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#2 (near the bottom of the block diagram) from about 0.2 ~sec to well over 
100 ~sec. For every particular setting, all 3 pulses will be of equal width. 
The repetition rate is varied by changing the free-running frequency of the 
high-frequency multivibrator in the Multivibrator Frequency Divider from about 
2 ~o about 250 kc. 

The amplitude of the current pulses is variable from 0 to about 
750 mae For those tests requiring larger currents, a thyratron pulse generator 
was used varying from about 0.8· ampere to 3.8 amperes. The number of #2 pulses 
inserted between #3 and #1 is varied by varying the low frequency of the multi
vibrator frequency divider. 

Oscilloscopes 

All measurements (except d-c resistance measurements), readings, and 
photographs were taken on either a type 51J'D or a type 5l4D TEKTRONIX • scope, 
both having a I-megohm and 40-mmf input impedance. 

Steady-State Measurements 

For steady-state measurements, the core was switched into ZERO and 
OD positiQn by means of a battery, a key, a variable resistor, and a revers
ing switch. Once the information had thus been stored, only one pulse was 
needed: the'quadrature-field read-out pulse. 

Transient Measurements 

For transient measurements, again, the ;nformation was stored. 
initially, by means of the outside battery. Then, with SW 1 open, the quadra
ture-field leads were connected to pul~e'/2 and the magnetizing winding of 
the core to pulse 13. Thus a variable 'number of read-out pulses could be set 
up, followed by a remagnetlzing puls~. 

EXPERIMENTAL RESJLTS 

Typical Waveform§ 

Figure 13 shows typical waveforms (voltage vs time) obtained with 
an open output winding. The top picture shows the output of a memory core 
holding a OBE. It illustrates the positive change in flux (represented by 
the positive voltage induced in the sensing winding) as the ~ field is 
turned on, followed by a negative change as the ~ field is removed and the 
remanent flux returns to its easy direction of magnetization. When the informa
tion held by the core is changed to a ZERO (bottom picture). a pattern of 
opposite polarity is observed. 

Figure 14 sho,x$, the O)lt.put of a met.a.llie-ribbon tYP,e core into a 
20-turn sensing Winding terminated in 93 ohms. with both internally and 
externally generated it-field. As may be seen, the loading of the output 
winding has the effect of slowing down the ,return of the disturbed rema.nent 
flux vector to its easy direction of magzietization, so that the output ' 
signal is essentially confined to a single positive pUlse for a ONE and a 
negative pulse for a ZERC. 
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There is a striking similarity between results obtained with the 
two different methods of generating the ~ field. Except for a seale factor 
and some oscillation introduced by the external IP field, the results may be 
said to be alike. This is as it should be: the output of the memory core 
should not depend on the manner in which t,he quadrature field pulse is 
generated. 

Material used 1.s a 40-wrap 1/8~inch wide 1/4-mil thick Mo-Permalloy 
216 core with a 20-turn output winding. The external ~ field was generated 
in a Ferramic~D core with a lO-turn exciting winding. 

It should also be noted here how closely the output voltage follows 
the shape of the quadrature-field current pulse. The pictures in each series 
were taken to the same time scale; all of these pulses are abou~ 0.2 ~sec 
long with a O.lf.J.secrise .time. 

Output Voltage!& ~Function ~ Quadrature-Field Currents 

In the relationship between the magnitude of the output voltage and 
the ,-field current, only the internally generated field offers any sensible 
basis for comparison. 

For the case of the external quadrature field, too many variables 
exist outside the memory core; the size of the quadrature field magnet 
(relative to that of the memory core), its magnetization curve,. the amo·unt of 
residual flux it retains, and the smoothness of the mechanical fit between 
it and the memory core are just a few of thea'e variables. With the internally
generated ~. field, all these parameters are fixed for each core. 

Figure 15 shows the output into 93 ohms and open circuit voltages 
of a 6-wrap Mo-Permalloy core, 1/4 mil thick, 1/8 inch wide, pulsed wi th a 
current pulse 0.2 f.J.see long, the amplitude of which was varied from about 
O.O? ~pere to over 0.6 ampere. The output winding has 20 turns. The curves 
are typical of many others, obtained both with externally and internally 
generated ~ .fields. 

