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SITMMARY

Part 1

A description of the operation and princíples of an electron

spín resonance spectrometer ís given togeÈher with a comparison of

the various types in cormnon use. The advantages of usÍng a resonanË

cavity as a sample holder and the necessity for klystron frequency

lockíng are shown together with a descríption of the various types

of magnetíc field modulation that can be employed. The construction

of a 3 cm electron spin resonance spectrometer usíng 1OO kc rnagnetic

fíeld modulatíon ís described in detaí1 together with Ëhe desígn of

magneÈíc field stabilising and sweeping circuits. Detaíls are

gíven of the construction of a proton resonance magnetometer for

precise field measurement. Fínally the method for deÈerminÍng the

spectrometer sensitivity is descríbed.

Part 2

studies of the hyperfine spectrum of copper salícylaldimíne

in solutíon have been experimentally made. The spín Hamiltonian

for a tumbling paramagnetic eomplex is described and the 1ínebroadenÍng

ís shown to depend on the rotational speed of the complex. Solvents

of differíng viscosities were used and also Ëhe effective planâr area

of the microcrystal r¿as alËered by the addition of aliphaËíc chaíns

to the basíc chelate" The líner¿idths of the four line spectrum

obtained were analysed by fitËing four equal area Lorentzian curves

by means of an iteraÈive process" The necessity for using eÍght

parameters in the curve fiÈtíng required Ëhe wríting of the curve

fiËËíng procedure ín FORTRAN and Ëhe use of a compuÈer'
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PART I

1. INTRODUCTION

RadÍo freguency sPectroscopy ls a comParatively new form of

absorption spectroscopy ínvolving 4 range of frequencíes from the

lÍmitsq-of the far ínfrared region Èo the very low radfo frequency

regíon. The general term covers nuclear magneÈic resonance, Para-

magnetfc resonance, mlcro!,/ave and direct quadrupole sPectroscopy.

Radio frequency spectroscopy can be dívíded ínto Ëwo maín branches,

the first measuring molecular resonance frequeçrcies ín the absence

of any large perturbíng fields and the second ín whlch the energy

level system is consíderably alÈered by the appllcatíon of a Large

magneÈíc fietd and resonant absorpÈion 1s obtained from transiüd-ons

between the new levels.

Paramagnetic resonance absorptíon spectroscopy or electron

spin resonance líes in Ehe second class and ís a Ëechnique for
detecting Èhe unpaired electrons Ín a substance and studying Èhe

Ínteractíon of these elecÈrons with theír envíronment.

In a simple model of a free radieal Ín whích the unpaÍred

electron is noÈ coupled to any nucleí or other electr'ons the free

electron has a spin S of ä and can exísË ín two sËaÈes wiÈh equal

energy. This degeneracy can be removäd by trhe applicatfon of an

external magnetÍc fíeld whích will produce Ëwo separate levels wiËh

spln quantum numbets -Z a¡.d +4. The lower energy level corresponds

to the parallel alígnment of the electron spin wíth the magnetic

fieTd and the upper level corresponds to an aritíparalle1 alígnment.

the separation between the levels is equal to gpH where g'is a

constant splitting factor equal to 2.OO23 for a free elecËron, F

is the Bohr magneton and H is Ëhe applied fíeld ín oersteds" The

application of the appropríaÈe radio frequency I that satisfles the

equation
hü= sgn ..(r)

w1l1 cause transftions Lo occur betwèen the two energy statesr

In normal- thermal equilibrÍum the population of the lower energy

state is greater than that, of the upper energy stat,e and there Ís

a net absorptíon of radio frequency energy" For low radio frequency

power levels saturation of the uPPer energy level does not usually
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occur as eoergy is lost from the upper level by spín-spín or spÍn

lattice interaction. A constant Proportíon of the íncídenË pou/er

ís absorbed providing the relaxat.ion time, defined as Èhe tíme

taken for the spin system energy to decrease to "-1 of its ínítial

value, is small or the íncident RF energy is maínËained at a low

1eve1.

ln a real substance considerable modífications occur to the

síngle free electron specËrum case descríbed above" The local fíeld

acÈually seen by the unpaired electron ís rnodífíed from the applíed

field by the magnetic fíeld generated by the relatíve motíon of

the elecEron with respect to neíghbouring electríc charges and also

the direcÈ magnetic actíon of other electron and nuclear magnetÍc

momenËs. These various influences alter che g value and the wídth

of the absorptíon líne and also splít the energy levels to produce

fine and hyperfine strucÈure"

In most organic free radícals the unpaired electron is not

rigidly attached to a partícular atom but occupies an orbit embrpcíng

several aÈoms. The ínteraction of the magnet.íc moment of the unpaírep

elecLron and the magnetíc moment of the nuclei whíah are embraced

by the molecular orbit of the electron will produce a hyperfine

structure of the ESR spectrum. ln a simple case íf the elecËron

interacÈs v¡ith oue hydrogen atom the effective fíe1d ís eiiher

H + ¿úi or H - Æl , the AtrI t.erm comíng from the Proton lthose momenE

may be orient,ed eit-.her parallel or antiparallel t.o the main field"

A two line spectrum wit.h equal íntensi,Èy línes will be produced to

saEisfy the equation

ht = gg(u+¿\H) (z)

Interaction wíth a second proÈon will cause a second splitting, the

unpaired electron. being in one of four possíb1e magnetic fíelds

with the proton oriencations beíng as follo*" I 1, l, lrt J, J Jr.

As can easily be seen thíS wíll produce a three líne specËrum with

the centre 1íne of double intensity" In the general case in which

the orbít of the unpaired electron embraces n equirralenÈ protons

a spectïum of n + t hyperfine línes is produced vthose relatíve

ínt,ensities are proportional Ëo the coeffícients of Èhe binomíal
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expa4sion of order n. This type of spectrum is very ímportant ín

organic free radícal work.

SubstancessuítableforstudybyEsRtechniquesarefound
fn Èhe following groups:

1" Crystals containing bonde{ atoms of the transítíon

element s 
"

2, Crystals having broken bonds or defects such as F

centres where free electrons occuPy atomic sites'

3.Semiconductorscontaíningeleetrondonorimpurities"
4" Ìletals and semíconducËors Ín whích conduction band

electrons províde resonance absorptíon'

5. Free radícals "

6. Ferromagnetic materials '

InaddítiontostructuredeterminationEsRhasbeenused
to investigate a varíety of effects such as the polymerÍsaËíon of

materÍals, x-ray and neutron damage, photosynthesis and even by

inference the possible carcinogeníc effect of cígarette smoke'

PRINCIPLES OF SPECTROMEÎER DESIGN

The following is based on Refs' 1 - 6'

An electron spin resonarice specËrometer can be buÍlË ín

a varLety of ways depending on the inclinatíon of the constructor

and the avallability of comPonents. There are t\,Ùo main types of

spectrometer in co*mon use, one employing high frequency magnegic

modulation and the other usíng superheterodyne deEecËion of the

microwave signal. BoÈh tyPes of system have advantages in

dlfferent situations. High frequency magnetíc modulation, commonly

atlookc,ismoregenerallyusefulbecausetheelectroniccircuitry
lsslmpler,easíertooperateandwithmoderndetectíondíodesthat
have a low noise sPectrum at lOO kc Ehere is very little loss in

sensitivitycomParedtoasuperheterodynesystem"Superheterodyne
detection becomes necessary if experiments are beíng performed at

liquidhellumtemPeraturesorífmaterialswíthlongrelaxationtímes
are studied when the line broadenlng produced by hígh frequency

modulation would be undesirable'
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AIl spectrometers, however, require the basíc components

lisLed below:

1. A source of radío frequency energy.

2.Amagnetsystemcapableofsupplyingasufficiently
uniform fíeId of sultabLe ínÇensity'

3. A sample holder of suítable shape such thaü Èhe

specimen Ís in a reglon of radío frequency magnetic

field orthogonal to the DC magnetic fleld'
4.AsysÈemtodetectanddisplaytheresonantabsorptlon

of energy of Ètre samPle.

For a free electron the absorptíon condition h r' = gpH can

be wrlÈten in practical uníts as

Frequency ín Dlc = 2.802. (riela ín oersted) " (g)

ESR absorpÈion can be observed at any frequency provlding the

applted DC magnetíc fíeld saElsfles the above equatfon. The

distribution of electrons Ín the Fhto energy levels 1n the ebspnce

of the RF fíeld is gÍven by the Bol.tzmann dístrÍbutíon çxpressíon

o1

nz =g
-AEF ,......(¿)

where

na is the number of electrons ín the upper state'

n, is the number of elecErons in Èhe lower SËateo

k ís Boltzmannrs ÇonsËant,

T is absolute temPerature'

AE is the energy separatfon beÈween the levels 
'

and Ço greater sensitivity Ís obtaíned by workíng with smal-1 T or

lafge Æ. For most general PurPgse spectrameters a frequency of

1O,0OO Ìlc and a fíeld of about 3500 oe are used" Thís frequency is

easily obtained wiÈh current technlques and a variety of, cOmponenËs

are çoûunercially obtainable. The magnetíc field requírements c4n

be çatisfÍed wíth an electromagnet usÍng a sofÈ iron yoke without

any risk of saturatíng the material, AlÈhough íncreasíng the vçIuç

of aE should increase the sensltÍvlty, 1n pracEÍce thls advantage

is to some extent nullífied by Ëhe low outpçt poTi/ers of short
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micro\^rave klystrons and the decrease in sensitívity of the deÈect,ors.

If a rcsonant cavity is uscd as a samplc holdcr Lhc cmall oize

permits the examínatíon of only small samples without excessive

cavÍty loadíng.

The power absorbed by the spin system can be shown to
be (ner. o )

(*)= N(ne9)'1y"r' Vo G(t)¡skr (s)

where 
! is the applied freguency,

N ís the number of unpaíred spíns,

ùo is the resonant frequency determined by

the DÇ applíed fíeld,
H, ís the RF fíeld sÈrength,

C(ft ) is the observed absorption líne shape

normalised so thaÈ
îô
)c (v) ¿t, = r.
0

It can be seen Èhat the povrer absorbed is proporÈíonal to
)Hr- and it is usual to increase the effective RF field strength

seen by the sample by placing it in a resonant cavíty. The effect
of the sample resonance on the cavity properties is simply shown

below.

A microwave resonant cavíty wiÈh the sample Ín the positíon
of maximum RF magnetic fíeld can be represented by a tuned círcuit,
as shornrn ín Fig.l, wíth Èhe sample inserted ín the coil. The

ímpedance across the circuít Ís

Z"=R+j(.,L-hl (o)

At paramagnetic resonance let the change ín complex

susceptíbí1ity be

/ = x'- jx-"
then since the permeability p = 1 + a¡/ Ëhe new value of
lnductance Ís

P

l (r+4rr

is thewhere 
1

tx)t-itling factor O ( ttt
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The circuit ímpedance no\^7 becomes

Z"=R+ j(or (t++trlx) -h) "(z)

=R+4'f1 ,rr.X" + j(of, +4tf',* -hl ..'."(g)
t

At resonance Ëhe sample has increased the círcuiË loss by

+n¡X'k
\

and the inductance bY

.,.....(g)

+n1{t.

Sínce Q =
uf,
R

aQ=35r.-*f*r\ R'

fr +''1ri - Ë 
o"'g üjL

= q4r('- e2+n1X"

Experimentally the change Ín L is found to be small so

aq = -q24 n\X"
Similarly the change in r-esonanÈ frequency can be found

1

1dt, =
v,

= -ZtÍr\ ,rX' ... .. . . (tz)

ESR spectroscoPy can either detect the absorptfon

susceptibility "o*norr.rra Xoot Èhe dispersive "o*po"t"t X1

The former ís deËected as the change in Q of Ehe tuned clrcuft

and Ëhe latter by the change in Èhe resonanË frequency. Practlcal

consíderations make ít easier to work at a fixed frequency and Eo

varyt'hemagneËicfíeldtoobtaintherequíredspectrum.The
klystron frequency is usually locked to the resonanË cavíty

eliminatíng the díspersíve comPonent and leaving only the absorptlon

component.

,.

.. . .... (ro)

,fl,c
(l)
t

.%l' dL
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A sfmple type of microwave reflection spectrometer ls shown

Ín FÍgi2. Radio frequency power, supplied by a klystron whlch is

isolated from reflection$ in the circuíË by a ferrite isolator'
is fed inEo a I'lagíc T where it is equally spliË between arms 2

and 3. Arm 2 Ëermínates in a resonant cavíty containing the

sample material. Arm 3 terminates in a matched load preceded by

a slide screhr tuner, a devíce Ëo produce a reflected sfgnal that

ts tiaependently variable in phase and amplitude. The s1'fde screlil

tuner is normally adjusted to nearly balance the reflected signal

from Ëhe cavíty so that only a small signal emerges from arm 4 Ínto

the detector. The resonant absorptíon of energy by the sample wlll

produce a change in the cavÍty reflection coefficfent whlch produces

a varÍatíon ín the brídge balance that can be deËected fn arm 4 and

dfsplayed eít,her on an oscilloscoPe or a Pen recorder'

Amethodfordeterminíngtheoptimumcavit}couplÍnghas
been described by Feher (nef.Z). The reflection cavÍty can be

represented by the equívalenË círcuít shown in Ffg'3' The fnput

povrer is divided by two due to the power spLít at the Èlagic T.

