M. Preisinger

Resonant Excitation of Magnetostrictive Driven
Print Wires for High-Speed Printing

Abstract: A developmental resonant wire printing device utilizing ultrasonic vibration is described and results given on some
preliminary work on the resonant excitation of magnetostrictive print wires. This paper discusses the characteristics of the mag-
netostrictive material, the transducer design and some special methods of measuring small, rapid mechanical motion. In the
present test setup of the printing device, impact rates up to 1400/sec were obtained.

Introduction

The application of piezoelectric materials to high-speed
printing or recording and the use of resonant excitation
was first described by French inventors' in 1936, who also
mentioned the possibility of replacing these piezoeletric
materials by magnetostrictive media. At that time, how-
ever, little had been published on transducer design and
the generation of high-power ultrasonics. Later, Mason,’
Van der Burgt,® Neppiras,* and Eisner and Saeger® es-
tablished the fundamental design rules, primarily con-
sidering the steady-state operation of mechanisms driven
at ultrasonic frequencies. When using such a device for
high-speed printing (i.e., > 1000 impacts/sec), however,
the transducer does not have constant input impedance
and the print element is never at constant amplitude. The
wholly transitory character of the desired rapid motion re-
quires special characteristics for the transducer material,
the transducer design and the measuring devices required
for this type of development work. These characteristics
will be discussed in this paper and some recent results in
the development of a high-speed printing technique will
be shown.

The recording media used in conventional high-speed
printers are the type wheel, drum, chain, stick and wire
mechanisms, At present the upper limit for wire matrix
printing is about 200 char/sec. The other types of high-
speed printers, which are limited by the positioning time
for type bars or slugs, operate up to about 50 char/sec.

In the development work to be reported here the ultra-
sonic vibration method was studied because it appears to
offer several attractive advantages over conventional
printing techniques. These advantages are included among
the following features, which were apparent from the
outset:

1. It would involve a minimum of moving parts and a

minimum of maintenance.

2. The desired print amplitudes could be developed in a
in a short time, offering the potentiality of high operat-
ing speeds.

. Multiple copies could be made in a single run.

. Ordinary paper could be used.

5. Application in both parallel and serial printers would

be possible.

6. The noise level would be lower than that of solid-type

impact printing.

W

The character of ultrasonic vibrations does not permit
the attachment of wheel, chain, or stick mechanisms, and
so the use of “engraved type” printing (type slugs or bars)
is not possible. The potential speed can be utilized only in
matrix printers.

This paper will discuss the rationale for the choice of
the ultrasonic technique and the results of some pre-
liminary work on resonant excitation of magnetostrictive
print wires.

Printing principles

The basic form of the conventional wire printer is a group
of wires, each in a guiding tube, usually arranged in a
5 X 7 matrix. One end of the wires is close to a platen on
which rests a paper and a carbon ribbon. The opposite
end of the wires can be actuated by cams, hammers or
clutches that propel the wire in parallel motion towards
the paper.

A magnetostrictive printer would consist of a magneto-
strictive wire rigidly fastened to one end of a nonmagnetic
guiding tube and surrounded by a drive coil. Dc current
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through the coil would cause a magnetostrictive action,
driving the tip of the wire against the carbon paper resting
on the platen. In practice, however, the print wire would
have to be very long (several meters) for known magneto-
strictive materials, and the thermal coefficient of expansion
would introduce severe operating problems.

The resonant wire printer consists of a relatively short
wire driven at its longitudinal resonant frequency by a
drive coil, as indicated in Fig. 1a. The length of the wire
would have to be such that for a single peak amplitude
of about 0.2 mm in a printing process, the stress intensity
of the wire would be below its endurance limit. The wire
fastened at the end opposite the print station to a relatively
large mass would be excited in the quarter-wavelength
mode.

