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| Aas'rm_c'r

Thil thesis describes the develo nt of’a

~

1uiniconputer-controlled steady-state NMDR epectroneter

dfsyatem and 1ts subsequent use to. study the 23Na quad-’_gf

'rnpole spin-lettice relaxation 1n monocrystallxne
v . The technique is an extension ot that used by
':Pound (1950) and Hughes and Reed (1971). in whxch the
ifchenge in enplxtude of one component of a quadrupole-
‘hplit Nugpspectrua is neaaured when another conponent
is -everely saturated ance the NMR signals are. yeek
n we developed an eftxcxent technxque tor.neasurzng the;r B
Aet e-plitude. in which the fxrst derxvative-ot the absorp--!.:t
-1'tion signal is utxlxzed,to 'lock‘ the apec:roneter
,; trequency to the resonance center. while the second
2der1vative signal is used as ‘a neasure of the NMR am- .
f‘plitude Tb teke full advanteqe ot thxs novel technxque,‘
& -1n1couputer was uaed to control, in real txne. neny ‘
| lubnidiery experxnental paraneters. auch .c the -nqne- :
'tic tield strength The nxniconputer was also uaed to
‘.'collect and proceen the data. Thia enabled the relaxa- f
| tion data to be acquxred on en aronnd-the-clock basio.n”;
dd'To obtein -eeninqtul results fron auch a’ syateu, greet
biletteniion was paid :o the elxnination ot sylteﬂatic Lo

d:errore: these are discussed in detai{g&p this :hesis.,,"



e’:hat H

"thensxve testa have snovn that the system is capable
v:of neaturing NMR anplxtudes to an accuracy of about '

j 20 1\ S ° .

The equxpment was uaed to measure the orxentab‘ :

tion dependence of uz/w of Na in NaNﬂ3 at room

IO

-te-perature., The quantities "1 and wz, which are .the
F'ptobabxlxtxes of the am= '1 and =2 nuclear magnetzc'
ttansxtxons respectxvely, can be expreased as a lxnear>'
'Z.ico-bination of the components of a’ foutch-rank tensor,
‘che so-called M-tensot.- o - | |
| Excellent agreenent‘was obtained between the

data and the theoretxcal torm in’ whxch xt was assumed
and w |

are overned by the same H-tensor.‘

L 1 2.
~fThis showed thaty

he spxn-lattxce relaxation was '

-Tcaused by a muL&iﬁeonon 1nteracc;on.‘ An’ upper 1xnxt of

3 x 10" -1 was placed ‘on the relaxatxon due to dxttus-'
1nq charges.i The followxng M-component ratxos were
_found: M 1313/"‘1111 = 0.8025: 0.0035, 33_,_3/1»41111 -

va 7091. o 0083 "1113/H1111 fA-O 1001 = 0, 0031 Com— ‘ :-;5

patxson of these ratxos w*th the predxctxons of a’

"epoxnt-charqe npdel favours the harnonxc tather than

the anharuonxc Ranan process, anparxson uith the

V.fpreviou- room tenperature stuﬁy nade by Reeqv/1970)

- revealed a;gnifxcant dxscrepancies, In partxculat,';r~e‘> o %
e found 31123 to be zero. in agreeaent with crystal‘; .ff'f\tpf

:ey-etty cons;deratxons but 1n disaqreeuent with " :»'_- <




f} the dxscrepancxes.

. R S
Rcéaﬁa results, He presen; possxble %xpldnafions-for
The txne—dependent behavxour of the spin-system
was cxperxnentally studxed in order to derive the value
of "1 directly Prom theae results we found that
-1 +1 -
.Ae,.Q MIJIJ . (4.819 : 0, 050) x 10 s “This value
is compared uxth that obtaxned by Nlenela (1967) at

w

77 K.

e



ﬂ?&ﬁb

ACKNOWLEDGEMENTS
In apﬁreCihtion. i qratctnllﬁ acknowlcdqe.ther
coq;inucd halp.and ;pqoutaqa-pnt_gfbny research luﬁor4
vi.df,*br,.D.G, Hughes, during the course of tﬁla |
project. ‘ / _
The cooperatxve attitude ot the technfical. staft

ot the Depart-ent has been a defxnite as:et. _vax-h,

in porticulqr. to tban Mx . .Bob Boyd. without Qhopc_A{

'fse this ptc;ect vould have bo;n
1nunne1y -are"duucuu. SN
The sxncere exptellion of -y qra:xtude qocs\to
-y thc, Judxth, tor h.t paticnco and undorstanding
throuqhout the course of this lcnqthy tesca:ch I alio

wish to thank ny parants for thnit ancouxaqc-ant

: throuqhout ny educational -ndcavours.-’

_It is. a pleaaure to acknouledqo the Univ-taity

of Alberta for tinmcul support in _the !oq ot Graduate’.

“Asaittantshxps, and the National Rnlearch Councxl tor

tlatqcly fund;ng the telearch.:

Finally, I would’ to chank -y typist. who. .

ﬁévunvillan to suhn;t hcra.lt to ‘the arduous task of

» typinq yet another thesis, vishcs to re-nin anonynoux.»

Joo-



‘nucleus.

TABLE OF CONTENTS

. INTRODUCTION

- THEORY

Basic theory of nuclear magnetic

regonance.
Eli&trxc quadrupole moment of the -

Quadrupole split speétrum’ 1 4

Modifications to the dxpolar A
broadening.' :

Quadtupole spin-lattice refixAtion;

Otxentatxon dependence ot the

quadrupole relaxatxon.

-Ncchanis-s for quadrupole

relaxatxon.

THE 23ua NMR IN SODIUM uxraara

Cry-tallogtaphxc Lnfot-ntion on

" sodium nitrate.

Tha NMR spectrum in. -onocrystal-‘

‘line sodiun nxtrate.;
;Orientatxon dependence of "1 and
. 20 . .
_Spin-lattice relaxation tr\\bitxons.

EXPERIHBNTAL METHODS FPOR STUDYING
THE QUADRUPOLE SPIN LATTICE s

~RBLAXATION

§;1'§teady state. daublo raponance method
‘ for -aasuring w2/w1 N ot

S viid

13

15
17

20
22

A 24 -
27
.;7

Jjo.

: 35;

44

44



CHAPTER 1V (cont'd)
b ]

8

.

m~ 4.2 Transi®nt double resonance method

for measuring W, .

CHAPTER V APPARATUS AND EXPERIMENTAL DETAILS

5.1 Measurement of the NMR enhancement.

5.2.1

"s.2.2

5.2.3

o 5.2.4
5.2.5

o 5.2.6

5.2.7

5.2.8

5.2.9
5.2.10

S 5.2.11
s BN
i 5.2.12

.5,2.13

5,2.14

'5.2.15

5.2.17

5.2.16

5.2 Descriptibn of apparatus;A

Blac; diagram,

Probe.

Robinson .spectrometer.

Spectrometer level monitor.

The rf power source.
Baxpnce netwofk.
Hisbalaﬁce,detectbr)
Frequency converter.
Prequency counte'r .'

Frequency ad;ustment

_.citcuxtry. S

The wy and 2&‘ lock in
dctcc:ors. ’ :

Anal ue. -ultiplexex and
A/D converter.

Magnet and NMR field-lock.

Hanual~o§eration coniole.

CO-puzét; xntertace and

teletygg

Sy.ta. -onitors.

Pdvpr_suppliaar

ix

53
53
60
60
65 .
66
%2

73

T 74

76
78
79
80
_aa
85

90
92

.99

-100



CHAPTER V

h‘;ﬂ

. (cont'd) | (.

5.3 User language computer programs.
5.3.1 .Genoral considerations.

5.3.2 The “Data collect%on'
program. :

5.3.3 The “Prequency counter
1ntcrrupt' :ubroutino.,’

5.3.4 The 'Re:onance-lock‘
proqra-

>:\§.3.5” ?he “Balance notwork'
' .ubroutina.

