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Summary :-

This thesis doscrihos experimental observations on the
parametric amplification, in single crystal Yttruim Iron Garnet of
elastic, magnetoclastic and magnetostatic modes, by application of a
pump pulse of twice the frequency of the L - band micro-wave signal pulse,
and on the excitation of a delayed pulse by the application of two time
separated microwave pulses of the same frequency* Details of experiments
performed to determine the internal magnetostatic field profile of a
magnetised rectangular cross-section Yttruim Iron Garnet rod are given.
The experimental internal fields are compared with those derived

theoretically™*

It was found to be possible to reduce the attenuation of
elastic echoes by parametric amplification. Details are given of
saturation levels, attenuation and timing of the pump pulse. In the
inagnetoelastic regime details are given of the variation of gain with,
timing of the pump pulse, pump power, signal power and orientation

of the rod to the external field.

iiagnetostatic propagating mode, the amplitude of the
parametrically excited echo is plotted against, time of.application

of the pump pulse, pump power and signal power.

I'agnetostatic standing wave mode, the amplitude of the
parametrically excited echo is plotted against, time of application

of the pump pulse, pump power and signal power.

Magnetostatic wave mode echo, parametrically excited by the

application of two time separated pulses of the sane frequency, plots



are slioi-m of gain relative to the first pulse with variation of, second

pulse amplitude, the first pulse amplitude and time between the applicati

of the two pulses.

Parametric amplification of magnetostatic modes due

to subsidiary absorbtion

of the pump frequency. Plots of attenuation

of the delayed pulse against signal power, pump power and time of appli-

cation of the pump pulse
phenomenon. At L — band
the main absorbtion, due

the ends of the rod were

are given. This is found to be a two port
the subsidiary absorbtion is coincident with
to the low signal frequency used, 12Id:c/s,

not saturated.
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Summary -

This thesis describes experimental observations
on the pargmetric amplification, in single crystal
Yttrium Iron Garnet, of elastic, magneto-elastic and
magneto-static modes, by application of a pump pulse
of twice the frequency of the L-band microwave signal
pulse, and on the excitation of a delayed pulse by the
application of two time separated microwave puises of
the same frequency. Details of experiments performed
to determine the internal magneto-static field profile
of a magnetised, rectangular Yttrium Iron Garmet rod
are given, Conclusions are drawn from the experi-

mental results.




1-0.0. 3.
Introduction:-

In many electronic communications and radar systems
there is a need for a variable delay line, operating in
the micro-wave region, able to give delays of the order
of micro-seconds. Yttrium Iron Garnet (YIG), (see

appendix), delay lines could satisfy this need where

high insertion loss of greater than 40db. can be tolerated.

In addition, due to the increase of delay with frequency
at a fixed field when the delay line is operated in the

- magneto-elastic mode, a device is available to provide

pulse compression of a'suitably frequency modulated micro-

wave pulse. The above property aléo makes a YIG delay
line suitable for frequgncy memory applications.

The magnetic and elastic properties of the ferri-
magnetic single crystal YIG, allow a means of coupling
electro-magnetic energy into the crystal, which can
propagate as a spin wave in the magnetic system or as an
elastic wave in the lattice due to coupling between the
magnetic and elastic systems.

The internal field of, an axially magnetised ferri-
magnetic rod, in the direction of the applied external

field, varies due to demagnetising effects from approxi-



mately half of the value of the external field at the
end faces to a value slightly less than the external
field at the ceﬁtre. Spin waves are excited at the
turning point in the rod, where %-z Hi,OJ is the signal
frequency in Mc/s, y is the gyromagnetic ratio in Mc/s/
oersted and Hi is the internal field in oersteds.

Spin waves excited at the turning point propagate with
increasing wave number, in the direction of decreasing
internal field. When the wave number of the spin wave
is the same as that of an elastic wave of the same
frequency, at the crossover point, coupling between the
spin and elastic waves takes place, so that energy is
transferred from the magnetic to eiastic systems. The.
elastic wave travels towards and is reflected from the
end face' of the rod which is highly polished. The
‘reflected elastic wave is converted back to a spin wave
at the crossover point, and propagates towards the turning
point where @ delayed pulse is observed. The position
of the turning point in the rod and hence the magneto-
elastic path length is dependent on the external field,

the magneto-elastic delay varies with the inverse of the

external field., The upper and lower field limits of



the magneto—elastié mechanism are when at high field

the turning point is very close to the end face .and at
low field when the turning point is at the ceqtre of the
rod. This latter condition gives rise to a magneto-

static burst.

Lt
!

