2.59GHz/kOe. Although it has a narrow linewidth and therefore a
low loss, YIG requires moderately high magnetic fields to resonate
in the K- e;id Ka- ba-ids. These range from 6 kOe at 18 GHz to 14
kOe at 40 GHz. Such high external magnetic field requirements have
led to the development of electromagnet structures of relatively
large size, weight, and power consumption. In addition, the YIG
spheres must be temperature stabilized, usually at 850 C. The large
electromagnet structure then acts as an adverse thermal mass which
must be maintained at some elevated temperature necessitating fur-
ther power consumption in addition to that normally required to
maintain a given field or to electronically sweep a band.

There have been attempts to develop alternate materials,
egg., hexagonal ferrites of the M, Y, W, and U types, for use as
filter rescnators which would require less applied magnetic field
for resonance than conventional YIG. However, to date, such at-
tempts have remained relatively unsuccessful due to the unacceptable
linewidths of these materials. The obvious alternative is to replace

the electromagnet structures with one utilizing Co RE materials. An
example of the previously used electromagnet structure is shown in
Fig. 3. Each coil of this structure consists of approximately 3000
turns of No. 19 AWG wire necessitating a total power consumption of
nearly 40 watts to produce the requisite 9 kOe field at 26 GHz. The
corresponding size reduction through use of the Co RE material is
evidenced in Fig. 4, wherein 150 turns of No. 22 A G consuming less
than 0.5 watts result in producing the same 9kOe field as the elec-
tromagnet above. Whereas the electromagnet requires a static cur-
rent to maintain a constant field-bias operating point about which

the current is then varied to tune the filter, the same operating
point can be established without any power dissipation in the Co5 RE
structure by mechanically adjusting the gap with the knurled screws
shown in Fig. 4. A current through the coil about one arm of the
structure serves to vary the field around the operating point. This
technique represents a significant departure from, and a resultant
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advantage over, the previous mode of microwave filter operation.
Using the Co5 RE model shown in Fig. 4 fields up to 20 kG (the sat-
uration field for soft steel) are realizable which in turn, would
make possible filters in the 40 to 60 GHz range.

2. Mathematic Analysis

Here, we utilize some of the concepts presented in Sec.
Ill in the actual construction and analysis of the model dc magnet
structure shown in Fig. 4. This structure includes two rings of
Co5 Ce type C magnet material furnished by the Sel-Rex Corporation,
Nutley, N.J. They were axially magnetized and set on one steel
plate of the magnetic circuit with their magnetic moments parallel.
The disk dimensions were 3.18 cm.OD, 1.59 cm.10, and 0.8 cm. in
length. The magnetic circuit was then completed by sliding the
other plate in position and adjusting the screws to supply the
desired field in the gaps. The widths and lengths of the plate
bodies were slightly greater than one and two magnet diameters,
respectively. The plate bodies were rounded at each end with nearly
the same radius of curvature as the magnets.

From thL electrical analogy, the magnetic circuit associated
with such a magnet design may be thought of as a parallel combination
of two identical ntagnetomotive sources, possessing two internal re-
luctances, Rm, in series with a load reluctance, RL. The load re-
luctance is considered to be a parallel combination of gap reluct-
ance, Rg representing the space between the screw faces, and the
"loss" reluctance, R1  representing the space between the arms of
the magnetic circuit, associated with one major source of flux loss
to the gap. Thus, the terminal magnetomotive force for this cir-
cuit may be written as

T - - HmLm CRL/(½Rm + RL)I (20)

where

RL RgRy/(Rg + R,) . (21)

The term Rm/ 2 in the denominator of Eq. (20) indicates that
the effective magnet area exposed to the gap increases twofold. I
Therefore, when two magnets are positioned in parallel combination,
the amount of flux available for delivery to the gap, doubles. Thus,
for this particular magnet design, the flux conservation theorem of I

* Eq. (3) may be written as

Sm 2Am - ¢9 0"1 a 0 .(22)

In addition, the "Ohm's Law" expression, equivalent to Eq. (7), is

-Hmm CRL/(Rm2 + RL) RL(g + ), (23)
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In dividing Zqs. (22,23), we obtain one load-line equation

B m/Hm " I'/ 2 AmRL - k . (24)

Putting the above value of k into Eq. (51, we obtain the operating
point of the magnet, Sm and Hm/as

8m - RmBr/(Rm + 29L) (25)

and and= - 2RLHc/(Rm + 2RL). (26)

Thus, the termin,., magnetomotive force in Eq. (20) can be re-ex-

re'essed as

T - ylmr2RL/(Rm + 2RL) 32  • (27)

"1:7-c the flux cc:,centrated at R9 or R1 is given by ¢i - T/Riw
"= R or R1), it then follows that the magnetic fields associated

with thA respective reluctances are Bi - eIi/Ai, A. being the appro-
priate geometrical arza. The explicit expressions for the magnetic
fields in these regions are:

Bi = Hc(Im/li) -2RL/Rm 4 2RL)12i = g or Z (28)

3. Results

For the particular dimensions of the magret in Fig. 4 the
theoretical values of fields obtained using Eq. (28) are B9=16. 5 kG
and 9;- =0.81 kG. The actual fields measured using a Mal I probe
Gaussmeter were B = 14.5kG and BC = 0.72 kG, -thus indicating an
error of about I2A in the theoreicai predictions. Errors of this
magnitude are not uncommon (16) when flux leakage effects are Ig-
nored. Thus, one can say that the fields calculated, while ignoring
flux leakage effects, provide an upper bound to the experimental
fields expected in the respective gaps.

