The stabilisation and scanning of a magnetic field by nuclear
magnetic resonance

Author:
Marsden, Kenneth Hulme

Publication Date:
1959

DOI:
https://doi.org/10.26190/unsworks/7556

License:
https://creativecommons.org/licenses/by-nc-nd/3.0/au/
Link to license to see what you are allowed to do with this resource.

Downloaded from http://hdl.handle.net/1959.4/62150 in https://
unsworks.unsw.edu.au on 2024-04-19


http://dx.doi.org/https://doi.org/10.26190/unsworks/7556
https://creativecommons.org/licenses/by-nc-nd/3.0/au/
http://hdl.handle.net/1959.4/62150
https://unsworks.unsw.edu.au
https://unsworks.unsw.edu.au

CERTIFICATE

Schoollof Applied Physé03~
~ February, 1959

The Professor of Applied Physics
School of Applied Physics, - ~
University of New South Wales,
Kensington. '

The following thesis 1s respectfully submittéd -
for examination as partial requirement for the award of_f.'.
Master of Science Degree. ! ) v |

I hereby certify'that‘workbembodied ih'thisvthesis
nas not been submitted to any other University of Institution

for the award of a Higher Degree.

 K.H,Mafsden "



THE STABILISATION AN‘D SCANNING OF A MAGNETIG FIELD BY
| NUCLEAR MAGNETIC RESONANOE

THESIS |

for the degree or
HASTER OF SCIENGE
dn the
Faculty or Sciance,

The University of New SOuth Wales}}";

Submitted by
K.H.Marsden '

ey

2
A

RIS S TEAE R R




1 untversiTy oF Ns.W.
| 27918 26.FEB7S
| uBRARY

|




PREFACE

The School of Applied Physics, University of'Nem‘Southt'
Wales possesses a large 18 Kw electromagnet, whlch is used as
a research tool in nuclear magnetic resonance, mass. spectrometry
and similar topics. In the former case, and partlcularly 1n
conjunction with spln—echo technlques, it is necessary that
the magnetic field should be kept constant in tlme or;should"s e
be varied slowly at a given rate over a alven range. . o
It is the obgect of thls the31s to descrlbe how thlS:
has been accomplished. ' |
In Section I, a survey isgivenvof’the'fluctuationsvb_
' likely to be encountered in field of a large electromagnet and
of stabilisation methods that have been employed. This
section also includes a resun€ of the termlnolOpy and - - f j
principles of servomechanism theory employed in later o
sections., » _‘ | _
The frequency response characteristics of the electromagnet

and of the d.c. generator used to energise the magnet are. 'gﬂa’ »é

described in Section II, together with an analysis of the f?tgd
fluctuations that ex1st‘}n’£leld of the magnet. , g L
In Seetlon 'TTL are. desdribed the methods by whlch the 2 {
rapid fluetuatlons are reduced to: negliglble properties and :
the magnet.fleld ts "smoothed" suffic1ently to enable a.

nuclear magnetic resonance field dlscr1m1nator to operate and

provide a correction for slow drift of the magnetlc,fleld.'_'

The theory and principles of operationeof’tWo types'of o



nuclear magnetic resonance absorption s1gnal detectors are
discussed in Section IV, while 1n Section V the application
of one of these to act as a magnetic field discriminator is ?*fi
described. ‘ i | | 5 S | : , | ‘_ | ‘
The slow drift feedback loop is discussed in Section VI ;
and a specification of the performance of the whole stabilising;
system is given. The thesis concludes with some comments on |
the 11mitations of the system,‘and suvgests possible methods

of further improv1ng the degree of stability of the magnet1c5~7
field. ' - k
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I - INTRODUCTION

I.1 Time Stability of the Field of an Electromagnet »
The fluctuations of the field that may be expected to
be encountered in a large eleotromagnet may, for convenience,
be classified under three main categories namely:
(1) fluctuations at specific frééuencies
(11) slow drift |
(iii) random fluctuations, ,
F1e1d~f1uctuations at specifio frequencies originate
from the voltage output ripple of the power unit used to"‘
energise the magnet. The outpﬁt ripple is characteristio
of the type'of powerAunit used, but the degree to which the
ripple penetrates into the field 18 governed by the response
characteristics of the magnet 1tself. |
Electronic power suppliba, which are dsed to energise
high-voltage-low-current magnets, have an output ripple atp‘
a multiple of the A.C. mains frequency. At such high
frequencies the effect of the ripple on the magnet field is
negligible, When this is not the'casé it 1s'usually possibke,
without appreciable loss of power, to employ appropriate
filter clrcuits to eliminate the undesirable ripple,
The output voltage of a motor generator set has
ripple components-at the rotor frequency and at mhltiplés
of the rotor frequency. At these low frequencies the effect
on the magnet field may be appreciable, andvthe use of o



filser circuits may be rendered impracticable because of
the large capacitbﬁs and high cﬁrrent-carrying inductors
required.

Random fluctuations may occur due to changes in
A.C. mains voltage or frequency, buf may also originate
from tube noisé in high=-gain D.CQ amplifiers, |

Slow changes in the static value of the magnet field
may arise from corresponding changes in the A,C. mains |
supply, affecting the rotor speed,

The main source of slow drift is however, of thermal
origin, Temperature changes can cause certain parameters
in the whole stabilizing feed-back loop to vary e.g. output
level of D,C. amplifiers, |

In particular, variation of the ohmic load of the
magnet itself produces a field drift of large magnitude,

A smaller, but not less important, ﬁield drift is
that due to changes in magnet géometry and iron permeability

produced by temperature changes,

I.2 Stabilisation Methods

Constant Current

There are many references in the literature to the
stabilisation of the high-voltage-low=current type of
electromagnet energised from a parallel bank of hard

vacuum tubes,



Stabilisation is achieved by maintaining a constant
current output and the methods employed have certain features
in common with the wider problem of voltage stabilisation of
electronic power supplied,

The method consists of comparing the voltage -drop
across a standard.resistor, in series with the magnet
against a refeﬁence:voltage. The resultant voltage}difference
or error signal is then amplified and’used to contrbl the’
current cutpute. The design problem centres on the method of -
achieving the very high DsC. gain required td produce thé
desired degree of stability.

High power electromagnets requifing an eﬁergising
current of the order of 100 amperes have been operated
from motor generator sets employing degenerative curi'ent
feedback., - e

An error signél, obtained from the difference between
a reference voltage and IR drbp across a standard resistor,
is amplified and used to control the field current of the
génerator. |

However because of the large timeveonstants involved,
the feedback loop is unresponsive to the higher freqnency
fluctuations (e.g. ripple). ‘

The magnitude of this ripple may be such as to block
the high-gain D.C. amplifier-and cause the whéle feedback.

loop to become inoperative.



Methods of eliminating this undesirable ripple have
been described by Sommeﬁs, Weiss and Halpem and by Wolff

and Freedman,

I.3 Constant Field | ‘

The methods described above for stabilising a magnetic
field rely on maintiiniﬁg a constant cufrent.

However, constant excitation alone will not ensure
a constant magnetic field, for the field is also a functibn
of the permeability of the iron and of the gecmetry of the.
magnet bofh of which are temperature dependent, |

Therefore temperature_éhanges wiil give rise to sloﬁ-
arifts of the magnetic field. | o

In order to stabilisé a magnetic field difectly, somé
means of detecting small changes in the maluecof thé field
is necessarye. “ »

One such method is to uée a rdtating 0611 placed 1n’
the magnetic field and to comgare the induced e.m.f. agéinst
a reference vocltage.

The disadvantageX of this method is the difficulty
of obtaining an alternating voltage sufficiently stable
to act as reference. |

Nuclear magnetic reqdnance affords a very sensitive
means of detecting small changes in a magnetic field.

Packard has used the nudleérfindnction'signal,from.

protons in a water sample to produce a % 75 volt change



for a +0.3 gauss change of magnetic field, The additional
information from this field discriminator was then used to
augment the degenerative current feedback stabilisation of
an existing electronic power unit, |

Thomas has described an essentially similar NMR
field discriminator which was used to control the field
current of a generator and hence its output., The field ofi
the associated éleétromagnet, it was ¢laimed, was held cbnstant'
to within 10% of the line width of the nuclear resonance

absorption curve,

1.4 Analysis of a Feedback Control System

The block diagram of Fig. I.l shows a.basic feedback
control system in which the controlled quantity O (mbdified
by the feedback ldop H) and the reference input R (which ”
it is desired that_c?should emulate) are compared in some
error detecting device.’ The resultant error signa1 Ev1s
amplified or otherwise manipulated by the forward loop G
to produce the controlled output C.

R Ei : C
! B
B
< H -<




It is assumed that each element of the forward loop
may be described as a function of the frequency %;‘by a

transfer function (complex) of the type:=-

n(l + jo Trl)(l + jo 71'2)".‘
(l + jw‘]ﬂrl)(l + JQ_T'I'Z)‘°.

ar = K,(jo)

where K, is independent of frequency and TE1ess Ton
fr'rl ces fr'rn ,.are the time constants required to
describe the given transfer function,

It is further assumed that each element in the loop
is unilateral, so that the overall transfer function of the.

forward G 1oop is givén by the product
G.= G‘l ® G‘z [ XXX G’n

Similar assumptions are made with regard to the transfer
functions of the elements in the feedback loop H.

The equations of the system then bécome:-

C = GE

B§HC » oi'ooc"(Iﬁl)

E_= R—B |
whence

C G

§=1—T—Gﬁ e ® o ve (I'z)

I.5 Absclute Stability

A feedback cntrol system containing linear elements
is either stable of unstable. If the loop gain is sufficiently

‘high there will exist some frequency for which the phase



shift is 180° and the loop gain greater than unity, i.e, the
feedback is positive, The system will'then commence to
oscillate with increasing amplitude which may either be
self-desatructive or which‘may reach a limiting value due tb
the introduction of non linear behaviour of certain elements
in the loop causing the loop gain to become exactly unity,

From inspection of equation (I.2), it will be seen
that instability will occur whenlthe magnitude of % tends
to infinity. Hence the staﬁility of a system may be
investigated analytically by determining the roots of the
equaticn 1 + GH = O, Graphical methods however are less ‘
tedicus and physically more instructive,

A Nyquist dlagram or polar plot in the complex plane
of the open loop transfer function GH is shown in Fig. I.2
for a typical case, _ .

The Nyquist criterion of stability for simplebsystems
fbr which the function GH has no real, positive roots, may
be related to the encirclement & the point (~1, JO) by the

locus of the vector GH over the frequency range +m t0 «00,

If the nett enéirclement is zero, the system is stable,

Alternatively the plot of GH in the form of log
amplitude v, log frequency and'phase angle v, log frequency
graphs (Bode diagram: see Fig. I.3) may be used to predict
the stability of a system. Thersimpiified Nyquist stabiiity
criterion then requires the magnitude [GH| should cross the
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O db axis at a frequency for which the phase angle is less
than +180°%,

In Fige. I.2 and Fig. I.3 are shown unstable systems
which have been made stalle by the simple expediency of
reducing the loop gain, For most purposes this is of course
most undesirable, and the stability of an otherwise unstable
system is usually achieved by the reshaping of the locus of .
the transfer function in the neighbourhood of the point (-1,.30).