By consideríng the change ín reflecEed Power when absorptfon

occurs and optímising thís change of Polder by dlfferentfatíng wfth

respect to the coupling parameter n it can be shown that for a

square law deËector the cavíty should be undercoupled so as to

produce a VSI,IR of 3.74 at resonance.

The detection of the microwave sígnal can be done by using

a bolometer or a silícon crysËal detector ' The change ín power

level at the detecLor is obscured by the noíse generated ín the \ùâvê-

guide run, the crystal deËector and íts followíng ampllfíer.

The noise po!ùer at the detector output is (nef'Z)

Prroí"" = (cN* + FA + tD -

where

1) (tt¿ t, ) .......(rs)

G ís the conversion gal-n of the detector,

N* is the noÍse figure at Lhe inpuË to the deÈector'

FO is the noíse fÍgure of the amplífíer'
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tO ís the noíse temperatrrre of the deteçtor'

k is Boltzmannts constant,

T ís the temperature,

A I is the bandwidth of the sYstem.

Usíng fhís value of detector noíse the mínímum detectabl " X"
is (ner. z )

t<+FA+tD r) tme ,
for a sígnal to noise ratío of 1

1x (r¿ )
zGP

o

where

Qo

\
P

o

From thls expressíon it can be s.en that the maxímum sensítivíty

will be obtained when the product Qo\ t" a maximum and the numerator

is a mínimum. The quanËity determíneã by the deÈector Ís

+t 1 \GNr +F
A D

G

and for optimum sensítivity this quantity has Èo be minímísed'

Twotypes,ofdetectorsareavailabl'eformicrolùaveuse,
bolometer and crysLal, but as bolometer detecÈors have hÍgh

conversion losses at low po\¡rers, crysÈal detecÈors are usuaLly

employedinspectrometers.Theexcessnoísegenerated-inacrystal
detecÈor is inversely proportíonal to freguency and Íncreases

wíth increasing poÍrer" The crystal characteristic changes wíth

Íncreasíng íncident Po\,üer and for normal silicon crystal detecÈors

the characterÍsÈíc can be divíded into two parts: a square law

regíon in which the rectified current is proportíonal to the-incident

porÀrer, which in this region is less than 1O'watts' and a linear

regíon extendíng ínÈo míllír¿atts where the rectífied currenË is

proportionaltothesquarerootoftheincidentPov'er.InÈhe
first regíon the conversion loss of the crysËal Ís ínversely ProPor-

Ëional to the incident Por¡rer and in the second regíon the conversion

lossísconstafit.Fromtheaboveitwillbeseenthatthereisan

is the unloaded cavitY Q,

ís the fillíng factor,

ís the incident Po\^ler.
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optimum value of inpuL power to the crysËal detector. Power levels

belor¡ this resr-r]f. in high conversion losses and power'1eve1s above

this produce excessive cryst'al noíse" Although the optimum

detector pov/er range is sma1l (nef" l) it is easilv ach'ieved ín

practíce ancl, in th.e spectrometer described above can be done by

adjusting the s1r<1e scre\¡ù tuner to suítably unbalance Lhe bridge.

The excess crystal noise that is inversely Proporcional to

frequency c'an be mínimised by employing eith:l:: superheterodyne

detection or high frequencv magnetic field modulat.ion" The most

sensitive specLrflnreters employ superheËerodyne deÈection but +-he

complexities of t:his syst,em can be avoíded.'n¡iLh scme loss of

sensitivity, by crnploying high frequency magnetic fielcl modulatÍon'

The disad.vaniage of this rnethod are not only Lhe practical one of

producing the re.quire-d magnet-íc sweep but also the facL that Ëhe

absorptiorr l-ine¡i ar:e br<¡ade.ned by approximately t'he frequency of

the modulaÍion (ft.f.S). A modulating frequency of lOO kc will produce

,a line broadelling of 0.036 oe but unless Ëhe specinen spectrum

conËains narrohï hyper:fíne línes that are being scr.rdied whích would

requir:e a magnet prorlucing a very uníform field ove-r ttie specímen,

thisbroadeningi-susr-:allyunímportant'Alossofsensitivityof
less thao 3, compared to a suPerheterodyne system"is obËained

Ëogether wiÈh a considerabie decrease in construc'tional and operafing

complexity.

Frorn equation (11) it ""n 
be seen that the noise Po\¡7er

at Èhe output of l]he detector is proportional to the detector banóL

width. Although the sí.mp1est resonant absorption display system

uSesanosci.lloscopeinconjunctionwíthamagneticfieldmodulation
large compared to the linewidth of the specímen' a large detector

bandwídttr i.s requjred to preserve the shape of the absorptíon líne'

The bandwi.rlth can be reduced to a f ew cps, wíth consequent noise

reductíon, i-Í. a m.ag:r:tet--íc sweep amplitude small cornpared Lo the

línewídth is used in conjunction wíth a slowly rrarying Ðc magnetic

fietd. This is shown in Fig"4" The output sígna1 ín Èhis case

isproportionaltotheslopeoftheabsorptionlinean,dthephase
is dependerit orì the sign of the slope so that by using a phase

sensitive det.ector: the der:ivat"ive of the absorption lírre can be
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displ.ayed. The Dc magnetls fielú is usually varÍed very slowly

and the derivative sígnal is plotted on a Pen recorder for later

analysis" If the magnetíc field modulation is egual to the line-

\trídth as shov¡n in Fig.5, the sample output signal ís larger but

the derivatÍve curve is considerably distorÈed" I'Ihere only Èhe

g value is required, the large modulating signal produces no

error with a s¡nrnnetrical curve since the zero ouËput sígnal fíeld

value corresponds to the true absorption maxímum"

3. KLYSTRON FREQUENCY STABILISER

3.1 t¡ecessitv for klvstron i4å
Usingtheabovedesignprínciplesa3cmsPectrometerlüaa

constructed to the block diagram shown ín Fíg"6. The deslgn and

construction of the various comPonenÈs are descríbed below.

The conventíonal ESR spectrometer employs a sample-hoLdlng

cavity Eo lncrease the sensitivíty of the sysËem" The spectrometer

sensitiviËy Ís limited by short term frequency fluctuation and

longËermfrequencydríftoftheklysËronawayfromthecavlty
frequency" The required order of stabilíry can be found by

comparing Ëhe change in caviÈy reflection coefficients produced by

change of íncidenÈ frequency and sample absorptíon"

Consider a resonanÈ cavíty termínatíng a waveguide' shown

ín Fig.7, where R, is the generator impedance assumed to be matched

to Ëhe waveguide, and R" represenÈs Ehe cavity loss. The voltage

reflection coefficient f1is aetined by

v
T=

where

r ís Ëhe reflected signal voltage from the cavfty'

is the incident sígnal voltage on the cavíty,

x

11.

(ro )

V.I

V

V

the reflected Power being P, lT" I ' 'r.
For the t.wo conductor tTansmission line shown

I

F (tz)
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where

Z ís the characËerístíc ímpedance of the line'
o

Z is Ehe Ímpedance of the termínatíng load.

The voltage reflecËion coefficient for the caviÈy Ís

l'=
R"*j(o*-h)-**
R"* j (c,l,-*L') **,

cuL
o

Qu
+jt*-h)

L2.

(rs )

.......(rg)

(zr )

If unloaded Q of Ëhe cavity is

r¡L
o

R
c

where q¡ ís the resonant frequencY
o

Qu

QR

then

r¡L
o

Qu

r¡L
o +

+

At resonance when 0i, = u)

r¡L
o

f=

ü)

and ff the radiation Q Ís defined as

o

u^¡ L
o

c
R

1

1
qu

qR

1

Qu

Tl.,

1

QR

(urjr.,
to

<¡ì
ot.

u,)+

+
q)

o
u)

(t)
jr.

ro )

The loaded Q of Èhe circuít is

Qr

Equatlon (æ) ".tt be rewrltten as

(o
(;to

'o)
,)

R +R
c c

p""*:ot
r+jQl )

)

o
(¡)l= (or

(% (l)

(zg)
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trlhen magnet,ic resonance occurs Ín Èhe sample the val'ues of

L and R change" The resístance changes to a new valuec"
Rr = R. t aR

and a new value of unloaded Q ís obtained:

1

Qu
+

where

AR.

(l)L
om

,/
1

Qm \'"# '\
AR.

4ntt
om x 4nX" .

(zo)

(zt)

,......(ze)

(zg)

1

Q,r*

*

*

and the change in L ís small.

The magnetic Q, Q, ís a figure of merít whÍch determÍnes

the ratlo of energy stored in the cavity to the energy lost per

cycle by magnetíc absorptíon; and1, the filling factor, Ís Èhe

ratío of the magnetlc field density effective in causÍng absorptíon

to the total magnetic fíeld densíty in the cavity. usfng Èhe

expressíons derived on page 7 the change in Q and frequency can

be found
q) L

(¡) L
om

The inductance also changes Èo a ner¡r value

L =LtAt,
which changes Ëhe frequency from uro to <lo*, where

(l)
om

Changfng Èhe value

! ,o 1r - zlr1X )"
(l)

o

+4¡
of the unloaded Q changes equatíon (Zf) to

T; (30)
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Let

then

r=

x= ('
lcutom

\t

OJ -U)

..,....(¡r)

....... (¡z)

(se )

and

Qr

l- l;"" +r+ix
1+r*jx

For small frequencY changes

l(l)*_Ql i.,,'om

u)\s{ ¡ 2e_
u)/ tJ

. r.. r... (34)( om
( cl)

om

Iftheklystro4frequencyisheldfíxedthedependenceofxon
dispersÍon 1s

-U)
om (r)-q) L-Ztt

2Ql (I)
om

2Ql 1- f(.x=
(¡r )

- 4Qrr TfL/ "

Simílarly if the klystron fluctuates about <ro* by ã ru,

x = 
2Qltr'

q)
om

.....,.(go)

Expanding equatíon (¡f)'

E = (T;." +r+3x) (r + r + jr.)-l,

and taking the real ParËs

*rf; =T1"" + (r - '2 **2) (r - ["")."""'(gz)
If the brldge is balanced to be sensitive to Ëhe real part of the

reflecEíon coefficíent, frequency var.iations wl'll produce a signal

output of magnitude equal to the absorpËíon signal íf

r (r - r) - -*'
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If. r(( 1, rhen using (Zl), (ff) ana (aO) ttti" condítfon becomes

-ä¡¿tu (¡s )
q)

om t'o*

some typica| fígures for a hígh sensítlvfÈy spectrometer are

4nt{'^- to-lo for 6 * lo12 spíns hydrazyl

.\r' 2xQr to3

makfng ry^"/lx10-7V¡fl

For a 723At/B klystron Ín a normal working mode tuned by the reflector
A'vorrage, 
ü* 

s 2 yrcrvoLt and so, if rhe working frequency is

IOrOOO tUc, fü= 1 kc and the kl"ystron reflector volEage is regulred

Èo have a short term stablliËy of about O.5 mV¿

3. 2 Ìlet hods of klvstron achfevlns frequencv locking

By using a klystron locked onto the sample cavity the

klystron wíl1 follow any changes in the cavity frequency due to

cavlty vibrations or change of shape due to thermal effects Ín ,
additíon to removíng the dlspersion signal due to the change fn)(.

Frequency locking circufts corunonly control by using the dependenoe

of klystron freguency on reflector voltage. A systerr is used lshfch

produces a voltage whose sign ís dependent upon and amplitude

proportional to, the imagfnary part of the caviËy reflectÍon

coefficíent. This voltage is algebraically added to the normal

reflector supply voltage to produce frequency control "

AninitialatÈempttocont'rolÈheklystronfrequencywas
made by using a Pound type RF frequency control system" The block

diagram Ís sho!,m in Flg.8 and the clrcuiEry used was derived from

Ref. 5.

Signal from the klysÈron enters arm 1 of the Maglc T

and 1s equally spliL into arms 2 and 3. The crystal detector A ls

matched to Èhe wavegulde ln the absence of an RF signal being

applled to lt, so that in operatlon the sÍgnal reflected from

crystal A contains only Ehe upper and lower sídebands and none of

the carrler. These sldebands, together with the sfgnal reflected
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from f-he caviËy, are evenLually incident on crystal B where

detectíonÈakesplace.IfthecavíÈyismatchedtothewaveguíde
at resonance there is no outpuÈ aË crystal B at the modulatíng

frequency. Away from resonance a signal ís reflected frnm the

caviËy with amplitude dependent on the frequency der¡iatíoe and

phase dependent on the d-irection of the devíation. The níxed output

ofËhesesignalsisamplifiedandusedinaphasesensitivedetector
to contro1 the klystron frequency'

A Pourid system hläs constructed based on a 33 Mc crystal

oscillator but consirjerable diffículty \^ras experie-nced ín use.