5.3.6 The *NMR field-lock
interrupt”® subroutine,

5.4 alx-inat)on and reduction pf cy.—
tematic errorl.;‘ . .

$5.4.1 ‘Classification of syctc.ntic
errors.

5.4.2 NMR-Telated lyltcnntic
' ‘ Qtrutt. —

5.4.3 In-cru-.ntation-rclct.d
" i?’tcnntlc errors.

S. 5 Reduction Gf the randn- error in
~ the onhancc-nnt -.cnur--pts.

8. S 1 ‘Plcld -odulation conti—
d.taticns.-

$.5.2 Optimization ot thn data
' " collection.

5.6 Experimental dgtiil.~et’£ho .
t:ansicnt/oxpotx-nnt. o 3

5.7 Crystql inforintioa.b

-

5,8 o-tcininatxon of the cry-tal oricn-

101
101
120

127

130

132

136

137

- 137

138 |
uv;,,_,/
156
156
157
159
160
161



Pln

 RESULTS. | Q%63

Orxcmaumx dependence of the 163

. qundtupolo splitting.

Orxontﬁuon dopcndoncc of the NMR 168
ltnwldth.

Orientation dependence of '2/"1’ 174
Measurement of W, by the transient 190
method. :

o

DISCUSSION OF THE RELAXATION 200
Estimation of systematic errors 200
in the relaxation data.

Comparison of the W./W. results 204
vith‘ tboor-tical P étion-.

Co-varilon with ptcvious room Q 219
temperature results.

Comparison with 77 K resui®. 229
concLusION - _236

ﬁj : 240

Gcnonl or:l.-nut.ton d‘pond-ne. ot 245
and W -

1 3 -
Calcul.tion ot for sodium 247
" nitrates using a pogng model . :
Selection of P vuuu and the 236
opti.- utilization of time in _ .
.n!nnc..nt. o _ . v



Ix -

II1X

l‘

v

Vi

=]

‘' Enhancemsnt -&nﬁnmq;n; at 0= 180°.

: 4]
0 ) : (o]
v a 0 & -0
o . G
9
2 i
LIST OF TABLERS o “
¢ Q i
N o .
e o @ :
bt o | : poge ‘
o

£

v

, 4 L, ' |
¢ . dependence otOIzml oot o> ~3.5°, Y00 . °

*Pirst &rzvaun' W,/ data at
o = 180°. - 3 L 0 o

0

K w c:u,!oil'/u1 at 0= 120. l.q

Wtd‘u toxuo*dcrﬁul
at 0 = 0°,

Q

187 - ¢

-

Decay constant A as a °£nnction“’of L

o o
Pobe* ' ’ - ¢ ‘
- .
. o © ! @ A
“ i O
< i ©
) £ o -
* -3 LI
o iy
14 3 . ,
o c
o o o @ c 4] -
a ° R
., © I © o
) o . 0= ¢ | ]
o - :
¢ o s
< . o
c i 0 v
o e )
¢ 1] f
e B o o 0
(o] < < B
5 " o [ O 4 z
voe ] >
-0 s e
Vo c [
[ - ‘ on s .
o ¢ o .o
@ - . 0 ;
0 . o
o ! < \ 0
: % o,
. (2] [}
G . . g s
&e . I
el 0 -
Al (J Q o
y ° ) ' > °
0 . ‘ . o .
- 9 v o 9
c oL 0 .
o’ c . ) 3
. © . o - o ;':\- [v]
S ) p L}
L : ’ o » R 00 ¢
G . — “
o . . g
O U‘ - 0 :
o 9 - _ o
Nb , - [+
i o ° - e
o . .
. o ‘ < ) A :
s =il . s



3.2
3.3
"s.gff’
5.2

5.3

5.4

y _5'5

PP
5.7

5.8

=3

5.9

s.10
5.11.

5.7

5.13

5,14
e

5.15

>

pretiment‘

LIST OF FIGURES
o I o . o
Unit qsll of sod;um nztrate.“' e
Neqresflneiqhbour oxygen atoms. S

prn-latbice relaxatxon transxtxons.

Gaussian lineshape.-;’ » A~'F§

'Data ttom one saturatxon cycle

Block dxaqram of systen,.

wiring of pr%be and $a1ance network,. e

Block diagram of Rabinson specttoneter.

Block diagram‘of NMR fiald-lock

Sample user languaqe proqram.

Flow chart.of the "Data collection  ;f

pragram' , :
Plow chart of‘the ‘&2"subrout1ne. g:‘
Plow chart of tha '156' subroutine.

Flow chart of the 'Resonance:lockff'
subroutxna.- ’_r o :

. e : - - L
Flow chart of the 'Frequency countetF
inter:upt‘ suhroutine.- " ,

Flow chart of- the 'NMR Pzeld-lock

Flbw*chatt of the 'Balance network .
interrupt” subroutxne.~ . O

'?iow chartAofiﬂhg ?Frequency‘sﬁaep'f;

program. - - |
"Flow chart of the fTransxent

Samp1e~datq 'printbut'.

SN ey

xiii 7

28
31

41
56

61

,517_‘

102
'glbd .
Jos 7
; 108
110
BETEEES § b
interrupt"® subroutlne.' ' : O :

o114

116 .

67 .



el

?igure

W

S 18

'519

B 5 20 R

5;I=n_,

6.3

»cséif:

6.5 |

6.6

6.8

N

7.3

‘;735.;

A’"i,ZV‘;

u .1 '

B

Y ., . - i A o '. .
R .._/ \ - o ) > L. . .
. ,"” ’ ’ ‘_ . V. )
.

\
%

Poxnt charge configuration

/

Block diaqram of . Robxnson—specttometer :

trequency-adjustment

Balance netuork readjustment procedure.

Enhancement es a functxon of saturatxon

power offset

Enhancement of hxgh frequency satellxte
‘as a functxon of Pob‘ e ‘

4Satellite splxttang.

Linewxdth of center l;ne.

U Linewadth of satellxte line.v 

Sehsitxvity of- wz/w Ba 8"

6 dependence of wszlb | :

0 dependence of Nz/wi‘ ‘2{ﬂ" /

Typical transient experxment data.ut
x as a functxon~ot P bSN | . |
1313’"11Ll fo ::'linear' P¥9993'7-:'
3333/H1111 "lxnear_ §rp¢§as.-
1113/H1111 for 'lxnear éioeass.,
1313/N1111 torﬁ quadtat1c5jprecese.
3333/H1111 for7 quadratic ptocess,;
1113/H111L quedratlc' ptocess,c

Discmpancy 1n Hz/wl data.

Ptoposed baselxne offset.: 

Reed's values of wszl at o - 86 5'
R T

S =i

1141“

145

165 -
170
'172

178

181

188

193
197
206

208

210

213
215

217 .