The shaping element is commonly 1ﬁserted in the forward
locp and is designed to modify the phase angle over the
critical frequency range and to improve the frequency response
at either low frequencies (phase lag circuits) or at high
frequencies (phase advance circuits).

The relative stability of a system is described by the
behavicur of controlled variable following a change of reference
input or a system disturbance, . . ‘

The controlled variable éxhibits daﬁ;ed oscillation
the maximum instantaneous error (ch)'ér overshbot being a
function of the rate of change of reference‘input; It may
be shown that optimum performance is dbtained when the'tranSfér
function GH suffers little attenuation at high frequency.

4n a st&biy@tion system which is subject to disturbancesv
of large magnitude at low frequencies (e.g. slow drift) it is o
desirable, in order to keep the static error small, that GH

should maintain a high value at a low or zero frequency.

These two requirements (good response at both high and



low frequencies) conflict both with each othér and with the

requirements for absolute stability, and the compromise
between these requirements may form a major factor in the

design of the complete feedbaék control system,

I.6 System Disturbances

The term disturbance here includes any change of
parameter, noisé or any undesired signal (e.g. ripple)
injected bnto an element of the system, |

- The disturbance can be considefed as an unwanted
signal, U, injected into the system at a point immediately
preceding the element in which the-disturbancé actually ;
appears, as represented in the block diagram of Fige Iele

P
m
\(n

/0.



1.

By applying the principle of superposition and regarding
the reference input R as constant the equivalent circuit for
variations in the controlled output Cu, due to the disturbance

U, is shown in Fig. I.6.

Y

—é:—{zgg - > G, Co

A
I

G,

eme—

Fig I-5

Rewritting equation (I.2) in the notation appertaining

to Fig.I.5 we have for the response of the coitrolled‘outputb
Cu to a distubbance in the forward loop:-

- G .
'c‘%=———'ﬁl_’é1§2 'OtvOOC(IQB)
while for the response of the controlled output Crp to the
desired input, R (Fig. I.4 refers) we have:= |
c Gy G,

§E=T_=T'§]_—G'2'I'i e oo oo (L)
Thus the ratio of desired to unwanted output is given by~
. o v
-c-%s%oa-l ) & e o oo 0(105)

The above equations indicate that a high value of G1
and a low value of G2 at the freqnengy of the disturbance,

are clearly desirable,



Thus, disturbances which originate near the output
stage of the forward loop will be readily excluded, whilst
the r everse is true for a disturbance originafing near the
input. A disturbance which actually appears at the input
to the forward loop (i,e. @ = 1) will be indistinguishable
from the reference input, i.e. such a disturbance will produce
the same change in the controlled output as would an equal
change of reference signal itself,

The effect of the freqneﬁcy of the disturbance may also
be obtained qualitatively from an inspection of equation (Ie3).
At low frequencies, such that the transfer functions suffer

negligible attenuvation or phase shift, and assuming |GlGZH1:>1

then
cu o 1,
U » G1H

Hence a large value of G,H is desirable (consistant
with the requirements of the absolute stability of}thé system)
and the transfer function GZ? of tha£ part of the forward
loop succeeding the point of 6rig1n of the disturbance has
negligible effect, . | |

However at higher frequencies for'which|0162HL<:l,

a L

and the response of the controlled variable to the disturbance
is the same as if the feedback loop were opened, i.e. the
feedback loop is inoperative and ceases to produce degensration

of the disturbance at these frequencies,
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As an example we may consider a rkpple voltage injected
into the system at some points If the effect of the ripple
on the controlled output is nét negligible, it may be
necessary to attenuate G2 at ripple frequencies by the
introduction of a filter element in the forward loop or by
employing a subsidiary feedback loop on G2 80 as to produce
the desiréd characterigtics. '



II = MAGNET AND GENERATOR CHARACTERISTICS
I1.1 The Magnet i

The design and performance of the University of New
South Wales 18KW electromagnet have been discussed elsewhere,
sc that the following brief description will be a sufficient
introduction.

The magnet, which is entirely iron-clad except for
four access ports, is of cylindrical design with the yoke
separable into two halves, Interchangaable.pole-pieces of
various shapes and diameters are provided and the air gap
may be varied in increments of 1/8" from 1 3/L" to L 3/LY,

The main excitation coils total 1090 turns and are
arranged in 10 pancakes which may be connected in series,
parallel or any desired combination, Water-cqoling labrinths
between pancakes permit the dissipation of large powers
without undue temperature rise,

|
|

r4
/
la’ L/\Aa - 4-/-—J
j —-—
L — ) .
E BI WD - f Eelﬁ(:%roo":gl:'( 'onf:n\s)
: y -Co polle - ampere:
s Z ////4 s G175m.
o
3" 7
2 /
Y ==
a
o
'g% }//// L
3
|
00 12 3 48 mm,{w 'M =" 20 1 ww’
in gmpere -tums
o o6 36 77 135 A3 378

Power input in kW for the NSWUT. magnet

Fig.J¥. Magnetization characteristics of N.S.W.U.T.
magnet for 11-5 in. cylindrical pol&s

Curve 1, G=1-75in.; curve 2, G=2-25in.; curve 3,

G.=2-75in.; curve 4, G = 325m. curve 5, G = 3751n,

curve 6, G = 4-75in.; curve 7, G—54m. curve8,Bmcr

magnet (mducnon plotted against ampete-turns) Fe-Co pole

D=11-0in,G=1-75in.
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In addition, in each yoke half there is a pancake
consisting of 2600 turns and having a resistance of 600 ohms.
For convenience these are referred to as the "high impedance"
coils,

In the subsequent experimental work (unless stated to
the dontrary) it will be assumed that the magnet was operated

under the following conditions:-

Pole-piece - 11 1/2" diem, cylindrical
Air gap - 2 1/2n

Main excitation - all pancakes in series
Coils (resistance 2 ohms)

The D,C. excitation curves which are given in Fig. I.l
- have been reproduced from the results of experiments of other

workers,

II.2 The Generator ¢ Characteristics

The magnet is energised from a motor generator set
consisting of a 3-phase induction motor coupled to a L-pole
D.C. generator of conventional design.

The frequency response of the generator is primarily
determined by the inductance and resistapce of thé generator »
field circuit, the inductance of the armature having negligible
effects, In determining the frequency responsé it is essential
therefore to employ the same circuits as would be used under

normal operating conditions,



16.

This circuit is shown in Fig. II.2 in which the generator
field coils are fed from a bank of storage batteries (180V)
in series with a power amplifier (parallel bank of vacuum
tubes) which is shunted by a rheostat. (The circuit details
of the power aqplifier are given in Appendix T{).

The rheostat enables the steady value of the field
current to be set to any desired value in the range 0,5 =
5.0 amp,, while the power amplifier provides for variations
up to *0,5 amp, )

The shunt resistor lowers the effective transconductancé
of the power amplifier but does not otherﬁise affect the
operation of the forward.loop. |

Thus, the presence of a steady component of current
in the generator field coils, due to the resistor and plate“
current c¢f the power amplifier does not invalidate the feedé
back analysis of Section I for incfemenfal,dperafion‘if
elements of the forward loop have linear charécteristics
over the operating range, Afterlthe desiréd steady value
of current through the field coils has been'dbtaiﬁed by
adjustment of the rheostat and grid bias yoltage'of the power
amplifier, any changes of current through the fieid colls,
brought about by temperature changes etc, may be regarded -

as system disturbances originating at the input to the power

amplifier,
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The frequency response of generator under normal
operating conditions was determined by applying a sinusoidal
signal (vi) from a low frequency oscillator to the grid of
the power amplifier of the generator field circuit, The
corresponding sinusocidal vdltage (vo) superimposed upon the
direct voltage output was observed on a CeR.0. By applying
a signal from the low frequency osciliatbr to thebx-deflection
plates of the C.RE.Q0., an estimate of the phase shift as a
function of frequency was obtained from the resultant
Lissajous figures,

The results are shown in Fig. II.3 in which the relative
response is shown plotted against log frequency with the
relative response at 1 ¢/s arbitarilly taken as unify. The
dotted curve represents the asymptotical plot of a transfer

v
function @, (= ;f):~

' 1
Gg = Kg W s which can be made to fit
g the experimental curve closely.

Thus the response of the generator may be represented_
by a transfer function of the type above having a single
time constant 7@ = 0,26 sec and amplirication constant
kg = 1l.4 (this is the incremental value over the operating
range as determined from D,C. characteristics),

The frequency response of the output voltage}of the

geheratoriis-ofccoursey slightly dependent upon the nature

virlie
of the load by +iture of the effects of armature reaction.
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This however will be of no concern since the generator will

#ways be presented with the same load, namely, the magnet.,

II.3 Freguency Response of Magnet : Main Excitation Colils

The frequency response of the magnet was iﬁvestigated
in two steps namely ‘
(i) the bshaviour of the magnet currentv
(ii) the behaviour of the magnet field, to a
sinusoidal voltage superimposed uan the direct

voltage appearing at the magnet terminals,

é PiCK~UP ColL °
P-A: g GEN |

PoT

Y
N
>

L.FR osc.

Fige. II.h

PP O D000 ¢ 05 09008000V CROCOEIE B HIOGPSOIOSEDBOIEISTTOOINBIOISOHESTS

N.B. she amplifier of C.R.0. "A" has a lower
frequency limit of 0.15 ¢/8. C.R.0. "B" has
a d.c. amplifier~ hence the need for the
"backing off* potentiometer,
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The behaviour of-the magnet current was obtained from
the IR drop acrcss a small resistance inserted in series with
the magnet., The D,C. component was backed off by means of a
potenticmeter, and thé variations observed on a C.R.0, in
the normal manner (Fig. II.4). The variations of magnetic
field were cobtained by means of a pick-up coil placed in
the magnet air-gap,

The results of these two tests are plotted iﬁ Fige IIWH
and Fig. II.6 and show that a frequency of 1 c/s_andvabove
the response of the magnet curfent becomes constant i.e. the
magnet behaves as a resistive load tb sinusoidal variationé
cf applied voltage, On the othér hand the response of thé
magnet field continues to fall at a rate of 6 db. per octave,

The frequency range of these tests are unfortunately
limited, at the one end by the lowest ffequehcy of the low
frequency generator (0.l ¢/s) and at the other end by the |
attenuation at high frequendies which causes the variafions
of current and field to be obscured by effects‘pf fhe ripplé
in the generator output, ‘

However, the results in general agree quite well with
the behavicur whiqh may be deduced from a very simple‘model
of the effects of eddy currents in the magnet (Appendix }gi)._

This treatment gives the following expressions for the
transfer functions:- |

1+jw']‘e
G =V TR T e( T, ¥ TSN

-
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wheres+ v,i and H are the sinoidal variations of applied
voltage,magnet current and field respectively;
T 8nd T, are the time constants associated with

the magnet coils and circulating eddy currents;
R, is the ohmic resistance cf the magnet;
K, = ﬁm,c being the D.C., excitation constant of
the magnet (~290 gauss.amp.-l)
By fitting the experimental results to the theoretical

expressions, we cbtain the following values:=-

Yo = 1.7 sec. Y = 0.8.sec.
WWe note that the impedance looking'into the magnet
terminals zm = % = é . Thus for frequencies for which
i ‘

WQ>1,we&ﬂMn:—

+
7 = Rm,.(Zg__e_"IEl

Usiné_the above values for A and f% gives
Zm = 3.1 3m
which agrees with direct‘experimenta; observations for
frequencies above 1 c¢/s.