For ESR work the cavity should have a VS!üR of abotrt 3"7 at resonance

and so even wíth Ëhe cavíty on frequency there' ri¡as a large RF

signaloutputfromcrysÈalBwhíchmatlethesystenrioorecífflcult
to set up and less sensitive than one in which the cavíÈy is

maÈched Lo the 1íne at resonance. Another difficulty was that the

variable p valves used in the RF amplifier stríp to control the gain

produced a variable phase shift with varying gain resultíng in

changíng discriminator characËeristícs ' In the microwave part of

the system spurious reflecEíons from discontinuitíes in the waveguldç

run produced signals that Èhe klystron would lock on to' The

adjustmentofthephaseshifterandaËtenuatorinthecrystalA
arm \^rere found to be sensítive and changíng the cavíty resonant

frequency, by Ínsertíng a sample, required readjustment of these

controlsandthematchingScre\¡Isofthecrystalmodulatortoobtain
a match at the new frequency' The system also requíred to be re-

setífcomponents\^Tereaddedthatchangedthebridgearmlengths.
These difficulties, although noL ínsuperable' made the use of the

stabiliser time consuming and tedíous and so it was decided to

change Ehe locking system to a dífferent type'

The three main condíËions requíred of the nevT system f¡tere:

l.TobeinsensiËivetobrídgearmlengthsandspurious
reflections from improperly matched components'

2. Zero R!' control signal from the detector r¿hen the

klysÈron frequency equalled the cavíty resonant

frequencY.
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3. Zero ouËput from the phase sensitive detector when

the above frequency condition ís met ' The prevíous

Systemhaduseda6As6asaphaseserrsltivecleEector
andtheoutputofËhíshadvariedaboutafixednon
zero PoËential"

The above condítions can be satisfíed by using a system

employing freguency modulaËion of the klysËron by ímpressíng an

RF signal on the DC reflecLor potential" This system can cause

modulation broadening of the ESR absorpËíon 1ínes but províding the

amplitude of Èhe modulaËing sígnal is small the broadening is

insígníficant unless very riaÏro\^7 lines are beíng studied" The

princíple of the system ís shov¡n in Fig'9" If Ëhe cavíty and

klystron are exactly on tune no amplitude modulatíon of the

reflectedmicrowavesignaloccursatÈhemodulatingfrequency.If
the klystron devíaËes from the cavity frequency a sígn sensiËíve

ampliÈudemodulationoccurswhíchcanbedetectedandusedÈoreturn
the klystron frequency to the cavíty frequency"

3.3 Circuit construcËi o11 and operatíon

A klystron frequency sÈabiliser was designed as shown in

Fig.10. This unít operates in conjunction wíth a PRD Type 8O9A

klysÈron po\^ler supply. The operaËing frequency of the stabilíser

is 455 kc, a frequency chosen because of the ready availability of

domesÈic radio IF transformers"

ThecircuitwasdesígnedtobeoperaËedíntwodífferenË
ways controlled by a function switch. The first svüítch positíon used

a sweeping mode for Èesting wiLh the second posítíon used for

frequency locking. The -15OV reflector line from the klystron

povrer supply vras connecLed to Èhe círcuiË at poínt 4 ' shown ín

Fig"1O, and leaves to the klystron reflecËor from point 5' In

thesweepingposítionofËhefunctíonswit'chnocorrectíonvoltage
wasappliedtothissignal.A455kcsignalüTasgeneratedbythe
oscillatorVSandappliedËopoinË5viaanatËenuaLorgcaÈhode
follower and DC blockíng condenser" Under normal operatíng

condítions a signal of about 3 mv peak to peak was applíed to the

klystron ref lector " The 72:)A,lB klystron used has a frequency change
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of. 2 l/rc per volt and so a modulation of abouË * 3 kc is produced"

This will produce a modulation líne broadening of about O"OO2 oe.

The amplitude modulated signal reflected from the caviËy was

detected ín a crystal deËector and fed to point 1. A Ëhree valve

amplifíer strip was used wíth 6N8 valves, remote cutoff RF pentodes'

and the amplifier gain was controlled by varying the effective grid

bías to two of them" Aft,er constructíon ít was found that the

correction voltage for small frequency devíatíons \¡7as ínsufficient

and so a single oc170 untuned transistor amplífier was added

before the main amplifier" The output from V3 was tíghtly coupled

to the phase sensítive detector V4 by means of an RF transformer

and a 4"7 pf condenser" Several experiments !ùere made using diodes

ín a balanced circuit as a phase detector but a steeper discrimínator

curve resulted when the double triode circuit shown \/üas used"

The 455 kc oscíllat.or vüas used ín conjunctíon wíth a phase shifting

círcuit and cathode follower to supply a reference signal of about

5v peak to peak to the triode grids. The ouË of balance voltage

developed beËween the cathode resísËors appears across a 1OOK resistor

in the klystron reflector supply circuít"

The círcuit was iníËia1ly adjusted wíth the assistance of

tÍvo test points. A sawtoot,h !üave was applíed to the klystron

reflector to sweep the klysLron frequency through the cavíty

resonance with the first flest point showíng a rectífíed output of

Ëhe RF sígna1 exístíng at the gríd of v3" The second test point

\^ras used to show the output of the phase sensitive detector'

Figs" 11, L2, 13 and 14 show a typical set of T¡Taveforms obtained

during the initíal adjustment of t.he stabilising círcuiÈ.

The upper Ëråce in Fig.11 shows the sawtooth applied to

the klysËron reflect.or. The sawtooth ís rounded by the condensers

fixed ín the reflector line to stop high frequency oscillaÈions

when the circuit operates in Ëhe locked position" The lower Ërace

shows the detected mícrowave sígnal reflected from the caviËy.

The flrst dip is due to the cavity being swepÈ during the sawÈooth

flyback.
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The lower trace in FÍg.12 is the cavíty reflection signal

as ín Fig"ll but the upper trace ís taken aË tesË poínt 2, Èhe

grid of v3. Two effects are noticed in thís trace: the sígnal

does not go to zero aE the cavíÈy resonant frequency due to the

sweeping speed of the klystron and the phase shift of the RF

response compared to Èhe cavíty resPonse. Both of these effects

only occurred during testíng and are unimporÈant at the normal

frequency correction rates requíred due to drift etc"

Fig.13 shows the waveform at test poinL 2 on Èhe upper

Ërace and the phase sensíËíve deÈector out,put, test point 3, on

the lower trace.

The upper trace of Fig"14 shows the klystron reflector
sawtooËh and the lower trace shows the correctíon sígnal from the

phase sensitive detector dísplayed aE l/ 5 of Ehe uPPer Èface

sensitivity"

Aft,er the inít.ial círcuít adjustments had been made the

locking círcuit \^Ias used wíËh the functíon swiËch tn the second

position and the amplífier gaín set Èo minimum. The klystron

reflecÈor voltage was adjusted by hand to set the klystron on the

cavíty resonance and then the ampLifíer gaín was increased to lts

maximum value Ëo lock the klystron frequency to the cavity"

MAGNETIC MODULATION AND DISPLAY CIRCUITS

Electron spin resonance spectrometers usually employ a

magnetic fíeld s\^reep to trace out. the absorptlon line. The simplest

spectrometefs use a manually adjusted fíeld and a poínt by poÍnt

plotting techníque, but this method ís limíted to concentrated

paramagnetic materials. A consÍderable improvement fs obtaíned

by usíng a 1ow frequency cyclic varíatíon of the magnetíc fleld

obtaíned by applying a sinusoídal voltage Ëo seParate coils wound

close to the magnet gap. The magnetic field modulation ís adjusted

to be several times larger than the linewidth of the absorption

line and by applying the modulatíon voLtage to the x axis of an

oscilloscope and the detector signal to the Y axís the resonance

line can be dísplayed. The use of this large amplitude magnetlc



Fig.13: Testíng Oscíllogram

rLr S I aË test oínt 2 O.5 olt s cm sensl ir
Lower tr ace: Phase sensítíve deÈector outouÈ. tesË poínt 3
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modulatíon produces a detecÈor signal that noË only contaíns

frequency Èerms at the fundamental but also higher frequencíes, the

exact frequency spectrum being determíned by the line shape. To

avoid disËorting the line, a bandwidth of aÈ least ten tímes the

modulatíng freguency is required, whích results ín a poor signal to

noise ratío.

Laxge arnplitude magneLic fíeld modulaÈíon is only practícable

for use with absorption lines of width less than about 30 oersteds.

The large alternating magnetic fíe1ds required for lines wider

than thís produce undesírable vibrations in the magneË and $Iave-

guide system due to eddy currenË and magnetic fíeld interactíon.

A considerable increase ín sensitívity can be obtaíned

by using a field modulaËion amplitude small comPared to the

absorption 1ine. In thís system the derivative of the líne ís

generated and after amplificaeíon can be displayed on a Pen recorder.

tlhen modulation ís applíed the output at the detector ís dependent

on the line shape function C(f) and can be found from a series

expansion of C(n) about the steady field value Bo.

c(s) = c(no + B* coso*L)

ls "o"., t )2tm(so )
o B cos<¡-t + 

^G"(Bo)
mm_\J +G B(

1n c' leo ¡
m

*Le

= c(¡o)

{þ') ls cos<u t)3..""..tmm'

+ +)rn^3 co'(uo) + ) cost¡ t
m

+ terms at 2ur*: 3a*,

For small ampliÈude modulatíon the time varying part is

proportional to the fírst derívative of the absorption line at the

field value Bo, assuming a narrov/ band amplifier tuned to <l* ís

used to suppress the terms at 2o.l* etc. By using a slow magnetíc

fÍeld sr^7eep the derivative of Lhe absorpËion line can be obtaíned

with a greatly incr:eased sígn,a1 t.o noíse ratio compared to Ëhe

large amplitude fíeld rnodulation system. Large values of B* will

change the amplífier sígnal from the derivaEíve of the absorption

line and result ín an aPParent increase in the linewídËh. Fíg.15,

taken from Ref.9 shows Ëhe detected signal amplitude and aPParent
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linewidth Í.or a Lorentz curve plotted agaínst normalised magnetic

fieLd modulatlou aur¡-rlitude" IË h7i11 be oeen that the maxÍmum

detectable signal is obtained when the magnetic fíeld s!{eeP equals

the absorption linewidth but then considerable dístortion occurs'

An analysis of the disËortion produced by large modulation is glven

ín Ref"10" For líne shape studíes Ëhe field modulation should be

of the order of one tenth of the absorptíon linewidth" Using small

magnetic field modulation produces maximum signal at Éhe position

ofmaxímumslopeandnotatthetruehalfheíghtpositíon.The
correction factors that have to be applied for Gaussian and

LorenËzían line shapes are gívçn in Ref "2rpage 128"

4.1 Practical cir cuit constructíon

A practical devíce to obtaín and display absorptíon lÍne

derivatives ís requíred to have the following parts:

1. A stable oscillator"
2"Apowerampl'ifierworkingatÈheoscillatorfrequency

to supply the magnetic field s!ìIeeP'

3" A hígh sensitivity low noíse amplífíer to detecÈ the

derivative sÍgnal"

4. A phase sensitive detector to compare the phase of

Èhereceivedsignalwiththemasterosclllator.
5. A display system such as a Pen recorder'

4.2 Cr vsta 1 oscí1lat or. DovTer amplifíer and reference slgna!

Afrequencyofg5kcwaschosenforthemasteroscillaËor.
This frequency is a compromíse between the high frequency required

to reduce the l/f noise in the crystal detector and the low frequency

requíred to minimise the líne broadening produced by the magnetíc

field modulation. The oscíllatore PoriTer amplífíer and reference

sígnal circuits are shown in Fig'16"

A crystal oscillaÈor \^las used for the master oscillator

wiËh a 95 kc X cut bar series resonanË in a Butler circuít, the

varve anode beíng run from a 15ov stabílised supply. Two ouËputs

are taken from the oscillaËor, one Èo the power amplífler and

the oËher to the phase shifÈíng circuiÈ for a reference sígnal'
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The power amplifíer used a 6CM5 valve and control of the magnetíc

shre-ep amplíttrcle was obtained hy â pote.ntiome-ter controllíng the

input sígnal to the valve" The anode load was a tuned transformer

wound on a Ferroxcube U core Type KS.45O 71 with a 10:1 turns ratÍo
to provide a low Ímpedance output" Because of the high sígnal

levels existing in Éhis parÈ of the círcuit, consíderable care

was taken ín shíeldíng to prevent stray radiatfon beÍng pÍcked up

in the maín amplífíer.

A signal was also taken from the crystal oscillator and,

after passing t,hrough a phase shífting network, applled to a reference

volËage amplífier VO. The variable phase shíft of the reference

signal was obtaíned by using the double triode V3, the phase shÍft
being obtained by splittíng the signal ínto two antíphase Parts
and applying iË Èo an RC network wiÈh variable R. The reference

signal amplifier anode load was a t,uned tr:ansformer wound on a

1ä in. ferrite poÈ core with the reference output tíghÈly coupled.

