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ABSTRACT 

Recenl research at General Electric into the physical proper tie s 

of manganese arsenide has resulted in the discovery of some unique 

properties which suggest the use of MnAs as a transducer material. 

The underlying theory behind these unique properties are des­

cribed, and methods of applying these properties for use as a sonar 

projector as well as other applications are discussed . Actual design 

considerations and problems encountered in designing a working model 

are reported. 

The writers performed their work at the General Electric Co~pany, 

and wish to express their appreciation for the facilities made avail­

able to them at the Sonar Laboratory in Syracuse, New York . Special 

appreciation is extended to Dr. Donald Rodbell of the General Electric 

Research Laboratory, from whom many ideas and much of the data on the 

physical properties of MnAs were obtained. The writers also wish to 

express their appreciation for the Assistance and encouragement given 

them by Mr. T, C. Madison, Transducer Consultant for the General 

Electric Company. 

ii 



SECTION 

1. 

2. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

APPENDIX 

I. 

II. 

III. 

TABLE OF CONTENTS 

TITLE 

Introduction 

History of Research into Physical Properties 
of MnAs 

Possible Ways of Using MnAs As A Driving 
Element for Transducers 

Modes of Operation 

Design of Magnetic Pulses 

Preliminary Considerations 

Tests Conducted in Oil Bath 

Experimental Transducer 

Analysis of Results 

Recommendations 

Conclusions 

Design Considerations 

Diagram and Discussion of Circuit Used 

Detailed Drawing of Cylindrical Transducer 

iii 

PAGE 

1 

2 

7 

11 

14 

16 

18 

21 

25 

30 

33 

37 

41 

42 



FIGURE 

1, 

2, 

3. 

4 , 

5. 

t. 

7. 

8, 

9. 

10. 

11. 

12. 

1 3 .. 

14. 

16. 

17. 

18. 

19. 

20. 

2L 

22. 

2L 

211 

LIST OF ILLUSTP~T IONS 

Magnetiza tion vs. Applied Temperature for MnAs 

Ferromagnetic Magnetization Curve 

Specific Heat Charac t eristics 

Unit Cell of MnAs 

Atomic Coordinates vs . Temperature 

Hagnetization vs. Applied Field for Sample of MnAs 

Critical Field as a Function of Temperature 

Critical Pressure as a Function of Temperature 

Temperature Hysteresis 

Pressure Dependence of MnAs 

Magnetic Field Mode of Operation 

Resonant Mode of Operation 

Pressure Reflection Mode of Operation 

Abbrevia ted Circuit Diagram of Magnetic Pulser 

Co il Heating 

Osci llograph of Switching in Oil Bath 

Cy lindrical Transducer 

Typi cal Voltage & Current Pulse s 

Time Delay Between Current Pulse and Output 

Output Response 

Modes of Vibration 

Amplitude Comparisons of Output for Different Inputs 

Plot of Magnetic Field vs ~ Output 

Recommended Pulsing Circuit 

iv 

PAGE 

2 

3 

3 

4 

4 

5 

5 

6 

8 

9 

11 

12 

13 

15 

19 

20 

21 

25 

26 

26 

27 

28 

29 

31 



FIGURE 

2). 

26. 

27. 

28. 

29. 

LISL OF fl.LUSTRATIOHS 

Shaker Box 

Push Pull Piston Radiator 

Bender Element 

Diagram of Circuit Used In Study 

Detailed Drawing of Cylindrical Transduce r 

v 

PAGE 

33 

34 

31J. 

41 

42 



1. Introduction 

Stud ie s by Drs. D. S. Rodbell and P. E . Lawrence of General 

Electric Research Laboratory on the magnetic properties of manganese 

arsenide have resulted in the discovery that MnAs undergoes an abrupt 

increase in volume when subjected to a large magnetic field ( 30,000 

oersteds) at a temperature slightly above the Curie Point. This change 

in volume suggested the use of MnAs as a transducer material. Further 

studie s have shown that the volume change i s a function of pressure, as 

well as temperature and magnetic field . Because of these unique 

properties, the MnAs transducer could have various modes of operation 

(See Section 4). 

The authors have attempted to span the gap between the theoretical 

use of MnAs as a sonar projector and the practical design problems en­

countered in building a working model. The initial pages of this paper 

discuss the physical properties of MnAs and how they may be applied in 

various transducer designs. This section is followed by a report on an 

actual design which was used in a feasibility study. The results of 

this feasibility study which include design limitations, expected 

problems and recommendations for further experimentations are 

presented . 
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l 
History o f Research Into tl1·- Physi cal Proper ties o f HnAs 

Ma nganese Arsenide is a metall ic, fe r r omagne t ic compound that exhi -

bits certain i nt e r esLing and unu s ual properties . The magnetic propert ies 

were f irst studied by Heusler2 , Hilpert and Dieckmann 3• These ea r l y 

studies revealed that the ferromagnetism that exi s ts at l ower t empe r -

atures vanishes abruptly at 35°C. (See Figure 1 )" 

In the usual case, 

a ferromagnet exhibits 

a continuously decreas~ 

ing magnetization with 

Boct-------------
increasing temperature, 

and the magnetization 

vanishes at the Curie 4-00 

temperature as shown in zoo 

Figure 2. This transi-

. . d f. d4 
t1on 1s e 1ne as a 

0 

second order phase 

change since there is Figure 1 . Magnet i zation vs. 
Applied Tempe r ature for Mnr'\s 

no change in entropy, 

volume or latent heat . 