At lewer fields where no turning point exists in the
rod spin waves are generated very close to the end face,
these can propagate over the highAfield region and be
reconverted to electro-magnetic energy at the opposite
end face. Since the group velocity of the spin or
magneto-static waves is an inverse function of magnetic
field, the two port magneto-static delay increases with
the applied field. At very high fields where the turn-—
ing point is very close to the end face, elastic waves
are generated by a magneto-strictive mechanism at the
rod end face. The delay of the elastic waves is
invariant with field, being dependent only on the length
of the rod and its elastic properties. In addition to
the linear effects outlined above, there are second order
terms in the magnetisation, coupling betwéen different
Branches in the'magneto-eldstic dispersion and non-

linearities in the magneto-strictive mechanism, which



allow pafametric amplification of magneto-static,
magneto—elastic and elastic waves respectively.
Parametric amplification of the elastic waves by
application of a pump at twice the signal frequency of
700 Mc/s., in YIG at room temperature with electronic
gains of 30 db. was first reported by Matthewsl in 1964.
Subsequently, amplification of magneto—elasticZWaves in
YIG at 87 Ge/s, at 1°5°K with a net gain of 35 db. and
amplification of magneto-static waves at 87 Ge/s at
1:5°K were reported by Damon and Van de Vaart.2’3
Amplification of magneto-elastic waves at L-band and C-
band was reported by Van de Vaart, Grace and Damon.4
CW—pumped and non-degenerate parametric amplification of
elastic waves by Sparks and Higgins.5 Parametric
amplification of magneto;static, magneto—elastic and
acoustic waves at L-band and room temperature has been
reported by Donaghey and Olson.6 All the above reports
refer to amplification of a signal pulse by applying a
pump pulse of twice the signal frequency and very much
greater power at some later time. Kaplan7 has reported

the generation of a magneté-static echo, by the appli-

cation of two pulses of the same frequency, time separated.



This, with an echo due to Subsidiary Absorption has
been reported by Comstock and Raymond.8
The theory of magneto-elastic and magneto-static

waves is well documented in the literature?’lo

Only
a brief summary of each is givén in the appropriate
sections.

In this thesis experiments performed at L-band on
parametric amplification, by pumping at twice the signal
frequency, of elastic, magneto~elastic and magneto-static
waves, by the subsidiary absorption mechanism,vand by
applying a second pulse at the signal frequency are
described. Measurements were taken to determine the
internal field configuration of an axially and trans-
versely magnetised square YIG rod.ll

Original contributions are as follows, The
observation of the incoherent content of a delayed signal
frequency pulse produced by application of a pump pulse
of twice the signal frequency with no signal applied.

The delay against field characteristics of this signal
pulse were also determined. Net gain was observed in
the experiments with the pﬁﬁp and signal of the same

frequency. This was also found to be a one port

phenomenon.,




1-1-0- 8.
Experimental Arrangement:-

The YIG rod used in all the experiments performed,
vas of rectangular.crosé section, fig. 1.1.1 of
dimension 2a = 2°794 mm, 2b = 3+036 mm, 2c = 9°-906 mm.
The two end faces flat to % of sodium light, polished
with Ol u diamond paste and parallel to within 10
seconds of arc. One side face 2b x 2c¢c was polished in
the course of experiments to the above flatness and
surface finish. The crystallographic orientation of the
rod was wuch that the [100] and [110] directions lay
along the 'y' and 'x' axes respectively.

The rod was mounted in a holder with fine wire
couplers as shown in fig. 1.1.2, note coupler C is
against the centre of the polished side. The holder
was supported in an arrangement which allowed 360°
rotation in a horizontal plane and t 2% rotation in the
other two vertical planes.

The fine wire couplers were normally used as follows,
for longitudinal magnetisation, A signal input and out— 
put (one port), B pump input, C signal output (two port)
and for the transversely magnetised rod, D signal input

~and output and pump input.



Figure l.l.1l. Showing YIG rod'A'used in the experiments

described in this thesis. (XY0) is any point on the x,y,0
plain, r-land. T,are vectors from the point (XY0) to dx,dz
and dy,dz respectively. 8 is the angle between the normal

to dx,dz and the direction of the external field



CFNTIMhT

Figure 1.1.2

Showing Crystal holder
and fine wire couplers,

a) 1is an exploded view
showing the wire couplers
h) assembled unit,

c) exploded view showing

position ofMthe crystal.



Figures 1.1.3 and 1.1.4 show the micro-wave cir-
cuitry and triggering arrangements.
The apparatus used was as follows, the numbers

correspond to those in figures 1l.1.3 and I.l.4.

1. Stabilised power supply.

2. General Radio unit oscillator type 1218 - A, 900 -
1200 Mc/s. maximum power output 200 mw into 500.

3,5,11. Sage Laboratories, 10db directional coupler,
model 782 - 10, frequency range 1 - 2 KMc/s.