There is a long, essentially linear (or slightly conc~ve) rise of 
output voltage as the ~field current is increased, followed by a flattening
out and finally (not shown in this graph) a rapid decrease of output as the 
nondestrnct;'ve limit is exceeded. The decrease is probably caused by the 
quadrature field deflecting the remanent-flux vectors ~:n more than 45°' from 
their original position along HA (see Figure 3), so that they then line up 
along H900 instead of dropping back to the.HA direction. It was found that 
the point at which the flattening-out of the curve oc6urs (or where the non
destructive system reaches its limit) could be varied by changing the length 
of th~ quadrature-field read pulse. The longer the pulse. the less current 
was needed to reach the limit of nondestructiveness. Conversely, also, the 
shorter the duration of the pulse. the greater the amplitude that could be 
tolerated by the system, and indicenta,lly, the greater the output of the. 
memo,_ry core became. 
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A certain asymmetry is noticE)able in these curves; the OD outputs 
are consistently larger than the DRO'·s. This is caused by the J'-field
current lead attached to the inside end of the meta.llic-ribbon memory core; 
since the current flows in from one side anly, the magnetic field surrounding 
it will boost one direction of magnetization while bucking the other. Subse
quen~ly, an experiment was tried where two lead$, one from each side, were 
attached to the inside end of the core. Through a pair of matched resistors, 
equal current flow through both leads was assured; as expected, most of the 
asymmetry disappeared. 

Voltage Output ~~ Function'~ Terminating Resistance 

Variation of the output voltage of the memor1 core with changes in 
the terminating resistance was observed-in the same 6-wrap Mo-Permalloy core 
described above. The plot (Figure 16) on semi-leg scale, 'beginning wi th very 
low voltages for small va.lues of terminating resfstances, passes through a 
fairly straight region between 70 and 100 ohms and then, asymptotically, 
approaches the open.,..eircuit voltage. !he halfwq point, or point of maximum 
power transfer, is reached near 200 ohms. A common way of specifying impedance 
of a winding on a magnetic core is in the unit "ohms per turn squared". For 
our ·20-turn sensing winding, its apparent 2QO-ohm internal impedance gives, 
in these units, 1/2 ohm per turn squared. .!he quadrature-current pulse was 
0.64 ampere max:im~. a.bout 0.25 ~8ec long at the base. 

OutPUt Voltage U. l!! Function of.l!!! Amount ,g.t Magnetic Jila,terial .in the 
Kemory Core 

• It soon became apparent that the output of a given magnetic core 
varlQs a good dea.l according to its size or the amount of material used. 
Moreover. the variations seemed to follow different patterns depending on 
whether externally or internally generated ~.fields were used for the readout. 

a) Bxternally generated Olledra.tureffeld: s.ince properly assorted ferrite 
cores would have been too expensive to ob.tain. one'set of metallic-tape cores 
was ordered contain1ng 1,"'2. 4. 8, 16, ;32, and 64 wraps respectively.' A 
Ferramic-D core with a lO-turn exciting winding was prepared by grinding a 
slot into it just wide enough to receive the metallic memory cores. ~he 

. latter were Mo-Perma.lloy216's. 1/4 mil thick and 1/8 inch wide, with 20-turn 
sensing windings. Then. with a constant ~f1eld pulse of 0.72 ampere and 
O.2~sec long, maximum output was recorded for each core. Figure 17 shows the 
maximum output for each core in that series plotted against the number of 
wraps in ea.ch. The result seems odd, at first jone would expect to find an 
increased output as the 8mQunt of material in the core is increased. But 
it should be realized that there exists an air gap between the edges of the 
~field ma.gnet and the memory-core ma.terial of at least the thickness of the 
two flanges of the. bobbin on whiCh the metallic tape is wound. The it-tield 
flux is therElfore fairly constant BO matter how many wraps of material are 
inserted; however, the flux density v·ill b·e .. alier the more wraps of materi~ 
are on the memory core. '~elow 4 wra.ps. leakage anii/or saturation reverses 
the norma.l trend.' 
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b) Internally generated ~ field: The curve of output vs number of wraps 
of material for the internal ~ field (Figure 18. solid line). starts out 
quite linearly. but soon begins to rise more slowly. Presumably, above a 
certain large number of wraps no further rise in output would be noticeable 
as the amount of material is increased. 