We may summarise by stating that, to a good approx-
imation, the response of the magnet field to a voltage
applied to the magnet terminals mey be represented by
the transfer function :-

= L
Gy = Km' 1+ JoT,

whereT = 2,5 sec, L, = 145 auss ;1
m Kn : _g 'Eﬁ%f
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II. 4 High Impedance Coils

The frequency response of the high impedance coils has
been investigated in a circuit which simulates normal working
conditions (Fig. II.7)s A sinusoidal signal from a low
frequency generator‘(vs) is applied to the grid of a power
amplifier which contains a high impedance coll as plate
load. The resultant variation in magnetic field is obtained
by means of a pick=up coil placed in the aif-gap. |

The relative response, which is plotted in Fig, II.8,
shows a somewhat complicated behaviour consisting of three'

(br more) time constant terms.

It will be observed that at low frequencies the attenuat-
ion rate is 6db/octave while for higher freqnencies attenuatibn
is at the rate of 12 db/octave. | |

Although no theoretical analysis has been undertakén,
the 6db/octave attenuation at frequencies below 1 c/s is
indicative of close coupling between the high‘impedaqce
coils on the one hand and the induced eddy currents énd
main excitation coils on the other, At low frequenciee
therefore, the response of the high impedance coils is‘

essentially that of the magnet itself,
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IT.5 Magnet Field Fluctuations

With the magnet suppiied directly from the motor
generator, the magnet fieldfis subject to fluctuations as
'described below, The magnitude of these fluctuatidns was
estimated from the behaviour of the absorption signal of
a nuclear magnetic resonance detector (Section IV).

Thé voltage output of the generator contains ripple
components at the rotor frequency (12.5 c¢/s approxlmately)
and at the fourth harmonic ( ~50 c/8).

The magnitude of the ripple at these'freQuencies is
such that in spite of the large time constant of the magnet,
their effect on the field is sﬁgnificant

Generator 9/9 s 4O volts MagnetiBield 6000 gauss
Ripple Frequency Ripple Voltage Ripple Field
12.5 c/s 250(mV, RMS 045 gauss p-p
50 c¢/s 100 mV, RMS < 0.1 gauss p-p

Other ripple components (e.gs commutator) produce no
observable effect on the magnet field because of their high
frequency and/or small magnitude,

Bfter the initial “"warming-up" period (during which
the drift of magnetic field may be quite large) it is
possidble to distinguish two further types of field fluctuation.

The slow drift, of thermal origin, has a typical value
of a few gauss per minute, Superimposed upon this,vthére

exists a random fluctuation which exhibits some degree'of



hidden periodicity- such fluctuations may have an extrema
value up to one gauss per second. While an exact analysigx{i,;}
of this type of fluctuation has not been undertaken, there??,?ib
appears to be some correlation between it and an Observed‘r7hk“
small axial motion of the generator armature. The effectsinflii
of the field fluctuations described above may be observed

in the oscillograms of Figs. IV;12 and 13.

I1.6 Possible stabilising §ystem |

Since it is de51red to maintain a constant magnetic

field. rather than a constant excitation current, it was\{fﬂtff}f
declded to stabilise the magnetic field by a nuclear magnetic fﬁ
resonance discriminator which would provide a correction -
signal ‘that could be applied to the power amplifier of the
generator fielad circuit in such a manner as to maintain a
constant field. | |

such an arrangement,.as it stands, would not hovever B
prove workable, | \ " A | e ‘A'

In the first instance, because of the large time
constants involved (generator and magnet) the feedback 1oop

would cease to correct for fluctations above a certain it

frequency e.g. for the 12 5 c/s ripnle, due to generator'f?hfﬁw"

and magnet alone the response is down by approximatelyv70(1‘b.77“7r'“i

Increasing the loop gain in .an attempt to 'rovide-som”
sorrection at these frequenices will cause the feedback;loop ioi
as a whole to become unstable, e '

Furthermore, ‘as will be discussed in . Section V, if the




residual fluctuations are greater than the line width of the L
nuclear magnetic resonance absorption signal, (which is of

the order of 0.3 gauss) the dlscriminator will cease to

function altogether, v e L L
It is therefore cbv1ous that some additional means ofis?ﬁ
smoothing the magnetic field must be provided.‘ If thls can fff;
be accomplished 8o that the more rapld fluctuaﬁlons are e
reduced tc a value 1ess than the 1ine width of the nuclear
magnetic absorptlon signal then the feedback loop will be ;
able, with carefull design,}to correct for slow drifts, which'»’

would otherwise produce changes.of;up;tOglo% of;magget_fieldsyff
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III SMOOTHING THE MAGNET FIELD

IIT.1 Biaali_ | A U e R T
The first attempts to ellminate the output voltage

ripple of the generator employed degenerative feedback

through the generator field coils, s

The ripple in the generator output was fed through a f:f

blocklng condenser to an amplifler and thence to the input of?£
the power amolifier in. the generator field circuit.: Using %
w1de-band ampliflcation, the loop was unstable and oscillationé
occurred unless the amolifler galn was reduced to a very 1ow »
value.r , R o g s S SR

A selectlve filter tuned to the frequency of the
predominant rlpple 12 5'%&8 therefore inserted in the loop
together with a phase shifting network.- (Block diagram f*7" e
Fig. IITe1)a By adjustment of gain and phase shift the

2 fNARRow ;*5f
'femwﬁﬂj_v
Ampt

‘PHASE _;; i jgp;r;;;{}pffjiﬂ
ol SHIFTER

PA




optimum results obtalnable were thsrednction of the 12.5 c/s "
ripple by a factor of 2 approximately with the introduotion of ':
some additional ripple at the second harmonio frequency. '

v the magnat

The s c method attempted to counter-act the ripple {ﬂ.3
fieid/(by means o%fa ‘subs! diary high impedance coil, a field
variation in anti phase to that produced by the.ripple current ;Q
flowing in the main excitation coils. ftt' PR f“' -
This was accomplished by feeding the ripple voltage
from-: the generator output, after selective amplification and
phase-shift, to the grid of a power amplifier which contained
the high impedance coil as plate load. d , ,‘ _" B .
With the amplifier gain and phase shift adjusted t°-]i.»
give bptimum correction, the 12.5 c/s component of the ripple,, )
was eeduced from 2/3rd to approximately l/loth of the line
width of the nuclear magnetic resonance absorption signal,tv:
i.es to .03 gauss peak to peak. _fu“ - , "'k )
Although a complete stabilisation system has been gli"”"
operated- incorporating this method of reduotion of ripple,
the performance was not considered entirely satisfactory.;;a‘7v
There still existed some residual fluctuation due to ripple
components which were not corrected for by this circuit which | f?
was selective to 12.5 c/s only. .,‘, VVW ;_‘. ’i,'m" ;‘”‘i
The third method adopted employs what is essentially a: ,
filter consisting of a choke ‘of large current carrying capacity'ix
in the form of the primary windings of a 35 KVA 3-phase};,“ '
transformer which 1s inserted in series with the magnet, and

a bank of four 6AS7 tubes which are connected across the }'j,7‘f'“
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magnet terminals. The direct voltage across the magnet terminale
( ~ 50V) acts as the plate supply for these tubes which operate
satisfactorily at this voltage.x ‘ | i :

The ripple voltage ex1st1ng at the magnet terminals is
fed through a blocking condenser and two stage amplifier to the
grids of the power tubes. Fig. III.2 gives a block diagram :

while circuit details are given in the appendix

: M Vo

A simple analysis shows that the bank of power tUbes with

preamplifier acts as an impedance ——r which may be made amall 7 |

Agy
compared with the impedance of the magnet, so that if v is the
ripple voltage at the generator outpnt, the ripple voltage '
occurring across the magnet terminals is given by

1 |
l + ch&A :

4,:

where Zc = impedance of choke at the ripple frequenoy

gm ‘Bffect transconductance of the bank of power tubes;;iff

A

plification of pre-amplifier._;"
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The attentuation thue effected is a function of thei‘
frequency of the ripple component and is limited by the inductance
of the choke which in turn restricts the maximum current that
may be used before the onset of saturation effects in the core
of the choke., e .,,", T Af. . |
By this method the ripple voltage at 12 5 c/s measured
across the magnet terminale was reduced by a factor of 20, with
a proportionate increase in attentuation at higher frequencies.» .
The effect of any residual ripple voltage on the magnet
field was thus rendered negligible compared with the line

width of the nuclear_magnetic,reeonance_absorption signal.. k;ﬁ %

III.2 Random Fluctuations ,\,‘f_[g_‘_e»gq,';i{;n‘_ g‘ib;gdr‘"*"

The use of an end—stop bearing on the totor shaft had v
some effect in reducing the magnitude of the random fluctuations,
thus confirming that some correlation»exieted‘betweenfthis,
fluctuation and the axial motion of the rotor described in .
section II L e ‘f_:,w', N

The endrstop bearing took the simple fonm of a 3/&“ diam._:f
ball bearing engaging in a conical hole at one end of the rotor‘;?%
shaft, and held fimmly against the rotor shaft by means of an |
adjustable vertical steel plate.v ‘vf" ,. _v: "“'_ N

The remaining random fluctuations were reduced to |
proportione which could be accommadated by the main nuclear;f-fqi'
magnetic reeonance feedéhack loop, by a rate-of—change subsidiary

feedback loop as shown in Pig.III. 3. o



RATE OF CHANGE  F.B.

P-R.