2,44. Hewlett - Packard modulators, model 8714A.
Frequency range 800 -~ 2400 Mc/s. Insertion loss
12 £ 0+5db. Attenuation more than 80db.

6. Weinschel LEngineering Manual Stepattenuator, model
90 - 10,0 - 10 db. Frequency range dc - 10KMc/s.

7. Hewlett Packard modulator drive unit, 8403A.

8. Hazeldine experimental test oscillator Type XT24.
Frequency range 825 - 1375 Mc/s.

9. Four port L, band circulator.

10. Hewlett-Packard modulator unit 8731B. Frequency
range 800 - 2400 Mc/s. Insertion loss 1+2 X 0-5db.
Attenuation more than 80db.

12. 'Sage balanced mixer and pre—-amp type 2521. 1 -
2KMc/s. 30 Mc/s I.F. output. Pre—amp, band-width
8 Mc/s gain 21 db. |



13,

14,

10.

L.E.L. I.F. amplifier, gain~ 70db, band-width
8 Mc/s, centre frequency 30 Mec/s.

Tektronix 585A oscilloscope. Twin beam plug-in

unit Type CA., maximum sensitivity 0+05 volts / cm.

15.

16.
17.

R.F. Power Meter, Hewlett-Packard model G 245
maximum sensitivity ~30dbm.
Crystal holder and associated fine wire couplers.

Sage micro-wave crystal detector.

18,19,26. Sage Laboratories 2 - 4 KMc/s.  10db

20.

21

directional couplers.
Solartron pulse generator G. 0. 1101 - 2,
Travelling Wave Tube Amplifier, gain  20db,

delivered ) 40dbm, wunsaturated.

23,27. Arra T-T line variable attenuators. Type

24,

25,
28,

4414-30.

Sanders Klystron CLC24, frequency range 2-4°5
KMc/sec.

Sanders Klystron Power supply, Mk IV.

M.E. Laboratories 3 port circulator, 17 - 23
KMc/sec.
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11.

Note that in experiments using the fine wire coupler
D, the pump power is coupled into the signal line before
the tuning stubs, and a low pass filter -which cuts off
at 2+0 KMc/sec inserted between the directional coupler
and the circulator.
Figure 1.1.5 shows the field generation and measur-
ing apparatus.
1. Newport Instruments Type A, 4"'electro-magnet.
2. Newport Instruments Type P, Mk II magnet pbwer
supply.
3. I.E, model DS50/5 stabilised power supply 0-50
volts.,
4. Telequipment Serviscope Type S 43.

Do Newport Instruments magnetometer supply unit Type F.
6. Newpor£ Instruments magnetometer head unit Type P.Z2.
using modified coils with white petroleum jelly

core to measure fields down to 200 oe.

7. Advance type TC 10/H 10 Mc/sec. Timer Counter.
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2.1.0 12.

Field inside a non-ellipsoidal ferrimagnet.
The internal field of a non-ellipsoidal ferrimagnet is

given by

Hi(z) = H Hd(z) + HA(z).

ext

where H. is the internal “field at any point z.

Hext is the applied magnetic field.

H is the demagnetising field at any point z.

d

HA is the anisotropy field at any point z.



2.2.1. 13,

First Order demagnetising field in a square YIG rod.

Assume that the magnetisation is constant every-
wvhere in the rod and that the magnetisation is in the

direction of the applied field, then from Schlomann12

equation 6,

WG 42,) = J

V.m=0

47150(79;{,1,) fm‘dé

L dy

JrP

H==(IP) 0y

i"z'

o ‘HLAS.$7L#)

{1 s

47 =~ X

.Take applied field in the 'y' direction.

H(&j(x,ﬂ, /m s L&f:ﬁ_)

3
where H is the demagnetising field, m is the magnet-
isation, r is a radius vector.,
Consider, the diagraﬁ in Figure 1.1:1, only points in
(x, ¥y, 0,) plane.