A dc current through the coil wrapped around one of the
arms of the magnet structure shown in Fig. 4, serves as an addition-
al ineans of biasing the magnetic field in the gap between the screw
faces. With a gap of 0.08cm, for zero dc current, a gap field 89 =

il.5kGwas obtained iii the test magnet structure. B9 could be varied
through the fields defining the Ka-band limits, I.e., 9.1-14.0 kG by
changing the current in to coil from -1.10 amps. to +1.10 amps. Since
the coil has a resistance of 0.60 ohms, the power needed to sweep to
the band limits in either direction was only 0.73 watts. It should
be noted that our model has a much smaller gap and volume than would
be needed for the necessary Ka-or K-band microwave cavities and a
somewhat larger power would be needed to sweep an actual full scale
model, having a gap-length of 0.353 cm and a volume of 0.875 cm3 .
The calculated power under this set of operative dimensions is 1.05
watts.
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It is also interesting to note that the volume of Co5 Ce
material needed to supoly a sufficieotly large bias field to a gap
for a suitable Ka- or l'-Band waveguide assembly is calculated from
Eq, (17) to be about 30 cm5 , ioe,, nearly 2 in or two of the cubes
shown in Fig. 3. This represents a significant reduction in size
and weight from the existing magnet coils. Moreover, the equivalent
calcuationjutilizing Co5 Sm (with approximately the same mass density
as C05 Ce)I !Sc"s that ,1 volume of about 6 cmO in magnet material
would be necesv -y to accomplish the same objectives. This latter
result is quite impressive.

B. Moving Coil Generator" for Use in a Fluidic Power Source

1. Introduction

For some time the Harry Diamond Laboratories have been de-
veloping a variety of devices that convert pneumatic energy into a
significant amount of electrical energy for use in fuzing systems.
These devices, called fluidic generators, involve a new fuzing
principle in that each device represents a combination of a new power
source with a new safing and arming signature. These innovations
provide improved safety and reliability, especially for systems with
no spin and only smali setback forces such as mortar shells and rock-

ets.I
The generator, when used as a power suoply in a projectile

or missile, obtains its driving energy from ram-air through an open-
Ing in the nose of the shell. A schematic drawing of one such de-
vice is shown in Fig. 5. The air, after passing through an annular
nozzle, generates acoustic energy v:a an oscillating jet impinging
on a resonating cavity. The acoustic energy drives a metal dia-

phragm at resonance. In the version shown in Fig. 5, a reed at-
tached to the diaphragm is driven to modulate magnetic flux in a
coil. This generates an emf in the coil. The output voltage is then
rectified or amplified before utilization in a fuzing function. The
flux modulation generator used in all previous versions of this de-
vice have some inherent limitations due to the permeability vs field
characteristics of the modulator materials available, which restrict

F +the amount of electrical power which one can extract from the pneu-
matic (ram-air) power available. The rare-earth cobalt materials
offer the possibility of designing more efficient magnetic circuits
for such devices because of the higher flux density B that can be
achieved in the gap of a magnetic circuit by using these new materi-
alss.

2. Description of Moving Coil Generator

One of the devices we have studied makes use of a cir-
cular coil moving in the annular gap of a magnetic circuit having
.. ylindrical symmetry. The schematic cross-section drawing of the

.153
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moving coil generator being considered is shown in Fig. 6A. A radial
magnetic field is established in the gap G formed by the flux concen-
trating projections on the soft steel central post and the inner edge
of the soft steel washer.

The moving coil is not spirally wound concentric with the
post axis. Rather, it is formed from a flat rectangular loop of N
turns. This loop is then closed on itself, so that its shorter sides
are vertical, to form a circle whose average radius is that of the
gap as shawn in Fig. 6B. The coil is then glued to a vertical sup-
port that is attached to the center of the vibrating diaphragm. This
coil support also has a fine nylon centering pin which fits into a
guide hole in the steel center post. The red attaching the coil sup-
port to the diaphragm is threaded so that the position of the coil
in the gap can be adjusted. The magnetic circuit is designed to fur-
nish a given field in the gap, Bg9 by using the analysis presented
in Sect ion III above.