The second high impedance coil is used as a pick—up | :
coil and generates a voltage whlch 1s proportional to the rate-»f
of-change of magnetic field. This voltage after D.C.nej ll . u
amplification is applied in phase opposition to the input of 1;
the power amplifier of the generator field circuit._mggﬂgf{f s

v The actual clrcult of Fig.III.3 is represented in block
diagram form 1n Fig. IIIu which in turn may be simplified to N
that given in Fig.III.S by an elementary theorem of servo—-’_Vfﬁ'-ﬂ""-i
mechanism- theory whieh states that an element G having a  ”3iV7

hav1ng a transfer funetlon G' given by
, : G L EL

‘:f‘i*g’ .;;:,z ~§;;v;;, G ~
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Y
Y
«

R

F;g -4 | o e Flgf~m~5'-
In our case G is the product of the_transferﬂfnnotidné o

of generator and magnetfé

G=Ggo Oy =1 £ . T .
g m T joy, " T# J‘”'Tm |
and H being proportional to the rate-of—ehange,is‘rebresenfed'by
a transfer function of the types- '
= jl&.w 7
where Kr is a constant depending on the area turns of the
pick-up coil and the amplification Obtained in the D.C..o‘
amplifier. ) o
Bg o By ol
G' = . JKrw " x qn | Oo(IIIoZ)
o + T+ vag)(l T jm‘Tm) ERRE

Although an exact analysis of equaticn(III.Z) is both 1ong and

tedious, a qnalitative explanation of the behaviour of the



rate-of-change feed—back 1oop may be obtained from a’ OORBideratian
of equation (111 1), : . SR SRR

At very low frequencies, H-—*O, and again at very high

frequencies G —>0. - In both cases ! hH[<$;1 and G'—e-G._«_ R
Hence at very 1ow and very high freqnencies the rate—of-,;;h
change feedpback loop has negligible effect.'fh*” ',W | ;:M
-Over an 1ntermediate freqnency range for which. kﬁﬂ<ﬁ ]” ﬁ_f
o'l < kl, i.e. the rate-of-change feedéback loop produces S
greater attenuation. Hence to a first approximation, its effect
may be described as. that of increasing the time constant of :

This has been checked experimentally by applying a small
step-function of voltage to the grid of the power amplifier of
the generator field circuit and Observing the rate-ofuchange of ‘
magnetic field by timing the motion of a nuclear magnetic ‘“vivli.
resonance signal diSplayed on a G.R.O. The effect of the rate~»ik}
of-change feed-back loop, thus Observed, was to increase, by a ‘
factor of 12, the time taken for the magnetic field to change by
2/3rd of the total change produced by the application of the '
step voltage input. N [ ,'l..”,ijlltgrl,f“",,

With the ripple filter and the rate-of—change feedéback
loop in operation, residual fluctuations are either negligiblz
small or occur at such a slow rate that they should‘be capable o
of being corrected for by a "slow drift" feedeack 1oop employing

a nuclear magnetic resonance field discriminator.g{fT“*‘ o



IV ~ DETECTION OF THE N.M.R. ABSORPTION SIGNAL -

I. Introduction /

The basic principles of N.M.R._(nuclear magnetic

resonance) have veen described elsewhere (Block, Purcell) and

it will be sufficient, for the purpose of describing the RNT e
operation of the N.M.R. detectors below, to recall that when nb;i
a sample of nuclear spins is placed 1n a magnetic field H ol
and a small r.f; field 2chosw t is applied at right angles
to H, nuclear magnetic resonance occurs when H has the 'ijﬁfilé
value Hx given by | “ ‘ e | |

W,
where §~ is the frequency of the applied r f. field, and Y is

the gyro-magnetic ratlo for the sample nuclei (for the porton
Y = 2. 672 + .006 X 10“ rad.sec 1gauss ). | ’

If the sample is enclosed in a coil supolied from an
r,f, source, the effect of the nuclear magnetic resonance may
be describedAproducing a change in the flux(due to the precessing
nuclei) which is linked with the coil. | This change in flux
through the coil at resonance is equivalent to a change in the:f?

inductance of" the coil. It may be shown that at resonance the f

imduotance of the coil may be represented by j;;fitipif}f7>77:ﬂhu
£ = L (1 + mex) .. Q" ' (IV.2)
where )(— - j)(" 1s the nuclear susceptibility of Block'

semiqmacroscopic theory ( is the filling factor of the sanple

within the coil, L is the indnctance of the coil in the absence

of nuclear magnetic resonance.



Now the impedance of the coil is given by

=71+ jw&: . r +JwL (1 + ll-’n:C)()
= 4 JwL (1 + Lm:(y - :l x"))‘ AR
= + uqcz;wL X" + ;ij (1 + LmC)( ) .,. (1v.3)

Hence there is an effectlve increase in resistance, dr,‘of the

coil (representing the absorption of r f. energy at resonance)

which is given by

This ia accompanied. by a change in 1nductance d‘L given by

I‘o
If the co:l.l forms part of a tuned circuit, the resonant

impedance, which is- purely resistive, is
o mZL% '
2= Q“’I‘o T

and for small changes we have:-

7 ,+;2 Lo'

- - ¥ ~°—<Lwt>< ) B
Since, >l (in general practioe Q ~ 100) we have
fooamxa . (w6
When the coil is supplied with its r.f. energy from a

constant current source, the change in r.f. voltage, v, across

the coil that occurs at resonance is given ‘by



3

ng=L = -Lmt: x" - s (Iv.7>

In a similar manner it may be shown that the phase of Exs
r.f. voltage changes by an amount ~4x§:{ Q. ”r}*fffp - h,

Thus a phase sensitive dev1ce will detect the dispersion
component of the nuclear induction signal, where as, in order .
to observe the absorption signal, an amplitude—sensitive device
is required. | R | ‘:1 v :p» ; =

It is the latter case that we shall be concerned with and
the theory shows that in the absence of saturation, the maximum
vdlue of ;X" is §5X T and the maximum change in amplitude of
the rof. voltage across the coil is therefore ’ s 7;‘

(d‘v) 21;' %‘”oTzCQ"" .[;‘ _‘.;5_: . f ' (Iv.s)
where Xo is the static susceptibility of the sample and T2 is }f
the spin—spin or transverse relaxation time and is related to o
the’ spread of field.iipresggg-bvxenseMble of nuclei 1n the‘f

From the "Préjdiﬂé"’définifiéﬁ of Ty, itmay f"b’éf shom thak

_2
¥ Yo OH

- Tp = | e
where AH is the 1ine width of the absorption curve at half
peak height.‘ Thus since the curve is normalised, it follows that’

the peak height is inversely pr0portiona1 to the line—width, and ;

that a magnetic field of good homogeneity is required in order

to obtain a recognisable signal. Wl 'f,z, R “h4f.” ; :
From equation (IV;B) we note that besides the radio 555“&?"

frequency w and the Q of the coil the signal strength is
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proportional to the r.f., voltage v across the coils However v
may not be made too great because of a saturation. effect which
occurs when the r.f. field Hy becomes too large. The saturation
effect may be described by a saturation factor 1 +~Y2H§T1T2 |
where Tl is the spinglattice relation time and we require that
Y2H§T1T2 < 1. » |

If Tl is large, it may be artificially reduced, in the
case of liquids, by using a paramagnetic salt as a solutes
this allows the amplitude of the r.f, field H1 to be increased
without saturation and thus improves the signal to noiée rat%%
for otherwise waak signals. Thus for the ppoton N.M.R.‘detectors:
described in this section, the sample takes the form of'én‘“‘ :

aqueous 0,1 molar solution of ferric nitrate,.

IV.2 The Amplitude Bridge

The early methods of Block and oq ?urcell for the detection
of N.lMsR. do not lend themselves to either field measurement or Mj
field control, inspite of their good noise figures, because of
their complexity, microphony and the critical adjustment\br
tuning required. A number of methods employing bfidge.circﬁits
or oscillators have since been devised and two such methods have
been émﬁloyéd in conjunction with the fiéld measur ement and
stabilisation of the University of New South Wales magnete.

The ‘cir'c:uit of the cymplitude bridge, which is given in.
Fig. IV.1l, was first described by Thomas and Huntoon.
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The coil Ll, con'taining the sample, forms a tuned circﬁit
with the variable condenser Cy and is energised from a signal
generator through a resistance Ry which is large cdmpabed with
the resonant impedance of the tank circuit, iﬁ order to
simulate a constent current source £op the tank circuit,.

, The condensers C, and c3form a potential divider with
the r.f. choke L, acting as a D.C. path for the diode Dy. The
r.f. voltages across the tank circuit and condénser Cz'are |
rectified by the diodes Dl and D2 respectively and the difference
signal‘occurring between thé point P and earth is subsequently
amplified and displayed on a C.R;O. |

The bridge is balahced‘by employing 40O c¢/s amplitude
modulation of the r,.,f. input from the signal generator and

adjusting C, so that the magnitude of the detected LOO o/s



0.

appearing in the‘output is a minimum, B

In normal operation (no 400 c/s modulation of the r.f,.)
with the bridge balanced, noise and hum modulation of the refe.
appearing in the output pf the signal generator will be beianced;
out by the bridge and will not appear in the detected output,
The changes in amplitude of the r.f. voltage acfoss the tuned
circuit that occurbunder magnetic resonance conditions will

however be rectified by the diode Dl and will appear in audio
cutput.

IV. 3 Design Modifications

The circuit of Fig. III.l did not hewever prove
satisfactory in practice and many unsuccessful attempts were
made to obtain a N.MesRe. signal, The foliowing modifications
were found necessary, .

(1) It was estimated that, forvan optimum N.M«Re. sighalAwith
the sample remaining unsaturated, a maximum r.f.
voltage across the.sample coil'of approximately 2V, r.m.s.}
was required, This necessitated an'r.f. finput of at
least 10V, r.m.s. which was not procurable from the é
signal generator employed. | |
A single stage tuned-anode r.f. pre-amplifier was
therefore designed and constructed to provide the
necessary voltage input to the bridge. |

(11) The noise level in the output was found to be above the

expected level of the N.M.R. signal., Other sources
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of noise (e.g. dry Jjoints, etc.).haviﬁg been searched
for and eliminated, it was discovered that the cryssal
diodes used (1N38) were excessively noisy,
An immediate improvement in the noise level was
obtained when the crystal diodes were replaced by hard
vacuum tubes (1S5)., However, before aAéatisfactory balance
could be obtained, it was found necessary to reduce the
capacitance tc earth of the diode fube D2 by careful mbunting
and to shield the 1.5V dry cells (used for the filament supplies
of the dicde tubes) from each other and from the remainder of
the circuit, in order to eliminate undesifable mutdal coupling'
between the two halves of the bridge.
(iii) Care had to be taken in choosing the valves of G, and
L2 to ensure that over the frequency range used, L2
and 02 did not approach the fofmation of a fesonant
circuit,.- |
Aﬁ one staje the capacitors'o3 and cz'were replaced
by two fixed résistors. This arrangement proved
inflexible in tuning the bridge for balance and the
original capacitof form of poténtial divider was_
reverted to, However, 1n order to provide for fine
adjustment in bilancing the bridge an additional variable
resistor R, was inserted between R, and Rzs |
The constructional details of the modified version of
the amplitude may be seen in Fige IV.2,.
The preliminary experiments to obtain a N.M.R.