The reference output level ri/as set to approximately lOV peak to
peak.

4.3 PreamplÍfier
The effect of stray sígnal pick-up ín the main ampllfíer

was minimísed by using a separaÈe preamplifíer ín a shíelded box.

The circuiË for this preamplifier, shown ín Fíg.17, ís a modíficatíon
of a low noise amplifíer descríbed ín Ref"2. The amplifíer used

a 6ES8 frame grid low noíse Ëwin Èríode in a cascode circuít. The

ínpuË signal from the crystal detector was developed across a load

resistor and inductance and then fed vía a DC blocking condenser

to a series tuned circuít. The anode load of V, was a tuned

secondary RF transformer wound on a ferríte pot core wíth a steP

up ratio of two to one. A cathode follower VU was used to provide

a low ímpedance output. A sÉabilised HT lÍne I'Ias used Èo supply

the amplifier and heater chokes were Íncluded to prevent unwanted

sígnal Ëransfer.
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lifier and e deËector

The maín amplifier of Èhe system> shov¡n in Fíg'18, was

comprísed of valves v7, Vg and vn. The fírst tv/o are connected as

an untuned amplifier using 6BY/ valves" These valves are remote cut

off pentodes and gain control of the amplifier was obtaíned by

varying the effectíve grid bias to these valves. Despite attempts

to shield the power amplifier stage completely from Èhe amplifying

circuiËs, a small amount of sígnal was índuced in the main arnplífíer

from Èhis source, The amplíLude of the unwanËed sígnal was dírectly

related to the amplitude of the magnetic modulation output and some

of this signal was used for cancellatíon of the unwanted pick-up"

The buckíng circuit is shown on the left of Fig'18' An

input signal of ampliÈude proportional Èo the magnetic modulaÈion

was obtained from a fíve turn centre topped wínding on the u core

modulaËion output transformer. Thís output sígnal was taken to

two balance type circuitsr one using only R and Ëhe other using R

and C. The outputs of Lhese circuíEs were in quadrature and of

controllable amplitude and on combínation can be used to produce a

sígnal of variable phase and ampliËude. This sígnal was applíed

to the grid of v, via a suitable resistor network and the buckíng

controls were adjusted Ëo produce zero phase detector outPut in the

absence of sígnal aE the input of the preamplífíer"

TheoutputloadforfhelastvalveV,wasanRFtrânsformer
wound on a ferrite pot cor:e wiËh a tuned prímary and a centre tapped

secondary winding vrith twice the prímary turns' A reference

voltage was applíed to termínals X and Y and the detected output

appears across the 82K resistor" The signal Passes through a

varíable time constant filter before being applíed to Ehe gríd of

vto'

AtmArecordíngmeterofl5oo0ímpedancewasusedasthe
fínal dísplay. The magnetíc s\^7eeP of the spectrometer vTaS assumed to

be línear wíth tíme making it possible to use a clock dríven

recordíngmeterinsËeadofanX-Yrecordertorecordabsorptíon
against field" The absorptíon curve has both posítive and negative

slopesmakingítnecessarytobíasthemetertomídscaleinthe
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absence of an input sígnal" For the particular meter used thís

requlred "75V and the meter voltage swíng was required to be from

o to L"5v and so to preserve linearlty a negatíve 9v 1íne was used

for the cathode return. The st,andíng current through vto was set

by a potentíometer controlling the volÈage at one end of the phase

detector Load resístance. The phase detecÈor circuít was floating

ín the absence of this reference voltage"

hlhen usíng the spectrometer Ít was found that a cl'early

detectable signal of 6mv at test poínt P2 produced only a small

meter deflection and a small DC amplifier, shown ín Fíg'19, was

constructed to precede the recordíng meter. Thís ampliffer, whlch

is mounted adjacenÈ to the meter, derives íts power from the maín

3OOV lIT líne alÈhough the actual required potentía1 rails are

fixed aË 18v by two Zener dlodes " The arnplifier uses two silicon

transisÈors as emitter followers to drive a long tafled palr wíth

the meter ín the collector cfrcuit,. sílicon transístors I¡7ere used

for current sËabilíty and the measured amplífíer galn was about 3o'

ThepowersupplyforthepreviouscírcuítsisshowninFfg'2o.

5. MAGNET DESIGN

Themagnetícfíeldstabí1iÈyandunlformityrequiredfor
electron spin resonance work ls consíderabLy less than Çhat needed

for nuclear magnetfc resonance as, in general, the absorption lfnes

are much broader. The magnetíc fíeld homogeneíty requíred 1s

deÈermined by Ëhe width of the absorptíon líne belng studíed and

the volume of sample required to províde a good sfgnal to noíse

ratÍo. The magnetÍc field uníformíty is prímaxLLy determíned by

t,he ratio of the pole piece díameter to magnet gap alËhough Èhe

qualiÈy of the pole piece materlal, the pole piece surface finlsh,

the degree of alígnment of the faces and the flux paths exËernal-

to the magnet gap all influence the fínal fíeld Pattern' The

magnetlcfieldhomogeneitycanbeímprovedbytheuseofRose
rings,Ref"ll.,whichareríngsplacedovert'hepo1-etoreduceËhe
radlal decrease in fíeld towards the outside of gap.
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ESR spectrometers usually work at a fíxed frequency and an

electromagnet is commonly used Ëo supply the large fíe1d variations

requíred" A spectÏometer workÍng at lO,OOO Mc requires a fleld

of 360O oe" to observe a material of g value 2" In a well

desígned electromagnet working at fíelds of thís strength Ëhe

upper límít of the field is set by the coil heating and noË by pole

piece saturation.

The magnet used ín thís spectTometer l^ras constructed

wíth a yoke made of 3" square section soft íron bars welded together

to which were bolted Ëwo steel centered aluminium bobbíns containing

the current carryíng coils. Three ínch diameÈer detachable pole

pieces, externally threaded for Rose rings, I¡lere made from high

qualiÈy steel and surface ground Ëo a fíne finísh before beíng

attached to the yoke by a círcular ríng of small screws. The

normal workíng gap r¡Ias set to là in." the mínimum able Ëo contaín

the sample cavity and field measuring probe. The díameter gap

ratío of little greater than 2 resulted ín poor field uníformíty

restricÈing the sPectrometer Ëo use on sma11 samples of, comparatively

large linewidth" The field disËribution wíth the Rose ríngs adjusted

for maximum central homogeneíty is shown in Fíg.21"

MAGNET CURRENT SUPPLY CIRCUITS

current for fíe1d stable electromagnets can be supplied

from one of the following types of sources: electronically

regulated supplies, storage baËteries or special generators' The

short. term stability of the magnetíc fíeld is mosË ímportant as Èhe

field should not fluctuate more than a few per cent of the líne-

width of the lines under study, whích, for lines of a few gauss

width require a current stability of about 1 part in 1o5. As Ëhis

order of sÈabilÍty is requíred only during the magnetic svreeP

time, whích is usually of the order of a minute, slow Ëhermal

drift errors are negligíble after the initial \^7arm*up perlod

compared to oËher causes of current varíation"

The DC po\^7er for Èhe magnet was obtained by rectífícation

from stabilised 24OV mains" A transformer ful1 \^¡ave rectíf íer

combination usíng PL5544 Èhyrotrons was used whích was capable of

supplying 35OV at the requíred current of 34. lJith the magneË gaP
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reduced by the specíal pole píeces only 1OOV l¡zas required to

produce the normally requíred working fields. The output DC had

2OV p to p of lOO cps rípple v¡hich was reduced to o"lv aÈ the magneË

Èermínals by dropping the excess voltage in a baretter circuit and

RC fílter. The large value of magnet inductance had a reactance

of abouÈ 2OKQ at the ripple frequency and so the resultíng magnetic

fíe1d variations should not be greater than 5 x 10-6, a much smaller

amount than the current variation"

The magnet current control circuit was requíred to perform

both the functions of providing a constant easíly set field and also

a fíe1d s!¡eep to scan spectra.

Magnetic fíeld stabilisíng círcuiËs require four basic

componenËs, a constant value reference, a unít to sense the magnetic

field or a quantiÈy proporËíonal to the magnetic fíeld, a unit to

compare the reference standard with the controlled variable and ço

supply a correction voltage to Lhe fourÈh unít, and a controllíng

element ín series or shunt with the magnet. The círcuit adopted

ís shovrn in FÍg"22.

The reference voltage \¡ras obËained from an 8341 cold

cathode reference tube run at a constant current of about 5mA

supplied from a srabÍlísed 150v HT líne vía a hígh sËabíliÈy wíre

wound resistor chain" The voltage jumps for thís valve are

specified to be less than I part. ín 1O5 and Èhe volLage ËemperaÈure

coeffícient as 3 x 1O-5/oC. The valve was located on the chassis

away from any heaÈ source and the short Ëerm stabílity was expected

to be betËer than 1 x lO5.

The measurement of the magnetic field to the aceuracy

required for stabilisation is very diffícult to do" The usual

methods of spinning coíls or Hall effect probes have to be discarded

ín favour of a proton resonance magnetometer, described in sectíon B.

It is possible to use this effect to maintain a constant fíeld value'

Ref"12,buË only by the use of complex electronícs" A símpler method

of obtaining fíeld stability was to use the proportionality existing

in the magnet between fíe1d and current " Over the fíeld range
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con.sidered, 25OO-3600 oersteds, the effecËíve magnet permeabí1íty

vras lor^r and constant wíth a fíeld current slope of aPProximately

3OOO oersteds/4" See Fig.23"

The reference volLage for the control unit was deríved

from a hígh stabilíty 400 four terminal resístor construct:g by

winding Eur:eka v/íre) temperature coefficient 4 parts in 10) /C,

on a Tufnol former and immersing in a bath of transformer oil.

Field varíations of 1 part in IO5 are produced by a current change

of 3.3U4 whích will produce a change in. resistor output volÈage

of o.13mV" Variations in the absolute value of the magneËic field

were produced by using a poËentiometer chain Eo produce a consÈant

output voltage from the varyíng voltage appearing across the cQntrol

resistance. The potentíomeÈer chain used three high quality wíre

vround potentíometers, one as a coarse control and two in the fine

control circuit, one in series and one in shunÈ to control the range

of the fine control. The ouÈpuÈ from this chain \das compared wíth

a voltage derived from the 8341"

Thecontrolvoltageformagnetcurrentcontrolcircuit
was obtaíned from a DC amplífier circuít consisËíng of four double

tríodes. In the actual circuit constructíon the valves $Iere

arranged Ëo reduce ínteraction between the valve halves " The

control circuit action ís descríbed below"

The reference volt,age and the voltage from Ehe 400 series

resisÈor vrere compared ín a long tailed pair formed by V1B and V5A'

Íig.22. The out of balance voltage was amplified by the cascode

section VlA and the ouËput fed through the caÈhode follower V3A'

The cathode resistor r¡7as returned Èo the anode of VlB to provide

positive feedback to increase the sectíon gain to about IOOO" The

DC voltage level aL the ouÈput of this stage was about - 1OOV

and this level was reduced before t'he next stage by a potential

dívider: entailing a loss of sígnal by 5 to 1' The nexË stage' a

long taíled paír of v3B and v2B feeds the cathode follower output

valve V2A" I,üíth Ehe attenuaËing network loss included the stage

gaín v/as about 5.
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The magaet current was normally abouÈ 1A and ít was required
to vary Èhís by about "34 to pro.i,rÍde a suÍtable fíeld range" A

control element in shunt i¿íth the magnet was adopted as thís did
not require to carxy the full magnet current but only the current
variation. Four 6CM5 power pentode valves were placed in parallel
across the magnet and the control voltage from the cathode follower
V2A r¿as applied to the first grids. The valve combínatíon had a

slope of about SOmA/V.

The magnet currenÈ and hence field were monitored by the

measurement of the vollage developed across a 10 Eureka wound oil
ímmersed resistor in series with the magnet. The voltage was

measured on a Doran potentíometer capable of r:eading to lpv. AfÈer

the initial r¿arm-up period the magnet stability was found to be 3
5parts ín 10- or¡er about 5 minutes.

To trace out absorpËion lines a sarnrtooth waveform magnetic

fíeld was required" Thís was achieved by modífyíng the reference

Ëube voltage applied to VIB v¡ith a sar¡iËooth wave generated ín a

feedback íntegrator" A switch was inserEed in this circuit Ëo

obtain t!üo s\,üeep ranges.

The feedback inLegrator circuit used .t¡ras a Miller circuit
with a cascode amplifie.r sect.íon feedíng a cathode follower to drive
the charged capacity. A three position rotary swiEch r^Ias used

as a function swítch ín Ëhe followíng manner" In the first positíon
Èhe sar^rtoot:h círcuit was dísconnected from the main circuiL" In
the second posiEion the círcuit Íras connected but by suitable
adjustment of Lhe preset 5K poterrtíomet.er in V5B grid the reference

voltage was unaltered" The third swítch positíon applies - 1OOV

to V5B grid vía a slope controlling potentíomeÊer. The sawtooth

cont,inues to run until Ehe catch díode in the anode círcuít of V4A

stops the actÍon. The diode voltage Íias set by a sawtooth amplitude

potentíometer. A pair clf contacts on Lhe rotary Swítch are used

to switch on the pen recorder mot.or at the start of Che sawtooEh.