Figure 1 Principle of the resonant wire printer. (a) Gen-
eral configuration. (b) Longitudinal resonant excitation of
a magnetostrictive rod.
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The mechanical Q, which is the ratio of energy stored in
the resonator to energy consumed by the resonator per
cycle, should be in the order of 1000 and higher; therefore,
few losses exist and the wire temperature remains constant
at various printing speeds. One solution would be to use a
wire of magnetostrictive material e.g., an Co-Fe alloy.
Such materials, however, are difficult to draw into wire
and have to be annealed before use, resulting in brittleness
(in the particular case of Co-Fe) and low fatigue strength;
they develop magnetic hysteresis losses that would overheat
the wire at high printing speeds; and they also take too
long to develop the desired amplitude for a high-speed
print device.

Figure 1b serves to show the function of such a device
when driven for a time t < 7 (where r = time constant of
the resonator). With T as the duration of a period and ¢ the
drive time required for one impact, a total of n = 2¢/T
injections is obtained, representing the first of two impor-
tant expressions for the final amplitude £ The second
factor, which could be termed “injection constant K,” is
given by

K=1I1\2/x
in which
{ = length of wire
N = Al/I = static coefficient of magnetostriction

2/m = a constant, accounting for the sinusoidal distribu-
tion of the motion along the wire.

The final single peak amplitude £ is then given by:
f=pK=2—-1.=.%. (1)
Inserting into Eq. (1) the expression
1 \/E
f - 4] p9
in which
f = resonant frequency of a quarter wavelength piece

E = modulus of elasticity

p = density of the material

with 4/ E/ p being the velocity of sound v, in the magneto-
strictive material we finally obtain

AU,

g = LR @

This shows that for a given injection time the developed
amplitude depends only on the static coefficient of mag-
netostriction and the velocity of sound in the magneto-
strictive material.

Applying this knowledge to the previously discussed
direct magnetostrictive-driven resonant wire printer, the
amplitude { obtained with practical values of 350 usec
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Figure 2 Schematic print element and its important param-
eters. The transducer, 49 Co, 49 Fe, 2 V (cut under 45° to
rolling direction) features high static magnetostriction at
low magnetization, high coefficient of electromechanical
coupling, and high energy storage. The print wire (Ti alloy)
features low energy storage and is a high-strength, wear
resistant material.

for drive duration, 45 X 10~° for A and 5 X 10° mm/sec
for v, is 0.025 mm, which would be inadequate for a
practical device. The directly magnetostrictive driven
element, which has been discussed by Buser’ and
Preisinger’ would not seem to have practical possibilities
for high-speed printing.

The indirectly driven resonant print wire is an alternate
approach using a wire of nonmagnetostrictive material
coupled to some sort of electromechanical transducer,
preferably a magnetostrictive type. This solution allows the
use of a high-strength material for the print wire and highly
magnetostrictive materials for the transducer shown in
Fig. 2. However, it doubles the associated resonating mass,
and therefore the drive energy, since the compound reso-
nator must at least be equal to a half-wavelength. We will
see later on that this disadvantage can be avoided but we
will first examine the fundamental compound resonator.
Provided the secondary resonator (the print wire) of Fig. 2
is coupled properly to the primary resonator (the trans-
ducer), an amplitude transformation is obtained accord-
ing to the relation

Es = Ep \/WQ_“ (3)
where

£, = single peak amplitude of secondary resonator
£, = single peak amplitude of primary resonator
Q. cross-section of secondary resonator
Q, = cross-section of primary resonator

I

In practice, a cross-section ratio of 100 : 1 does not
pose any difficulties, and provides an effective single-peak
amplitude of 0.25 mm. The design properties of the two
main parts of this print element will now be studied.