‘Fig, 1V.2(A) ( left )
Big. 1V.2(B) ( below )
Constructional details

of the Amplitude
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absorption signal with the'amplitudekbnidge using a small
laboratory electromagnet proved at first unsuccessful, This
was ultimately found to be due to the poor homogeneity of the
field of the electromagnet. In order to obtain a sufficiently
high field ( 4,000 gauss), the original air-gap of the
magnet had been reduced from 1 3/4" to 7/8" by the insertion
of a cylindrical piece of mild Steel. By.turﬁing down the
central portion of one face of the cylinder 1eaving a
circumferential lip approximately 0.02" thick and 0,2" wide,
the homogeneity at the centre of the air-gap was sufficiently,
improved so that a N.M.R. signal was immediately cbtained,

IV.l4 Practical Performance of Amplitude Bridge

The bridge has been used for initial measurements of
field pattern and homogeneity of the‘18 KeWe Unive#éity of
New South Wales magnet, a block diagram of the apparétus
employed being shown in Fige IVe3e

The Helmholtz coils provide a local modulation of the
D.C. magnetic field Ho’ such that the instantaneous value of
the field at the sample is

H= Ho + gm sin pt
where ﬁm and g; are the amplitude and frequency of the
modulating field;

It P’ - Hol < H, » the sample will pass through

the rescnant field Hx twice during one modulation cycle

(Fig. IV.L). When a voltage in phase with the modulation
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current is used to provide the X-deflection of the G.R.O.r
display the absorption signal will appear ‘at the centre of
the trace if H = Hs é $° ’ hence the field may‘be measured
from a knowledge of the frequency :6 of the r.f. 1nput to the
bridge.

The absorption signals dbtained twice per modulaticn e
cycle mppear superimposed on the C.R.O. display unless eome'
phase shift occurs in the modulation circuit which then causesv
the signals to be displared from one another. ‘L | ‘

The trace may be calibrated in terms of field strength
by simply keeping H constant and measuring the frequencies,at,
which the signal appears at the extreme ends of the trace.

In this manner the motion of the N.M.R. signal on the

4trace due to field fluctuations can befused-to estlmete therv.
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magnitude of the fluctuations as discussed in section II.S. o
The calibratsd trace also enables the 1ine-width of the
absorption curve to be expressed directly in gauss. R
The shape of the absorption curve and the optimum design
of the sample coil will be dealt with in a later section, } : '
The amplitude bridge is relatively free from microphonics,:
since mechanical shocks affect reactive components and thus to
a first order alter the phase and not the magnitude of the r f.if
‘voltages, and has proved useful in exploring the field of an -;’
electromagnet under constant excitation, provided only very
small changes in frequency are required,\ ; l
The bridge method however is not basically a sensitive‘
detector of the N.M.R. absorption signal and may only be used
when the imaginary component of the nuclear susceptibility is
inherently large. The audio gain required is high and the
limit is set by the degree of residual unbalance of the bridge,
the noise introduced'by~the diodes and‘thevhum pickfup afterg
rectification. o - j', L R
If during uss,an appreciable change of'frequency of thel"
r.f. input is reQuired;'thegfolloWingioperations'must;be carried'
oubim : : : SRR L e g
(1) change the frequency setting of the signal generator
(11) re-tune the r. f.,pre-amplifier '
(iii) tune Llcl to- resonance at the new frequency
(iv) }re—adjust the balance of the bridge. |
The necessity for the four independent adjustments

enumerated above makes the amolitude bridge unsuitable as a 5



field discriminator capable of Operation over even a small
range of frequencies. For such a purpose a single cbntrol
device is required and attention was therefore directed to a
negative resistance type of oscillator and in particular to
the transitron oscillating detector described‘by Knoebel and
Hakn, L

IV.5 The Transitron N.M.Re. Detector*.

Principle of Operation

In the following treatment of the transitron as a non- S
linear negative resistance oscillator we consider the problem "
as a closed loop and apply the notation and methods of servo— i
mechanism theory. In the transitron prOper use is made bf |
the negative resistance characteristics that appear in a Y
pentode valve under certain operating conditions-vhere we
consider the transitron as a two terminal device with negativefi
resistance characteristics appearing hetweengthe tenminalsu;ﬂfr

A and B,

<———°Q——->
0L
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In the cmrcuit of Fig IV EA, a tank 0011 C L R. and the
tran31tron are con51dered connected 1n series w1th a hypothetical
generator (e. g. n01se generator) of e. m. f._ ,t. Fig IV SB shows
the eouivalent closed loop feedback c1rcu1t from which the loop

equation may be directly written»as

vo S S :} e

The loop will -be therefore canable of oscillation at a. frequency
for which - ey ? ‘.iv‘i o | : nl ‘
14 GoGl o : ..(IV 10)771’
Now the transfer function Gl =F% represents the =) »
impedance of the transitron between terminals A and B which 1s‘:f
assumed to be wholly,real. It,follows therefore Gv is alSO’fff
real and from its-definition_(Gv‘ g ! must represent the :w:
conductance of the tank”circuit. .Hegce oscillations take place'
at the frequency which makes the tank 01rcuit conductance reall'w
i.e. at the resonant frequency of - the tank circuit. |
It is convenlent to work 1n terms of the tran31tron ;
conductance rather than re51stance and since the tran51tron is
a non-linear device its effective conductance under fixed
bias conditions is a function of the r f. voltage v, across itsv
termihals. | | : | . |
we;theféfcré write T
where G"representS'the conductanceVof.the'trensitron”under?thefz
operating conditions of bias end amplitude of T.f. oscillation.vl

The condition for oscillation (equation IV lO) now

becomes: ~



A Hegative Conductance Characteristics /'O

Meove

1 + J—-l = 0 OI’ G(V) | ’, i . -. . _i. (IVoll)
i.e. the (negative 1ncrementa1 conductance of the transitron .[‘
at the operating point must be equal to the conductance of the
tank circuit at resonance._f‘fgir d‘) = l,_"‘. ‘\
A further condition for stable oscillation 1s that

d(Gv) L
T is negative.

CA(ag) T S e

- If —E——~ is positive,,the positive feedback in the loopej

increases with increasing amplitude of the oscillations, whichff?

may therefore become self destructive. lgf;fffa.ff

On the other hand if _EF_— is negative and if for

G
some value of v (v' say), EI :>- 1, the positive feedback isa:
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greater than unity and oscillations w111 build up until a value

. GV' .
vy is reached for which —é—ll = 1. (Fige IV.7)o
, o

The amplitude of oscillation will not increase further,

G s ') . . . ‘ o : il" . ‘
for if v" > vy, Eé£~—-<:.1 and the condition for oscillation
is not fulfilled, o ﬁ

In considering the effect of N.M.R. on the nuclei df”é:}f -
sample enclosed by:the coil of thé tuned circﬁit, itfhaswbeén1f‘
shown that the absorption component 6f\the nucleaf,ihductionw
signal gives rise to an'effective'changévin the impedance of

the tuned circuit. In terms of conductance we have:-

frel |
—63 = -.i— = uﬂc:¥"Q

Since for the maintainance of oscillations,|Go|= |Gv| a dhange

in the conductance of the tuned circuit results in an equal
change in the_condubtahCe of the tranéitron and‘conseQuently?a
change in the level, §v, of the r;f. voltage acrpsé the
transitron terminals, “ | | |

For small chagges we méy write 
, G o
JG(V) —‘—2' v
or " -
0 (y) = 0Gs
dG(yy  dGy
S av av

v

whence A :
G, » UnCy"Q T
o * .
_€V = . o o« o o .0 o .'.'(IV}12);“
av

Cqmparihg the above with éguatibn(lv;T) we note thététhere
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is an effective magnification of the N.M.R. absorption signal

if sraE— :>l, Qlthough at the inflection p01nt of the I—V .
v
av T T
e o0&y, | S
characteristic cupvg_dv = === 0, the above expresSions are 1jv

only approximately true since‘€v is flnite; nevertheless’a ,h 5
greater magnification of the N.M.R. signal is obtained if the ;f;
operating p01nt coincides with the inflection point and the S
amplitude of the r.f. voltage is kept small,. . O

IV.6 Trans1tron Design and Operation

Fig. IV.? shows the statie characteristics of a typical'ij
6A86 pentode and illustrates the ex1stence of a negative::~ih<i{v
resistance that appears between the r. f. common screen and
suppressor grid terminal and ground.3 The 6ASG tubes are chosen?
as being particularly suitable for transitron operation and
from a given batch, those tubes which have the best
characteristics are selected. T = M. vk 5 ety

Fig. IV;B shows the circuit details of the transitron | |
oscillator which is essentially the same as that deseribed‘by ff
Knoebel and Hakn The tuned circuit, eonsisting of the . :‘
variable condenser Cc and 1nductance L which is. wound on. the fﬁ3v3
sample vial, is connected'between grids 2 and 3 and ground.;k:
The r.f. chokes RFGl and RF03 isolate the r.f.foscillations
from the olate and filament respectlvely while RFG2 prevents
the grid 2 bias supply from shunting the tuned cireuit.it xfftd
De-coupling filters are provided where appropriate.?f[ff}}‘;7y$7ﬁ

The variations of amplitude of the r.f.ﬁoscillations_,}yf‘
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that Occur'at‘resonance, are detected by the GAGStwhich ispfl»”
connected as a'triode and biased for anode bend detection;'”
and the deteCted output is passed on to an audio-amplifier;&

In operation, grid 1l bias, which controls the plate

current is adjusted until oscillations are Just maintained,i :gii?

while grid 2 bias is adjusted so that the operating point

coincides with the inflection point of the Igz—Véz characteristics

The existence of oscillations may be detected by the presence of
noise on the monitoring C.R.0. and by an_increase_in_the;xr;;‘
detector plate current, S e p »

In construction, attention was paid to theonormal7l
techniques employed at radio frequenocies such as common r f.h»
ground, shielding etc. and no serious difficulty was encountered
apart from mains 50 c/s pick up which was considerably reduced g
by paying further attention to the earthing of the appanatus:fifj
as a whole, | | ' :

_ A very important consideration is the Q factor of the
sample coil. It has been pointed out above, that a condition |
for the existence of stable osclllation is that at ‘some point ;:
on the Ig,-Vg, characteristic Gy )><} i. € the impedance of the .
tuned circuit at resonance (QWL) must be slightly greater than"
the negative resietance of the transitron at the operating
point. Since the latter is determined by the transitron
eharacteristios, this 1mplies that the resonant impedance of
the tuned cireuit and hence the Q must exceed certain minimum |
values, In addition, the presence of @ in the numerator of !u
eqnation IV.lO requires that for an optimum signal, Q must be o

as large as possible,

l
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Thus the damping effect of the pmdbe on the sample ooiluti
must be kept to a mimimum. This can be. effected by ensuring e
that the inside diameter of the probe exceeds that of the ooilfif
by a factor of 1 5 (preferably 2) and by avoiding the use of
lossy dielectric in the supports of the coil and of the axial 5f7
conductor which runs the length of the prdbe. s S

A= &Shieidmoapr- B- Bample vial e

- C- Sample coil D- -Rubber gronnets

 E- Axial conductor  F- Glass tuwing
Pig.. lV.2

Fig. IV.9 shows the details of the a)ﬂstruction of suchf:¥
a prdbe, in which in order to reduce microphonics,the axial o
conductor is supported in a thick-walled glass tube,which is
itself suoported in the probe by n means of rubber grommetts.z_rriff
The sample of ferric nitrate solution 1s contained 1n a vial"f:f

made from thin—walled glass tubing 0.8mm outside diameter. 19

The coil contains 8 turns of 26 gauge emamelled wire wound A

tightly on the vial which is also supported by rubber grommetts.éf



Figs 1V.1€

Field modulated Transitron shown in position in
the gap of the U,N.S.W. magnet,

Fige 1V,11

Proton absorption signal obtained from a
Transitron detector employing a wide sweep
field modulatiocn.,.