Then ‘ r%=(b-Y)2+(x~X)2+22

r2=(a-X) %+ (y-1) %422



14,

6 is the angle between the direction of the field and

the rod axis,

(xﬁbd):'L £Li§§ﬁtﬁ) N is demagnetising factor.
L ) .

a < .
.. Nfi: [[[dxdz(b -YcosO dxa’z(bdr\f)wse
ATL) ) ((o=NY (=K Y 7-1*)3/2 | Ko+ fe=x) ?:)3”L
[

d dz (a=X)sum O + iﬁda&(&.i—x)s[m@
(( O-“X RICR AV DR (X Yo (g- ) 22 )%

- ~b=c

Nj ‘-‘..'...J(b*\()dxcos o e
e (b =YY+ (=X P) (o= Y (x =X ) c*)"2

+j(b+Y)cfx cos O Ac
e (e Y =X P (b +Y For(x X for T
b
v+<J'(a,~X)d(str)8'
dy ((a=XV (=Y ) [a=XTse (g Y 5B

\ +J~b o Q—r)()-i—(n Y)}((Q_-—#—X (j Y )~ C)l/



15,

' c(a+X)

Nj‘-‘-— cos Ot ¢ (a=X)
(6@ (b =Y )%}

am (o-Y)((omXY? +(b~Y)+C )

.+.

_{__Cb,n ¢ (e~ 1X> ’ Co,r\ml C(Q—“f‘x) ) '
(b+Y){(a=X) % (h+Y)*C") % (B -++Y)(la+X P (b Y+ C )7

n0{6r__c(b=) cton <)
sl o0 (o elor s T

4 anc(b- Y) | L tan c(b+Y) .1 /'\
(o@D (X (@ X VeI

Let ‘F=%§' , Z :%- normalise .

N (x,4,0) = o an’ ca(1-p) .
| 4 T{ws ( b(I-Q)( (1P B (1—g)™ ¢*) %

o fiicallen ' ca (b)
i CL%) (BB (=g (aﬁ)(a(1+@+b“ )l

tm | -p)
T f-f-g)(of(; )w(w)u&)‘& ).*‘



16.

‘+Sin9<ﬁhx\—' cb (1-¢)
a (|- p)(al(1-p)+ ba(l—-cz)p‘.,. C"“)"/z .

+fa.n-' Cb(“‘%>
o.(I=-P) (0 (1-p) =+ b (1) + ) -

Lad___cblizp)
CLU+]3) (1+P)*+ b (1- )2+C1)1/7"

Gn’ cb (1+2) | S | PR )
T (B P ?)*Cz)/") {

The variation of demagnetising factor, with q, p = o is
shown in figure 2.2.1 for angles © from 0° - 90° and

with p, ¢ = o in figure 2.2.2. Note that at 1400 oe the

second order correction 2 -to the demagnetising field for
© = 0 is of the order of 20%. This error decreases with

increasing applied field.
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2.2.2,

17.

Anisdropy Field.,

Dillon et al.,13 have derived relations relating

the applied magnetic field to effective magnetic field

in ellipsoidal magnetically anisotropic ferrimagnets.

These relations are true for non-ellipsoidal specimens

providing internal fields at a point are considered,

The effective field for [1, m, nl] direction is

given by,

[100]

[100]

(111

]

2 2K142
Heff” = (H, + 1)
S
leff? = 2K K1, 1K
Heff“ = (Hi ~ § }(Hi vl 2M2)
S S S
2 4Ky 4Ky 2
Heff” = (H; - 3 M. T D Mi)

In YIG Kl/Ms has a value of 41 oe K2/MS being approxi-

mately zero.

I

2

n [100] Here® = (H, - 82)2.

e o Heff = Hi - 82 oe.

i.e., anistropy field = =~.82 .0e,

In [110] , the anisotropy field is a function of Hi,

We shall only calculate Han

1+2KMc/s i.e.,
Heff?
Heff
e H

anis

Hi

is at the turning point for

= 419 oe.
(H_E_Igl (Hi.}..I.il.g._EZ)

]
i M - M Ms
S s

=(Hi% - HiK1 - 2K1°) = 175, 561 + 17,179 -

il

Mg My 3360

435

= 435 = 419 = 16 oe.



2.3.0, ' 18.

Magneto—elastic Waves9 and internal field analysis.11

20301.
Theory:i=

Consider the © = O propagation of magneto-—elastic
waves in the direction of the applied field in a uni-
formly magnetised media. The spin wave is circularly
polarised and coupling occurs to a circularly polarized

shear wave. The coupléd magneto—~elastic equations are.

I R _ RN Mo W
R

2t b I -+
dR o KkKR b, .dM - O
d B+ R
d; © CMy d % ‘

where thev+ superscript refers to circular polarisation

where m is the gmall signal time dependent magnetisation.
-D is the exchange constanf.

is the transverse elastic'disblacement.

is the gyromagnetic ratio.

o < =y

5 is the magneto—-elastic coupling constant.

is the material density.

© o

is the elastic constant of interest.
(W is the angular frequency.
k is the spin wave number.

k is the elastic wave number.



19.