Magnetostriction and magnetostrictive materials

The foregoing review indicates the basis for developing a
single-wire print element for high-speed operation. Such a
device would obviously require a high static coefficient of
magnetostriction, high electromechanical coupling factor

and low losses. Before discussing the design considera-
tions we will briefly review the fundamental processes
occurring when a magnetic material is in a magnetic field.
Magnetization takes place in two characteristic intervals®
according to the kind of domain distribution more or less
sharply defined in the material. The region of spontaneous
domain-switching accounting for the 180° turns of domains
is followed by rotational processes in which the domains
are turned in the direction of the magnetic field.

Kneller’ has given a clear explanation of effects
associated with magnetostriction, according to which a
180° turn does not change the length of a single crystal
or a domain and consequently very little or no magneto-
striction is observed within this interval, as can be seen
from Fig. 3, which shows a magnetostriction curve above
the magnetization curve. Both curves were taken at the
same time from the same specimen of soft, annealed nickel.
From this behavior one can anticipate that any operation
on the material which would cause an orientation of the
single domains is associated with a change of the magneto-
strictive properties. To evaluate this, the magnitude of the
magnetostriction was measured on hard-rolled Co-Fe sheet
with the probes cut at different angles 8 to the direction
of rolling, as shown in Fig. 4a. The reduction in area due to
cold working was in the order of 909. The samples were
rolled to tubing and annealed for two hours at 800°C.

As a result of cold working, a preferred orientation of
the magnetostriction appears at 45° to the angle of rolling.
Figure 4b shows the results obtained from two samples of
the same material having a different degree of cold work.
The magnetostriction was measured at a magnetization of
60 Oe. For sample B, for instance, the 45° cut has 409,
higher magnetostriction than the 90° cut probe, whereas
for sample A the increase is 509}. Figure 5a demonstrates
this drastic effect on a sample of Co-Fe, which was cut
under 45° to the direction of rolling with practically no
magnetostriction present in the range of domain switching

Figure 3 The fundamental relation between induction and
magnetostriction. Specimen: hard drawn nickel.
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but with a high and linear change in length when the rota-
tion processes start. Figure 5b shows the behavior of the
same probe in the interesting magnetization range of
~100 Oe. A fixed amount of dc premagnetization in
Fig. 6a and a single minor loop is shown in Fig. 6b. All
measurements were made at 50 cps. The fact that higher
magnetostriction exists in hard drawn, 45° cut material also
results in a drastic increase of the electromechanical
coupling factor K*, known to be the ratio of mechanical
energy SE(Al)’ obtained from the transducer to electrical
energy B- H/8w applied to the transducer

_ 3E@D)
B-H/8w
With high degrees of cold working, Al increases to 1509,
and the modulus of elasticity decreases to 659 but the

resulting coupling factor K still shows a considerable
increase at 45° cutting angle. In practice, a K” of 0.25 was

K @

Figure 4 (a) Selection of probes to determine the influence
of the cutting angle 8. (b) Static magnetostriction in 49 Co,
49 Fe, 2 V versus the cutting angle.
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realized, which is high for magnetostrictive type trans-
ducers. These experiments were the first step to obtain a
high-performance, single-wire print element.

Longitudinally resonating print wire

At this point we had achieved a good electromechanical
coupling factor but had not demonstrated sufficient ampli-
tude, since according to Eq. (2) the single print amplitude
£ is, even with the 45° cut material, still only 0.04 mm. In
dynamic applications the increase in \ due to the 45° cut
cannot be fully used since at the same time the velocity of
sound was reduced from 5000 to 4000 m/sec. As explained
earlier we have to make use of amplitude transformation
to obtain the desired value of ¢ = 0.2 mm. This amplitude
is limited only by the fatigue limit of the material used
for the print wire. In the case of carbon spring steel wire,
an alternating stress value of 50 kg/mm’® should not be
exceeded. With the natural frequency of 12 X 10° cps
the length / of the wire becomes /=(1/4f)}Xv,=105 mm.
For a modulus of elasticity of 20,000 kg/ mm’ and a
sinusoidal stress distribution, the actual created stress
in the wire is

Alw

c=ET3

= 20,000 X 1.9 X 107° X 7/2 = 60 kg/mm”.