222
225 .
230
248



CHAPTER I
| imnobucw TON'

_Nucle1 with spxn quantum number I > 1 can' ;

interact thh thexr surtoundxngs in :wo ways; ‘a mag-~
:netic interactxon anolvxng the nuclear maqnet;c : |
dxpole moment and thé magnetxc fxeld at: che nuclear‘
]slte, and an electtostatxc xnteractxon 1nvolv1ng _
‘Nthe nuclear electtxc quadrupole moment and the elec-]\

trlc fxeld gtadxent at the nu “_ "Aszte. The txme-i

:,averaged magnetxc and electrostatxisznteractxons"
_determlne the structure of the nuclear magnet-c »
resonance (NMR) spectrum.' The so-called hxgh field
case is’ where the §3mple is sxtuated ‘in a large nag-u-u
netxc fxeld such that the Zeeman xnteractxon ‘is latge
-compared thh~xhe statac electrxc quadrupole xnter*l

-

iactxon. -FOr' equxvalent nuc1e1 w1th spin number I =

3/2 sxtuated Lh a’solld at’ sxtes of lower than cublc

xsymmetty.f’one obtaxns‘; thtee-llne specttum o

'provxded the sample ‘is in the form of a- sxngle crystalu
| The so-called spxn-lattlce 1nteractxon caused

by time dependent maqnecxc flelds and electrzc fleld ’un

gradxents,»reSults mn a couplxng between the nuc1e1 H

1 o

-and thexr surroundlngs (the 1att1ce). The magnetlc

"Mxnteractxon can’ charge the nuclear maqnetxc quantum

numbet m by ‘1. S In contrast, the electrxc quadrupole o

i



' w o

"interaction can- change n by °1 or !2;' The correspond-
"Ling transxtlon probab;latxes for the case Io- 3/2 are’
_:denoted by Hl_and "2 respectlvely._ ‘ |

| ’ Pound (1950) performed a steady-state double
:ﬂresonance experxment on ‘aa nuclei (for whxch I- 3/2)
‘.1n sodxum nxtrate.' By measurxng the change xn amplx-f

'tude of one resonan ‘4when one of the others is

3

severely satunated by a large rf fxeld ‘he was able‘ '
'to demonstrate that the apxnﬁlattace relaxatxon_v'f~
_:meehanzsm was quadrupolar rather than ‘magnetic. Later,“
Abragam (1961) pozﬂted out that xt was possxble‘to
»cbtain values of wz/wn from a double resonance experl-.-

stng an extensxon of Pound's method Reed (1970).j’

- ment. of the type used by Pound

xn thls laboratory, made a detaxled study of the orien_f;iru
tatxon dependence of wz/wl for'zaﬁgjxn sodium nxtrate-‘ﬁ«

.

..

zat room temperature - ¢ ' »
| 1‘P10tila (1968) and Snyder and Hughes (1971)-““'

g%owed that wl and wz,are governed by a fourth-ran% ﬁ‘*f_i”"./"
j'tensor,vthe so-calledhn-tensor.' The sodxum nuclex ln-“ot‘tf//gs

3 y
‘ sodxum nxtrate ar¢”sxtuated at sxtes possessxng 3 s

'symmetry, and 1t can be shown that here are.xn_th@s»lf.f

.caze only fxve xndependent M-te 'or‘components; tByfﬁ

fi txng the orlentatxon dep dence of wz/wl to the

'theoretxcal form, Reed obt_

’ned ratxos of the M-tensor

components.



t.qovarna "1 and "2‘» Thts inplies (Snydat and auqhet,.g
"1971) that the npxn-lattice xnteractxon xa a Ranan-n?\
'[3typa nultiphonon 1nceraction (Van xtanendovk, }QSanT:ﬂ“
-:.Van Kranendonk and.walker,"1967 196&). aekdu:éhhd"ff :
__,genarally qood agreement wzth che theoretical‘form.i; '“A
.igxcapt that the H1123 compoqent was non-zer03 gb_ .
"diaagteemant thh crystal symnetry ccnsxdetatzqns.:ga'
" In the meantzme, Nxemela (1967) neaauxed,the_i
1 orienuatzon dependeuce of w1 and H for the same __'
_/auclear spzn systemfat 77 K. Nxemala oLtaxned his O
Values of wlﬂand wz by studyinq tha approach co '
ghuxlibrxum of the spxn system. uxa measutement -
_ technique was dxf(erent tré& Reed'a xn that the ;éi;ff;,?'
‘fesonances were observed usmng a pulséd NHR teehuique
(Bahn, 1950),’ra=her than a steady-sﬁage nethod

o

_jsiauela unfortunately mzsxnterpreted hxs da a. Rawever,j}ffff

'?:the H-tensor values were 1ater'derived fron Nie-éia\\

| results by uuqhes et al (1970) and wera found to be \\ﬁgé
4arather simxlar to the roon tenperature valuea obtaxned ‘.?‘
by Reed (1970).. mml:i's data did not allow the value -
Afof H1123 to be determ;nad in his crystal.uA'?f{i;['gfrf»i'v:u’
| Tha work dascxxbed in this- thes;s waa undertaken 7 G
}.in ordar to 1nvestiqata turthat why tha "1123 co-ponent
'wat non-zero in sodxum nitrate._ A steady-state tech-iﬂuf

-vniqua uaa chosen tn ptet\\\nce to a pulsed tachniquc



. fiiﬁcc“tﬁe
'Ziand thun could noc bc telectivaly excitcd by the

.,'*

ﬁﬁrequires :E:ophzstxcaead‘detaet;on qyscem in- which

ﬁiozzcntation.' It was thus felt that A computer con—f'

f,tiblled data acquxsxtion system operatxng twenty-four

"tull advantage of thza more effiCLent technxque,v-‘\»

-particula

- R‘.:f

238& rqsonances axe na&her c}odely apaced fi"

‘fpulses.f HONOVGr.bto'obtain an accuracy ot ml\ xn..'f"

2/H&.'it is necessaty to neasure tesonance amplxtudes_

0

-?,to an accuracy of wo lt xn the staady-state dnuble ;

=resonance tec £que. To obtain such accuracy hbvxously

aﬁtention is paid to lxnearxty for example.u!.~

. Horeover. thélsxgnal to“noise ratxo xs sucn that several

??daya of’ data collect;on are requxred at each crystal :

v‘._

ff“hours per day was requxred Recd's nechod consisted
‘c:of recording the complate resonances 1n fxrst detxva- -.'
fﬁtive form, and usan thé peak to—peak amplltude as ; |
-?ucaaure of QHR sxgnal amplxtude.. Bowever, 1n thzs |

. c-ithod. only a snall fractxon of the data collecued

"cis used we there!ore used a dxftetent method for

i;neasurxng the NHR sanal anplitude.« In our technxque

frwhich we believe to be novel, the first derxvatlve}
Ty

sanal 13 used to lock the speccroneter to the resohance v

_center, and the second derxvatzve s1gna1 13 used as a B

.'neasure of the NHR 31gna1 amplxtude.' However. to Cakgaf'%

D S

cﬂtthter conttol has to be exetcxsed over several f»‘fi

:Vexpetimental parameters. It was decxded that the onlyigf f¥’1

o o



o practxcal w@y of cantrollxng suchva conplex sysﬁem waa_“
:_iby means ot a real‘time mxnxcomputer .
S Consxderahle txme was spent in desanxng and
:5“c6nsttuctxng the system. After tha sfysem was opera-'
:]'txonal it was dxscovered gpat the dat;\obtaxned
 1gsu£fered from a number of systematxc errérs.w The'
iilelimxnat;on of these errors proved to be dszxqplt._
’Jfalthough 111umxnat1nq.- HoweVer,Athe fxnal confxgura~

;txon seems to~be capable of @gﬂ&urxng resonance amplx—~
3 }tudes to an accuracy of about ‘0 1% _ \

SO A detaxled study o£ the orxentatxon dependence
Jof W /Wl of 23?& xn sodxum nltra;é at toom temperature-

fwas then perfonn¢d S;gnxfxcan; d;screpancxes wero
-? found between our results and thosqhof Reed, and we

: TNy

3 present possxble*explanatxons £or these..: 

The ateady-state dquble tesonance t

ffnot 91Vv:the magnxtude of Wl or N2 but merely nges

1fthe1r ratxo.n It Ls useful. and especxally so<£or

,v_couparxng measurements at dlfferent temperatures, to

o

fmeasuze these quantxbxés separaﬁely;, The fléxxbxlxty

‘afforded by the mxnxcomputer enablqd the approach to .
Q'equxl;brxum of the sp;n system to be experxmentally )
'tatudxed Prom thls so-called transxent exper;ment, v ”fi

the value of wl uas obtaxned

o
~



~‘A Tho thnory is pre-ented in Chapter 11 and 13
'uapplied to ;he specxfic ca,a ot 23

Chapter ux. " The: .achod ot obtaininq w,‘,/w1

Na in sodxun nitrate

,and "1 fron the experxnental data 13 desc;xbe’ in_~

f;Chap:er . The axperxmental deta;ls are p' 'nééd.w
iin Chapter V' the reaults obtained ate gf@en‘i ;Chapiér_

:VI and are dxscussed xn the followxng chapber.
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CHAPTER. I1 B
N s »
S s .
THEORY.
o ' o S
- 2.1 - Basic theory of nuclear nqgnetié{resonance,“ .