In 1928, Bates5 measured a latent heat of 1 . 79 cal/grarn (F i gu r e 3) 

and this discovery led later ~nvestigators to suspect a fir s t ord e r 

1 . Figs. 1, 3,1· ,6, 7 and 8 were obtained from GE Report No . 6l=RL-2888m 
with permission of the Authors, C. P. Dean and D, S. Rodbell. 
2. F. Heusler, Z. angew. Chern., 1, 260, 1904. 
3. S. Hilpert and T. Dieckmann, Ber. Deut. Chern . Ges ., 44 , 2 378, 2831, 1911. 
4. M . W. Zernansky, Heat and Thermodynamics, p. 322 , }1cGr aw-Hil l Book Co,, 

1951. 
5. L. F. Bates, Proc, Roy . Soc., All7, 680, 1928. 
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phase change which would 

be characterized by a 

change in volume and ent-

ropy ( crystal structure) as 

well as the change in 

latent heat. These 

late r investiga tors6 '7' 8 

conc luled that there was 

a change in lattice 

parameter ( i.e . , density) 

although they couldn" t 

detect a change in the 

crystal structure. A 

current x-ray study by 

R. H. Wilson and J, s. 

Kasper of G. E. Research 

Lab has revealed that 

)_ 0 above ~o c, the c~ystal 

structure changes from a 

hexagonal to an orthor-

Tc_ 
T E. 1\.1 e E 1;. £-1 T U R E. 

Figure 2. Ferromagnetic Magneti zat ion 
Curve 

.8 
SPeC/Ftc 

H£/JT . 6 1- =I. 8 Ca !lg m . 

.2 

0 ~----~----~----~----~---~ 
100 ;?..0() 300 4-, 0 

T°K 
Figure 3. Specific Heat Characteristics 

hombic type9. Associated with the crystal change is an abrupt change 

in atomic coordinates. (Figures 4,5). 

6. C. Guilland, thesis, Straabourg, 1943. 
7. B.T.M, Willis and H. P, Rooksby, Proc. Phys . Soc., B67, 290, 1954. 
8. Z. S. Basinski and \-L B. Pearson, Can. J . Phys., 3b,1017, 1958. 
9 . C, P. Dean and D, S. Rodbe 11, G. E. Report No. 6l=RL~2888m~ 1961. 
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Si nc.e t he: c , l& undergoes no c.hange at tt tran~l h p i.nL 1 t h~c 

h 1 0 0 b AY:..2. t::.. pe r cen Lage c ange in vo ume lS g1ven y V - : = 2- % 

0 Manganese Atom 

~. e>------~ O----~ 0 X Arsen1 de Atom 

cl : X ~ X_: 
Fi gu r e 4 . Uni t Cell of MnAs 

10 
Rodbell a nd Lawrence , extending the work of Guillaud and of Meyer 

11 
and Taglang , have shown that 

i n very large magnetic 

fi elds it is possible to 

accompl ish t he phase transi-

tion by field alone and also 

to observe the large volume 

change (an effect that 

12 eluded earlier attempts 

by other investigators due 

to i nsuff icient f ields ). 

The measurement s of Rodbell 

and Lawrence a re given i n 

Figu re 6 . 

I 
Art G s TO I"'\ I 

l..ll\iiT.S, I 
I 

I 

37Z~ 
~60 t __ -L---:'-----'------L--- -'----> 

/00 

Figure 5o Atomic Coordinates vs. 
Temperature 

10. D. S, Rodbell and P . E? Lawrence; J o Applo Phys., 31 3 275Sj 1960. 
11. A. J. P. Meyer and P ., Taglang, Jo Phys. Radium, 14-;-82, 1953 . 
12. A. Smits, H, Gerd ing and F ~ Ver Mas t , Zo Phys G Chemo , 3571 193 lo 
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Figure 6 illustrates the fact t ha t t he critical field at which 

,. 

large magnetization changes appear depends upon the temperature, and 

the value of this H . vs. Temperature are plotted in Figure 7. cr1t 

!DO-

4o 

(Ko~)2·l, ---~--~--~~~~t-1--±---~--~--~~~ ~ ,o ~o :!o 4, (b do 1o 8o ~ 
/E. rY) p ~~ f\ T UA, E. - {' (, 

Figure 7e Critical Field as a Function of Temperature 
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J L _0. h: 1 A. '- · \! t u r :t,_,.~: transition occurs in Lh<= \ HHt:r o1. 

H . , and therefore. tlLiS value represent& the field required to switch 
cr1 t " 

MnAs from one volume state to the o t he r o The values in Figure 7 are for 

atmospheric pressure. By increasing t he pressu r e, the t ransition temp= 

erature (and therefore, t he field requirements) are r educed as shown in 

Figure 8. 

lOCO --

rr so 

( ATMDSfiffJ<(f) 

0 /o 

Figure 8~ Critical Pressure as a Func t ion 
of Temperature 
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3. Possible Ways cf D:::>ing MnAs as a Driving Element for Tr.ansdtJL(;rs 

The feature of Mn.As of most interest, and which suggests its possib l e 

use as a transducer element, is it s change in specific volume by two per 

cent when subjected to the proper cond itions of temperature, pressure 

and magnetic field. This extremely large volume change can be compared 

to the one dimensional changes of other commonly used sonar materials to 

show its inherent advantages. 