With completely undamaged material this stress in-
tensity would be possible, but in practice little irregularities
and scratches could cause ruptures. It is therefore desirable
to reduce the stress in the resonator without affecting the
amplitude/energy ratio in the negative direction. The
steady-state user of an ultrasonic vibration does not care
for this ratio; he has ample time to build up a certain
amplitude and, once it is established, the electrical driver
only has to deliver the energy consumed by the specific
application the device is used for. He may even look for a
transducer with particularly high storage to obtain little
damping. When using a longitudinal vibration for printing,
the energy stored in the resonator is much higher than the
energy consumed by the actual print process; and since
we have a pulsed application, it must be removed from
the resonator right after a dot has been printed. Con-
sequently, we must look for a resonator which has for a
given amplitude as little energy storage as possible. This
could also be achieved by the use of suitable titanium
alloys, but no one up to this time has been able to produce
titanium in wire shape with an almost polished surface—so
in the specific case of our print wire, one cannot make
use of the advantageous properties of titanium.

Consequently, spring steel wire has to be used, of which
manufacturability is well under control. However, the
particle velocity resulting from our amplitude and fre-
quency still does not permit using the cylindrical shape.
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Figure 5 (a) Magnetostriction and induction in 49 Co, 49
Fe, 2 V. (b) Magnetostriction in same alloy. The induction
loop is shown for reference.

There are many ways of tapering known to reduce stress*
but only that degree of taper that creates unit stress in
every single particle of the entire resonator can be ex-
pected to give, with unit energy, a maximum of amplifica-
cation. This device is known as a ‘‘constant stress” or
“Gaussian” type resonator.

In case of mechanical forming, as milling or drawing, the
constant-stress shape can be approximated only in steps,
allowing a certain modulation depth of stress along the
resonator, as shown in Fig. 7. A disadvantage of this
stepwise transformation is that if the shape were obtained
by drawing, different strength exists in each stage as an
effect of different working factors. Also, the edges cause
wear in the guiding tube that has to be used to prevent
excessive parasitic transverse excitation. It is possible,
however, and particularly useful, to use an electromechani-
cal etching process for correct constant-stress shaping of
the resonator. A byproduct of the electro-etching process
is the highly polished surface, resulting in reduced wear
of the guide material. The design chart, Fig. 8, contains
all important data for any degree of tapering. Note that
at a reduction in cross section to 599, the energy through-
put in the resonator is highest.
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Figure 6 (a) Magnetostriction loops with fixed dc bias and
several degrees of alternating flux density. (b) Minor mag-
netostriction loop of Co-Fe.

Figure 7 Stress and amplitude distribution along a 9 stage,
constant-stress resonator. Modulation depth 20%. Cross sec-
tion reduction to 1/6. Dotted lines show distribution in an
untapered resonator.
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Figure 8 Constant stress resonator design chart. Start with the desired parameter, e.g., Gain — 2. Draw first a horizontal
line from 2 until you hit the curve G = f(«), and second, a vertical line through this point over the entire diagram. The
cutting point with the remaining curves will give the magnitude of the remaining parameters.

The guide for the tapered section is shaped as follows.
Polyurethane is used as the guiding material. Best results
have now been obtained when the clearance between the
tapered print wire and the wall of the guiding channel is
0.025 mm. To insure that this clearance remains constant
along the tapered print wire, an oversize print wire is
etched and used as a mold when the guiding portion for a
print head is cast. Removing the oversize wire after curing
supplies the desired tapered guide tube.

Single wire element

The print wire is attached to the magnetostrictive trans-
ducer at a locus of impedance match. A mounting screw
permits fastening the elements to print head assemblies.
The fundamental element can be used in two variations
or a combination of both to solve various printing prob-
lems which could be:

1. Single print head, having limited dimensions, operating
at very high speed (1400-2000 impacts/sec) equipped
with backward driven elements (Fig. 9a).