With no coupling between spin and elastic waves the
dispertion relation for the two modes are,
2___1..'!_1_1 .
k= = DLY - Hi] for spin waves (2)

and kez = w&a% for elastic waves (3)

Coupling from electro-magnetic to spin waves occurs at
the turning point when Hi =€$ i.e., from equation (2),
when the spin wave number is zero. Coupling from spin
to elastic waves occurs in the region where k., = km, the
cross over point.

In figure 2.3.1. spin waves are excited at thé
turning point, propagate with increasing wave number to-
wards the cross over point, where they couple with elastic
waves, which propagate towards and ére reflected from the
end faée, back along their path to the turning point,.

YIG possesses weak magneto-elastic coupling, i.e., b2 is
small, so that hybrid modes only exist in the vicinity
of the cross over point.

If the cross over region is regarded as being
infinitely narrow then the round trip delay time T,
required for the magneto-elastic wave packet to travel
from z =y to z = o and back, figure 2.3.1, is given

approximately by
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.
d:?f dr =X dz ()

U(ﬁt) < 2Dl ¥ He(2 Hawe) I} 12 .
x .

where ¢ is the elastic shear wave velocity.
Vg (z) is the spin wave velocity at any point z.
Hi is the internal field at any point z, with external
field Hext.

When the magneto-elastic delay is short, the internal
field gradient at the turning point is large and the
spin path length short so that the distance y = z is
small, and the first two terms of a Taylor expansion
about a point at # = y provide an approximate description

of Hi in the region of spin wave propagation.

Substitution of

Hz(i,Hum)'.-"-Hz(;(sHa*(fji’[)H/.:‘ with, M= dhe (s Hox)

into equation (4) gives

Tr"’%[ﬂ*xl—u( 1?(,5_)}__ e -e-e-(8)

Spin-elastic resonances occur when the round trip phase
changelﬁ = 2 nn plus an arbitrary- constant, where n is
an integer.14 ‘An adjacent resonance, of mode numbexr

(n + 1), can be set up by adjusting the applied field by
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§H at constant frequency so that the turning point moves
by Sy, equal tOSI%@gjyj’ the spin wave delay contri-
bution, to the first order, is unchanged, and the one-
way acoustic path is altered by half a wavelength,

giving
CH=7 Hi (kg = T < H

Then

c(j:‘jzl_.c. TV“QWH (\——Dﬂ-yi) w\r,we,-r—a Il:‘-‘%_._-_{é)‘
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Experimental.

With an arrangement as shown in figure 1.,1.5
wvhereby a stabilised current could be applied to the
magnet modulation coils, causing a field change variable
over 3 oe. A 1:2KMc/s signal pulse was applied and
the field adjusted until a magneto-elastic pulse was
observed on the oscilloscope, its delay noted and the
externally applied magnetic field measured.using the
n.m.r. gauss meter. The oscilloscope time base was set
at 0°2 pSecs/Cm so that individual cycles of the 30 Mc/s
I.F. content of the delayed pulse could be seen. The
current through the modulation coils was then increased
and the number of cycles passing a point on the oscillo-
scope screen recorded. From this 8H and Hi were calcu-
lated. This procedure was repeated at about 30 points
over the range of delays observable. The results are
shown in Table 1 and figures 2.3.2 and 2.3.3.

From figure 2.3.2 which is a plot of experimental
demagnetising field and theoretical demagnetising field,
including anisotropy field, against position in rod, for
an axially magnetised rod, with magneto-elastic propagation

along the axis. The agreement between theoretical
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results,.taking into account anistropy field, and the
experimental results is very good. The maximum
deviation of the experimental from the theoretical plot
of demagnetising plus anistropy field, is no where
greater than 13% over the range of measurements. The
deviation of experimental from theoretical results if
the experimental curve is exterpolated to the end face
is 9%.

Figure 2.3.,3 shows a plot of theoretical, including
anistrop& field, and experimental demagnetising field
against position in the rod for a transversely magnetised
rod, that is, with the external magnetic field applied
normal to the polished side face. The agreement be-
tween theory and experiment is not as good, over the
vhole range as in the longitudinally magnetised case.
Some deviation from theory is to be expected fery close
to the end face as predicted by Schlbmann.12 Although
this correction, of the order of 10 or 20%, does not
explain the large discrepancies between theoretical and
experimental results, if the experimental plot is exter-
polated to the end face. The experimental. demagnetising
field values are lower towards the centre than those

expected theoretically. This may be accounted for by
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propagation taking place in a direction not perpendicuic.
to the polished side.

For these measurements of internal field it would
be required, for good accuracy, to be able to measﬁre
field changes of 0°01 of an oersted and changes in delay
of 10 nano-seconds. The field measurement technique was
accurate to about 0+1%, Since the applied field change
was of the order of 3 gauss, with a steady magnetic field
of from 500 to 1000 oersteds, it was necessary to average
all the field change readings. The term in equatién
(6) 29%3 was neglected since -at 1°2 KMc/s this has a
'valuecof 0-006.