ﬁe?ah&ll cdﬁsiddr~&'hinglé déscription_bfﬁthe_

phenonenon of nuclaar uagnetxc resonance 'If we have
’ B

S nucleus thh a magnetxc moment p and - colinear angulat

'nonentun hl- xunetsed in a maqnetzc t;eld H ; then the ,'3’

Ham;;tonian of.the.sys;em-zs s
FS‘LPE:-~mH-I-Vﬂ%wﬂ o ]*[kzi) -

ﬁheté“ﬂ' is along the z axxs, I, 'is the z component of

Q_I,uand the gyromaqnetxc rutxo y is defxned by

__Y_*“Elzﬂ"é7‘lf'f S "'.:(2;2)
“\Thxs is ehe well known Zeeman 1nteract;on.}anq the exgen-'_{~
. . “ .
‘:values of,d are ngen'by .
. . ; o _ i} L A
1'3-]' 'Y““c“- ‘€'ff“:‘vM.*f' S "_ I

where the aagnetic quantun nunber ®m can take the values

:~,I (I 1%.... -I. The maxxmum couponent of 1is oqual to

rh whcte the so-calle& nuclear spin quantum nunber I
'fhas exther 1nteqra1 or half 1ntegra1 values. o _.: I
» To detect such a. systen ot enezgy 1evggs one"
needs a- resonant 1ntetactxon that can cause transxtions '37v7
:between them.,vln.o;de: toucause_ttgns§t;ons bctuegn thef: 

N

L



m and m* enerqy levels, a radiatxon field of anqular

vaftequency w -ust satisfy the condxtxon

.lternatxng uagnetxc field petpendxcular to _ofwili
Qcause magnetic transxtxons between enerqy levels rela-
ted by m =ms 1. He thercfgﬁp'obtaxn the,nqgnet1C-'

resOnnncc condition

w = yug . R - (z.sy\-;

The trequency @, is also known as the Larnor frequency

1sxnce it coxncxdes with' the clasaxcal precessxon fre-fl'

7,quency o£ a magnetxc monent in a steady maqnetxc fleld

»Por fxclds of ordet 10 gauss, the resonant frequency
.for nuclez occurs withxn the. radlo frequency (rf)

Accordxng to first order perturbatxon theory, the

'range 0 1 to 50 an.

,‘probabxlity of these -aqnetlc trana;txons 13 ‘given by

'E(Blocnbergen, Purcell and Pound, 19{8: hereafter‘retexred"

’:o;as BPP)

P s -1" P’n‘lm (1/4)yznzq(w) (1 . m) I-m+ 1) -"(2.‘61 |

fﬂcre. '1 xs che%amplztude of the cxrcula:ly polarxzed rf

'nagnetic tield &fd g(u) is a nornalxzed lxneshape o . .

£nnction whzch takes lnto account the finxte vxdth cf

-’the -agnetxc resonance a;gnxl ' Por an ensenble of _



v

nuclei, in a’rolid for era-ple, trangpgioei with pr;~
bability qiven by (2.§) will cause the energy levels

to become equaily populated The spin ay-tomlis then
laid to be conpletely saturated, and its teggerature
-1s.infrnxte.- In practxce. the ‘spin system is embedded .
in aefletiice‘ with which it interacts. Houever. ‘assen-
tially coaplete saturatxon can stxll be obtaxned provxded
‘thia so-called -pin-lattice interacticn is weak compared
:with the xnteractxon with, the Hy tx;Ta;\_xn the absence
of a ﬂl field. the spin systen vill come into equxlxbrxum ;
with the lattxce, and the ratio of the populatxons of :
"adjacent energy levels is given by the Boltzmann factor;

  explAE/kTL§, uhere AB is E‘-E-;l

and T 13 the lattzce
Vte-perature.' Correspondxngly. the ratxo of the upwarq
:and dovnward spxn-lattice transxtion probabilxties is

equal to the same Boltzaann factor. - Por nuclex at roon'

'.te-perature AE is typically nuch le-s ‘than kT : and the

exponent can be replaced by 1+ (AE/kT ).
o If we now consxder the case of I- 1/2, eg protbns.
then the . louer of the tuo energy leVels vxll be slxghtly

-ore populated than the upper. Thus vhen ul is applxed

L

',_and the resonance condxtxon is satxsfzed. there is. a
\

gnet absorptxon of energy from Ehe radxatxon fxeld “ The

- naqnetxc resonance condxt;on can therefore ‘be- detected

by non1tor1ng the radxatxon fxeld.‘ The fxeld Hl wzll

-tend to equal;ze the energy level populabions. whereas
R A

; .



the spin-lattice interaction will tend to maiatain the

a

spin system in equilibrium with the lattice, From the
pfinciple of detailed balancing, we find that the
difference "o between the population of the two energy

levels lutiltie- the expression

"o - 2N€n°f-Nq)<-2N°P ’ . (2.7{
where ftOIch.~(2.‘),
P (/OviHigw | T (2.8)

“dnd n_ is the equilibrium valie of N_ in the absence of

Hi._ In eq. (2.7), W is thé'lpin-lattice‘requntibn

| rate between tha two enerqy lcyols. YSince tha Boltz-ann

factor. ditrars so little !ro-,nnity, there is no naed
‘to,disgingugsh here bctvqon»tho npwnrd and dovnva:d.
tfinlili?h,#@tes,)i In the qu&ncé qt.nl;‘;hdﬁiolﬁgion
of eq. (2.7 18 . ST |

N = ﬁoll - Cexp(-2we}] - - @

where C is a constant deternlned by the initial condi-
tions.. The time constant of che decay (2") -1 13 called
the spxn~1attxce telaxatxon time Tl Using eqs, 2.7)
“and 12.8), wevfxnd the’ stqady s;ate-solution' i; |

Ln .

ST J g SR — I (2.10)

S PP (1/2)7 ng(u)Tl

‘ an exptessxon fltst derzved by BPP.,'”

e

P

10



‘The width and shape of the Jln ;blorptLOn
signal ‘is, in general, governed by several factors.
Perhaps the -bot obvious is an inhomogeneity in H_;
khou-v-r. this is an experimental detail rather than a
f\mdmnt’.a‘l effect. The finite lifetime of the energy
levels leads, according to the uﬁo.ttaincy principle, to
a linewidth of order (Tl)-l.(-:pr-iuod in frequency
units). ﬁnothnt<-ouxcn of broadening is the magnetic
‘dipolar coupling between nuclear .an-._ A typical ’
nuclo.r -ngnetie dipolo produces a field of order Sna
* gauss at a di.tanca of thr.. ungttro- units. Thus in
solids, the steady magnetic ticlé “ill not be the same
at each nucleus, . but will vary by .ov-ral gauss from ane
' nucleus to anothor. thoroby contributinq to the lino-
<\indth. Bau.v'r. hh.rt is another conttibutlon to the
linovidth. *Ono nuclodh ptodnceo an alternating -nqnctic
ficld at the site of another. I1f the nuclei are 1donti-
cal, the alternating field is at the x..nox precession
frequency of t.he second nucleus, and as uwké-ult"iny'
induce a ttansition. This -utual interaction roduca-
tha lifetime of fho enetgy 1evq1. of these nuclci. thus
producing_‘ ';itccilo hroad.ning » which turns out to be
co-pardble.to éhe"qthez effect. LThls mutual exchange
does not occur for unlike néclgi.‘ﬁhcrﬁas thcAtirit,
' e£;;¢t_is still present. | |

i



ra
v - ) 0 oF

7] A

I'bo calculation of the n um csused hy
muc dipolar lnt.otacuou RN Y !Mdlblo task. .
Rowever, as wes shown by Van Vieesk (1948), the meu-
lation of the momeats of the MR line is much mpre |
tractable. “!'ho moments are usually expressed in tro-” )
quency units, and ar.( defined by