Using the cir:cuit componenÈs showrt the magnet sawflooth

has the following performance:
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Range 1 AmplltudeOå 78Ooe.

Slope O+ 8.8 oe./sec.

Range 2 ArnplÍtude Oà 22O oe.

Slope O + 2.5 oe. fsec.

SAI"IPLE CAVITY CONSTRUCTION

The sample cavities used for ESR work are usually rect-

angular TErO mode or right cylíndric"l TEO'l mode types' The

requirements are that the sample is located in a posÍtÍon of

maximum RF magnetic fíeld which is orÈhogonal to the applied Dc

magnetic field and íË 1s also preferable thaË Èhe sample is at an

electríc field node to minímise Q dampíng produced by dielectríc

loss. The cavity used wÍth this sPectrometer vras a rectangular

ttl', mode wíËh t,he samPle íntroduced through a hole Ín the

centre of the narrow face 1n the E fleld nodal plane. The sample

was contaíned ín a sma1l thin walled teflon test tube or, 1n the

case of crystal samples, on the end of a thln perspex rod' The

cavíty was coupled ro the main wavegufde by a thÍn dfaphragm

of copper wlth a central hole. A}Ëhough the spectrometer sensítÍvity

changes slowly with couPlÍng, a variety of diaphragms were madq

and the sensitiviÈy optímísed for small samples that produced a

negligible Q change.

l.lhen using the high frequency magnetic modulation previously

descríbed, dÍfficulty was experlenced wfth external modulation

coils and a metal cavity. The eddy currents índuced ln Ëhe cavity

conslderably reduced the fíeld modulation seen by the sample and

also the mechanical vibrations set uP by the interaction of the eddy

currenÈs and the DC magnetÍc field produced a troublesome microwave

modulatlon 1f the cavíty was not on tune with the incomíng signal'

There are Ewo ways of dispensing wiLh external fíeId modulaËfon

cofls. The modulatíng loop, consisting of a half turn of stlff

wire can be placed around the sample and, providing Ëhe sample is

thín the coil wÍ11 be close to Èhe E ffeld nodal plane and only

s1íghtly perturb the cavfty resonance. The other method Ís to make



the whole cavity ínto a half turn loop by sawíng a non radiatíng

slot along the caviËy axis and then applyíng the modulating RF to

the whole cavity body, suitably ínsulated from the main \¡Taveguide

run" This rnethod ís shown j:rt Fig.24" Both of these methods suffer

from the difficulty of requiríng a very low output ímpedance

transformer mounted close to the loop to minfmíse losses and the

more fundamental disadvantage of producíng a very nonunÍform

magnetíÇ field. Neither of the above methods were used 1n the

specÈrometer buË the alternative approach of reducing the eddy

currenËs was adoPted.

A plastíc cavity wiËh recessed external modulattng coils

was constructed and the insíde thinly coated wlth a metal fÍlm to

provide micror¿ave conduction" The current ls a maxímum at the

surface and decreases exponentíaI1y with depth in the conductor,

the depth ã.t rhí"h the current has fallen to e-l of iEs surface

value being known as the skínde h" From Ref.13,

M
3Ot¡

1

2í

30.

(ar )t
where

\ = free sPace wavelength ín cm,

f = reststivítY in ohm cmt

P = permeabílítY of conductor'

For silve,f = 1"63 x 10-6 ohm cm at 2ooc givfng a skin

depth of 0"6 microns at I-O,OOO Mc and 2OO mícrons at 100 kc'

Thís consíderable difference Ín skin depth can be used Èo provÍde

a cavlËy wlLh microvrave conduction and yet Present considerable

resístance to eddy currents at 100 kc.

The sample cavity was designed Ëo woçk fn the TEO' mode at

9150 Mc, a frequency where the klystron signal output was high. The

lengÈh was calculated from a knowledge of Ëhe guíde wavelength

obËained from the usual formula

À (+z)

Lt
-( I
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6 )rt
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where
\
A g is the guide wavelength,

À is the free space wavelength,
I
Àc is the cutoff wavelength of the waveguíde used.

The cavity !üas made by cementing L/4" thick slabs of
perspex with methylmethacrylate monomer and polymerísing under

UV radiation. After cleaning wíth 107. sodium hydroxíde solutíon
and sensitisíng wíth stannous chloríde solution the conductÍng

silver coating was applíed by the usual chemícal sílvering process

of reducíng silver nitrate wíth sucrose solutíon. It was not found

possible to produce the requíred thickness of 6 microns and additional
sílver was plated on" Only a very rough estímate of the fÍlm
thíckness was possible by weíghíng as the film had poor thíckness
uniformity. The main diffículty experíenced was the deposition of
silver into the corriers and along the edges of the rectangular
cavíty.

The Q for a rectangular cavity in the TEOTZ mode ís gíven

in Ref.14

( 3
zrri

4R
2b "2*d2 ('rs)

a

where

R

d

b

d

S ad (a +a2)+za (.3 + a3¡

( {+ = 377 ohms is the impedance of free space,

= 2.52 x 1o-tÆ tor sílver,
= broad face of waveguíde ín cm,

= height of waveguide ín cm,

= cavity length in cm"

Usíng Ëhis formulae a theoretícal Q of 65OO ís obtaínable

and, measurement of Èhe caviËy produced a Q of about 4OOO, whích

was consídered saËisfaetory.

The broad faces of the cavíty vrere recessed for two bobbíns

I.3/L6" OD by 5/8" ID providing an approxímate Helmholtz pair for
the 95 kc magnetising field" The bobbins were each wound with
50 turns of copper wire and \^rere resonant at 95 kc wíth .O39 pf
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in seríes. The shielding effect of the cavity was diffícult to
calculate and so both the modulation amplítude and the field
uniformity r^rere determíned by means of a sma1l search coíl and

oscilloscope" The field uniformity is shornrn ín Fíg "25 and it can

be seen that over a 4 mm long Ëest Ëube specímen the fíeld varíatÍon
is about + 17".

8. },IEASUREI'{ENT OF MAGNETIC FIELD STRENGTH

The most accurate method of magnetic fíeld measuremerit

uses the nuclear resonance of proËons in the magnetíc fíeld.
Nuclear magnetíc resonance is simílar Ëo electron resonance

except t,he radiaËion couples to the nuclear magneËíc moment insÈead

of the elecËron magnetic momenÈ. The transítíon energy is
consíderably reduced due to the much smaller magnetic moment of
the nucleus" The proton gyromagnetíc ratio has been determined

with great accuracy and Ëhe measurement of the magnetÍc fíeld is
replaced by the measurêment of frequency whích ís easy to measure

wíth great accuracy" The numeríca1 relationship beËween fíeld and

frequency is
-4H oe. = 2"3487 x lO frequency in cps

l"Iagnetíc fields of 3OOO gauss correspond to absorption at

about 12"8 Mc. A proton resonance magnetometer consisÈs of a Ëunable

radio frequency oscillator wíth Ëhe maín coil contaíníng a hydrogen

rich materíal siLuated in the DC magnetíc fÍeld" Many substances

are suitable as absorbers in the coil, such as a phíal of glycerine,

paraffin or an aqueous soluËíon of manganese sulphate. To produce

large changes ín signal output wíth small energy absorption of the

proÈon resonance, the oscíllator has to work ín a margínal manner.

The circuit of Lhe proton resonance magnetometer used is shown in

Fígs. 26 ar.ð 27.

Eíg"26 shows the power supply which supplíes a well fíltered

sÈabilised HT line and a regulated DC heaÈer líne" The proton

resonance magnetomeLer, shovm in Fig"27, incorporates a fine

frequency control obtained by adding a variable capacíty díode to

the main oscí1laËor círcuit. Marginal oscillaEíon was obtained by
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incorporating a varíab1e cathode resistor network ín the oscillator

valve" The magnetometer \nras used wiqh the DC magnetíc fíeld modulaçed

at 5O cps by additional coils wound on the magnet pole pieces.

The 50 cps variêtíons of the oscillaÈor amplitude are amplífied

ín V2, detected and further amplífied in V3 before passing Èo the

ouËpuË to be displayed on an oscilloscope" The measuremenË of Çhe

magnetíc field requires the measurement of the oscillator frequency

whích was done by comparison with a crystal controlled 1O kc

harmonic spectrum. The frequency measurement accuracy Was about
q

1 part ín 1O' determined by the measuremenË of the aqdio beat note

between the oscillator and nearest 10 kc pip"

9. MEASUREMENTS OF SPECTROMETER SENSITIVITY

The determínatíon of the absolute íntensíty of tþe electron

resonance absorption can be done íf the íncídenË Pol¡rer to the

cavity and the change in reflected power is knor¡n togeËher wiËh Ëhe

cavity Q and fillíng factor. In practíce it ís very díffícult to

perform the required measurements and usually a known l/\reight of a

standard sample is employed to determíne Ëhe spectrometer

sensítivíty" The stable free radícal "1.1 diphenyl ' 2 picrylhyðxazyL

(OfeU) is often used for a standard as each molecule Possesses one

unpaíred spín. The molecular weighË ís 394 and each gram Possesses

1"53 x 1021 r*prired spins enabling known weights of DP?H to be

used for measuring the spectrometer sensitívity" There are several

dífficulËies ín the use of DPPH as a standard" The maËeríal Ís

usually crystallísed from chloroform and íÈ ís possible to have

solvenË inclusionswhich íntroduce an error when weíghíng the calr

ibraËion samples" Spectrometers of high sensitivity requÍre very

sma1l weíghts of DPPH since lpgram contains 1O15 "pins. 
The radícal

ís unstable in very small quantítíes makíng ít unsuítable for use

as a permanenÈ standard. An alternative standard using charred

dextrose has been suggested as beíng more stable and also easíer

to prepare with sma1l spín concentration. Ref'15'

The sensitivity and correct funcËÍoníng of Èhe specÈrometer

have been confirmed by examíning smal1 quantlties of DPPH. A small

quanEity, 1"5 mg,of DPPH was díssolved in 1 cc of chloroform and
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one drop, .OZ cc, \^ras evaporated on a filter PaPer ín a small teflon
t,est, Èube, The unpaired spin concentration of this sample was

taken to be 5 * tO16 spins wíth an accuracy of perhaps J 3O%.

Although Èhe unpaired spín coricentratíon is proportÍonal- to the area

under the absorption curve it can be shown, Ref.16, that íf the

ESR curve ís the first derivatÍve of a LorenÈzian curve Èhe fntegrated
,

absorption is proportíonal to Sr'D, see Fig.28, and can be dlrectl-y

compared with a LorenÈz shaped curve for a sÈAndard sample. Usíng

samples of DPPH Sr2 Í" constant and the unpaired spin concentratlon

is propor¡íonal Ëo D. A range of 3 samples rnras made and caLíbrâted

againsË the above "standardt'.

SpectromeÈer performance curves showíng DPPII unpafred spin

concenÈration and magnetic fíeld modulation amplitude are shown in

Figs,29 Lo 32. From Fig.32 the ultimate detection sensitívíËy

using Slow magnetíc sweePe magnetíc modulation equal to the líne-
wídth and long final filter time constant is expected tq be about

1L
1 x 10-' unpaíred spíns of DPPH or about 3.5 x 1013 spln/oe,

10. CONCLUSIONS

A 3 cm elecËron spín resonance sPecËrometer has been

constructed wlth a sensitivíty of 3"5 x 1013 spin/oe. The

sensítivity was límítei by the noise generated by the 723A/B

kLystron and an Ímprovement of about 5 could be expecËed ff a

special, low noise klysËron \^rere used as a sÍgnal- source, The

small size oÍ. the magnet used limíts the possible sample volume,

unl-ess only very broad lines are being studíe4, and it 1s usually

noÈ possÍble to obtaÍn the optímum cavlty filling factor whleh

corresponds to the unl-oaded cavíty Q beÍng halved (nee.fZ).