MnAs ------------- l 0-
2

m/ m (or 2 x 10- 2m3/m3 4~) 
Nickel ----------- 4 x 10-5m/m saturation magnetostriction 

PZT ~~-~---------- 10 x 10-5m/m at a field of 
10 ~~lts 

m1 

The potential advantage of MnAs i s t herefore 100/1 in displacement 

over the best currently availab l e mater ials or a possible energy advan­

tage of 10
4 

to 1 in the basis o f equal volume of active materialo 

Any one of the three parame t ers ( temperature 3 pressure or magneti c 

fiel d ) may be varied singly, or i n any combination, to trigger the MnAs 

from one volume state to the other . These methods are considered be low 

to show more clearly the various mechanisms of operation. 

( 1 ) Temperature Control~ Under cons tant pressure, MnAs could be 

switched from its magnetic to i t s non- magnetic (with accompanying volume 

change) state by merely raising i ts temperature above its critical temp-

eratu re ( approximately 40°C at atmospheric pressure). The reverse holds 

true, but when cooling the MnAs to switch i t back to its magnetic sta te, 

the critical temperature is about 10° less than the temperature at whi ch 

i t switched non-magnetic. Th is is due to the hysteresis involved and 

is shown in Figure 9. 

7 
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Figure 9@ Temperature Hysteresis 

Although this method is the easiest way to switch the material in 

the laboratory, it would not readily lend itself to actual transducer 

operation. The difficulty that would be encountered in varying the 

temperature at anything even approaching an,acceptable frequency of 

operation would be prohibitive. However, the control of the static 

temperature is of importance because this partly determines its operat i ng 

point when controlled by other methods, as will be more clearly explained 

below. 

(2) Pressure Control: The control of pressure to sw1tch the ~mAs 

sample when used as a projector to transmit pressure waves is obvious ly 

not feasible. Also since by the nature of the switching action involved 

(step function), MnAs would be insensitive to small pressure variations 

and would therefore not be adaptable for use as a receiving device. 

However, its dependence on pressure requires thatJ like temperature, 

this parameter be controlled to set the operating point when other 



sw1t ch 1ng methods are useu, (See Figure 10) . 

T 

Figure 10. Pre s sure Dependence of MnAs 

(2) Magnetic Field Control ~ By use of a properly designed coil 

placed around a sample of MnAs , and a large magnetic field in pulses 

of controlled length, the sample may be switched from its non=magnetic 

state to its magnetic state. What happens to the sample after the 

collapse of the tnagnetic field pulse is dependent upon the temperature 

and pressure and is discussed later. There are two major problems 

that are immediately evident here. One, that it is necessary to control 

the temperature to quite close tolerances (within a few degrees c) in 

order that the magnitude of the magnetic field required to switch the 

MnAs does not vary to any appreciable degree~ {As shown by Figure 7, 

the magnetic field requirements are raised by 1000 oersteds for each 

degree of temperature increas e and this represents a waste of energy). 

Secondly, the design of t he coil to produce the requi red magnetic 

field can present s omewha t of a problem. Large fie lds o f t he order of 

9 



100,000 oersteds atL rtad~Lj Jbtainable by use of small coiLS lless than 

5 "11" ) 1 ~ m1 1ameters . Fields of 125,000 oersteds were obtained by the writers 

with coils o~ one centimeter length. The generation of such fields using 

larger coils has yet to be developed. 

Despite the problems considered above, it is considered that the most 

practical way to switch the MnAs is by use of applied magnetic fields. 

The MnAs could then be used to drive a mechanical system, resonant at the 

desired frequency of operation, to produce sinusoidal pressure variations 

into the water. (The device used by the writers, and other possibilities, 

are discussed later). 

li. R. ~V. DeBlois, G, E. Report No. 6l~RL~2687M, 1961 
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4. Modes of OperaLiun 

There are three possible ways to drive the MnAs with a magnetic field 

and have it complete a full cycle of operation for each pulse of magnetic 

field. 

(1) The MnAs sample could be held at a temperature above the criti-

cal temperature, and placed under t h e influence of a magnetic field fo r 

one half cycle at the desired frequ enc y of operation" For the other 

II II 
half cycle the magnetic field woul d be off • The volume of the MnAs, 

when plotted against time, would be a s quare wave with a frequency equal 

to that of the sinusoidal variat i o ns into the water. This would be eq -

II I I • 
uivalent to class B operation and is a dr1ven system rather than a res-

onant system. This is shown more clearly in Figure 11. 

VOL. '--

H 

t 

Figure 11. Magnetic Field Mode of Operation 
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(2) If, again, the tetuperatu re is held above the cr it ica 1 tempera~ 

ture, but the magnetic field is applied in short pulses, of the order of 

a few micro-seconds, the operation would be as pictured in Figure 12$ 

The pressure pulse striking the inside of the steel cylinder would 

cause the cylinder to vibrate at its resonant frequency. 

VOL, 

H 

- -- :-

Figure 12. Res onant Mod e of Operation 

(3) If the MnAs is below its critical temperature, but still in its 

non-magnetic state, (i.ee, within its temperature hysteresis) a magnetic 

field puls e of sufficient magnitude will switch it to its magnetic state, 

accompanied by the two percent volume increase. However, it will not 

revert back to its non-magnetic state upon removal of the field. There-

fore, some other means must be brought to bear in order to switch the 

sample back. An increase of pressure, prior to the next pulse of magne-

u " tic field, would suffice to switch the sample and reset it for another 

cycle of operation. If the sample could be held just below its critical 

pressure by stringest temperature control, the initial pressure impulse 

12 



tl.:)w tl:1t luside wal 1 of t.h~.- .:.LL "- .; iutucr \,/Ould 

be of ~uch mag:tL.'•e LO reset the MnAs, (See Figure lsL 

I VOL. I ,_ 

-~-= 
_____ .-,___ __ _ r,__ _____ _ 

t: 

H 
~. ___ [, __ 

- n_ --. a t 

Figure 1), Pressure Reflect 1011 Hode of C)per<H ion 

Mode one may be ruled out imintdiately since the powet required 

and r2R losses in a pulse of such du ration would be prohibitive. Mode 

two and three are analogous to class C amplifier operation with its 

inherent higher efficiencies, and are therefore more desirable. Of 

these two, Mode three would give bette r overall results as it requires 

a lower magnetic field. However, this is the most difficult Mode to re-

alize practically, as it requires the most stringent temperature control. 