- I(D-wo)nq(u)du - —~  (2.11)

wb.to " is the resonance center troqucncy. In pnrti-
culcr. Van Vlock found that t.hc -oeoad moment ot the .
resonande o of'a spin species with q)rro-.gnvtic g-tio Yo

12

o

and spin I is given by , : C.
3 Ydrasny a-3 mz'lk’z . | Y
. j.k -t’. . :
. . ‘ o ©
2 2 2 2 2
VYR 8(8+1) Q- 3 cgs“e a) ‘ '
+ } i X /e i ‘7 j‘{!—h ‘2.12,
8 99. j‘.s . .
where v, and S are tho‘qyrc-nqgutfc' ratio ph"'ot

{{aliko spin, .p-cios, ¥ is the number of I .p in
the unit cell, ij 1: the angle bohno.n g° and the |
,i.ntetnucloar vector 'jk' and °jt s 1- the angle m
B and rj ,8° The summation ) fs over all spins I 1n
the unit cell,’ the summation k is over all the 1 .phu
in the so\id, and ‘the summation & is over all the. uulik.

<

spins S.

0 -I-'



As Andxcated by BPP, another 1n§eractxon bétween

> ﬁ‘nuc1e1 and the 1;:::&3415 possxble xf I > 1.; In thxs

'case, the npcleus maﬂ possess an electrxc quadrupule

moment’whzch can 1nteract with- electrxc fxeld gradxents

e

e. nuclear sxte. Thxs 1nteractxon has three ma;n
'Aeffects. if: nhe cxme-averaged electrxc fxeld gradxent
is nonzero chpn addxtzonal structure xn the NMR spectrum

can result-°;hese change% xn the spectrum requxre modz—f

fzcatxons to the Van Vleck (1948) theory of second momenty_T

:1£ the electrxc fxg1¢ gradient zs fluctuatxng then an

'1

'v‘addztxonal spxn-lattxce 1nteractxon xs provxded¢ These

\

-effects w111 be discussed xn t followzng'sectxons of
thxs.chaptcr, - '__ e :
202 Eld&tric;quédrbbole}momentfof the ﬁucieu§_~;
B — 5 — -

The Ham;ltonxan for the electrostatxc 1nteractxon—”’

of the nucleus wzth elgctrl& fxelds Ls gxuen by -
&4- ]o(r)yi‘(r)av I ~,1 CoT ,'~.(.2.13)i':’

’

B

 where c(r) is the charge dens;ty of the nucleus. V(r)

'1s the elcctrxc potential prpduced by charges external

‘r:o the nucleus. and the ;hteqrhl 13 taken/gwer the - ’} f.:-
" nuclear Vblume If we expand V(t) in a\Taylor serxes'.

'7,about the nuclear center of masa. eq. 42.13)1can be . TN

L 4
written in the followxng fo:m ey ;'7fj\qf

o
. b

[REEPU



. e . . | B = av A s 1 o . s 1 a v Lo . B ) N e =
B AR A1 I ST {W‘] RGN

3 R ko Y
where I . ;$;’;;€ ..,., E |
;‘} ,I€y?3€f,f*56K£édV ‘jf;€ i¥;  l  >Aé7t.?w;f¥','E:i1éh

[

' The fxrst term xn the expanszon represents the eiectro—il”

statxi,enetgy of ‘a poxnt charge nuclaus. and z& thus\"

xnd@pendent of the nuclear shape or’ oraentat;on.'“fhkﬂ

»

second terﬂﬁzs zero s;nce che nuclear elec:xxc dxpole
- _
moment P 1s 1dentxcally zeto hhen measurcd relatxve to“f

'the'nuclear c’gter cf mass. The thxtd term znVOlves

", 'the nucleat elec:rxc quadrupole noment tensor'st nd‘
. .v‘, P .
i.;hg_electrac fxeld grad;ent tensor. The next term 1n .

\éhéfserzes 1mvolves the nuclear electtxc occopole~,;f,?*}\
moment. However, thxs is- dgazn 1dent1Cally zero._wfqgg”

5.\£ollow1hg term xnvolves the nuclear elcctrxc hexadecapale

e

ffA(moment, whzch is also zero 1f 1 <2 ikbragam11961 Cohen

 §and chf 1957) : Thus. 1n our work hexe we study .the -
'"23Na ﬁycleus for whxch I ;393/2, w ‘need only consxder
“fthe electrzc quadrupole xnteractxon. ancg the nucleu§
is xn a state of defxnxte.anqular momentum, 1 e.,the
' Icharge has cylxndrxcai symmetry on acqﬂunt of ats tapxd.
-‘sp;n,:xt can be shown (Abtagam. 1961) that the orxenta-'

1txon depehdgnt part of the ﬁuclear electrxc quadrupole

§ I sl
« . B

et
‘e



'where z' is the axiglofigpiﬁtoﬁ'ibélh§c1ebs. 

2 3' Quadrqpele splxt spectrum B

‘in an electrxc fzeld gradxent can be wrztten (Abraga :

:1961) o o RUEREEE R
= -yﬁﬂ r-(-;g—ry 131 - 1(1+1) . —r £I _ (.'(-,2-;1‘5)':;"" '

whete I.ali"t’ll . Here the x:

where V__ is 3 wa:; ax

C e : ~r.
. A I

"o

txty,-the so-called electrlc quaarupole moment eQ whxch

is defxned by ‘f ”:' - SO "5;f_,°5 ﬁs"_'i',f-_g;f'i

e _._I‘U.z'...z_‘ - thotmav | - @asy

s -

R

,@‘

1

The" Hamxltonxan of a nucleus w;th quadrupole\ L

moment eQ whxch 15 sxtuated in-a maénetxc f;eld H< and

Y.
cipalpaaesgﬁf.the:elgctplc i'eld gradxent tensor.-il_"‘
.qrxanged such~£ha£ P
AVgzl 2 iVxx.l‘ - '{_'-

as

:

  \eq and the gsymmetty parameter q are then def;ned by

.A/- B ) . : /:" ‘B

the. equatlons e "*[' S -A@Jya

. ,(32 17).

’1nteract;on can’ be expr.ssed xn‘teﬁms of a. scalar quan—A

Q.

zz. -

e L a2



'>two 1ndependent components Vda xn the ptxncipal coor- B

‘o

_éante-system.i The quantitxes eq and n therefore o
' >comp1ete1y specxfy the fxeld gradxentotensot y
| » If ehe sx;e possesses spher;cal or cubxc»f
" -symmetry, then by Laplace equatxon eq 43 zgro;-;xff?é:
"the sxte 13 sxtuated on an n—fold axis of symmctry w;th

3. the asymmetry parameter xs zero (Cohen and Rexf,

“51357): eq 13 of course 1n general nonzero., For lowet L
‘“,fsymmetry bOth eq and h are 1n qanetal nonzero..f&'F“ :

The enetqy levels of the system can be readxly

’ 7
tound by a perturbatxon approach xf the quadrupole

xntetactxon xs exther latge (Das and Hahn ‘}958) ot
\”‘smailacompAted axth ehe Zeeman xnteraction.orln fields
 f of otder 10‘ qauss. the electrxc quadrupole interactxon
fzs .

"so-called hxgh fxeld caae.: Accordxng to f;rst osdet

: %pettutbatxon theory (Ahtagam, 1961), theoenerqy levels' |

are’ g;ven by L ¥
'wéi“; ;hu §~+ ()hv {3 cc#zﬂ-l*nsinzavcosz )-°'
Tmo T o | _

o . I

o

: jwhe:ethe unﬁértutbed ftgquehqy,vd is:eq#q; to-wao/zﬁ."

a -

and -

1’(! - 0%)!(1* l)l J__f ’ ;»5(2,?oy7w

vg = 3efqo/(h21(21- 11 . o zam

. U

- satisfxes Laplace equatxon vzv = 0, there are onLy -:1 '~\.