The technique used here15 of counting the number of
cycles of which pass for a given small field change is
easier to use, and probably more accurate than the C.V.
technique used‘ByHAuld and Straussll or that of Kohane,
Joseph and Schlomann16 of obtaining interference cancell-
ations between successive delayed pulses. By counting
the number of cycles we are in effect counting the number
of cancellations. Difficulty was met measuring aelay
time, very often on sweepihg the field over a 3 gauss

range the delay would be observed to increase with
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increasing field. This is thought to be associated
with ray bending of the magneto-elastic waves.l7
This method of internal field measurement holds

more accurately for long bare rods, axially magnetised.
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Plots of Magneto-elastic Delay versus Field.
figures 2.3.4 - 2.3.7. Readings of delay against
Magnetic field were taken for magneto—elastic pulses in
YIG rod 'A' at 1°2KMc/s and at 2+4KMc/s with the rod |
Jaxially in line with the external field and propagation
. along the axis, and with the rod transverse to the
magnetic field, that is, with the magnetic field perpen -
dicular to a polished side face of the rod, propagation
is thought to be perpendicular to this side in the centre
of the rod.

Figure 2.3.4. Shows the variation of delay with
applied magnetic field. The magneto-static burst,
when % = Hi in the centre of the rod, occurs when the
external field is 590 oe., but H, = 420 0e giving & de-
magnetising factor, after considering anisdropy field
of 0+051, which is in exact agreement with that obtained
theoretically considering demagnetising field. The
shape of this plot is typical of field delay charactver-

istics in a bare YIG rod.
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Figure 2.3.5. Shows field against delay character-
istics of the rod unde; the same conditions as above but

at 2+4KMc/s.  The magneto-static burst occurs with an

external field of 1036 gauss, but Hi =($ = 840 gauss

hence the demagnetising factor = 1035 I7230 = H2  here

Ha is the anisotropy field, 82 oe in the [100] direction,
and 1760 is the 4 m M of single crystal YIG. Giving a
demagnetising factor = 0+058 which is in good agreement
with the theoretical demagnetising factor. In experi-
ments with the transversely magnetised rod. The sqﬁare
YIG rod as used in the axially magnetised case was
rotated about its central axis through 900, so that its
axis was horizontal but perpendicular to the field
direction. A fine wire coupler was used at one of the
polished end faces. Magneto—elastic pulses were observed
with delays of 1 - 2 p seconds. These pulses were just
discernable above the noise levél being about 80db down
on the input signal. One of the side- faces which was
normal to the field was polished optically flat.
Stronger magneto—-elastic pulses were observed aboﬁt 60db
down on the input signal. ” There was only a difference

of %db observed in using a horizontal fine wire coupler,



0.0

4.0 " ' }f
Delay J

/(/SGO

3.0 . X

) .
Magneto- \“‘-~\m~
burst. X

0 ﬁ 7 i T V ) 7 ) v 7 ¥
1000 1200 1400 1600 1800 2000

fleld HO oecrsteds.
figuare 2.3.5. Plot of magnetoelastic delay~sapplied
iield for the axially magnetised rod. Signal and delaved

pulse frequency 2.4 Klic/s.



28.

which results in hr being perpendicular to HdC at the
f

centre of rod, which is the theoretically ideal cdse, and
a verbical wire coupler which results in hrf being
parallel to Hdc at the centre of the rod. A fine wire
coupler was arranged to .be against the centre of the
polished side face of the rod, and the roa arranged as
before with the polished side face normal to the
difection of external field.

Magneto-elastic pulses were observed, which at a
delay of O-9;useconds had an amplitude referred to the
input of -41db at 1¢2KMc/s. The graph of delay against
field is shown in Figure 2.3.6. The magneto—sfatic
burst occurs at 1146 oe giving an ekperimental demagnet-
ising factor after considering anisotropy field of 0+423
compared with a theoretical wvalue of 0-+5,. This curvé
has the same form as the corresponding curve for an
axially magnetised rod, the main difference being, that
in the transversely magnetised case, the range of fields
over which magneto-~elastic delays are observable is less
than in the axially magnetised rod, due to the lower