3. Mathematical Analysis

The voltage induced in the coil will be

110-6 N k volts. (29)
dt

The flux A(t) intercepted by the coil at any given time will be.
0(t) , a AM(t) (30)

where Bg is the magnetic induction in the gap and P A(t) is that I
portion of the coil area instantaneously in the gap. AA (t) is
explicitly given as AA(t) = 217 It Y(t), where Rg is the average gap
radius as well as the coil radiu~e rc. Y(t) is that portion of the
coil height instantaneously in the gap. The coil should be so posi-
tioned that its area does not completely intercept that of the gap,
i.e., a given vibration should cause the coil to intercept more or
less flux. Y(t) is given by Y(t) = YO + a sin w: t where cc is the r
angular frequency with which the coil is driven, and a is the ampli-
tude of the driving oscillation. At time t 0 ,9 YO is the height of
the coil in the gap. Thus, the voltage induced in the coil is

S- 21T x iO-N8g ace: cos (A S P-pk COS &t . (31)

The average power delivered to a load RLO equal to the resistance of
the coil Rc, is given by

P~/21k F,/AR *(32)

If the coil height is small compared to its length, the resistance
ot the coil can be approximated assuming that the coil length is
given by 4TTNR so that Rc - 4LiN1 rw where r, is the resistance per
unit length far the wire used to wind the coil. The average power
delivered becomes
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- i x lX 01 6N4 A2 B2g2
9 9= . .watts. (33)4 w

Here we have assumed the load to be real rather than complex. The
calculation is readily done for a complex load.

4. Results

The power to be obtained is given by Eq. (33). A prelim- Al
inary model to test this prediction has been built and is shown in
Fig. 6. The coil used in our generator model consists of 100 turns
of (28.8 ft) of #44 gauge copper wire (rw = 8.2 X 10-2 Wcm). The
gap dimensions were determined by considering the gap volume needed
to sustain 10 kG. Utilizing Eqs. (20,21), with Im - .8 cm and
Am = 6.0 cm2 for CosCe. we obtain 1g = .13 cm. Ag is given by

Ag= (Bg ) Am " (34)

Choosing a value of -.65 cm, we obtain of value of Y .28 cm
by direct use of Eq. (34).

In practice~a field of about 5kC oias obtained due to large ]
flux leakage. Preliminary tests at low drivin- zmplitudes have veri-
fied Eq. (33). However, detailed tests of the generator when coupled
to the fluidic oscillator remain to be done.

Assuming that the fluidic generator (17) can drive the di- I
aphragm into oscillation with a w 0.01 cm and f = 2.5 X IO3 Hz, the
power resulting from use of 'q. (33) is predicted to be about 0.13
watts, a power sufficient to drive many electronic fuze systems (18).
This output carn be increased considerably by changing the parameters
chosen, e.g., Bg can be doubled or tripled easily by using Co5 Sm
material and amplitude and frequency can be increased by suitable
diaphragm and oscillator design so that factors of twenty or more may
well be possible in the power.

V. SUMMARY AND CONCLUSIONS

The great potential for military device applications in-
herent in the new rare-earth cobalt permanent magnet materials has
been pointed out. Important magnetic circuit design criteria peculiar
to these materials have been developed and two. 5pecific devices have
been given as examples as to how these principles are employed. The
electronically tunable magnet for microwave filters and power limiters
that now can be built with these materials will lead to a significant
reduction in size, weight, and power consumption when compared to A
those previously developed. The moving coil generator also offers
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promise of increased power for electronic fuzes. However, suitable
interfacing of this generator with the fluidic oscillator remains to
be finalized.

Overall, these nev. magnet materials offer a great potential
for improving a variety of military devices dictated by the require-
ments of the modern electronic battlefield.
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TABLE I

Br Hc H. (BH) Density Costc ci max Dniy Cs
Material kG kOe k0e MGOe gram/cm3  per/lb

Co Ce 5.6 4.8 6.2 6.7 8.3 8
* 5

Co5 Sm 9.5 9.0 18.0 23.0 5.6 35

Co Pt 6.2 4.3 5.3 9.0 15.5 2,000

Alnico Vill 8.0 1.6 1.6 5.0 7.3 30

Strontium 3.2 3.0 4.0 2.4 5.1 4
Ferrite

*•(0 AL I Ie ,m ;'ti I •

2

Fig. I. Demagnetization curve for various permanent magnet materials.
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Fig. 2. Comparison of magnetization, M. and induction, B, as a

function applied field, N,
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kI

JI

Fig. 3.Photograph or present magnet used in filter designs.
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Fig. 4. Photograph of prototype tunable dcagnet.

MAtT OUTRI? UWMS

ACOL

OLLTRESNTRCVT

Fig. 5.Schematc of f uidcgnrao ihrigoeosiltr
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II

(A)

(B)

Fig. 6,1. Schematic of moving coil assembly.

Fig. 6,Ur. Schematic of ac generator.

Fig. 6,M., Photograph of prototype ac generator.
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