( Line width = 0,3 gauss )



Fig., 1V.12

Oscillogram of absorption signal taken with
a 0.5 sec. exposure showing the effects of
the generator ripple on the magnet field.

Fig., 1V.13

Multi-exposure oscillogram taken at 5 sec.,
intervals of the slow drift and random
fluctuations of the magnet field.
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"One end of’the coii'iefconnected to the stouf_exiaiconductor |
while the other end is soldered directly to the proberitéelfQ‘f

A tranSitron unit employing field modnlationtend»en .
0501llogram of the absorptlon 51ngal from a proton samnle _
(ferric nitrate solutlon) are shown in blgures IV.II in whlch |
the signals are observed~to be separated due to‘a5phase shiftr;fk;
in the modulatlon c1rcu1t 'i i »_

This tran51tron unlt has been used in an exactly 51m11ar
manner to that of the amplitude bridge, and has been’used as a
field discriminator (Sect. V) for stabilisation purpoSeSQ_ For
the latter purposevhowever,it is necessaryvthét,theﬂfieldfed
discriminator.ehould‘not itself interferekwitn otherlapparatusr;
in the magnefic field, and,frequency modulation of‘thedtraneifronf
is preferred to modulationkof the magnetic fieid.‘ B | ‘

Modulation of the transitron frequency hae_beenleffecfed:'f
in a shmple manner by the use of a variable capecitor which |
takes the form of a vibrating reed and a fixed plate, and is-
connected in pdrrallel across the tuning condenser of the tank.
circuit. A coil energlsed from the modulation:eupply'is3wound ;”;
on a laminated U-shape core, and the‘reed in the:forn of:a'“va;
piece of thin spring steel ln" X g"’ls clamped at one end ;r7£
to an arm of the core and extends across the gao of the U-core.f'i
The insulated "fixed" plate is mounted parallel to the reed :
and in such a manner that the dlstance of separatﬁon may be,vﬁ’d
made any de51red amount. The whole unit encompasses a .

volume 1" x 2% x ok,
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In order to obtain sufficient amnls tude of vibrationsfﬁﬂﬁ“
of the. reed to produce the 0. 1% index of frequency modulatlon
rwqulred whenvsearchlng for‘the N.M.R. 31gnal it has been |
found necessary_fo ﬁune the natural frecuency of the reed to
the modulation~rrequenc§;3 This is done by flling the reed 1n
an appropriate manner so as to reduce its’ rleidity and thus
its natural frequency of " vibratlon. - S

In fltting the v1brat1ng reed modulator 1nto the shleld
box of the transitron unlt heavy brass shleldlng was requlred
to reduce dlrect plck up at the modulatlna frequency by the
tran31tron itself, and to damp down m1crophon1c chk up at

-

this Frequency. 2



V - N.M.R. FIELD DISCRIMINATOR

V.l Theorz
The N.M.R. absorption signal has a flnlte linewidth

since all nuclei in the sample are not subgect to the same
magnetic field. In the case of a liguid sample (as. used mn .
the discrlminator) the rapid brownian motlon effectlvely :
destroys the local fleld to which a given nucleus is subgectedv
due to the magnetic moment of its neighbours and the natural
linewidth is consequently very small (~10~ 4 gauss). Thef
observed linewidth in then entirely due to the unhomogenelty
of the magnet field over the sample vaTume. ‘

The presence of a field gradient in the magnetlc field:
may give rise to a heat effect or "wigglest, This can be seen'
in the oscillogram of Fig. IV.1l1l where the modulatlon sweep is
approx1mate1y 20 11newidths. , ‘

However as the flield discriminator- operates w1th a
medulation less than the linewidth this effect does not arise.

‘In cases where the inhomogeneity is due~to'the meguet
increasing the samplekvolume will not increase the peak-height"
of the signal, but oﬁly increaées the 11new1dth.~ :

On the other hand, decreasing the semple-VOlume-tj1’
decreasing the coil dimensions lowers the Q ef‘the;ceiigxwhieht'
in turn reduced the signal output. A compromiée_betweenituese;
conflieting requirements has to be sought,_andeferfeﬁeration‘
over a fixed frequency range (i.e. for a given,ebilfiuduetance)
the optimum coil dimensions may be found by,a-trial:and~errer_

method.
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The output of a N M.R. absorption detector as the ﬁ:1qq?5
magnetic field is swept through the resonant field H*'is shownfil
in idealised form in Fig.;V 1A. » _J. » b E »:
If we now cons1der the magnetic field to have a steady"
value Ho, and the 8 ample to be subgected to a small modulating ;
field Hmsinpt where H is a small fraction of the linewidth ‘
the r.f. amplitude will be modulated With a fundamental L i
frequency equal to the frequency of the field modulation-gﬁ_
and the detector output will be a voltage which again has a
fundamental frequency of 20’ | - | q . | :
From a consideration of the diagram (Fig. V lA), it
will be seen that the detector output Wlll have a’ fundamental
whose magnitude depends on the departure of the steady value
of the magnetic field H, from the resonant value ﬁ*'i e. upon :
,H* - Hol ’ and whose. phase relative to the modulatina field
Hpsinpt is either 0 or ﬂ"depending on whether (H* - HO) is
positive or negative. | ' Sy ”‘ S
Furthermore,_if the N. M R. detector output 1s fed into yﬁ
a phase sensitive rectifier a D.C. voltage may be obtained ;
which is either positive or negative dependinv upon the above v;
phase relations and which may be used to control the mapnet
field in such a manner that ,H*' Ho\ ——#- O.Jﬂihiﬁ;7a7-'7!" |
Eor values of H very small oompared With the lineWidthjl
of the N M.R. absorption Signals tj the output of the phase
sensitive rectifier is as shown in Fig.,V 1B and is. essentiallyli
proportional to the derivative of the absorption curve of -

Flgo V:LA.O :
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The output of ‘an ideal field discriminator (dotted line ﬁ
curve of Fig,V 1B) is proportional to (H* - H ) for all values-rf;
The N, M.R.,field discriminator falls short of this ideal

and an approximately proportional outout is only obtained if
# 5o < B e
If throuOh any cause, a’change occurs which brings H
beyond the inflection pOints of Fig.;V lA i e. if }H e HO',:>
the output of the. phase sensitive rectifier will vanish and
the discriminator Will cease to function altogether.;/‘”t'f“”
In practice, the modulating field cannot e made‘too- htfﬁ
small, or else the NeMoRo. detector output w1 be entirely IHJ;TH
marked by noise. With a finite modulation amplitude, there LRy
will exist in the N. M.R detector output harmonics, particularly
the second harmonic, the magnitude of which will depend on theffn
amplitude of the field modulation,,and on ‘the curvature of theti”
absorption signal at the operating pOint.'ll;;hf7;f)ﬁffl”ibsfv .
The presence of second harmonic does not affect the'iw"”
operation of the phase sensitive rectifier and it has been 5dffbf
found that for optimum performance of the stabilising loops,ﬂ
it is necessary to- make the modulatinn sweep apprOXimately 1/3rfbf
of the linewidth. The presence Ol second harmonic is then f7“mﬁd

most noticeable.

At an early stage in the development it was feared

that noise and second harmonic 1n the N M R. detector output
might affect the operation of the phase sensitive rectifier

and subsequent stabilising feed-back loop.‘ A narrow band
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stage, which could‘be switched in or out as des1red was
therefore incorporated in the audio amplifier.; Witn narrouf,“';t
band amplification, noise and second harmonic are removed .
from the input to the phase sensitive rectifier, but 1t wasdqxf
subsequently found that tne narrow was unnecessary and tneiffff
operation of the feedback loop as a whole was, if anything,jfff
- improved by not using it.yge - L k\ i "::v _' '7“

In the above discussion it has been assumed that field}f;;_ﬁ;‘{"’-Wj
modulation was employed. However, because of the linear e
relationship betWeen resonant field and frequency, it is
poss1b1e to maintain a constant field and to modulate the r.f.l
The above relationships then remain valid 1f we write j : _’i;

le f’Y fe f.H;,’: where mf is the modulation ,i

index of the frequency modulated r.f.=;,iq .

Ve2 DeSign and Operation of the Field Discriminator

Flg- V-2 gives a block diagram of the fleld discriminator'i
used as an integral part of a stab11181ng feed—back system.rjayf
o A trans1tron oscillator,which 1s either frequency or: .
field modulated ( both have been employed )513 used to detect_ii
the N.E.R. absorption Signal 1n a water samPle-;;;thﬁﬂ‘i N

© A 4oo c/s. generator which consists essentially of a i

Wien- Bridge oscillator locked to the eighth harmonic of the
mains frequency, provides a reference signal for the phase

sen31tive rectifier and, after a stage of power amplification;;v
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Fig 7.2

The 400 c/s»generator:outpuﬁttovthe power amplifierfis capablef;'
of being shifted in phaSe SO that the:reference signal and the
detected transitron signal apnear at their respective 1nputs to p
the phase sensitive rectlfier with the correct phase relatlonshlp

400 c¢/s was chosen as the modulation frequency as belng
sufficiently removed from the malns frequency SO that when usedd
in conjunction with the narrow-band ampllfier, any 50 c/s hum K
picklr up in the output of the tran51tron would not be passed on
to the phase sensitlve rectlfler. ThlS precautlon ultlmately .
proved unnecessary and as has been prev1ously mentloned the ﬂ
discriminator is used with the narrow-band stage shorted out

The trans1tron signal after ampliflcatlon is dlsplayed
on a CRO: when searchlnv for resonance, a wide modulatlon sweep
( >102 ) is used and the voltage aoolled to the X- deflectlon
plates is derived from the modulation source.

(In the case of field modulatlon, the modulation
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supply, for searching purposes only, was obtained from the 50 e¢/s
mains through a 12V transfbrmer, as insufficient drive for the
Helmholtz modulation coils could be obtained from the power
amplifier).