2. Combination of single print heads, operating at medium
speed (~1000 impacts/sec) equipped with forward
driven elements (Fig. 9b).

3. The pure parallel printer which requires highest packag-
ing density and is obtained only by the alternate use of
forward and backward driven elements (Fig. 9¢).

Both the forward and backward driven elements are
fundamentally the same. Their total cross-section change

M. PREISINGER

between primary resonator and the free end of the print
wire is fixed to be 40:1. This change can be used either for

1. A pure cross-section transformation at the coupling
point and no transformation in the cylindrical second-
ary resonator.

2. A zero cross-section transformation at the coupling
point and a pure distributed transformation in the
constant-stress tapered secondary resonator.

3. Any combination of (1) and (2).

There exists, however, a pronounced optimum for the
final amplitude £ as a function of the ratio of these two
transformations, as can be seen in Fig. 10, which also
shows the effective amplitude versus the ratio of trans-
formation. The reason is obviously caused by the different
nature of the two mathematical functions, which are
responsible for the total gain, expressed by

— )_QL Qﬂ. 5
GT QsO 1 + 2 1n QsE ’ ( )

where

Q, = cross-section of the primary resonator
0., = cross-section of the print wire at the fixed
end
Q.r = cross-section of the print wire at the free
end.

The development effort to reduce stress in the secondary
resonator has now brought it to the desired stress reduction




at the 709, stress point and has achieved an amplitude
gain of 109,. The previously calculated stress value of 60
kg/mm” is here reduced to 42 kg/mm’, which is very
moderate for the material used for the print wire.

Some consideration has to be given to the drive coil that
is used on the primary resonator—particularly in regard
to length and distribution over the resonator. According
to the energy-distribution along the resonator, following
a sin® function with its maximum at the node point, the
highest coupling factor would be obtained with a short
coil located at the node point. In practice, the length of
the drive coil should be such that a high percentage of the
maximum possible energy injection is accomplished ac-
cording to the expression

E(%) = 0.637y -+ 0.3185 sin 2y (6)
with

E = Energy content of the resonator (under the
assumption that with a 90° long drive coil 1009,
energy is coupled into the resonator)

v = coil length in degrees (90° = quarter-wave-
length).

Figure 11 shows that with 60° coil length, 949, of the
energy has been developed in the resonator. The coil,
therefore, need not be any longer than 60°.

It is also desirable, of course, to have a short element.
This can be obtained when inefficient portions of the
distributed primary resonator are replaced by a concen-
trated part (loading mass).

The use of a loading mass not only decreases the mechan-
ical length of the resonator but also increases its energy
content and it is desirable to have high energy storage in the
primary resonator. Figure 12 allows one to determine the
energy relations for any combination of distributed and
concentrated elements. It shows also that the energy con-
tent of the resonator is highest when it is shortened to a
resonator length « of 60°.

The half-wave resonator, at first glance, has a major
disadvantage over the quarter-wave resonator: it needs
twice the energy. In resonant-wire printing, the energy
consumed by the printing process is negligible compared
to the energy stored in the resonant wire. It is therefore
desirable to have an element that stores as little energy as
possible. In the conventional half-wave resonator, one
cannot avoid having energy in both resonators but, by
offset tuning of the two quarter-wavelength portions,
a sweep can be created, causing the energy to pass forward
and backward between primary and secondary resonator.
Figure 13 shows the actual motion versus drive current
in a resonator. It can be noticed that the primary resonator
is completely energy-free when the secondary resonator
has maximum amplitude. At this time, all the energy has
been transferred from the injection portion to the print

LOADING
MASS COUPLING DISK BASE

PRINT WIRE

49 Co—49 Fe—2v

(a)

(DRIVE COIL NOT SHOWN)

LOADING
BASE COUPLING DISK MASS

PRINT WIRE

49 Co- 49 Fe--2V

(b)

COMMON TERMINATING MASS

(c)

Figure 9 (a) The backward driven element.
(b) The forward driven element.
(c) Combination of forward and backward driven
elements for highest packaging density.