The back voltage vs number of wraps (broken line) indicates a linear 
relationship between these two variables, as had been expected. Back voltage 
in all cases amounted to several times the output voltage. 

~ Voltage ~ Pow~r Consideration 

When considering the nondestruotive read system from the point of 
view of power economy, one is immediately aware of its very low efficiency 
as a power transformer. 

An indication of the peak power involved (largely reactive) may be 
had by multiplying the current peak by the peak of the back voltage. These 
peaks, from observation, occur simultaneously. Peak power output will then 
be given by 

where E t is the peak voltage appearing across the sensing winding and R 
is the ~~rminating resistance. Four typical cores are illustrated in the 
table below; setups L and N02 used internally generated ~ fields, setups 
C and M04 externally generated ~ fields. 

External i Field Internal l Field 
C Mo4 L 1"02 

I Beta (amp) 1.0 0.72 0.72 0.168 

V Back (volt) 130 39.0 3·5 0.5 

Pin (VA) 1.30 28.1 2·52 0.084 

Eout (volt) 0·5.5 0.6 0.6 0.1 

R (ohm) 93 93 100 9.3 

Pout (watt) 0.0033 0.0039 0.00.36 0.00011 

Ratio: Pin .39000 7200 700 760 
P out 
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Materials used: 

Setup Q (shown in Figure 9) 

Memory core: KF-1118 size F-259 ferrite core, with 20-turn sensing 
winding., 

~adrature-field magnet: MF-666 size F-262 with 20-turn exciting 
winding. 

Setup .H04 

Memory Core: 4-wrap 1/4-mil-thick l/S-inch-wide Mo-Permalloy 216, 
20-turn output winding. 

Quadrature-field magnet: Ferramic D l3/l6-inch outside diameter with 
lO-turn exciting winding. 

Setup ~ (shown in Figure 11) 

1/4-mil-thick 1/8-ineh-wide IO-wrap Mo-Permalloy 216 core with 20-turn 
sensing winding. 

Setup 102. 

1/4-mil-thick 1/8-inch-wide 2-wra.p Mo-Permalloy 216 core with 20-turn 
sensing winding. 

As may be" seen, back "voltages vary a grea.t. deal. .In the four cases 
shown, they range from 130 to 1/2 volt. 

For applications where outputs of 0.1 volt would be sufficient and 
where small back voltages are desirable. setup N 2 might be suitable. For 
applications where large output voltages are nee~edt a l20-wrap Deltamax core 
might be useful. Open-circuit outputs of over 50 volts in a 20-turn sensing 
winding have been obtained with a fast-rising 3.2 ampere p-field-current pulseo 
This same setup yielded over 20 volts into a 93-ohm terminator. 

Transient Behavior 

An important question arose early in the investigation: how perma
nent is this nondestructive read systemi It was observed that for a quadra
ture-field pulse of given magnitude and length, the readout signal did not 
alw~s remain constant. With relatively short pulses of small amplitude. no 
change could be detected; but when the quadrature-field pulse approached the 
limit of the nondestructive system, a definite change could be observed in 
the magnitude of the readout signal. From a maximum output obtained with a 
freshly magnetized core, the output would shrink, .rapidly at first and then 
more slowly, until it finally settled at some steady-state value. 

Figure 19 shows the traces, as observed on the oscilloscope. of the 
first fifteen nondestructive readout signals obtained from a freshly magnetized 
core with internally generated ,,-field pulses. (The act~l photograph is 
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reproduced in the insert; for"better visibility ,the traces·-were redrawn to a 
much larger scale.) The pulse was 0.36 ampere high and 6.5 J..Lsec long, which, 
for the type of core used, is very near the destructive limit. 

The transient behavior appears to be of an exponential nature. The 
values obtained are given in the parti~ltable below: 

~ 'Pu1se O~~~i ill 

1st 
3.5 

2nd 2.2 
3rd (estimated 2.08) 2.0 -2.1 
4th (estimated 2.05) 2.0· - 2.1 

15
th 

1.9 - 2.0 

loath 1.6 - 1.7 

10.000th 1.5 

15 Millionth .1.5 

The core used was a l/4-mil-thick l/8-inch-wide 40-wrap Ko-Permalloy 
216 core. Repetition rate was 4 ~c. At this relatively slow rate, the steady 
state ~as reached after about 2-3 seconds; for over an hour thereafter no 
further changes were observed. 