Fig. V.3

oscillogram of the cutput of a frequency modulated
rransitron detector.The second harmonic predominates
indicating that the magnet field is very close %o
the rescnant value H,

5 ( The X-deflection is 50 ¢/s,sinoidal.)

When modulating at 400 @/s within the line width, the X-
deflection was obtained from a 50 ¢/s mains source, since the
Lissajous figure this obtained was the more easily interpreted.
This is illustrated in the oscillograms of the amplified output
of a frequency modulated transitron employing a modulation
sweep of approximately 1/3rd of the line width. (Fig. V.3).

If HO<: H* the transitron putput is essentially all seeond
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harmonic of the modulation frequenor,vahd-the‘correspohding
output of the phase sensitive rectifier is zero. i

When 0 < [Hy - H|<< %5 the transitron output contains
components at the fﬁndamental and secOndiharmonio of the
modulation frequencye. VAv‘ |

Details of the 400 ¢/s generator, the audio amplifier and :
modulation supply pOWer amoiifier:are Q1Ven 1n the appendix.:bA

The phase ‘sensitive rectifler is however an 1ntegral .com ?
component of the field discrimlnator and a brief description of o
its operation will be given w1th reference to. the circuit
diagram of Fig. V.4. | | |

The two 6J6 triodes'are conneoted‘in paraliel'opoosition
as shown and reference 31gnals from the 400 c/s generator, equalﬁ
in magnitude and in phase, are applied to the grlds of the. »
tubes, which operate under Class c conditlons and are‘providedl

with grid leak bias.

A-C {/p




' If the input from the audio amplifier has phase with |
respect to the reference 51gnals as shown by the arrows in the |
diagram, then tube T2 will remain non-conductinv while Tl Sl
conducts during the positive half-cvcle and the condenser C
will charge up (the terminal A.becoming pOSitive) at a rate
determined by the values of C. and the effective resistance of

the tube during the conducting period 1. e. the charging time

constant is small. During the negative half-cycle neither valve

i

conducts and the condenser C maintains 1ts charge except for a

very small leakage determined by C and the load re31stance.¢ﬁf

After a few charging cycles, the voltage across C (Vc) becomes”‘
equal almost to the peak input voltage (Vi) and the charging flh*
current becomes very small being gust suffécient to make up |
for the leakage durino the non—conductinw cycle.l Should the
input voltace Vi increase in magnitude current will flow during
the conducting half—cycle of Tl so as to make VC equal almost f
to Vi‘ | | § | : ,.i. e ',‘.,twv o
If Vi decreases 1n magnitude, (Vlle VC) becomesvnegative,‘
Ty ceases to conduct while T2 now conducts and the condenser C

discharges until (Vi G-Vc)—4'0.

o If the phase of the 1nput voltage 1s reversed with

respect to the reference voltages, the tubes Tl and T2
exchange roles and the condenser C charges up so that terminal

B now becomes positive.~‘

The output of the pnase sentive rectifier is essentially

linear- with 1nput up to approx1mately 6OV D C. output;l The

gain of" the audio amplifier is" therefore adJusted in normal
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'operation, S0 that when the transitron output is a maximum ;Tfffﬁ
(1.e. when H~ corresponds to either the inflection p01nts of
the absorption curve) then the phase sen51t1ve rectifier output f
is  60V. DuCo " o s »"" ',, e
A particular feature of this type of phase sen51tive’
rectifier, in addition to its 51mplicity and short time constantﬁ
( ~0.01 sec), is the fact that the output is. 1solatedvffom. i
earth and the connection to the subsequent feed back loop is

thereby 51mp11f1ed. ;‘t

V.3 Experimental Difficulties ﬁ"‘”' e

In. the early attempts to obtain a correctlonk51gnalvand
to apply it to a. feed back correction loop, a field modulatéd
transitron was used as a fleld discriminator whlle an amplltudea
bridge N. M.R. detector employing a w1de sweep field modulation 1}
was used as a field monitor i . to determine the actual ’ B
behaviour of the maanetlc field. jf‘db' B | |

As the field was brought up to the resonant value, awff.;i
correction signal was generated that bore no resemblance in.zﬁ
magnitude or 51gn to what was expected.v It was some time beforei
the obvious. solutlon to this anomolous behav1our was realised
namely, that the sanple was being subjected to a stray iy

modulatlon field from the modulation 0011s of the amplitude 3f

bridge monitor. d A L A o

It was therefore decided to convert the trans1tron to atu
frequency modulated ver31on for use as a field monitor, and to ti
construct a second transitron for use as a field discriminator.'j

Further attempts to obtain a useful correction signal
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were however stili frustrated. The anomolous behatiournstill
persisted as though some spurious modulation of small,amplitudej
were present. . t

After a prolonged and systematio~searohtthe troubie was
traced to a‘frequency modulation of the r.f. oflthe disorimihator'
transitron at a rate of 100 c/se |

This was caused by microphonic vibration of the
transitron aud was due to thevfact that transitron‘wastbeihg
supported in a retort stand standlng on the same bench as other
electronic apparatus. |

| When the tran31tron was mounted in a rlgld clamp firmly

attached to the magnet yoaﬁ thls trouble disappeared./



vI. - EEBFGRMANcEeoF.THE‘chPLErEESTABILiSINé;SYSTEM_ff{¢,e”j;
VI.l Slow Drift ’ R e S E |
The fleld dlscrlminator prov1des an error 51gnal which can"
be used to correct for slow drlft in the magnetic field.v ThlS
error signal which is proportlonal to (H - Ho) is applled to the;
grid of the power ampllfier of the generator field 01rcu1t. Vf_'w
As a basis for design it was assumed that the max1mum-
slow drlft for whlch it would be necessary to correct would

amount tok lOﬁ of the totalkmagnet fleld. ;Slnce,thetmaxlmnm ,';}
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error that can be tolerated is half the linewidth of the N Mme .
absorption signal (say O l gauss) the feedback loop gain required,
for a magnet field of lOu gauss, would be R

10” gauss X lO ';—loh T e e
- 0.1 gauss ;{;. e S

With such a hieh ‘gain, the loop is unstable.» (OSCillationsl;iftfi
commence when the loop gain is of the order of 102) v “f

It is necessary therefore, to maintain the D C. gain at
10%, yet reduce its value to less than unity at frequencies for;ng

which the phase shift around the loop is 180o

This may be realised to some extent by the use of a’paSSive
phase-lag network which takes the form of a simple R. C. “**fffl»:é
combination haVing a- 1arge time constant, and which is inserted_j?
into the loop immediately follow1ng the. phase sensitive :
rectifier. (Fiw. VI l).,*' | | f' ’

- With a phase lag network haVing a time constant of e
50 sec., the D C._nain may be increased to 10)+ and the system vﬁﬁj
-remains conditionally stable- that is, after a system jﬂf'-’ e
dusturbance or a change in reference input (i e.-change of o
transitron osc111ator frequency) the field performs damped t?;ﬁfé

OSCillation of small amplitude.,fﬁif'"“?“*"

However With the introduction of a. further element of

large time constant into the 1oop, if the disturbance or
change in reference occurs at too fast a rate, the amplitude

of the transient oscillations may be such that the instantaneousf

.
e
S
e s ‘
L

4
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3

error, (H L= Ho), exceeds the half linewidth so that the v

N.M.R. field discriiinator ceases to Operate.
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to some desired exact value, the'field being kept stabilised o

while the change is beino made.

This has been accomplished by changing the reference

i.e. by slowly chancing the tran31tron.frequency by adjustmentfff

of the tuning condenser.;mdyhgf

' A small reversible electric motor drives a reduct on g 777

set of gears (from an electric clock) which 1n:turnT s connected;
by means of a flexible cable to a worm and wheel reduction o

(see Fig. VI.2),

gear mounted on. the trans1tron shield boxh;

This ﬂear is connected throuah a friction clamp to,agsecond 5 ?}
worm gear which is attached to the shaft of the tran31tron

tuning condenser. t{a’rf* f?v\.

When the friction clamn is unscrewed the motor ceases
to drive the second worm geer and adjustments may be made _.
manually by means of a knob attached to the shaft of the second i
WOTrm, | ! o | ‘ N sEele
The motor 1s sunplied from a 6 volt accumulator and its

~speed may be varied by means of a series resistor.;gntﬁy.

VI.3 Performance AR

| Fig. VI.3 shows portion of the recor ;o?ﬁth}_d'“'“”

occurring across the maanet terminals under various conditions.eE

_AB¥~ no feedback loop 1n oneration

: BC\-~ripp1e fllter and rate-of-ehange subsidiary feed-;? :

~back in Operation ;_*j,-.i;i b i

CD-% complete stabilising system.in operatio'¥

In conSidering the 1atter portion (CD) it.mustjbe
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remembered that ‘the voltage across the maﬂnet termﬂnals may f'f
vary slightly, yet the magnetic field remains constant. Since j
the N.M.R. feedback loop remalned in operatlon 1t follows
that the areatest dev1atlon of ‘the rleld Hbfrom the resonant
value H¥ was less than half the Wmew:rdth of the N.ﬂI R._f’,
absorption s1gnal (’V.lS gauss). S ,

- Thus 1n'a field of approximatoly 7 OOO gauss, we may
say that the fleld was held constant to w1thin 2 parts 1n 105

In the record of Fls. VI.4, the frequency of os01llatlon?
of the tran31tronfwas-var1ed at a constant,slow rate..’Slnce_ﬂ
|e*- 1) <_,}, it .f'o‘ll;ow's :that"' the magnet field changed ata i
similar rate. ‘ k | e :

The max1mum chanﬂe tnat tooh place before the
discriminator failed to operate, was . 9 %. and occurred'at a‘L”N
rate of 20 gauss/min. 7 | “ ’ |

| Slnce‘as far as'thehéperatﬁon of’thecdiSCriminatorhds'
concerned,‘changes of frequency and or mavnetic fleld have the_f
same effects, we may assume that 1[ the frequency had been'[%ft
kept constant, and a disturbance had been applied to the system,
which, in the absence of any stabilisatlon loop, would have ‘
produced the same change in field as that descrlbed above, then
with the stablllsation loop 1n operatlon the fleld would have
been maintalned at a. constant value. k'_”: e

- In ttatina that if the trcn51tron frequency is not
deliberately changed the field remains constant to 2 parts _
in 105, it is assumed that the tran51tronsfrequencyg;$;itself-;f

constant.
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A check on the stability of the frequency of the tran31tron
oscillator has been made, by loosely coupling a signal from the ?
tran31tron to a crystal controlled master oscillator, the L

resultant beat frequency 51nnal beina then measured by a ffe;fhwjf

rate meter. | o 8 | | |

| After . ‘an 1nit1al warm-up period durlne which the ?5:}eifi 4
frequency change was .Olﬁ itvwas found that over a period-liigtsé
of 6 hours the transitron frequency remained constant to

within 300» c/s in 30 Mh/s i. e. a- stability of 1 part in 105

VI.L Conclu31ons and Comments‘t' S N _ R
The stabilising system described above w1ll hold the srtfff
field of the Univer51ty of New South Wales magnet constant to .;gg
within 2 parts 1n lO5 and w1ll accommodate slow changes of i
excitation of up to 5¢ 1n a field of 7 OOO Fauss.‘;fﬁl“f liysill
The degree of stabilisation 1s limited by the line-ifJ;f'vm
width of the N, M.R. absorptlon s1gnal obtained from the given j
samole, and an 1ncrease in the stabillty may only be accompllshed

by a further improvement of the homogeneity of the field of the

magnet.r Assumine this to be attained a number of problems gffi“

would: then present themselves.