I,üith Èhe present magnet Èhe spectroneter ís límited to studying

lines greater Ehan 1 oe. Ín width ín samples havlng an unpaired

spín concent,ration of at least l-o15 spín, "*-3"
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PART 2

I, INTRODUCTION

When in solutíon the complex cupric íon usually shows an

ESR spect,rum of four hyperfíne línes produced by the ínteraction of
a?

the 3d' electron with the nuclear spin I "f ;. At room temPeraËure

Ehe nuclear levels are equally populated and so the 2I + I lines
are of equal intensiÈy but McGarvey (nef"t7) has shown that the

hyperfíne lines differ ín linewidth and also that the spectrum

changes for differenÈ solvent,s" An explanation of the varíation
of the paramagnetic relaxation times wiLh nuclear oríenËation has

been suggested by McConnell (nef.1B) on the basís of a micro-

crystalline unít in solution. The initíal theory has recenËIy been

extended by Kívelson (nef.19) and confirmed for the vanadyl ion

in solutíon by Rogers and Pake (nef.ZO)"

2. THEORETICAL OUTL]NE

2"1 The Spin Hamíltonian

The usual method of describing ESR spectral data ís by use

of the spín Hamiltonían, a brief descrÍptlon of which ís gÍven

belovr"

The resonarlce spectrum of a transitíon group ion in a

crystal is ín general faírly complícated. The lowest energy levels

in which mícrowave transitions are índuced depend on the parÈicular

ion, the synrnetry and st.rength of the crystal field, the spin

orbít couplln.g and the hyperfíne int-eractíon between the electron

and the nucleus. llhe experímentally obtaíned data can be conveníently

represenLed by usíng a spín HamÍltonian" The lowest group of

electronic states, which can be represented as a complicated mixture

of spín and orbital wave functíons, can also be represented by a

single quantum number Sr (nef.Zf)" Sr is called the effecÈive or

fíctitious spin, of the systern and is defined simply by equatlng

25r + I to the number of electronic Levels in the lowest grouP"

This use of the effective spín means thaL the paramagneÈíc ion is
treated like a magnetic dipole which has 25r + I allowed orientations
ln an applied magnetic field and each energy level is associated

with one or:ientaÈ1on" The sum of all the lnteractíon terms written
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as a sum of energy operators to be applied t.o the effective spín
statêE constitutee the epin Hamiltonían of Ëhc systcm. Thc actual
energies are Lhen the eigenvalues Eo whích satísfy the operator
equat íon

+t|r= u"f ."(+s)

where ( rupte"ents the wave function of the effectíve
spin state.

The advantage of using the spin Hamiltonian is that the behaviour
of the lowest. energy levels of Ëhe paramagnetic ion in a magnetic

field can be described in a símple way by specifyíng the effective
spin together with a small number of parameters which measure the
magnitude of the various teïms in the HamílÈonian" The complete

spin H4miltonían is written

Þþ= n(rr'rt, n e*H*s* tn"

ls+r) ) * uls 2-s 2)*e, r + A s r.J'xy'zzzxxx

Ír,'ir (r+r) I . r, (r*2-rr2)-c"pnH.r

vsv)
+

+D

+ASI +Pyyy

[' S
2t

z3

(+o)

A description of the various componenË terms is given below.

Ln a resonance experiment the splítting between the effectÍve
spín levels by an applíed magneÈic field ís gBH" The g value for
an ion in a crystal is different to Ëhat for a free ion, as

part of Èhe magnetic moment arises from the orbital motion of the

electron which is modified by the crystal electric fleld"
Aceordingly the magnitude of the orbital parÈ of Ëhe magneËíc

moment shows an angular variation following the syrunetry of the

crystal fíeld. The total g value, spin plus orbit, ís anisotropic
and in the spin Hamiltonian Ëhe splitting of the effectíve spín

levels by H is represented by the energy operator

fi = O("rrrt" * B*H*S* * tr"rtr)
where S is used to denoËe the effective spin rather Èhan Sr.
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Very ofÈen there are initial- splíttings of the effective spin
levels when H = O caused usually by Ëhe Stark effect arisíng from

asymmetrical crystalline electríc fields" For fields of axial
s)¡Íìmetry these splíttíngs may be represented in the HamllEonian

by the operator

nls2-| s(s+r)]
\z

where
t ,--2 + s-2 = s(s + r)sx+yz'

and for fields of lower s)¡mmetry we add the Ëerm

u(s*2 - rr')

The nucleus of the paramagnetic íon has

þrr=rgrrB'
where

I is the nuclear spln,

B' l" the nuclear g value,

Êr, is the nuclear magneton.,

a magnetic momenE

(¿e )

The lnteraction of the nuclear magnetíc moment wíth the spin
produces hyperfine spect,ral st,ructure whlch may be anísotropic.
This is represented in the spín Hamiltonian by the operator

ASI +AS] +ASIzzz xxx yyy
where the hyperfine st.ructure spacing is described by rhe

Èhree princlpal values of A.

The nucleus of a paramagnetic ion may have an electríc
quadrupole moment Q and if in an electrÍc fÍeld gradient $"ò,
some oríentations of the nucleus are energetically more favourable

than others by an amount of order 1+ " Thís ls represenËed

1n the spin Hamiltonían by operators such as

,lt"'-|r(r+r)]
or if the electrlc fíeld gradíent has less than axíal synrnetry an

addÍtional term

P' ft2 -:-2)tx y t

has to be added"



38,

The nucLear magnetic moment Ér, inteçact.s dírectly with
the applied fíeld H and ís represented in the Harníltonian by

-gn pn H'r.

This ÍnLeractíon usually produces only a very smal-1 or
negligible effect of the observed spectrum.

2"2 T}.e Spín Hamilt-onÍan, for a Tumblíns Paramaqnetic Complex

It ís known that many transítion grqup ions when í4 solution
exhíbit stable shorÈ ran.ge order between the ion and the neareet

surrounding solvent neighbours and also íf the transitfon íon is
ín an organometallic complex with large and speeiflc ion-ligan{
interaclions the average llfetírne of Èhe complex is long rela|fve
to Ëhe time taken for rotaËlon produced by rr¡olqcular tumbling.
The McConnell- model assumes a microcrystal wiÈh the sane synu-netry

as the íniÈial complex and subjected to a random tumblíng as ft
is jostled by the molecular moÈions of the solvent lfquÍd" To

determine Ëhe effect. of Éhe motion on Èhe ESR spectrum the
Hamíltonfan is transformed from a crystallographíc to a laboraÈory
cogpdinate system"

The Hamiltonian for the square planar copper salicylal{imine
comple:x can be written, as (nef .lA)

fi = o fzrrn,s,uer(HS+H
n'n) ì

+ A,// +4.xT (r

where

prq and r are a set of orthogonal unít vectors fixed
ín the cr:yst,al with r paralle1 to Ëhe symmetry a¡is,

H is the magnetíc fietd lntensiÇy due to the exËernal

applied field,
S is the electron spin vector in units of *,
I ís the nuclear: spin vector in units of *,
CU ís the electroníc g factor parallel tg

the r direction,
g.t is Ëhe electronic g factor perpendícular to

the r direct'.Íon,
Ol/ and A-¡ are the hyper:fine splitting constants"

ISîPP
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This equation can be wrít.ten in a laboratory coordínpËe

system xyz wÍth H along t}re z direction Ín the usual manner, i"e.

H

S

r

r

H

S

z

z

cos0,

cos9 + S

cos} + 4

* sin9 cos y/ + s /
í/

S(s*" L/*
v

)

sín9 sin

sinê,-ù z

where

The transformed equation becomes (net.fA)

S + S. "X- IYtS

H =Xo nil.

+ s_r*)

{Ie

......(n)

......(sz)

where

Èo=BÊHSrrar.s,

Þt' (¿eÊn + brr) ("or2e

+ 4 (¡gptt + brz) sing cos9 (s*" -i/* ,/¡

- å)r"
+

eS

b
4

2
cos e( I

3 )(

lT S e-2i.++

SI+-

(rr."-i/

o | {ri"ze) /ots"2í( )

+ >.b (sín9 cosO)
*t/

)$ r'

and

1_c=ä Grro2cL),Ls=E// - 8+,
I

^=ä(aanzlt), b=Ã// - A¿"

Because of the Bror¿nian motion I and / ur" funcËlons of/
Ëíme and all the functíons ínvolving these are collected inlfr"
The centre of gravity of each of the hyperfine lines ís obÈalned

from the eigenvalues of [o. The tíme dependent perturbation-fi.,
broadens the 1ines" The long time average of all the terms ít)út
is zero buË unless the microcrystal is rotatíng rapidly lt does

noL sample a11 orientatíons during the relaxation time and the value

of }ft is not zero, pr:oducing line broadening dependent upon nuclear

or ientat ion "
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The amount the spectral 1ínes are broadened depends on

the ratío of the correlation Èíme l. which ís a measure of the

length of time over whích some correlation persists, to the relax-
ation Ëime of the line.

I^lhen the correlation time is much less than the relaxatÍon
time ühe line broadeníng is smal1, íncreasíng with Íncreasing
correlation tíme. For a simple spherÍcal model in a víscous

líquid

t"= #' ......(ss)

where

( t" the víscosity
a ís the sphere r:adius.

For copper salícylaldímine dissolved in ether a rough

estimate of the correlatíon time can be found using the followÍng
values

( = .OO2 poise

a=1OA
4¡.2 x LO a2xLO sec.t
3.1"38 * to-16 "3'x Lo2

The linewidth of the hyperfine 1ínes of copper salícylaldimine
ís about 3O oe gívíng a relaxaLion time of 1.2 x 10-8 ,"" whích

is comparable to the correlation Ëime. This crude calculation

would lead one to expect some llne broadening even when copper

salicylaldimine ís díssolved in the least víscous solvenÈ used.

-3 -2t
10 -10

c

3. EXPERII"IENTAL SECTION

3.1 Experimental Objeetive

When a met.al íon combines wíth an electron donor the

resulting substance is saíd to be a complex or coordination
compound. If the substance that combines with t,he metal conËaíns

two or more donor groups so that one or more rings are formed the

resultíng structure is said to be a chelat.e (n"t"ZZ).
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A Metal Complex

Metal Chelate

M is the meÈal ion
A Ëhe complexing agent.

\l
¡\

Recently ESR studies have been made on a variety of copper

chelates to determine the type of bonding of the copper Íon and

also Èhe correct values of the constants ín the spín Hamiltonfan
(Rets " 23, 24, 25).

The present study on copper salícylaldimine has been made

ín order to determine the effect on the hyperfine spectrum when

a sÈraight chaín hydrocarbon group ís added to the basic chelate.
The aliphatíc chain \¡ras expected to act as a "paddle wheelt'

increasing the effective radíus of the microcrysËal and, by

increasing the correlation tíme, producíng a hyperfine line
broadening" Chelates were used wíth aliphatíc chalns of 3¡ 8 and

14 members" Bís (N-propylsalícylaldimine) copper II has a 3

membered a1íphatic chain added to copper salicylaldímÍne and can

be wrLtten as

CH=

N

/
R

/

-o - 
f,s 

-g-

where

R=CH CH
3

Experíments were performed using N propyl, ft = 3, N octyl
R = B and N tetradecyl R = 14, each dissolved in Ëhree nonpolar

solvents, eËher, benzene and carbon t,etrachloride whose vÍscosítíes
at room temperature are respectíveLy "222, .608 and .906 centlpoise.

CH
2 2
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3-2 Experímental Procedure

The copper chelates \¡rere prepared accordíng Èo Charles (nef"ZO)

by methods involvÍng the condensation of salicylaldehyde with the
appropriat,e amíne lnlUr) followed by reacËion with copper acetate.
The complexes \¡rere twíce recrystalled from ethanol before use and

were ín the form of a mícrocrysÈaIlíne powder that dissolved
readily ín t.he Èhree solvents used. The solvents \¡rere chosen to
cover a viscosity range of. 4:1 and also to have a low dielectrÍc
loss aÈ IO,OOO l"tc/s in order not to damp the sample cavíty Q.

McGarvey (nef.fZ) found Èhat the hyperfine líne shapes of
the copper chelates were independent of concenÈratl-on for dilute
solutions ín the range .OO1 mol to .Ol mol and so a solutlon
strength of .O1 moI was used to produce a good signal to noise
ratlo. Nine solutions of .Ol mol concentration were made usÍng

the three compounds and Ehe three solvents carbon tetrachlorÍde,
benzene and ether. The molecular weights of the three compounds

are gÍven below:

BÍs (n propyl

Bis (N octyl .......
Bis (N tetradecyl

) copper II 388

) copper II 528

) copper fI 696

The solutions were used to fill + in ID teflon test tubps

to a depth of about f, i" and. these r.r"oah"r, placed ln Ëhe sample

cavíty 
"

The expect.ed lines were about 30 oe wíde and so the magnetic

fíe1d modulation rÁras set to O"5 oe, a value t,hat would eliminate
any appreclable magnetíc modulat,íon line þroadenlng (page 10),

The field svreep amplitude was set using the proton resonance

magnetomet,er. The starting fiçld was 2865 oe correspondfng Ëo a

frequeney of. L2.2 Vlc/s and the fínal field üras set Èo 35OO oe

or 14"5 Mc/s. These frequencíes could be accurately set by

beating with the harmonícs of a 1OO kc crystal çscillator. The

sr^reep slope hras set at 2 oef sec.
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Although the caviËy frequency could be measured r¿ith an

absorption vravemeter tr¡ro runs T¡Iere made wlth each specimen, the

seçond run beíng made with a small amount of DPPH powder in the

caviÈy t,o províde a g marker at g = 2"0036?