For instance, the temperature would have to be kept almost constant at 

a given point, depending upon the magnitude of the reflected pressure. 

The lmJer it is, the less field is required , but at the same time, a 

larger pressure increase is necessary t o reset the material, 



) , )es1gn of Ma 0netic Pulser 

In order to investigate the various Modes of operation as discussed 

above, it was first necessary to design and b~ild a magnetic pulser capa-

ble of producing a high energy, short duration (approximately 1-5 micro-

s econds) " " d,c. pulse of energy in a coil surrounding a sample of MnAs. 

From the theoretical discussion, the minimum field requirement was consid-

ered to be approximately 30,000 oersted s . 

In the c,g.s. units, the field is given by H = .4 i1 (I ) I where I is 

the number of turns per centimeter and I is the current in amperes. Since 

the samples to be tested were approximate ly one centimeter in length and 

an N of 100 was considered nominal, the curren t requirement was cal~ula ted 

to be 250 amperes . The only device s capable of handling this amount of 

current in a cyclic manner are the gas thyratron, the ignitron, or the 

silicon controlled rectifier (SCR). 

Since the practical use of MnAs in a sonar transducer would require 

the pulsing circuit to be an integral part of the sonar projector, it 

was conside red mandatory that the circuitry should be designed using solid 

state devices. 

At the time that this feasibi lity study was being made, General 

Electric introduced a new line of high current SCRvs capable of holding 

back 600 volts and passing current pulses up to 600 amperes. Since these 

characteristics fulfilled the requirements, as previously discussed, the 

following circuit was designed usi ng an SCR . (A discussion of design 

considerations and a complete diagram of the circuit used are g iven in 

Appendicies I and II). 

14 
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Figure 14. Abbreviated Circui t Diagram of Magnetic Pulser 

The characteristic impedence (z ) of the delay line is designed to 
0 

match the resistance of the sample. The del ay line gives the current 

pulse a faster rise time by holding the voltage at a relatively constant 

level, and this insures a more uniform switch ing of the sample. The de-

lay time is designed t o be one hal f of the desired pulse length. The de= 

lay line is charged during the posi tive half of the a.c. swing and the 

trigger circuit is synchronized to fire the SCR during the negative half 

cycle. The switching of the SCR du ring the ne gative half cycle insures 

that only the energy stored in the delay line is delivered to the sample, 

15 



Preliminary Cou:::.i. erations 

In order to minimize the heat probl em, a low frequency of operation 

was considered best for investigating th e samples of MnAs. Since 60 

cycle voltage was readily availab le, it was u sed in conjunct ion with 

a standard plate voltage transforme r to supply the power to dr i ve t he 

magnetic pulser. 

The calculated volume change of 2% is very extreme, and it was 

reasoned that the NnAs would have t o be us ~d in an encapsulated powder 

form. Two different methods of encapsulation were used and are des-

cri bed below, The first samples t ested were obtained from the General 

Electric Research Laboratory, and consisted of powdered MnAs bonde d in 

epoxy-= the composition being about 95% MnAs and 5% epoxy. This mi x-

t u re was formed into the shape of rods of va rying length and in diame-

ter s of 1 mm and 1.5 mm~ Later sarnples cons iste d of powdered NnAs 

enclosed by a stainless steel tube o f 1.5 rom d iameter. After the pow­
• 

der wa s packed i nsi de the tube, it was placed in oil and pu t under a 

vacuum in order to remove the a ir , The samples were wound with various 

. ~ st ze s o, magnet wire from 4 to 10 mi ls in d i ameter, 

The magnet wire used was insula ted wi th Formex enamel and provided 

an average thickness of 20 microns between adjacent layers. Since 

Formex has an approximate breakdown of 20 vol ts per micron, adjacent 

wi nd ings should be protected from a rcing for voltage differences up to 

1'00 volts . However, anticipated , maximum voltages of 1000 volts across 

a } inch coil required that great care be given to the winding of the 

coils. Therefore, the coils used were e ither single layer or formal 

16 



b<Lt• :;everal L1yl1~, but \>JOund progressively from one end to the 

other) in order to minim1ze the chance for voltage breakdown between 

windings, 

The generation of heat by the curren t pulses required some form of 

temperature stabilization and the mounting of the samples in an oil bath 

was considered best. In order to control the ambient temperature of the 

oil bath (a two liter pyrex beaker), copper tubing was wrapped, in a 

helical manner, around the inside surface of the beaker. The copp~r 

tubing ,.,as connected to a source of hot and cold water which could be 

0 6 0 controlled to set any temperature f rom 15 C to 0 C. A thin disk of 

barium titanate was attached to the bottom of the oil bath as a sensor 

to detect any shock waves or acous tical waves which would result from 

the switching of the MnAs from one volume state to the other. 