Na xn solxds falls 1nto the 1ACter category, the f,:ff,V
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e The anq%ei-ﬂ and'Q are the polar and azinuehal anglqs

ot iblative to the principal hxes ot the.elact?ié

tield grad;ent._ The second ogder pertnrbatxon :erm»Q i
"1 is in qeneral quxte complxcated (Volkbff, 1953).» Thus.Lf; 

. un only ptesent xt Tor gﬁe special case qf n. = 0.
 1°° 5(2, ‘h(rrg—}ﬁ(g cosAstlécos,8)(8m~f1§41(1fl))“"»' :

. _ .;: Pref et ’“”J_.5_& ' ,k;{“ Q’”:mA' _ ~'“i”'
‘9#%(1ﬁ¢og26) (2u?+1-21(1+1»};= (.22 °
i ST S ; “’. S o wuggq%
. Por theocasé’l -11+ 2' it follaws fron eq.°(2 20) '
(. .

that thp first ctder NHR spectrun consxsts of an. unper-_ f\

c,turbed cent;er lxne correspondxng to the ""[ 4—.-%-"" : vl
transxtxon. flanked by n pairs of satellite linos.- Each
-euber of a satellite paxr ia synnatrically dxsposed

'Lrelatxve to the center lxne,iand the naxinun splittin@

is ot order VQ &Accordxng té che second order perturba-l' ‘
tiou theory. all the resonance lines are xn generql DI

| pertutbed, the naxi-u.*shitt bcing ot order volv .ijj =

aouevar,-this shitt is the sane far both the upper and _

lower nenbegs of a satellxte paxr. 8o that thexr separa-fji

o tion 18 unaffected by second order Quadrupolc atfects.;f L

2‘4 Hodzticatxons to»the dxpolar btoaden;nq

e 6o ot ‘ S
-~ “Por the case of arbxtrary spxn and no quadrupola_ﬂ .»

xnteractxon. the resonance trequencies et the various

naqnetxc t:gﬂaffxons coxncxde.- Thxs deqeneracy xs';f ”;; ;f”'



ST S o : - ST
s temoveﬁ by the quadrupole shift 1n the rasonance trequen~ i;fﬁ

<

'f cies. Ihus,‘the Van Vleck (1948) theory of dxpolar
bf°¢deniﬂg has to be modxf;ed in order to :ake 1nto RN

'- account the fact that not all nuclei now cantrlbute to

@

the broadenxng 1n the same uay.‘ The theory has been

'extended by Kambe and Ollom 11956) and Abragam (1961)

for thc center line rcsonance for half integer nuclcarﬂ @jgf3yF

'ue now defxne ‘lxke "nuclex to be nuclex oflthef::b%;;ﬂ}

same specxes xn equxvalent sxtea havxng the saue elec~ 

tric field qrad:cnt Thus 'like nuc1e1 have xdcntxc&l iffgﬁii

‘e

’¢°8nR spcctra., The contrzbution Hz of such nuclcf :o the

2 2

21 (I*l)

f# 41(1+1)
"T7

ji + 3x(x+1)+»§g

1572141)

' 2, 2
(l 3 cos ejk)

C -

-77;7f3(¥f “” jk ST

o uhe:c the :unnatxon xs over alll'likc' nuclex. und the 3§j£}7?_3

re-nining synbol: have thair ﬂsual neaning.x;.;ff:_iz "" ?
1f ue detine aenx lake nuclex :o be nuclex of

the aa-e specxes but located ac 1neqnzvalont si:es in. ‘. ;”

the unit cell, then, to titﬂ% ordet.the centdr line“ia'

g owerlqp and the satallxte lxnes do not.1 The bontrzb'-  1-i )gn
tion nz fzan aenx-llke nuclex to tha socond -onent of. ifw(.fs“
 ¢ :he cente: line xs (Abragan, 1961)  -;“QV~\f‘ ”J'f, 'i: f[TQA4"

- . n . B Lo . . . SIS



19

“”,f' Lo - : ; o S .43,“;”11>J v‘ . “‘A :>'tv
- 1 41(1+1) (21+1) (21+1) 42

:g;-ff;{»(1;33¢¢6g2§« Bom R e e

e

For unlike nuclex, i e.rthose of a dxftetent
fspecxes. thc’second momeht contrxbut;on 18 the sane
~{as that qiven by the Van v1eck formula (eq (2 12)).

Q. DU

11 Conpar;son of eqs. cz 23) and (2 24) with the Van Vleck
f}foruula shows chat the cenber lxne is. natrower than xt
5;;;: where there 18 no quadrup;le splittxng.v‘ e

L Acco:dxng to Betsuyaku (1969).‘the second monent
ﬂtﬁdf the m — n—l resonance for the case of 'lzke apxns =: ?'
;ffxa gtvon by  ff k) ST . 8
-_.;’lil2 » {-I-ié-?—li ﬁh(l (1*1) -‘_I,;(:'-I‘t»l.) (ZG-Y) f’q'?-‘f-"aik- 1’} '
k ‘(1 - 3 cos 8. )2
:_-.Y‘hz 1 1k

K . 6 S .,.u"._. ?_
?'5*.‘15 T R

-2

 $2025):,

s
o

'Por exauple. xt can be: shoun that for the - case 1 - 3/2, '
”the ratxo of tho second noment of a satellxte to the

::'sacond noment af the center lxne is 0, 852 for the case

of btoadenxng by 'lxke spxnz." 2



. where -

e

Co
e

2. S Quadrupole apxn-lattxcc relaxatxon

\>..-

20

shall now conszder the eftect of a tluctuatxng Vf

a

»electrxc field gradxent at the nuclear sxte.f Usinq the L

fnoea:;on of Pxetxlb (1968) ‘and Snyder and Huqhes (1971).

the Hauxltonxan of thxs 1nteraction can be wrxtten in

*2

-2 u'-2 R u.'-_“ R

BE Vg2
S
2he /B vy i)
B = (1/v6)m(V: <V )2 4y ).

-

0% = k0312 - raxens)
QT kRN, - 11y

e akiErnr?

g;_azggj(zxtzieifs,.."

';¢ .xn a rxght handed coordxnate systen tx',y ')fin’g.

"‘uhich H lxes along thc z'?axis (the x',y axes bcxné'_

4

‘-arbxtrar}* the aatrxx elenents of Q*’ate

N

yff -

R l:m)},_v

o
lall
bl

K]

,,2l

f»xfzgzx;{(xsa+13(r:niil’z_”: i~ L .27
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Y

L e (B (1w (1¥m-1) (Temel) (Izme2) }..1"2: S (2;13;‘*7 S

'fprovided the quadrupole intoractxon i: snall co-pared

' w1th the Zeeman 1nteraction. It can bq shown by a

vperturbatxon approach that the relaxatxon probabilxtxea
. for tranaztions vhxch change the maqnetic qunntu- nunber

‘_;by one and two respectxvely are (uuqhes. 1973)
. 2“1 2 exp( -8E )!<n'|Vx 'zt i\{ z""" :
.,‘A . ; - ‘ - Z exp(-sgn’ ° K . E .
R < ¢ S

"6.“’5"{’%? Fmer=Be) 0 .29

, ‘ Y exp( BE )1<n';(}-)(vx % Vyry

L .nn‘_'re_x_pf(fﬁgn)

2 Y

g . L . . N . ) . . : : ! /..