range of demagnetising factor.
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The plot of delay against field at 2+4KMc/s for
a transversely magnetised rod is shown in figure 2.3.7.
This is similar to those previously described above.
The magneto-static burst occurs at a field of 1610
oersteds, resulting in an experimental demagnetising
factor, in the centre of the rod of 0+446, compared with
a first order theoretical demagnetising factor of O-S.
The error between theory and expefiment in demagnetising
fields close to the centre of the rod is not explained
by anisotropy field. Also shown oﬁ this graph are the
delay against field characteristics with the polished
side face of the rod at an angle of 88° and at 86° to the
external field. The median delay part of these curves
are almost identical with the.one at 900, however atb
short delays the magneto-elastic pulses disappear into
the signal pulse at a lower field for the 86° and 88°
cases. At 1°2KMc/s with the same rod configuration the
magneto—elastic pulses disappear into noise within ¥

from the normal to the field.
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The linear plot on figure 2.3.7 at low fields is
thought +to bela Kedzie18 mode., He has observed this
mode at X~band and liquid helium temperature in both
longitudinal and transversely'magnetised circular YIG
rods and reports on a linear dispersion %ﬁ = =024 p
Secs/oe for both axial and transverse magnetised rods.

In these experiments at 2¢4KMc/s a linear dispersion of

at _
ag =

being of the order of 60 db, Kedzie reports on attenuat-

~0+025 u Sec/oe was observed. The attenuation

ion at 80°K of 80 db for 4 u Sec. delay. This mode 1is
thought to be produced as follows; consider magneto-
static mode propagation cut off in the rod, due to a
turning point being present fig. 2.3.8. The area under
H2, which is proportional to delay, is less than under Hl
therefore the delay decreases as H increases, the mode
occurs in the éame field range as magneto-elastic
propagation and is essentially one port.

During experiments on parametric amplification of
magneto-elastic waves, 1+2KMc/s delayed pulse trains
were observed with the 1:2KMc/s signal off and only the
2+4KMc/s pump frequency applied to the axially magnetised

rod. The results of these observations are shown in
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figures 2.3.9, 2.3.10 and in figure 2.3.4. The first
pulse in figures 2.3.9, and 2.3.10 is coincident with
the time of apblication of the pump. In figure 2.3.4
plots 1 and 2 are identical over the range of 2, within
experimental error. A pulse train composed of first
and second delay echoes is observable with the field
along the axis of the rod, the first delayed pulse being'
attenuated by 110db with respect to the input pulse,
which had a power of 3 watts., The first delayed pulse
showed a maxima at an angle of 9° to the axis; the
second and longer delayed pulse was not visible at this
angle. This first delayed pulse was observabie till

H was at an angle of 169 to the axis.

ex?v
The fine detail of the puise was not coherent, that

.is single cycles of intermediate frequency could not be

observed, inside the pulse envelope the appearance was

that of amplified noise. The excitation process is that

due o Aulat? of wp/, instebilities. This mechanism

has its lowest threshold about 9° off axis. Once the

%P spin waves have been excited they propagate as would

spin waves generated by direct means.




Pigure 2 .3.9. 1lyuscc/cm. 0.5 volts/cn.
Parametrically excited magnetoelastic noise pulse.
Pump applied at time of first pulse.Field oriented
at 0° to the rod axis. Pump frequency 2.4 Iu*c/s,
delayed pulse frequency 1.2 Idlc/s. Pump amplitude
36 dhm. pulse width 0.2//sec.



Figure 2 .3.10. As m fig. 2.3%9» ? ~ rou

oriented at 9° to the external field.
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The variation of attenuation of magneto-elastic
pulses is rather erratic.zo' The maxima of the pulse
amplitudes decreases exponentially with delay. The
largest maxima occurs normally at a delay of about 1 p
Sec. The efficiency of coﬁversion of electro-magnetic
to spin and of spin to elastic waves is an inverse
function of the gradient, the greatest part of the
propagation loss for magneto-elastic waves is due 1o the
spin wave ‘losses. At some point in the rod a compromise
occurs between spin loss and conversion efficiency,
when this happens the magneto-elastic delayed pulse has

a maximum amplitude.
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3.1.0., Parametric Amplification of Magneto-Static Waves.
3.1.,1. Theory:-

The phenoma discussed in this section, occur above
the field required for the magneto-static burst and
conbvinue into the lower field région of the magneto-
elastic regime. In an axially magnetised rod, the
internal field is larger at the centre of the rod than
at the ends, the operating conditions used here pre-—
clude the propagation of magneto-~static waves through
the centre of the rod, due to a turning point existing
close to the centre of the rod. The magneto-static
portion of the spin wave spectrum provides a mode with
thé longest wavelength at the end face of the rod and
enables coupling to occur from electro magnetic to long
wavelength spin waves.zl The group velocity of the
magneto—-static waves, decreases with propagation élong
the increasing field profile, towards the turning point
near the centre of the rod. The wave packet approaches
the turning point asymptoticaﬂy.. Figure 3.1.1 which
results in the spin wave energy being available, through-

out its life time, for interaction with the pump field.
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Pigare 3.1l.1l. Lxplanasory time/distance diagram for the
paremetric amplification of magnetositatic waves.