It would be necessary to make various tests with the MnAs samples 

under pressure and a steel cylinde r was designed which would have a 

resonant frequency of approximately 30 kc and be able to be pressurized 

up to 30,000 psi. 

17 



7. Tests Conducted in the Oil Bath 

The first test conducted in the oil bath was a measurement of the 

temperature hysteresis of the MnAs-epoxy samples. It was found that 

the samples changed from a magnetic state to a non-magnetic state at 

· 1 45°C. approx1mate y The change in state was gradual starting a degree 

or two before 45°C and because of this gradual change, the volume change 

was also gradual and no acoustic pickup was detected by the sensor. 

When the temperature was lowered, the change of state did not occur until 

0 
a temperatu re of 33 C was reached -- a 12 degree temperature hysteresis. 

The next step was to try to switch the MnAs with the use of a 

magnetic field . The temperature of the bath was kept at 45°C so that 

the MnAs would be in its non-magnetic state . Fields up to 35,000 

oersteds were used with no apparent switching ev ident. At this point, 

it was considered desirable to try higher fields and our original pulser 

was modified to produce fields up t o 125,000 oersteds (See Appendix II). 

With the higher fie lds, indicat i ons of switching were noticed wi th 

f ields in excess of 40, 000 oersteds. The indication was in the form of 

a disturbance picked up by the barium titanate sensora The disturbance 

was slight and enshrouded in noise, In order to eliminate the noise 

and boost the signal, a Ballantine amplifier and a Krohn~Hite bandpass 

filter were employed and used for all subsequent measurements. With this 

set up, switching was detected for momentary periods and it was suspect ed 

that the sample was heating up and was quickly reaching a temperature 

for which the applied field became inadequate . In order to obtain a 

rough indication of the amount of heating, a coil was wrapped around 

18 



the base of a thermomete r and cu~rent pulses of 300 amperes were applied 

at a 60 cycle rate. P.s s h ,;wn 1n 1~1 gure 15, the temperature r ise was very 

extreme. 

90 

d) t 
I 

10 

T E..Mf:' '-'0 

4o 

2o 

10 

0 L~--------~--------~--------~--------4~o--------~L~.r-.\------~~~-~--~~ 

T II\ 1 F-. C S e c.. o "'cl ~) 

Figure 15. Coil Heating 

As a result of th is test, all subs equent runs were made with the 

circuit in operation for only a few seconds, Another indication of 

switching that was observed was the breaking of the MnAs epoxy samples 

into two piece s. Hhen t he samples were wound with a looser fitting coil, 

a third indication was obs erved and has been labeled by the authors as 

II II 
the creep phenomena . In this cas e , the sample would creep through the 

coil in the direction of the magnetic fie ld and is probably due to the 

19 



effect of the field on the two magnetic states of the MnAs. An oscillo-

scope picture of the sensor's signal immediately before and after switch-

ing is shown in Figure 16. 

Scales: 

H . t 1 500 microseconds 
orlzon a -- ~ t· t ..,;en lffie er 

V t . al 1 millivolt er lc -- . centlffieter 

Figure 16o Oscillograph of Switching in Oil Bath 
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8. An Experimental Tr ansducer 

A steel cylinder pressure cel l was designed for the specific purpose 

of testing the MnAs samples under press ures up to 1~000 psi. This steel 

cylinder, along with two samples of MnAs powder in stainless steel tubing, 

is shovm in the picture below. 

"·r 

-I · 

Figure 17. Cylindrical Transducer 

There are two electrical lead-ins through the top of the cylinder 

to which the samples were mounted. Affixed to the outside of t he cylin­

der in the area of its longitudinal center are two strain gauges and a 

barium titantate transducer (acting as an accelerometer)o 
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As a first tes t of the system, the temperature of the cylinder 

was varied with a MnAs sample mounted inside under 15,000 ps i. At this 

pressure, the critical temperature should be in the vicinity of 30°C. 

The strain gauges were used to try to obtain an indication of what occured 

as this temperature was reached. As the temperature increased, the cylinder 

expanded slowly as indicated by the strain gauge meter. As the temperature 

inside the cylinder approached the critical value ( estimated), the strain 

gauge meter showed a series of jumps, indicating a series of small step 

decreases in strain as the MnAs sample switched from its ferromagnetic 

to its paramagnetic state. The difficulty in obtaining a uniform temp­

erature variation over the entire MnAs sample obviated the attainment of 

instantaneous switching of the ent ire M~s sample all at once. 

Another method to attempt a strain gauge indication was to apply 

a single pulse of magnetic field to the MnAs sample. The discharge 

capacitor c
1 

( see Appendix II) was first charged up, and then discon­

nected from the charging source. With the temperature of the MnAs samples 

below its critical point, the triggering circuit was activated to dis­

charge the capacitor but no indication was observed on either the strain 

gauge meter or the barium titante transducer . When this process was 

repeated with the internal temperature of the cylinder above the critical 

temperature of MnAs, a definite indication was obtained on both the 

strain gauge and the barium titanate transducer. However, due to the 

highly transient nature of the MnAs expanding and contracting almost 

immediately, the strain gauge meter showed only a momentary flick of 

the needle. The output from the barium titanat e transducer was a wave 
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pattern of the s ame t y p E: oL;;;u :c d ,md analyzed later when 60 cycle puls­

ing was employed . 

Although the strain gau ge i ndication s gave a goo d idea of what 

wa s going on inside the cylinder, it was limited in its ability to 

hand le varying strains at fast rates, with its response falling off 

qu i t e sharply a few cycles above d,c. Therefore, no real quantitative 

r esu lts could be obtained and no fu r ther use was made of it. 