Other endurance tests were run up to 1,200,000,000 readouts, and in 
all cases no further deterioration of the output signal was noted once it had 
n settled4'own.1! 

The number of pulses needed to reach a steady state seems to be in
versely related to the magnitude of the quadrature-field pulse. In $everal 
cases involving short pulses (O.ZJ..Lsec), steady state is reached after the 
second. reading. 

Readout lim 

As far as was observed, the lower limit of the readout time seems 
to depend only on the rise time and length of the B-fleld-current pulses 
which the 'ltvailable equipment is able to provide. The fastest pulses so far 
have been of O.l~sec rise time and 0.2~sec total length. As illustrated 
'in Figures 13 and 14, the readout signaloceurs almost simultaneously with the 
quadrature-field pulse. There seems to be every reason to expect, if even 
steeper and narrower quadrature-current pulses could be provided, that the 
readout signal would also become steeper and narrower, and the voltage corres
pondingly higher. 
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~ FURTHER EXmRIMINTS 

Effects of Reinforcing Residual Flux 

An investigation was made to see what happens when direct current 
is allowed to flow in the memory-core's magnetizing winding (~ -field winding) 
while p-field pulses are applied. The effect of the direct current is to 
increase the 0: field. :B.ecause of the'rectangul&1"ity of its hysteresis loop. 
the magnitude of the residual flux is almost unchanged, but its position 
is more firmly held in the ~ direction: it has been reinforced. Measurements 
were taken of the core output caused by a given magnitude of the ji-field pulse, 
first without the reinforcing current and then with it. 

With a small quM.rature-field read pulse the output signal decreased 
as the residual flux was reinforced. lith a relatively large quadrature pulse 
the output increased when the residual flux was reinforced. W. N. Papian of 
this Laboratory explained this phenome~on as follows: 

As the small ~ field causes the residual-flux vector to rotate. the 
sensing winding sees' a certain flux change (A cP in Figure '20a). Whez:t the 
residual flux is reinforced, the vector is, still of the same magnitude but 
can no longer be rotated as easily as before (Figure 20b), resulting in a 
smaller flux change and hence in a smaller voltage output. 

The large ~ ... field pulses, in the absence of direct current in the 
magnetizing winding, a~e powerful enough to switch some of the smaller domains 
into the 90 0 direction (Figure 20c), and the residual flux in the a: direction 
reaches a steady state somewhat below its saturation .value. The domains still 
in the rr, direct,~on are deflected as usual; again. the sensing winding effec
tively sees a change of flux (4 tp>. When 110W sufficient direct current is 
allowed to flow in the magnetizing winding, the small domains are reswitched 
into the (;:[ direction, and thus the total residual flux in that direction is 
large;r than before. If the rotation caused by the fa-field pulses is not too 
much reduced, the sensing winding will see a larger change of flux 'than before. 

Switching Time Qt ~ Memory Core While l Field ~ Applied 

" The primary function of the ~ fiel4 is to rotate the remanent flux 
away from its easy direction of magnetization, that is, away from its most 
stable state. I t was thought that the application of a 1\ field while the ct:. 
direction was being switched. S~t from a ZERO to a ONE would facilitate 
this switching process and thereby reduce the switching time of the core. 
!'ndeed,· it was foUIld that switching time could thus be reduced by up to .30% 
for a given number of ampere-turns. 

Re£eneratiye Effect 

During the attempt to find the maximum amplitude and length of the 
quadrature pulse which various memory cores would tolerate and still yield 
a nondestructive readout signal. an unexpected phenomenon was observed: under 
certain circumstanoes, When information retained by a memory core had been 
largely destroyed by the ~pplication of too powerful a quadrature field, this 
information could be restored merely by shorting the sensing (output) winding 
of the memor,y core during the application of a few quadrature-field pulses. 
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For simplicity's sake, this effect will be referred to as.the "regenerative 
effect." 

The effect is by no means found in all cases. S,o far, it has been 
observed in only four of the metallic cores (out of over 30 which were used 
during this investigation) and in none of the ferrite cores. 