~ signal frequency spin wave pulse is launched, close to
the end face of the axially magnetised rod, at =0

and propagates towards the centre of the rod. A_punp
pulse, of twice the signal Ireguency, is applied at tine
tn producing a forward and & backward travelling wave.
Tie forward wave approaches the furning poinv asynpiot-
ically. The backward wave propagates back to the coupling
structure along the input path, and is detected as a
delayed pulse at time Qﬁp. The Torward wave is lost in

the cutoff region.
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The parametric process as discussed by Damon3 can

be described by a model analogous to that used for non-
linear effects in ferro-magnetic resonance.
The input spin wave is of the form
_ Gk, ~w, )
b = bype” T Tk
In the presence of the pump signal, this is coupled
to its complex conjugateo
\I’\”; B}K (RZ. +wh‘{')
h“

through the nomn~linear equation of motion.

J k_.Ukb +fkb by,
where b represents the uniform mode at frequency wo’f%
is a coupling parameter and k = [%(%—Hii)%. Thus
providing v, o= 2wk, an oppositely directed wave-—-packet
is generated at the time of pumping, that is the complex
conjugate of the signal. This wave packet is the idler
mode of the parametric process. The idlexr mode,; with
an amplitude proportional to the input wave, returns to
the excitation point, with the same delay time as that
required foxr the input pulse to reach the point at which
the pump is applied. This procesé can be considered as
the propagation of a wave through a time varying media,
then due to the dependence of the wave on the direction
and magnitude of the magnetisation, which the pump
magnetic field varies, energy is transferred from the

pump field to the spin waves.
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Experiment:-

Experiments were performed on the paramatric
amplification of magneto-static waves in both longi-
tudinally and transversely r magnetised rods. Figures
3.1.2 and 3.1.3 show the variation of attenuation with
delay of the parametrically excited pulse. In both
cases the signal and pump pulse widths are 02 u
seconds. The signal frequency was l+*2KMc/s and the
pump frequency 2+4KMc/s. Signal power 2 p watts peak
and pump power 400m waitts peak.

The shape of these curves is typical of observations
made in the field range considered. It would have been‘
expected that the curves would decay monotonically.
However there is a monotonic decay with additional terms
superimposed. These are probably due to saturation
effects since they occur in time when the spin waves
have largest amplitude. ' |

Disregarding saturation effects, the decay of
amplitude of the parameirically excited pulse with time
is not exponential suggesting that-the efficiency of

the parameitric process is dependent on magnetic field

gradient or spin wave number.
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Figuies 3.1.4 shows the results obtained by
measufing the amplitude of the parametrically excited
pulse and peak pump power. These measuremenis were
performed with the signal power comnstant at ~30 dbm.
The time of application of the pump was constant through-
out at 0*5 p seconds, corresponding to a parametrically
excited pulse of 1+0 u seconds delay. The pump and
signal pulse widths were each 0+2 p seconds and the signal
and pump frequenc1es as before.

From figure 3.1.4 the gain increases linearly w1th
Pump power above +15dbm. The rapid variation at low
-power is probably due to these being just above the
threshold of the mechanism. There is no saturation
observable with increases in available pump or signal
power. It seems possible therefore that net gain will
be attainable with high pump powers ~ 500 watts., How-
ever saturation effects will almost certainly have
their thresholds below this power level.

It was observed that as the width of the signal
pulse was varied from 0°2 p seconds to 20 p seconds,
with the pump pulse being applied at fixed time. The

width of the echo pulse increases with increasing signal
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Figure 3*1*5« 1 volt/cm. O.py/soc/cm.. Pcrametric
amplification of magnetostatic wave.Signal applied
at first wvisible centimeter division. Bottom trace
pump applied at U.py“sec after the signal pulse.
Upper trace, parametrically excited pulse recieved

1 .0y/sec. after the signal pulse. Signal frequency
1.2 iGIc/s pulse width 0.2y/sec. Pump frequency 2.4 t
pulse width 0.2yUsec.
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input pulse width. Except for decay due to damping,
the echo pulse was found %o be symmetric with the input
pulse about the pump pulse. If however the signal
pulse is short compared with the duration of the pump
pulse, then.the echo pulses have the same width as the
pump pulse. This is in full agreement with the theory
presented. Echo pulses were‘observable at all angles
between the longitudinally magnetised and transversely
magnetiéed cases, adjusitment of the field being necessary
to ensure that a suitable condition existed in the rod,
due to variations in demagnetising factor with angle <o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>