The next approach was to apply magnetic field pulses to the M~~s 

s amp l e at a 60 cycle rate, Great c a re had to be taken to ensure that 

t h e 60 cycle pulses were applied in sho r t bursts, Otherwise, as pointed 

out e arlier, the sample would become mu c h too hot to be effective . The 

best way to handle the situation in th i s case was to start with the 

s amp les below the critical temperature, The first few pulses of energy 

wou ld heat the sample above its critical temperature and effective opera­

tion could be maintained for a short pe riod, Even when great care was 

exe r cised, the coil around the samp l e would fail due to voltage break­

down a n d had to be continually repla ced. The samples used were the 

stainless steel tubing filled with MnAs powder. The coils used were 

wound with 10 mil enamel covered copper wire, The larger wire was 

used because it was sturdier and easier t o handle, and had less resist ~ 

ance than the smaller wire previous l y us e d . The windings averaged 

between 50 and 60 turns per centimete r wi th lengths of 1.5 to 2 centi­

meter s. The d. c, resistance was about ,1.~ ohms and U l E c a leu lated aver= 

a ge inductance was one microhenry. Va r i ous size capacitors were used for 

c
1 

to optimize pulse length, rise time , and ringing. CapaciLors of tw 
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to four microfarads were used, for the most part. Although the current 

pulse rise time and magnitude were sufficient for the purpose required, 

the pulse length was a bit too long, The pulse length could not be 

shortened much more that it was with the circuit being used. From the 

theory, pulse lengths of one or two microseconds are sufficient to switch 

the material, and the excess involved in the longer pulses were merely 

wasted power and contributed substantially to the heating problem. The 

voltage pulses were in the vicinity of 700 to 800 volts. 

The barium titanate transduce r res~onse was observed for varying 

conditions of field pulsing, and various oscilloscope pictures were 

taken and are explained in the next section. 
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9. Analysis of Results 

Figure 18 shows a typical current and voltage pulse delivered to a 

sample of MnAs. The sync circuit of the oscilloscope was triggered by 

(a) 

(b) 

Scales: 

H . tal 1Affiicroseconds 
or~zon -- ~entimeter 

Vertical--

(a) 

(b) 

100 amperes 
centimeter 

200 volts 
centimeter 

Figure 18. Typical Current(a) and Voltage(b) Pulses 

the current pulses and oscillographs were taken to determine the time 

delay between initiation of switching and reception of the shock wave 

at the steel surface. Figure 19 shqws a comparison between the current 

pulse and the signal detected by the sensoro From the dimensions of the 

steel cylinder (Appendix III) and the velocities of sound in st~el and 

oil, a time delay of 15.7 microseconds was computed. This compare~ 

very closely with the actual time delay o Figure 20 (a) shows the signal 

occuring at the 60 cycle rate and ~igures 20 (b,c) show the signal on 

a more magnified scale. 
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Scales: 

H 
. tal 10 microseconds 

or1zon -- t• t cen J.me er 

Vertical--

(a) 

(b) 

100 amperes 
centimeter 

1 
millivolt 
centimeter 

Figure 19. Time Delay Between Current Pulse and Output 

Scales: 

Horizontal 

(a) (a) 2 milliseconds/em. 

(b) 200 microseconds/em. 

(c) 50 microseconds/em. 

Vertical 

(b) 

(c) 

Fi gure 20. Output Response 
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(b) 

(c) 

.2 millivolt/em. 

.5 millivolt/em. 

1 millivolt/em. 



N &igi d:., '~p;. 11 tu t cou·posed ot two similar frcqu(: t.i<:s bt.!ating 

with one another.. .uwj r varying amplitudes may be explained by each 

frequency havin 6 a different rate of decay. 

The beat frequency is approxima t ely 2 KC and the sum frequency is 

a bout 30 kc. Therefore, the two modes of vibration are 28 kc and 32 kc. 

I \ 

) 
I 

I 

( 
\ 

Fi gure 21. Modes of Vibration 

The 28 kc mode may be explained as that due to the radial vibrations 

of the oil column. The 32 kc mode is the fund amental resonance of the 

cylinder and agrees almost exac t l y with t he theoretical value& 

F igure 20 can also be used t o compute the peak efficiency of the 

cylinder. millivolts-
The accelerometer has a sensi tivity of .125 -~--...;;..:.---:­

un i t acce l era t ion 

and t he peak value represents 16 ' 1 ' g s acce erat1on. 

V (rms) = 707 ~ = • \.J.) 

16(980) ~ .059cm/sec 
2 Ti( 30xlQJ) 

Peak Power out - Area X e Co X v2 
X 10-7 

Ave Power In 

.65 watt s 

= 12(peak)R Pu lse Widt h 
Duty Cycle 

~6 
( 500 )2 ( Q 3) ( 5 X 10 ) 

16.7 x to-3 
= 22,~ watts 

Peak eff. = .165 0.73% 22.5 
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Although this is a very low efficiency, it is to be expected since 

the system has a relat ively high mechanical Q and the 60 cycle operation 

is far removed from the resonant frequency. 

Scales: 

Horizontal--1 microseconds/em~ 

Vertical--1 millivolt/em. 

The upper picture represents 

the response for an applied field 

of 48,000 oersteds. The lower 

picture shov~ the response for a 

field of 32,000 oerstedso Here 

the maximum amplitudes show a 

square relationship with app!ied 

field. 

Figure 22. Amplitude Comparison for Two Different Inputs 

Figure 22 shows the signal for two different values of applied fields. 