Figure 10 Print amplitude versus transformation ratio.
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portion of the single-wire element. A typical motion of
the print wire is shown in Fig. 14.

As can be seen from Fig. 14, the first maximum is fol-
lowed by a number of reflections of which the first is the
most undesirable, since it could cause the kind of multiple
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Figure 12 The shortened longitudinal quarter wavelength
resonator. In the abscissa « is the resonator length.
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imprints known as “ghost printing.” The condition first
meximum/first reflection > 4 should be satisfied.

With the natural damping of the element, this condition
cannot be obtained, and so an additional damping is
needed. Mechanical devices have the disadvantage of being
unstable as a result of wear. The element, however, can
be used as an electrical control of the decaying process by
means of an antiphase brake pulse. This impulse is derived
from the back-slope of the master drive pulse and delayed
by such an amount of time that the newly injected energy
is in antiphase with the stored energy of the element. By

M. PREISINGER

shifting the delay of the brake impulse in intervals of T,
the point can be reached where both energies, the remain-
ing stored energy of the element and the opposing injected
brake energy, become equal and any further motion of the
wire is cancelled.

o Single wire drive

For efficient operation of a single-wire drive, the large
quantity of power applied to the element has to be gene-
rated as close to the print element as possible. A grounded-
base oscillator was chosen for this purpose to

1. Avoid reversal of the feedback voltage.

2. Prevent changes in the frequency behavior of the trans-
istor.

3. Key the device from low power logic circuitry.

The diagram is shown in Fig. 15.

This oscillator can be keyed with an input power of
20 mW and delivers an ac and dc magnetization to the
resonator corresponding to 30 W over a duration of
350 psec.

Print head assemblies

The print head is capable of very high speeds, but these
speeds cannot be utilized in single position printing since
special mechanisms would then be necessary to step the
print head or the paper at speeds up to 1500/sec. But it can
be used to obtain speeds of 200 char/sec with less cost and
fewer parts, by incremental generation of the desired
character. A developmental print head for 200 char/sec
horizontal line printing has only four different parts. The
paper stepping mechanism is omitted, since up to such
speeds printing can be done on the fly.

With the print head assemblies currently developed,
the horizontal character width can easily be changed by
simply changing paper or print speed, respectively. By
insertion of appropriate delays to different single-wire
elements of a print head assembly, tilted characters can
be obtained. The excellent possibilities of these print
devices for plotting diagrams are evident. A number of
possible print head assemblies are shown in Fig. 16 and
print samples obtained with these heads at a character
speed of 140/sec, corresponding to 1400 impacts/sec
in Fig. 17. Carbon paper, preferably plastic carrier carbon,
is used for inking. In the case of printing on multiple
carbon sheets, a total of four copies has been obtained
when the print head was in contact with the paper and
the conventional ribbon was replaced by an additional
carbon sheet.

Conclusion

Resonant wire printing allows high mechanical impact
rates—1400/sec was employed successfully in present test
equipment. The elements can be used in full matrix de-
vices, being capable of printing 1400 char/sec, hard copy,
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Figure 13 The offset tuned compound resonator. Note that
the primary resonator is completely energy-free when the
print wire has maximum amplitude. (a) Drive current vs
time; (b) amplitude of primary resonator; (c) amplitude
of secondary resonator.

with a single position. The problem of stepping either
print head or paper at such speeds has not yet been solved.
The potential advantages of this new printing technology
have therefore been used for simplified print devices in
the upper speed range of present wire printers. Such solu-
tions are available in hardware, their characteristics being:
low cost, speed of 200 char/sec, only seven mechanically
moving parts, high reliability, and no requirement for
paper stepping.