Fi“"StlY#1 the Pl’esent al‘rangements for smoothmg the

_he‘residual

magnetic field may prove unsatlsfactory 1 e.f

e L e T e e T i i g X s

fluctuations which are negliglble compared withxan absorptionf'ﬁ”
31gna1 linew1dth of O 3 gauss may not prove in31gnif1cant wit“
a linewidth of, say, 0.01 gauss. Nl .

Secondly, w1th the 1ncrease of 100p aain requlred to P



7@-.
produce a field stability of l in 106, the feedback loop throueh
the D.C. generator may prove unstable. ?f:. . SN N |

Thirdly, in order to achieve a field stability ofbfejfy‘gj

1l in lO6

the tran51tron oscillator must be capable of afﬁfﬁffpﬁ
frequency stability of the same order.k’ ‘ ’.~ % }>’J

It therefore appears that little further increase in.f7t
stability can be obtained with the present system and that to_frn
abtain any marked improvement a completely new approach may e
be required. One method whioh suggests 1tself is to employ
power transistnrs which have recently become commer01a11y
available to prOVide a stabilised current supoly for a
constant eyc1tat10n and to use a crystal stabilised N.M.B.c;df
discriminator feeding into the aux1liary maanet cOils 1n order

to provide correction for the changes in magnet field that

occur due to thermal changes in magnet geometry and permeability.
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APPENDIX A

Effects of Eddy Currents on. Maanet Wesponse:sf;

As a ba31s for this 31mp1e model we . con51der the magnet
as a transformer With the circulatinP eddy . currents 1n the core H
forming an equivalent to . a short-Circuited secondary. _ _
The main ex01tation COllS of the maanet which form thetff
primary are assumed in the absence of eﬂdy currents, to have
an 1nductance, Lc and resistance Rr.‘ The eddy current secondaryf
is assumed to have an effective inductance Le and effectivexlfJ

re31stance Re..

' Following the usual treatment of coupled circuits the
effective primary impedance is
| ,f¥jvl R PEINE e 2-;
Zt = '—l-;:_:z-1‘+ {g__
where M choefficient of mutual 1nductance between primary andff
secondary w1ndings R d ,
and 7q = R +le , Zp=Re + jule

Now the coefficient of coupling, k is defined by



CRE, v.*-,'?(’rsf ot _k L L ) ‘o (n ot RmL )
1-a? T T, (1 - 2) + :lco(”r S Te) o
14 Jw T | -

¥ =g and T, -,=7"°“ T e R R s R

The transfer :ﬁmction for a. voltage applied to the’»k T
magnet terminals 13 gwen by ‘ - ST e DERR R
Hence

Rm 1 - @2 -Te TG(]' ) &+ Jw( Te + 7c) s ;.

]
1L, we may assune that the primary and eddy cm‘rent secondar;
are closely coupled 1.3. 1f k —:»1, - N | j

Then .
1 + ;](o TQ

-~

BTE TEIRT, T )




This fxmction ;m ;l.llustrated in mg. A..?. ana may be
compared vith the experimental results of Fig.II.ﬁ. \ The d;attcd
line shows the asymptotic approximation and :lllustratea the

a.tgniﬁcance of the 'break" frequencies
Te" Te Te

It will De observed that for frequenciea for which

i.e. the mpedax;;c;e_]of th'e magnetispuraly reﬁ_{g;‘{@;

The rield in the gap of the xnagnet ia the sum of t.he
fields due to the exe:!.tation current and eddy cnrrenta. : We o
therefore vrite . | | ’ &
: Ha= CIIJ. + 0212 |
where cl and 02 are conatanta depending on the magnat geometry, 3
nurber of turna, eto. R U T SRR S |
Now, forﬁo coils having xl and Hz t'nrns respcctively
wouhd on the same torocdal cora : S T

C; NIV R
‘ﬁgﬂ'ﬁ;’n("y)' un.

Nk_.l’r
B
.m,..

We assuma that these relationships rmin anrﬁciently accurata,‘}{
for the magnet when one of the coils s the "&dﬂy current"
secondary, Thus A : : e
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M=k/T L, =k [a’L,) I,
and since n-l‘“—! 1  -
ettt

we obtain

Hence ror the transfar .function 52 for the riald praducea*[
by & current rloring in the primry .’m give‘n ‘by L

o, =B =oc . 140 yy(1-x)
271 1 ° ‘-'l-rdea_'

for perfect coupling thia simplifiea to o SIS |
Oy =0y ¢ n‘aarf; B GOl

slope  bdbfoct.

Egg; A-3

For the magnet as a whole, the transfar runetion ror a -

voltage applied at the magnet temznals j.s d,ﬁned as R
o i A

.“—ﬂ‘-.-s

G "I "
= 020 Gx



mus

The log-log plot cf this function is shm in Fig. A.}.
and may be compared with the expemmental results or Fig. 11.6.1_



@3

"Appendix ‘B

CireuitvDetails

Brief'notes ﬁogether'with circuit'diagrams’df those \

electronic 1tems not prev10usly given in detail in the o )

text are appended below.»A

1. . L0Oc/s. Generator, ~ |

2. Generator. Field Power Amplifier._';:;:
S Ripple Filter Power Amplifler.

Yo o Narrow Band Amplifier,
5.  D,C. Amplifier.

6. "Modulat;eh,Supply;

( In addition to the above 1ist,other items which :
constructed but later discarded (Sect.III)

include a narrow band amplifier selectlve to l2 5c/s ¥

a phase shifter and a wide band amplifler w1th
lower frequency limit 0.1 c/s. )



S T
uoo c/s..Generator o

‘ The Wien Bridge Oscillator of fig.Bl is
freely tuned to 400 ¢/s. and is then locked to the 50 c/s.'
mains frequency by & synchronising signal which is L
obtained by filtering out the fourth harmonic from the ;Qf
rectifier ripple by means of the tuned primary,tuned |
secondary, transformer Tl‘ . - :

_ In the following povier stage the outputs are
taken from- the transformer T2. Two . 1dentical secondary
windings provide equal reference 31gnals for the phase’ﬁf
sensitive rectifier, while ‘a third w1nd1ng prov1des a if'
81gnal which after passing through a o - 180 phase j'"
shifter, is used to prov1de the modulation ( either field 3
or frequency ) for the Tran61tron N, M;R field discriminator

( The author is 1ndebted to Er E Laisk of the
Electronic Workshop for the deSign of this circuit )

= Wien Bringe PHase P T
OscrieaTor SwiFTeR ;

Fllg; B-1



Generator Field Pocwer Amplifier

The generator field coils form the plate load of
four 6ASF twin-triodes which are connected in parallel,
The plate supply of 180 volts is obtained from a bank
of storage cells, and the tubes are capable of deliver=-
ing a maximum plate current of 1 amp,.

The 6J6 twin-triode acts as a pre-amplifier and
provides for two separate inputs. The H.T. power supply
is not directly earthed and the output is taken from a
potentiometer across the H. T, thus alldwing the correct
bias tc be applied to the grids of the power tubese.

Generator

Field 4130V |
UEL LY

[7.4]
g’m‘ . ”
;I

tor_|

ASM
10K 3
<

T 4AsT !
Wi - Fevr 1 ]
Rarallet l

&5



RippleFilter Power Amplifier

The bank of four 6AS7 power tubes are con-
nected in parallel across the magnet terminals,the d.c.
vcltage of which provides the necessary plate supply.
The ripple voltage existing at the magnet terminals is
amplified by the 12AX7 cascode amplifier with 12AU7
cathode follower output, ,

The subsequent 6J6 stage producesblittle
further gain but is designed to provide the necessary
phase inversal and correct negative bias for the power
tubes, The filter in the input circuit prevents the -
occurance of self-oscillation, |

. SOK 10K %r ;
| T
l‘ ) +300 V fey ]_Ta'z/uf ID,,/,F 1 ‘

{
i L % .

} 390K :

WA—
e
v,
=z
'
FY
VT

g0k r 10K

' I'5K 120K

>
1 8F . IOKE.

B

W

|
\
J‘ $SM .
l ’ - ~150.V

&6.



87.

Narrow Band Amplifier

The first stage of amplification has a
cathode follower output in order to provide the necessary
low impedance cathode coupling to the second stage.
Negative feedback is introduced in the second stage by
means of the twin-T network which rejects the frequency to
which it is tuned( in this case 4OO ¢/s.). At this fre-
quency therefore the maximum stage gain is obtained;while
at dther frequencies the stage gain is reduced by the neg-
ative feedbacke. The theoretical @ of this stage is A+l
where A is the stage gain. By closing the switch S
the negative feedback is shorted out and wide band amp-
lification is obtained.

( Erratums the 6V6 of the output stage is triode

connected and the diagram should show the screen
grid connected to the plate.

——ptO ¥ Rug

“:: .mi ited ‘ a

b3 R

(1 H 3 —";:P €.R.0
. " | :
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§5.

D.C., amplifier

In the first stage of the d.c. amplifier, the
6J6 twin-triode employs cathode follower compensation
againsf cathode drift. The output is taken from between
the load resistor and a potentiometer placed across the
H.T. By adjustment of the pct. the correct working
point for the 12AX7 of the second stage is obtained.
It also enables the floating power supply of the second
stage to be 1ndirectly connected to earth.

By employing a cathode load in the second stage
and by taking the output from a pot. across the H.T.,
it is possible to ensure that the output is at earth
potential, thus facilitating the connection of subsequent
equipmente.

‘ ———p 150V Reg.
I .

250K l
+

300V Rege
Floating
20K Power supply
<«——— Output

A

«25M

AAAA
Y

20K
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Modulation Supply

In order to cbtain the necessary drive, the field
modulation coils or the freguency "wobbulator" (depend-
ing upon whether field or frequency modulation is
required ) is connected directly into the cathode
circuit of the two parallel,triode-connected 6V6 tubes.
This power stage is preceded by the 12AU7 voltage pre-
amplification stage to which the~modu1ation signal from
the LOOc/s. generator is applied.

» 300V

2 KENSINGTON * )

& Qf” /
¥ SQyry W
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