A series of similar photographs were taken and the data was compiled and 

plotted in Figure 23 to show the relative output vs. applied magnetic 

field. There is no output until the critical field is reached. The 

output appears to increase linearly with field up to a point midway 

between switching and saturation. After this point, the output shows 

a square relation tapering off as saturation is reached. The general 

nature of this curve is similar to the M vs. H curve and demonstrates 

that the volume change is only abrupt if the applied f i eld has a sharp 

rise time. 
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Figure 23. Plot of Magnetic Field vs. Relative Output 
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There are 8ome ways 1~ which the experimental procedure could be 

improved in future woik. One way is to improve the pulse forming cir~ 

cuit into someth1ng more permanent and portable. The circuit on the 

following page is recommended. It is merely an extension of the circuit 

used by the authors, modified to send a pulse through the MnAs coil in 

both halves of the sinusoidal input. After work has progressed enough 

to try higher frequencies of operation, the whole circuit can be sup­

plied by a variable frequency power supply. The MnAs will be pulsed 

at twice the incoming frequency from the power supplyo For 60 cycle 

operation, only half the circuit need be utilized. Except for the trans­

fcr~ers, which could be separately mounted at relatively long distances 

from the circuit, very little size and weight would be involved. The 

circuit can also be used for single pulse operation, 

An attempt must be made to narrow down the current pulse to the 

order of one or two microseconds. Some success might be obtained in 

this regard by using smaller, single layeF windings of perhaps 10 mil 

diameter wire, The number of turns per centimeter would be decreased, 

but the a.c. resistance and inductance of the coil would be reduced 

significantly. This would tend to both increase the magnitude of the 

current pulse and narrow it down. This might require slightly higher 

voltages to obtain adequate magnetic fields, so care must be taken in 

choosing the wire used. Therefore, in order to avoid the problem of 

voltage breakdown, more thickly insulated wire than that commercially 

available should be used. 

Since heating is such a big problem when pulsing the sample, a 

material other than stainless steel tubing which would be a better 
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l u 1tc ·1 the NnAs powde 1 • 

This combined with much reduced current pulse widths , would improve 

the hPating p1oblem considerably, 



II. Conclusions 

Although MnA8 is rather difficult to work with at the present time, 

the authors feel that a continued effort should be made to try and develop 

its potentialities. 

The use of MnAs as a sonar projector would bring in an entirely 

new mode of operation; i.e., use of volume expansion rather than the 

present one dimensional linear changes. This would open up new vistas 

in the design and construction of transducers. MnAs could be used as 

the driving element in an almost unlimited variety of mechanical systems. 

One example being the device used by t h e authors. 

Three examples which might bring out the versatility of MnAs are 

shown in Figures 25, 26, and 27 be l ow . 

j=LVIP 

SJ>fiiNG- Mn Its 

Figure 25. Shaker Box 
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l ,J rhc OpE- d lion iS the Same 

as a n!a.:__:_.l Lo-strictivc: type: (';~cept modified for use "'it.h HnAs. A liquid 

sprinu 1cplaccs the mcchJ nical spyi n G, cli~inating fatisue problems. The 

sys: ''r;l wo'11d i r r ssenttally 'Jass C, push pull and probably very effi-

cienl. The NnAs would be under pressure_, S'l.vitched by magnetic fie ld 

pulses and eset hy the p1cssute increase involved whPn the othct· side 

.ill'S. 

Fi"_,u1c 2)+ shows a simple d1iven piston arrangement, also a push pull 

operated Jevice. Several could be used in an array for directional 

pu poses. 

Figure '?7 shows a possibility of ush1g MnAs as a driving element in 

II II 
bender typP transducers. This ty pe of transducer is gaining importance 

btrause of its adaptability for use with hydrofoil type ASW vessels. 

Although HnAs can be operated to a limited extent today: there arc 

steps being taken at LhP General Electr ic Research Laboratory to improve 

the basic material. Among these a re: 

1. Alloying to ,iJlow MnAs t o S\vitch under lower fields (Hhich 

would 0ase the heating prob l em). 

2. Alloying to xhibit a second 9rder volume change which is 

proportional to the fie ld applied but capab le of a much 

higher 
II II 
saturation value tha n nickel or ceramics. 

1. Investigating other materials of the same family to see 

if there art' better rna ter ia ls than MnAs. 

MnAs is in the same position today that ferroe lectric ceraQics were 

in aoout 19l·7. IL i~ th(' first ma jor new transduction material to he 
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co~s i der~d since bar~um titanate. The many possi bi li t ies of MnAs may 

be visualized, especially in the h igh power, low f requency, deep depth 

proj0ctors which a r e becoming more and more import ant in combating t he 

submarine threat, 
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DES IGl~ CONSIDE RAT IONS 

For i n iti a l t e s ting of the MnAs s amp le s , th~ pulsin g c i rcu it shown 

in Fi gure 14 wa s designed, The de lay line charge s up during the positive 

hal ( cy c l e. The t~igge r cir cuit is timed to gate the SCR during the 

nega t ive hal f cycle, so only t hat curr ent uue to the d e lay line discharge 

will f low through the SCR and the sample coil. The de lay l ine is for the 

purpos e of holding up the vol t age across the sample for a [aster current 

pulse ris e time. Howeve r, this leads to a slight sacrifice in current 

pulse amplitude and here a compromi se must be made. The main require­

ments to be satisfied are as follows: 

(1) At atmospheric pressure, the peak current through the coil must be 

su f f icient to produce approximat e l y 25,000 ampere turns per centimeter of 

coil, i.e., 30,000 oersteds to insure readhing the saturation regain. 