In order to provide a larger graph for the later curve

fitting, the results of the nÍne spectral scans r{ere transferred
from the 24 ín recorder charË to a 5 ln chart by means of a 2zl

pantograph. These spans are shown as contínuous lines ín Fíg.33

to 41. It will be notíced Ëhat a few have consíderable base

line drifE whích ís to be expected when hígh amplifier gaíns are

used together with a scan length of about 5 minutes. Two sources

of drift exist in the equípment Ëhat are added in additÍon to the

basfc drift of Ëhe DC amplifier:

Vibratíon ín Èhe cavíty walls produced by the

interactíon of the wall eddy currents and the appLíed

magnetic field. These víbrations produce a signal

when the klystron is not quite locked to the cavlty

frequency. The amplitude of these vibrations is
proportional Eo the strengÈh of the DC magnetic

field buË small random variations of Lhe klystron
about the cavity freguency produced a nonreproducible

recorder drift that. could not be calibrated and

subtracted from the measurement,s"

Noise generated and radiated by the thyratrons in the

magneÈ po!üer supply. The noise ouËput from this
source increases wiËh íncrçasing currenÈ and produces

a recorder drifË.

T'ÍEASUREMENT OF LINET'IIDTHS

The hyperfine spectral línes overlap considerably makíng

the true value of the component línes differ considerably from the

apparenÈ width" IË ís possíble to obËain the true linewidths by

curve fíttíng a curve produced from the Sum of the four component

línes of Lorentzian. shape (n.f.17) which, because of Ehe equal

1

2

4
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probability of all nuclear oríentations, should all be of equal

Íntensity but shoul<l dfffer ín lÍnewidth. Fig.42 shows four curves

that are the derfvatíve of fouç Lorentzian curves su¡nmed to produpe

a composíte curve.

Tþe LorentzLan curve has the eguatíon (nef"Z)

I
2)

Bc(0J-ü)
o tfi + ((Ð -(l) )2

t+

¿

o
2

where the total half-heÍgh
fact,or. The total wfdth at the p

Approximate values for the línewi
ourve fítting using the serfes

n ( xnn=1 x-

where I,l' is the lÍnewidth from the curve centre, xn, to the

point of maximum slope"

It will be seen tshat there are tpo parameters for each curve,

Ehe width and the positlon of the líne centre whích of course

determlnes the separat,ion between the llnes and a scallng factor B'.
IÈ will be remembered that the time independent part of the HamilÇonian

ü7AS

givÍng lines spaced by the splíEting factor a.

Initial attempts at curve fít!íng were mêde for bis

(N octylsalícylaldimine) copper II in ether, Fig.38, as for thÍs
solutlon Èhe correlation tfme was fairly short and the line
broadenfng terms were small. In thís figure the DC drift appeared

to be snall allowing a better curve fit. Equal lfne separations

hrere assumed and varíous curves were consttructed using success{ve

approximaËíons of linewidËh, separaEíon and scaling factor to
produce a good fit. The curve fít was inspected by plotting on

transparent paper and overlgying. Usíng this method a splitting
factor of 72.5 oe was estimated.

I,¡
)2
)

)'

)fb=egHSr*ar.s
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The values of g and a for Cu
*r bÍ.""1lcylal-dímine (ner" zs)

ate

L,,

AJ*

eil
gI

t!
10'

tL
10'

x

= 2.L4

= 2.08

- 168 cm-l

6

(

1

I
3

I
3

-1
cm

gtt + 2g-u) = Z,to(t

a (fA * 2^t) = 66n6 x Lo-4 "*-1 = 7L"5 oe.

The result for the splittíng constant ís in good agreement

wíÇh Ëhat found from curve fítting. The eígenvalues of the Ëime

independent Hamiltonían to second order are (nef"ZO)

ît,= ee' +.\ + # [ t,t + r) -'r2] .....-.(io)

where m, ís the nuclear quantum number"

Usíng figures frorn (nef.25) ttre líne separptlons for Çhe

m4gnptle fíe1d value correspondíng to g = 2.1 musÈ be 72.5 oe

bet¡¿een rû. = - ] r"a -4,7t 5 between -N and +| and 70.5 beËween
ârl4 and + i" These line separations wepe used for aLl subsequent

curve plotting with varíatfons of the llnewídth to obtain a good

curve fiË "

Using Fi.g"35 the central g value Ì¡Ias fou4d to be 2"09

compared to the figure ot 2"1 frorn Ref .25

Using the synthesising techníque described above, thq

hyperfíne linewidths vre4e found for all the curves and plotÈed

as dotted lines in Figs"33 to 4L"

The above method of obtaining Ëhe 1ínewldtþs suffered ffpm

two main errors:

1" DC drift in the recorded spectrum th4E was comparable

t,o the recorded line amplitude.

2" Excessive labour required t,o calculate and sup Ëhe

four curves and the dlfficulty of assessing the

best fit.
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Both of these errors were reduced as follows:
A large part of the DC dríft was produced by noise originatinB ín

the thyratrons used for the magnet power supply" These Ëhyratro4s

hrere removed an,d replaced by high current silicon diodes Type

BYZ1O and all the experiments ,were repeated. Direct tr¿cÍngs of

the níne curves are shown in Figs " 43, 44 and 45" It will be

notíced that although the curves are improved there is stÍ11

consíderable dríft.

The manual curve fitÈíng was replaced by an íÈerative

least squares method described ín Appendíx 1" Eíght Parameters

were used in a funcÈíon to fíÈ the experímental derÍvative

curves. The functíon used \^7as

zro (x-ns ) 2p (x-pr'k1)
Y=P1+P2x+P3

f¡ro' 
* (*-nr)' P5 +(x-pr-k1) ,\,

2peþ-p

o2 * (*-pa-kz) ,\,
-or) 2p ("-p -k )

7 t'
2*(*-

P8-k3 ) 
2

where

P1 and p2 rePresent línear drift' termse

P, is a scalíng facÈor,

P4,P5rP6 and P', are the half línewídths at the

half Power Poíntst

Pg ís the first curve centrer

klrk2 and k, are the líne separatÍons which were

fixed.

usíng this function the fÍtting curve could be displaced

along Èhe ordínate by P, and Ehe abscissa bY Pg, tilte¿ bV PZ

and scale¿ bV p3. The actual iÈeratÍve calculation \Â7as done on

an IBM 1620 comput:er using about 40 points on each curve" The

FORTRAN program for thís cuïve fitÈing is shor^rn in Appe4dizr 2.
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usíng the above techníque Èhe values of Èhe half línewidths

at Èhe half power poínts are shown below together wiËh the values

found by the graphical method" Appendíx 3 lists the ínitial values

of all Èhe parameters together with the successive errors found

during Ëhe íÈerative calculations. IÈ wil-l be seen that, although

most of the parameters converge rapidly, the value of P2, which

determines the linear s1ope, tends Ëo oscillate. It should be

possible to ímprove the convergence of this term by curve fitËíng

to experimental data ín whích the magnetíc fteld sI^IeeP extends

considerably beyond eíther síde of the four hyperfine línes.

Although the large variatíons in the interim values o¡ P2 ín the

íËerative calculatíon do not appear to effect the convergence of

the other terms an experiment was performed to confirm this.

The comput,er Program \^7as rewritten so that a fíxed value of

p, was used duríng the calculation and the experímenËal data

from N tetradecyl dissolved in benzene, chosen because of Ëhe

previous large varíation ín the interím values of PZ¡ lr€IS re-

run using a fíxed value o¡ p2 determined from the end poinËs of

Lhe experimental curve. It was found that each of the successíve

error terms for prr p3r P4, Pg were repeated and also Èhe

final values obtaíned for these parameters were unchanged. It

\das concluded that although P2 could not be deËermíned accurately

r^rithouË extendíng the experímental curves thís did not affect

the values obtal-ned for the wanted parameters P4r P5: P6 and P7"

Solven. t Carbon Tetrachloride
3 1_

-'2

Graphical

+u*r "352

N tetradecyl
N ocËyl

N propyl

N tetradecyl
N ocEyl

N propyl

28 "3
28.3

28 "3

30. 5

27 "8
3t.56

36 "6
33,6

33.1

53.6

48.2

43. O

65.O

56.4

44.9

83. 5

72.3

53 "7

78 "9

67 .7

54.5
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Ê
3
2\

28 "3
28 "3
28.8

29 "B

31" 6

32 "O

36.8

33,0

33. 1

+4

44 "9
43.2

38.9

61.0

53. 5

43.O

68"9

59 .9

60.4

48 "2
43 "o
43. O

Solvent Benzene

4

Graphíca1

N tetradecyl
N octyl
N propyl

N tetradecyl
N ocËyl

N propyl

tr

N tetradecyl
N octyl
N propyl

59.6

48.8

49.3

3

Solvent Ether

-4

Graphical

Ê+4
2

28.3

28 "7
28.7

35.3

33.1

33. I

42.2

38"9

38.9

Computer

N teÈradecyl 32"5 36.88 56.4 68.9

N ocryl 31 " 
9 37 "l 53,6 64.r

N propyl 41.9 40.8 49.8 57.2

If copper salicylaldimine were díssolved in a solvent of

zero viscosity each of the hyperfine lines would have the same

linewidth. The amount a parËicular líne is broadened in a real

solvent depends o"{, which is a functíon of the correlation
Ëime or viscosíty of the solvent as well as the nuclear quantum

number. If Lhe values of the linewidth obtained above are plotted

agaínst Ëhe nuclear quantum the slope of the líne through the

points can be used as a measure of the correlation tíme. In Figs.46,

47 arrd 48 the values of Ëhe linewidths have been plotÈed against

nuclear quantum number for the three solvents and a least squares

line y = ûrx + c has been drawn through these points using the
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HYPERFINE LINEI,{IDTH AGAINST NUCLEAR ORIENTAT ION FOR BENZENE SOLUTION
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convenËiona1 formulae

Slope m =
NE xv x)Y
r.rãx2 - (2*)2

s Y *lx
c

N

The values of Èhe slopes are

Carbon Tetrachloríde
8 .05

13"86

t6.77

Benzene

9.67

9.7t

13.84

Ethelc

9.48

LT.32

t2.88

mpropyl

moctyl

m=tetrad.ecyl

5 DISCUSSION

The previous work was íntended to determine the linewidths
of the hyperfíne línes of copper salícylaldimíne in solutíon" It
was expected Ëhat these lines could be broadened by reducing Ëhe

effectíve rotational speed of the microcrystal, produced by

Brownían motion, and two methods of speed reduction were used"

It had been shown by other workers that the rotational speed ís
determined by the viscosity of the solvent and by the effective
radius of the microcrysËal" LínewidEh studíes have been made of
copper salicylaldimíne ín solution of varying viscosities and with
the effecËive microcrystal radius alt.ered by the addítíon of

aliphatíc chains of various length to the basic chelate"

The expected íncrease ín the linewidth has been experimentally
observed and a measure of the línebroadening produced in each

experime4t has been obtained from the slope, m, of the lÍne obËained

by plottíng the hyperfine linewídth against the nuclear quantum

number. The copper salicylaldimine crystal ís planar and íncreasing

the alíphatic chain lengtþ should increase the planar area but

not the thíckness" Using this hypothesis Ëhe 1ínebroadening

should be proportional to 1 L2,L being the aliphatic chaín lengEh,

and Fig"49 shows the increase of the linebroadeníngs produced by
,

4 L-" Comparing the íncrease in line slope m produced by a known
\
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sol-vent víscosíty change and by increêsing the alíphatíc chaín

lengËh it was hoped Ëo deËermine the relative lncrease ín the

radíus of the microcrystal pfoduced by addíng the aliphaËic chaiçr.

The experimental results, however, eppear to be Ëoo fnaccurate to
do Ëhis satisfactorily. ExaminatÍon of Appendíx 3 shows that Írt
general the fínal iteraÈíve errors arp small and so the major errors
are deduced to be in the experimenËal curve data. One l1mÍtation
of Ëhe present equipment is a final charË recorder wíth only a

2þ inclr, chart making accurate readi.ng difflcult. The experimental

accuracy could possíbly be lmproved by fhe use of a larger
instrument togeËher with repeated rups to elíminate the random

drift terms with zero mean.
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AP?ENDIX I
Curve Fittí ne bv Gauss o Iteratí ve Least S ouares Method

The followíng method from Ref.27 has been used to fit

four equal area Lorentzían curves to the ESR derívaÈive traces'

Let the unknown curve be represented by the functíon

v = t(x,Pt,P2,Pi "'P*) '(oo)

where

x is an indePendenÈ variable,

P1rP2:Pi 'P* are Parameters to be determined'

tf pio is an ínítial estimate of the i Èh p.t"*"t.t,

function may be expanded ín a Taylor seríes about the point

)r f.