SO CESE LB o T (2,300
Cowmere i
Ay (K/2) (2ms1).{ (T-m) (Teme1) 12

_ 35 (k/Z)I(X-n}(1—&01)(I+m¢1)(!+a¢2111/2 {‘

e,

’Hbre°n and h' are- xn;txai and fxnal lattxcc statcs._en

-1 0

E xs an quenvaiue of the lattxcc and :‘18 (kTL) . The
= dependence ot the nultxplxcatxvc factors xs renoved
;"by do[xn;ng hl and “2 xn thc-:ollowzng way;(Xstda qnd;

nogxya. 1956) ;_',

21
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o e ey (1em) [*'2. :
w - ‘ ——— S L (2,31
. memel Ca@-n¢ : L
| W, (I-m) (I-m+1) (I+m+1) (T+m+2) - |
w - —e - - (2.32)
w2 21(21-—1)z | L
Thus it follows that wl and H2 cab_bé,yriﬁgeﬁ‘hsf’
o . - o 2
. . Z exp( SE )f<n'lV -iv_,_,in>1*
‘w,.-'lez 2 - nn! x';' ¥ z" - .
1 1 ] cxp(-BE ) -
o e .n
-, -E_+ £n¢1 EQ Y(2.33)

) qxp(VSLn)t(n.L<?>(vx.x. Vpry ) TiVapeen> !

expi=-&
A nn'-xp( nEn)

e En*?mz'%’.--; s

;The probab;lxtxes wl and w2 govetn the relexatxon beha— 

vxour ot the var;ous resonances n the quadrupole splxt'

'specttum.. Thexr nagnitudes are ‘in. gcnerai dxffercnt
f'bccquse they’xnvolve dxffcrent tzcld gradxcnt componcnts.
Houover. they arc expected to be of the sane order of .

,2.6;Qrihntatioh'dépendencc bf'the quadrﬁpoleirelaxatibh N

o2 271 LY ‘ b : «
0 Coo-nnc : . : .- .
27 41% o § expt-ito .

In the hxgh t:eld case, Ehe external nagnetxc z;eru‘

‘ _H detcr-xnes the axis of. quantxzatxon. He have aecn L

iin section 2 3 that the saa spectrum chanqos whcn wc

1rotate u xelatxve to theemrystallographac axesx" T oy
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"Sinilgrly, tha‘qundrupolo.:o;;kaqiqn,prbbgblltticl 
Q.;y Qith”the‘oricntation ot\ﬂd. relative ﬁo ght/
crystal. . -  ‘ o . o . o | .

| | Tb calculate tho-orxentatxon dependcnce of “l'
and "2 we trpnsfotm equatxons (2 33) and (2 34) from o
the prxmcd coordxnato systcm ‘to an unprxncd (rxght
hnnded) coordxnate syatem-faxed with respect .to the
_crystal. The polar and azxmuthal angles of H rglaéxyé%

......,

‘to~the new coordxnatc systcn ‘are dcnoted b) 3 andfﬂh

Thc transxtlon probabxlxtxcs Ni and wz can thcn be . "“f.

« expresscd as lxnear cqmbxmatxous of a £our*h rank tensor

A

{Nyc, x957- chtxla. 1958)’ =

N - < " ot
| z-r:;'cxp( E y<n* ‘b n> <n’ V a,m (L En’smp !h)“
Lagarat TR — ‘ |

nn'. Dol
© {2.35)

 whcre a,‘,a ;5‘ g 1.2, 3‘3fx,y{z ﬁnd'i'.i‘?6?.“f:‘§a-?i;f‘;c{.

_fforiwz._vxn Qanral the are complex and chus v |
Sowrite "k, - S T

LQEQ"' -"Hd avae s l"a:s:x sl

0w

{rou whxcb xt £ollovs that

- agatst TMaigeas (2.3

(2.36) b
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j':Allo .xnc. Vag " ﬂ and from Uaplnco cquction { Vaa =0,
. th-r- are nnly fifteen Lnd.pond.at u aBa’g" . enlponcnea ’
qnd ton indop.nd-nt "qaa'ﬂ' colpuu.ntl.

1f the lattic- gctintiol the principlc of ti-n \
-lt-v.r'al 1nyar1cnc- (Goldbcrgqr and n-tnou. '1964) it
vcan h- :houn (uuqhoo. 1973) that the guadrupole r.luxatton
}eonaor is real. Bv-n if- tin. r.v-thnl 1nvnr1ancn is not
’ontistiod. then tho Loaa‘p' co-poncnts lt. rcal pﬁuvidcd o
th. sxtc posacqncn 1nv't.xon 'y--t:y (nughco. 1973).
.5,u. ahall givv tbc 9encta1 oricntation dcpcndnnc- of w,
.-cnd "2 tor the case. ot a r.al r-laxation :cnsor in
.pp.ndix I, sincc thene oxprnsdion- aro -o-what lcnqchy
' Portunately crystnl sy-.try vill reduce the nu-ber of
f_indcp.ndcn; "nﬁa~8‘ coupon.nts (Snydor ang auqh.s, 1971)
'cxe.pt for the - case ot tticltnic-point qroup ty-ntty.

23

In pc:t;culaz._to:, Nc in aodiun nitxato uhqxt the poinc

: qtpug lyn-ntty is' 3, thortonrc only !iva indapondcnt

Magare® ‘components.

2.1 n.cn.hxias»zbr quadry '1c‘r§1.x.:10n‘

51‘7.f We now dL:Culs various -.chanis-u\which have bocn‘ E
topoaod tor thc~quadrupolnt Lnt.tnction of thc nuclcl
~vith zh. luttico phononn in a solid,.v qunntitios a”'

;_,vhich occur 1n oq.,(2 26) contain thc 1nfownnt;on

1? rtqnxdan tbo latticn vxhrations and h.nco th. fluctuat—"

‘fﬁinq ticld qtadioncc. Bchndinq l in a Tayloz -.:1--

—



about the .oqu.lnhru‘n pooition; wve obm;t

Wy _v(.u)o . (3."]

-

djg.f.f. f'_"tﬁz.vs-n |

‘where the uy are mu of r‘.lauvo "'d.upladc..tftt{

and (), signifies that the quafitity is evaluated at the
oquilibrlnn pouition.Spln-lnttico -chanil.s anolvinq
cho term linear in the diaplacn-nt or guadratic in thc

diuplaco-.nt have been propoocd by Van txan-ndonk (1954). .

An cxaq:lc of one hwolvlnq the linctr term is tbo so-
Vcalled direct proccss in whxch s ltttico ‘phonon is either
-cruated or annihilated. Those phonons havn a ft.quoncy
equal to the resonance frequency ( » 10 uz) cnd. cxccpt
at very lov tenperutures. consututo ‘only a s-all frac- .

.tion of t.ha~ tot...l phonon population. An ou-plc o! an -

1ntetactxon xnvolving tho quadratic term is the in_di:ect

har-onic Ra-an process. v Here. an incoming phonoa

; uu:ctacts with' the nuclear tpin chereby producing a,
phonon of ditteront emrqy. the enetgy di,tfannce beirig
- :akcn up by thc nuclear sp.tn. » “This 1ntcractiqn 1nvclv¢s '

j__-ﬁ.phomg tro- the w}:ole phonon spectr\-, ‘and is thcretora

'n.kcly t.o bo -uch noxe x-portant than the direct proccss.'

) _v.n !(ranendonk and ualker (1967 '1968) have suqqcaud a

mird possxbilxty which they call thc anhar-onic Rannn -

process. 1f the latu.ce potenti&l enctgy il explndod

—in a 'rnylor nries about the eqm.libn.u- contigur-t.ionﬁ.

=

X
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the quadratic term constitutes the harmomic m&m .