(This requirement is reduced when thy sample is under pressure.) 

(2) The inductance of the coil must be small enough to allow the current 

puls e to build up to a satisfactory value during the duration ot the volt­

age pulse. 

( 3) Energy stored in the delay line must be commensurate with the mag­

netic energy in the coil at maximum current (to reduce ringing to a 

minimum) . 

(!1-) Heat dissipation in the coil should be c ommensurate with powe r cieliv­

ered. Top high a temp e ratur e rise will redu ce the switching ability of 

the MnAs. (This was quite a problem and operation was only possible for 

a few seconds at a time t o avoid exce~sive h eat buildup and voltage 
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its ability to put o~c hi~h ~nou6h current p~lses bpcause th~ silicon 

cont·rolled rvclifier could only cont ro l a maximum of 600 volts. This, 

initially, sceme0 lik~ .nough. However , after further resea rch into 

t he theory of operation of MnAs, and consultatio n vJit.h Dr. Don Rodbe l l 

o i Ge neral El ec t ri c Research Labocatory, the minimum ma gnetic t i cld 

requir ed for co: 1P le te swi t chi nt:, "\:la S re- eva l ua Led to be 50,000 oersteds 

vice 30,000 oersteds. Two silicon controlled rectifiers in series opera­

tion could be used t o obtain holdo ff voltages up to 1200 volts . This 

woul d have required resistance and capa citance compensation to al l ow 

[or variations in leakage curr~nt and junction capacitance. Although 

this is not difficult it was deci ded to use the Ignitron as a basis 

for a new circuit. This, essent ia l ly , would not l i mit the voltage anu 

current pulses obtainable and wou l d al low somewhat more freedom of 

operation in experiment i ng with t he MnAs samples. The silicon controlled 

rectifier circuit was put to use, with no change made) as a highly 

satisfactory gating circuit for t he I gni t r on , 



APPLWTX I I 

DL\GRAt : .\ ~~L DISCUS~IOH OF CIRCUIT USED 

Thl l gnitron obtained was a 770 3, capa ble of holding 20,000 

volts and pa s sing puls e s o f up to lOO,OOO amperes, Since now the 

vo lta ge puls e s a re c ssPnt i al ly unl imited i n magnitude, no special 

dev ice wa s deeme d neces sary t o obtain a voltage pulse. A simple 

capacit or c i scharl_;e arran,;c>ment was u t ilized, with the complete cir-

cuit diagr am use ~ shown i n Fi gure 28. After a few trial runs, ringing 

did not se em to be too much of a problem. Therefore, various size s of 

capa c itors we re used that we re a compr omise between giving a good i m-

pedanc e match (z = L/C), and a na rrow current pulse , The narrow cur­
o 

r ent pu lse gave a muc h faster ris e time whi ch is e ssent ial here in 

order to obtain the shock wave e ff ect from the expansion of the MnAs. 

The faster t he rise time, the shor ter the time lapse between initial and 

comple t e switching of the HnAs. The time lapse should be no longer than d 

micros e cond in order to produce t he shock fron t. This in turn produces 

the r equired impulse a t the s t eel wall t o set it into motion . Other-

wis e , there will just be a re l a tivf lY slow rise and fall of pressure 

within the stee l cyli nder wi th no significan t resul ts . 



f 
~-~ 

I J -

Vl)/\11 

,_ 

y 

.i 
L1 

......._!_ - ,,......,... 

V · ·I I 
'"l. 

Phase relations 
as sho\-m for 
proper operation 

t· 

l~!r I 

-'1\, (! j\ -

l ( . I', 

\_; 

-( : \ ' 

:t ,~1~_D >:I ~\--~ .__ 

'-..... ____ / '\ I l 
••·• .... -·-.,I ...-' ---.. l. --

~ 

I 
l __ l 

,/ 

,-1. L. 
_·--t<J--

1. nt-J 
( ' ' 

I 
. ,j 

d· 

I; 

1/IV,!j.._ 

I 

VH 1-.1 11 ,_ 

·<"· .. -r--·- 1------ I I 
J IN - I ~ I 

. I -· ~· - -- J(_; 
'Sl!1 1 -?.h·-'- · /,ltf l~ 

r:--' I < I ® 
, r-:= 1<1~(j;( / \ 7e 

., 

I 33Y I/. fS'I7 , ~N.tf, ; ' I 
---;\""\ I 

!_':!.. ....... ./ %'I.... I 
j_ ( JyoJL . I -

. ' r 1,,\/"1\/o... A../VV\1' // 

,..__ I ~ ~~ J, '6 ~~ 

Pigurc 28. Diagram ol :ircuit Us2d in Study 



H 
H 
H 

>< 
H 
Q 
:;::' 
r~ 
0... 

~ 
0 

8 
(/) 

~ r:-. 

~ 
0 
H 
C:! 

~ 
H 

!>:J 
0 

n_, .rx. 
~ 0 

f;1 
~. 

H 

~ 
Q 

Q 

;j 
H 
~ 
E-i 
r.q 
0 

5.94-
f<tt:r-: 

=-zJ 
""'EZ'. - '-=~Hi-

. p:~~~L-

~~~~F 
-r- - \ I \ GLI\1-.JO 30 ;(_ 1-\M z 

8 0.0. TU51~G 

C..OLLA.R.., 30·ZHZ. __ 

Figure 29. Detailed Drawing of Cylindrical Transducer 
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