(¡p ) + trigirer-order Ëerms,
m

the
(....Pro..-)

...,..(ot)

)
r(x, Pto,P zo" "Pio'''P*o)* )pr

(¡pr) (¿pz)+v àpz

+ àr
è%

where 
api = pí-pio -ßz)

IntheiÈerativeproceduretobefolloweditispossible
and conveníent to ignore the higher order terms "

In classical least squares calculations the sum of the

squares of the differences between the ínput y values (Vr) 
""a

the corresponding value of the fitted curve is minimised. The

sum of the differences is

a =4 $r-v)z '(os)

-ç( ' -,,-(àL),.,-=å(r, - L r(*,pro.."pío."'P*o) * lftJont
'(

\2
* þr)o" " ". tàrìa" lJ .(o+)- (Ðr, )"'z' ' " (à r*)-'mJ i

Ìlinimising Q wíth respect to each Ap, gives Ehe equations

Q = fu"J =Ê2 (rr-v) **) """(or)
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Q= nÞ"Ð T
a

/ \ - )v(vi-v/. 
à-r^eJ

2

(øt)

(oa )

Q=

Usíng equation (Of) tft"se can bè rewritten

Ìfut =Ez (vr-r) ),t
¿ffi.

, ffil,on,* . ffiì,[il,

o = X lft,"r,p1o,pzo" 
.pio" "n*o)-rrl ttlr.[,tl, ffiìr*,t-

Ap
m

and so on. This set of equations can be solved for the error
terms Ap which can then provide new values of the curve fitting
paramet,ers. l,Iíth reasonably good inítia1 estimates of the original
parameLers only about four iterations are needed to produce smal-1

values of Ap.

Four equal-area LorenÈz curves of fíxed separation plus

drifË terms can be represented by a function with níne parameters:

(
(
(
(

-1 -1

Y = Po+P1x+4Prxz+Pt d*Ð, ba)-2. dh- er)2(vr)-z

-1 -1 )

)

+ fu-rr)'Gu)-z rk-or-nr)' (rr)-2+

where

PorPl and p, atre zero mean and drifÈ termse

P3 ís a scaling constant'

P4rP5,P6 and P, axe the half linewidths at the

half power points,

P, ís the first curve centre,
kl,k2 and k, are líne separations"

The experímental curve is the derivatíve of the true

absorption curve. The derivative of equatíon 69 is
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v
gJ
dx

2p¿ ("-pe )
P1+ltx + P, 2t12

P4 +(x-pt,¡
2

The partíal
paramet er s

derívatives of this equation w.r.t. the eight

are as follows
\.,'wJ-=1
èPr

I rj
)pz

^2pu (x-k 2p ("-t<r-ng )

(zs)

2p+ ("-pa ) zp, ("-tr-ng)ò:_
òP¡ vo2+(*-pr¡2 [n,

2+(*-t 
r-ns)2

x

-Pe )

2 2

2

v uz+(*-xr-n, )' n12+(**t r-n,)

àj
àp+

2p¡(*-pal [rr^'1"-tl' ì

àr-
òns

Zp, (x-kr-r6 )

2t-12l, +(x-kr-p6/

3p 5 (x-r.r-ls )2

2p (x-kr-es )
2- 

ç*-ur-nr)2oJ_
ìno

,2+(*-ur-vg)z

fno2*1*-pr)'ì'

3p

)g 2p ("-k -Pe )
2- 

1*-r.r-e, )23p

ìpz v 12+(*-u"r-n, )'



2p P4 , u''r(--n, )' p5 , r''r(*-kr-es ) 
2

tj
lPg o'*(*-'r)'

2p

3

55"

(ze )

+

+
2p P

nr2+(*-t r-n,)'

n u'-t(x-kr-P )z 2Pg Pl P
2-s(*-t 

r-es)2
+

e Ul+(x-u"r-n, )' ,2+(*-t r-vg)2

usíng the above equatíons ít ís possíble to calculate the

coefficienËs of the AF's in the eíght linear eguatíons and so

solve for each AF. To produce an accurate figure for Èhe lineWidth

ês mêny poiqts as possible should be used (nef"ZA). In the presenÈ

experiments forty poínts \¡7ere taken from each e¡perímental curve

and used for curve fítting" Thís requíred an irfipracticable length

of calculating tíme on a desk calculator and so Ëhe calculatíon

\^/as performed on a digital compuÈer. A program was wrítten ín
FORTRAI.I for use on an lBM 1620 (Appendíx 2). Using this computer

each iteration took abouË ten minutes wfth three or four iteratÍons

beíng required t,o reduce the errors to a suitable small amountn
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APPENDIX 2

Fortran prosram for four equa 1 area LorenÈzian curves

Each curve fittíng was performed by taking a set of ordinate

values from the experíment,al curves wiËh equal field separation

beËween each poinÈ " Provísion was made ln Ëhe program to accePt

5O fítting points although usually only about 4o were used" The

experímental poínts \^rere called YI,l ( ) ttt. number of points NDATA

and the field separation between each poínt FACTR. In addition it

17as necessary to know the ínítial values of the eight Parameters

and also Ëhe separatíon beÈween the curve centres" The inpuÈ data

r¡ras punched on cards ín Ëhe following order:

Number of exper:imental point's (f ixed point number)'

Field separatíon betvreen the poínÈs'

Predicted values of the eight parameters'

Values of Ëhe curve seParations'

Experimental Points.

In order to símplífy the writing of the comPuter Program

the following substítutions were used

x-p, = x(1) "(zg) x-kr-Ps = x(2) '(ao)

x-kr-rs = x(3) " " (ar) x-kr-Ps = x(4) '" " "'(sz)

(ro2ur(r)2)2 -cuR(l) " (e¡)

(nr2** (z)2)2 = cuR(z)

Gr2+x(+¡2¡2 = cuR(4)

Drv(l) = #fi+I
Equations 70 to 78 of Appendix 1 can be rewritten as

y'= pr+prx+o^ f-zpox(t) - zprx(2) - zpux(:)
"'r3 ( cuRTfI cuR(tI cuRfÐ-

(e¿ )

(ao )

(az)

-2p (+)

CUR 4

z= P1*Prx-2P, I=1

4
r (r+: ) .orv (r )



57.

li
dPt

sl"
dPz

sl_
dn¡

-1-I

=x

-2

- zprx(z) - zpux(s)

cunf{ cuR-f3)

r (r+: ) .orv (r )

.....(gr)

......(gs)

4tr
I=1

d.r'
dp4

!í_
dPs

2prx(1) Ítno'-x(r)2
(CUR r)

2

l"
2

-xzprx(z) Írn (z)2
5

cun(z) |
zprx(:) [tnu'-*(t)2

)
)GV

dPo cun(r) ]
ú
¿p7

!{_ ,rrn4boz-tx(r )2) ,nrrr(n12-:* (z)2)

cun (z) 3

,nsrtb12-s* 4)2)

cun (+) f

+

+

dP8 cun(r) ]

+ 
:x(¡)2)

cu*(s) å

2

(
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The program follows the flow dfagram ehown ln Ffg.50

FORTRAI.I PROGRAUæ

C ESR RESULTS CURVE FITTING PRøGBAI'T

DnÍENsrøNDyDp (8 ) ,p (e ) ,c (g),vr'l(so) ,x(4 ) ,cun (4 ) ,orv (a ),4(ar e )

READ,NDATA,FACTR

DølI=l r 8

r nneo,r (r )
Dø2T=L,3

2 READ,C(r)

DØ3T<=1,}TDATA

3 READ,nn(r)

64 Dø4T=L,4

x (r )-e
cun(r)=6

4 orv (r )=e
Dø5I=1,8

Dø5J=1 ,9

5 A(r, J )=o
Dø2OK-l,NDATA

X@-K-1

X@=X@xP4g1P

x ( r )-x6-e 1t ¡

Dø7T=L,3

z x(r+r)=x(r)-c(t)
Dø8r=L,4

cun (r )= ( (p (r+a))*(q (r+3) )+x(r)'ttt(l ))*z
I Drv(r)=x(t)/cun(r)

SUÙ14=O

oØLOI=1r4

10 sullA=sutlA+r (r+r )xorv (r )
v=p (1 ) +r (z )*xø-2. *p (s )xsriuA

cø=YM(K)-Y

onr (t)=1

ovor (z)=x6



59.

DYDP (3 )=-Z "rçSUMA

Slßlts=O

DØL6]=L,4

DyDp (r+3 )=2.*p (¡ )"x(r )*(r.xr (r+r ¡*p (r+r)-x (r ) xx(r 
) ) /cun (r )xx1. t

L6 sirMB=stttB+r (r+: )* (r (r+r )*p (r+g ) - s . *x (r ) 
*x (r ) ) lcun (r ) 

*r . s

ovlr (a )=2"xP (:)"swn
DØ18I=1, 8

oØ17J=1,8

L7 e,(r,l)=n(r,-l)+lvlr (r )"ovop (.1)

18 I (r , S )=l (r , s )+cØ*nvor (r )
20 cøNTINUE

N=B

NI=N+I

ND=N- I
DØ26J=1,ND

JR=J

sl=A (.r, ; )
K=J*1

D@22I=K,N

rF (ABSF (sr)-ensr (n(r,;)))zl ,22,22
23 sl,=A(r,.1)

JR=I

22 CøNTINUE

rr (sl):5,30,3s
30 PRINT34

34 FoRMAT (snuonrrznnp)

Gtrø65

35 rr (;n-;) 27 ,27 ,2s
28 DO25L=J¡NI

TEMP=A(J,L)

n ("1,1)=l(;n.l)
25 n (.rn,l)=TnuP

27 oþ26t=t<,N

¡u=A(r, J )/A ("1, ¡ )
DØ26L=J,NI

26 l(r,l )=t(r,L)-AM*A(¡,1)
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29

65

51

50

60

62

63

rF (A(N,r,r ) ) zs ,30,29

^0, 
(n,ur )=l(r'r,ur ) /e (n,u )

D05oK=2,N

S=O

I=N-Kfl
L=I*1

Dø5lM=L,N

s=s+A(r,r'l)xn(u,ur )
l(r,ur )= (t(r,Nr )-s )/l(r, r )
DØ62f=1,N,2

PRTNT60,A (r,r.rr ),1 (r+r,ur )

FøRI,IAT ( rouunnonsbARc 2E 14 . I )
P (r )=P (r )+a.(r,ur )

r (r+r )=P (r+r )+l (r+r ,ur )
PRrNT63, r (r ) ,r (r+r )

FøRMAT ( r+nrnnnuETERsbARE 2EL4 . 8)

rr (snNsnswrrcnr ) 64, 65

srØP

END
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APPENDIX 3

The following figures show Ëhe initial estimates of the eíght
Parameters used, t.he successive calculated error terms and the final
vâlues of the parameters.

SOLVENT CARBON TETRACHLORIDE
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119.8

119 .4
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L23 "36
L23 "58
r23.54

-6,609 .5

1 , 183.0

-37L.O
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Octvl
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33, OOO
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ErrorsP

8
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2
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1.93
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.oo8

28 "3
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5 43

3 .01
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" 491
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28 "3
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28.01
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INITIAL
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Octyl

7 "87

-8.96

5.08

-3"16

53 "7
6t.57
52 "6L
57 "70
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-7.3r

2.93
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43 "O
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33. I
37 "5
33. 1
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4
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31" 6

INAL I 5
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ErrqrsPzError sP
6

ErrorsP
5

Error sP
4
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SOLVENT BENZENE

Pro 1

INITI

INAL

o.ol
-5.17

-4 "56
-4 "77FINAL

INITIAL o.ool_

" 018

-.0o15

"o19

-5.18
.610

- "2t'7

" 
017

-.o20

"ozL

35, OOO

38,626.3

3 5, 860. 9

37,130"1

L25.O

L22.9

122.3

L22.O

3,626.3

-2,765 "4
1,269 .2

-2"OO
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-.333

Tetra

o.01

-3.36
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-3 "6rINAL

INIT o "oo1
- .0o1 5
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Oc 1

-3. 73
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-L"27

o. ol
-3.72

-3 "52
-4 "79

.0116

- "otz
,018

o.ool

"oL26
- " 

ooo18

"0179

25, OOO

33,292.4

3T ,372.2
36,L97 "3

110"0

118. 70

r24 "29

r23.92

8,292"4

-1,920"1
4,824.9

8 "707
5 "582

-,366

ErrorsIP Error s
2

P
3

P 8
PError s Errors

7 .87

-.737
.820

61"0

68 "87
68 "L4
68 "96

LO "4'7

3 "05
t.24

44 "9
55 "37
58 "42
59 "66

36.8

3',7 .67

37 "96
38.85

.878

"285
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2"6'-7

-L "69

"486

28 "3
30;97

2928

29 "1'7

INITIAL

FINAL

Tetra
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" 708

53" 5
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59 "26
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4 "57

"376
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43 "2
47 "7'7

48"15
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33"O
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36. 31
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3 "7L

-t "25
. B1B
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32"OI

30.75

3t"57

ITIAL
Oct 1

29.47

-3 "49

-8" 55

t+3 
"O

72"47

68"98

60 "42

38 .9

7l "2,5

70 "6
49 .31

32"35

-.652
-2r "28

20.35

-10.05

- 5.64

33"1

53 "45
43 "40
37 "76

7.09

-7 "29

3 "42

28 "8
35.9

28 "6
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INAL

Pr

Error sPlErr or: sP
6

Error sP-)Error sP
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SOLVENT ETHER
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