(a)

Figure 14 (a) Typical motion of a print wire. Decay natural,
according to internal damping. (b) Same resonator as shown
in (a) with antiphase brake impulse applied. (c¢) The same
resonator pulsed for 1400 imp/sec; 5 out of 7 (to print a
dash).

In the process of the development of this print device,
unusual solutions had to be found in order to obtain a
highly reliable and economical element. Key steps towards
achieving this goal were:

1. The increase of the magnetostriction of the Co-Fe alloy
(at 100 Oe magnetization) to 110 X 107°,

2. The increase of 369 in storage capacity of the primary

resonator, when the resonator length is shortened to 60°.

3. The sweeping action of the compound resonator, which
transports all the injected energy from the transducer
portion to the print portion of the element.

4. The choice of the proper transformation ratio to obtain
lowest energy storage in the constant-stress, tapered
print wire.

5. The antiphase brake pulsing which, without any addi-
tional circuitry, permits the element to be re-driven
every 714 usec.

6. A unique measuring device for small and fast mechani-
cal amplitudes [Appendix II], which is the key to success
when dealing with minute changes of magnetostriction.

The application of these print devices requires ability
to adjust to its particular characteristics, the most unusual
of which is the limited stroke.

In the simplest case of single-copy printing on endless
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Figure 15 The drive circuit of a single wire element.

forms, no difficulties arise. When printing single copies
on single sheets or cards, a rotating platen having a flat
section for forms entry was found useful. In both cases
the carbon can be run in any direction relative to paper
flow. When printing on multiple carbon forms, however,
the print head has to stay in contact with form and platen,
in the same way as with electrochemical print devices.

The parameters achieved so far are not the ultimate
obtainable. Improvements in speed and motion are possible
by the use of low-energy-storing materials for the print
wire, e.g., Ti-alloys and fiberglass rods. Also the reliability
figure (0.5 CE h/20 X 10° char.) is only the initial result
for a new technology.
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Appendix |

This appendix deals with the design layout and results
obtained with a VHF-transducer, particularly useful for
the analysis of small mechanical motion. When converting
a mechanical motion into a frequency modulation, fol-
lowed by a high-Q ratio detector, an equivalent electrical
voltage having low distortion can be obtained which may
be observed with an oscilloscope. Sensitivities of 6 V/um
have been realized. The upper frequency limit of the mech-
anical motion is 100 kc/sec. Higher values can be reached
at the expense of sensitivity.

The very special nature of a pulsed sonic or ultrasonic
vibration calls for a special measuring device that does not
load the specimen under test in any way, reacts fast enough
to detect mechanical changes in the microsecond region
and still delivers equivalent output voltages which can be
traced on an oscilloscope.

The VHF-line oscillator was found to be useful for this
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purpose. If the device under test is brought in close prox-
imity to the open end of the oscillator, the load capaci-
tance resulting from the average distance A4, and the
length of the coaxial line of characteristic impedance, Z,,
determine the frequency of the oscillator, which is in-
versely proportional to the line length L. Loading the line
with a capacitance, C, however, simulates an additional
piece of line length, proportional to
3

AL = 155-C 2, (A1)

leading to an effective line length
Leff = L + AL. (A2)

One part of AL is due to the static loading of the line with
the capacitance C, of the test device being at rest. When,
however, the latter is energized to generate mechanical
motion, a modulated portion according to

3427, 1 1
Almod = 400, (A, — & A4, + s) (a3)

is obtained. This leads to a frequency modulation of the
oscillator, whose modulation depth is 44 kc/sec with values
of 1 mm for 4,, 1 mm’® for the effective area 4, and 1 um
for ¢ The total change in capacitance, causing the 44
ke/sec frequency modulation is 1.6 X 107° pF.