In a typical case, a 40-wrap l/4-mil-thick liS-inch wide Mo-Permalloy 
216 core Wi th a 20-turn unterminated.output winding was used. With a O.S-amp 
current pulse of O.l-~sec rise time and O.2~sec length, a ONE output of 13.5 
volts was obtained. As the current-pulse length was gradually increased, 
the output fell, rapidly at first and then more slowly, until at 50~sec pulse 
length only 1.4 volts was measured. The pulse length was then gradually re
dUced back to 0.2 ~sec; the output, however, did not rise above 2 volts, 
indicating that ~he information had been larijely destroyed, probably because 
most of the domains had switched into the 90 direction of the ~ field. 

When the output winding was then short-circuited, while the ~ 
field pulses continued, regeneration took place; i.e., after the short eircuit 
across the output winding had been removed, the output voltage again stored 
at 13.5 volts, suggesting the remanent flux had been restored to its original 
magnitude. 

When instead of a short circuit a small resistor was placed across 
the output winding, the gradual regener~tion could actually be observed on 
the oscilloscope. 

Similar results were obtained when the core was m~netized along 
minor hysteresis loops: application of quadrature field pulses to the core 
while its output winding was short-circuited brought the remanent flux back 
to its full saturation value. 

No satisfactory explanation of this phenomenon has yet been found. 
Any thoughts the reader might have about it would be appreciated. 

Internal ~ Field ~ Ceramic ~ 

A system for generating a i\I field, and even a '0 field, internally 
was proposed by R. F. Jenney of this Laboratory. 

A small cube of ferrite material (Figure 21) is drilled in the 
three perpendicular directions in such a manner that the three hollows thus 
obtained pass near one another without actually intersecting. The cube may 
then be regarded as a core, with the 0.. -current (10:.. ) conductor representing 
the magnetizing winding and the ~-and/or ~-current conductors carrying the 
quadrature field currents. 

Tests with such a drilled-out block of ferrite MF-1326B show that 
nondestructive reading can be obtained by this scheme. 
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~ POSSIBLE APPLICATIONS 

Applications for the nondestructive read system could be found 
wherever permanent or semipermanent memories are used in computers or sl:mi1ar 
machines. 

A magnetic-core binary counter (currently being investigated at this 
Laboratory) could be equipped with this nond~structive read system, so that 
the actual count at any one instant could be ascertained without interruption 
of the process. 

A "permanent register" could be built consisting of, say, 16 cores 
which might be set up by individual toggle switches. If their quadrature 
fields could be pulsed in series, or possibly if they could all be disturbed 
by the same quadrature field, all 16 oores could yield their information simul
taneously, without the necessity of rewriting the information. 

Another possibility might be the use of internally generated ~ field 
in a static read system for magnetic-tape recorders or memories using metallic 
tapes. 

Finally, Dr. M. S. Blois suggested the ferromagnetic relaxation 
oscillator. An oscillator based.on the deviation of the magnetic vector under 
the influence of the quadrature field plus the gyroscopic precession to which 
this vector would be subject might be stable (since only atomic phenomena are 
involved) in an ultra-high-frequency region not accessible to quartz resonators. 
Frequency should be about 5 .magacycles per gauss. 

CONcmSIONS 

The principal conclusion to be drawn is that this nondestructive 
read system works; it furnishes positive information as to the state of mag
netization of a memory core without changing that state. The system is fast, 
~d readout times of vell below 1 ~sec are easy to achieve; the lower limits 
of the system.'s time response have not yet been found. The system is versatile: 
several types of material are suitable to be used with it, and two variations 
of the system have been successfully demonstrated. Furthermore, the effect 
is not a small one; outputs of over 1 volt per turn have been achieved. 

MGre specifically: the internally-generated ~ •. field seems to have 
several advantages over the external one: it is more compact and more 
efficient; back voltage can be reduced to reasonably small values (for mass 
applications); and, above all, output does not depend on position, air gaps, 
and other variables. External fields, however, would allow the use of a 
second quadrature field, perpendicular to both the oCand the ~ field. 

Research continues. An explanation will be sought for the re.genera
tive effect. An attempt will be made to reduce back voltages and still retain 
the present good discrimination between ONE and ZERO. 