The next task is to remove the frequency modulation
from the carrier and to convert it into an amplitude modu-
lation. The discriminator circuit is most suitable for this
purpose. Two quarter-wavelength stubs are used, pur-
posely laid out for maximum Q. They are both tuned to
their point of inflection, one circuit above and the other
below the center frequency of the oscillator. The associated

Figure 16 Several 7-element print heads, capable of print-
ing 200 char/sec on the fly.
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Figure 17 Print samples obtained at 140 char/sec with dif-
ferent paper velocities: (a) 63 cm/sec, (b) 32 cm/sec, and
(c) 20 cm/sec. (Size reduced in reproduction.)

demodulation circuit is laid out to give an effective Q of
1000 and a resonant voltage of 40 V. Therefore, an ampli-
tude change of 1 V is obtained for a frequency change
of 23 kc/sec (according to F. E. Terman’s universal res-
nance curve).

Returning to our previously calculated values we obtain
the following relations: One volt is obtained with a change
of 9 X 107° pF, using a specimen of 1 mm® area at an
average distance from the center conductor of the oscillator
tank circuit of 1 mm and with a peak-to-peak motion of
2X107° m. This is ample when dealing with the minute
changes of magnetostriction. Figure 18 shows the test
setup.

Appendix 1l

In this appendix the creation of data shown in the “con-
stant-stress resonator design chart” is described. The
constant stress shape was developed in individual steps,
allowing a modulation depth in stress of 0.19}, being the
envelope. Thus, a total of 2300 loops was needed to com-
pute the required data down to a taper of 19.

Starting with section #1, unit cross-section Q, = 1,
the characteristic impedance can be determined as

1

Zy, = E (B1)
with the input impedance following the relation
X;, = Z,, tan oy (B2)
leading to an input locus

X,
a7, = arc tan Z;: (B3)

With m as the allowed modulation depth in stress (in our
case = 0.999), the actual value of this factor becomes

m’ = m-cos ar,. (B4)

The output locus where stress has reduced to 99.99,
can be determined as

ap, = arc cos m’, (B5)

its impedance being

XO,. = Z()'l tan Qg - (B6)

The length of the first section is then given by

Ao = ao, — ar, (B7)
leading to a total length of the tapered portion

ar, = ZAa (B8)
with an amplitude of

¢7, = ar(0)-sin 1°, (B9)

The pertaining cylindrical piece, needed to complete the
tapered part to a quarter wavelength, can now be com-
puted. Its cross section is

Opi1 = Qnm (B10)

and its characteristic impedance
1

Q n+1 )

The input impedance of the pertaining piece must be
matched to the output impedance of the tapered piece
obtained in Eq. (B6):

Zon+1 = (Bl 1)

X = Xo,. (B12)

This condition is fulfilled at an input locus

X,
o, = arc tan -2, (B13)

Ont1

Hence, the length of the pertaining piece is
&, = 90° — ay, (B14)
and the amplitude in this portion is

£, = 1 — sin azy. (B15)

Figure 18 Measuring device for very small amplitudes.
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Also, this amplitude is magnified by a factor

M= ST (B16)

sin Orp1

bringing the total amplitude in the pertaining piece to

EpTl = prl (B17)
and the total amplitude of the entire resonator to
§=1¢tr + &t (B18)

The relative velocity of sound has increased to

ary, + Kapy

Vsg = 90° (B19)

whereas stress would have decreased to

o = — L (B20)
" E Tn + spT

if the resonator would be used to create unit amplitude.
The available energy is proportional to

& = 0, (B21)
whereas the stored energy in the tapered part is

€gr = Qn-/ cos” ada (B22)
a=afn
and in the pertaining piece
a=7/2
€sp = Qn+1'/ cos’ ade (B23)
a=alpl

hence, the total stored energy is

€ = €gp + EGSE. (B24)

M. PREISINGER

The energy es remains constant for any degree of taper,
therefore the energy throughput is proportional to ¢,
with its maximum at a taper of 619,. Returning to step 1
and repeating this procedure 2300 times delivers all data
shown in Fig. 8.
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