3‘1

N PERNS TEES

“ .
ey

? %‘ﬁ

anharmonic effects. The anharmonic Reman process | "%
involves the first (cubdc) smharmonic ters ix conjunc-" .
tion with the linou-eu'phﬂ. (2.39), uug,um- -

‘action is similar to the harménic Ramsn m except R
that an’additional virtnnl pboaoa is anol.nd ~Nan | R
‘Rranandonk and Walker usn. 1968) have sfiown that mn - e
both' Raman processes, the relaxation rates  bave. the same "

mnn'- domdouco na-.ly - ‘ ' . AR -
1"2 [ ?' \ ) fﬂt '.s °O°2 ,..\" » N .-
- rely. n-") :orr*zoso"j | (z.ao)
ubu-c ‘r‘ is the .o-cau.d rodnood‘ m.tm r,_/on., - Q

m ‘h is the Debys temperature. 'ﬂn mtut k is’ ‘,
“very -aeh less than unity. Pict:lll (1960) has .hotn

[ that for 23ga in wac1, the harmonic and snhérmonic |
" Ra Wmmalmotmmstmmatm
rature. Which mechanigm, if ‘eithér, proves to be
t 1n a p.ttieu.lu: crytul in therefore :till au )

!-

qu.ltion. ©



~ CHAPTER TII = . »
o THE #%Na NMR IN soblum NITRATE & -
}} 1 Crystallographzc 1n£ormat1an onosodzum nxtrate ftzg'f D

He need the structure of the ctystal 1n order to |

*-predict the electrostatxc and magnetxc envxronment of

ZBNa sxtes._ Thxs explhxns the NMR of 23

'3f'th Na xn sodxum o

*‘v-»fnnrate. o , ' o R
| ”' Sodium nltrate belongs to{éhe*rhombohedral crystal
A7aystem (space group Rac. Dsd) and has two unxts of NaN03
| Vper unxt cell. AAs can be seen frOm Fxg. 3 1, the ﬁ‘tre\
“fgen atoms are 31tuated at the corners of the un;t cell '
ff; and also at 1/2 1/2. 1x2, wheteas the sod;um atoms are /f
T 1/4. 1/4 1/4 and 3/4. 3/4 374, “The nitraee groups S
:Tlle ;n a plane perpendxcular to the three—fold axxs. and

: gconsxst oY equilateral trxangles of oxygen atoms w;th a :

Jlnitrogen atom'at the centr01d of the tr;angle. The

. 'edqes of the nltrate group tr;angles are parallel to

'}fthe pro;ection of thg,unlt cell edges 1n a plane per-

-'jpendxcular to the three—told axis.. The orxentatzon of

5

”the nltrate qroups alternate by 180° along thxs axrs. )
" At room temperature. the Length ot the body diaqonal xs :ff““ﬁ
lm15 az a" the lenqth of the unxt cell edgé'xs 5 070 A'”

H!and the nztrogen—oxygen bond lcngth ;s 1. 257 A’ (Paul

~ and pryot, 1971). At room temperature; the motion of

P



rhe unxt cell of sodxum nxtrate.. For °

: clarity only two groups of oxyqen atoms
‘ T : B ~0t

ate shown.






AW
f  the sedium nuclei xs alnost conpletely 1sotropxc,°f1 L
: wheteaa the notxon of the oxygen atous is-soaewhat""
Hear 276’c. the structute undetgoes a second :

o order phase'transxtzon.v Thxs is bel;eved to be an'f

O

5 »otdet—d1sorder\type of transxtlon in whxch the otxen-'\”

v 300

anisotropxc (Cherxn et aI, 1967~ Paul and Pryor, 1971). fan

51tation of the nxttate gtoups becones d&yo:dered abovef.fj

o

‘?the phase ttansxtxon the nxtrate grcups are statxstx-"’
:cally dlstributed amonq the two alloVable posxtxons
“7(D'A1esmo and Scott, 1971 and references therexn).

As there ate two Sleum atomg)per unxt cell in

”e;the room temperature phase. this means chat the;r ,'i/’f o

w",envxronments are - not: xdentxcal Each sxte possesses 3
y“syuuetry,"the txme-averaged fxeld qtadxent cowponent
u' bexng the same at both sites._ Hovever.,ptopertzes
-; wh;cn 1nvolve a tourth-rank tenaor are . not.necessarxly
el'ddentical at these sites. The difference between the-'
° renv1ronments of the two sttes can be seen 1q3ng.>3 2.
The.envxronments are, Ln each cas;; similat but are . ‘

‘Aldifterentlyvorxented in space,‘ ing synnetrxcally
ﬁ%dispoaeﬂ thh respect to the thtee axxal qlide-planes
.»of the crystal f:vi -f%[}f»{gﬁn{"\

.0

o -

P

Since each sodxum nucleus 1n the unx: cel} has an

xdeqt;cal static electtxc field qradxent and since I°1s
Cet . 9.,

-;3%5ILTheenHﬁasﬁeettnm'inehpneerfitiliineesédiun«nitteie-5



-ﬁ"’?iqu.re 3.2

.0:'

B 'fThe plan view Gf the nearest neigth"t °*¥9°“}5

l'atoms for the A an& B sodium sites.r The chaxn;~

.

”3_11nes represent the 1ntersections ot the qlidef'
'f p1anea aith the x-y plane.i The‘ptzncipal axesv“

"; of the M-tensor £or the tuo sites a:e shown asf-

| A'YA

 -0£ the maqneexc field ﬂ onto the x-y plane. PR

and xB,xB., Also shoun is the projectxon'






- equal to 3/2, the NHR spectrum consists of a center T -
>lxne and one paxr of satellxte lines.7 It follous from |
j‘ﬁ?f (2 20) and (2 22) that the resonance frequencxes

eﬁare given by ' - | |

EROVAR é~1v£(o/¢){3lcészea§i+gysiﬁza'éos'2¢)‘

oy

+(3/32)0 sznzzv‘ g““-{];,_ef'-ﬁ SRS S B
o Q;Iva'- 1-(3/64)0 (9-c082&q-1)31n2° S I - I S N

ewhete v, ‘is the ftequency of the hxgh or low ftequencyi
!satellxﬁe,'vc‘xs the center lxne frequency and 0. xs
e:e Qq/hv ; It is belxeved that the sodxun nucle;'are
’sxtuated on a three-fold ax&s:{the asyumetty parameter,':'
v in eq. (3 1) should therefore be zero.- A neasure °f,ff
-;the statxc quadrupole 1nteractxon 13 e* oq/h the so-;'
,called quadrqpole couplxng constant. At roon tempera-e’
'ture, thxs has a value of - apptoximately 335 kuz and a ;jf'
&_temperature coeffxcxent of -0. 33 kHz/’C (Andrew et al.:-'"
:;1962). At a fxeld of approxlmately 6700 gauss (the f;~’
strength of oﬁr magnet). the unperturbed tesonance V: » :
£requency 13 7 SS Mﬂz.' Thus. the seoond order quad-~.e‘x:.
rupole shxfts are less than 2 knz and any third order _ef".
~shifes (Bersohn, 1952) il e less than 10 uz.;_. |
PR Lnspectxon of eq. (3 ;} indicatea that the second

order quadrupole shift 1s«zero at. = 0 or - 90' : Indeed.

'at all otzentationa; the seggration botween the tvo



.34

satellxto 1xnes 1s uanfected by the ‘second corder shxft. 
The relatzvc anplxtude of the m~—~.m-1 transx-r_r.'

txon ‘18, qxvcn by (BPP)f‘
‘ ..,’i.o“ ) : . : ) o
_x(xfl}). - m(m-1) { o S (3,[3-) i

23

4
- -

'Thus for the case ot " Na, we obtaxn 3 4 3 for the rela-.

;txve cnplxtudc of a satellzte center lxne, and the  ’

othct satcllx:c respectxvely.~‘ ‘ o ‘ |

o | He now cons;der the - 1§new;dth of the varzous'r

"‘resonances.~-rhe theoretxcal parameter is. the sccond
‘ nouent 42' buc thetﬁ xs no unxque relatlonshxp between

'E th1s pataneter and’ the Ixnewxdth.a Houever, for the

bflxneahapcs cpmmonly encountered 1n solxds, the followzng

o telat;onshxp 13 K- good approxxnatzon (Abragam. 1961)..;

ane\udth - 3aﬁ- S '(3.]4)

' '.where the Ixnewzdth xs the peak to peak wzdth of the_ R
resonance dcrxvach&.' Accoxdxng to" Andtew et’ al (1962),
 the second monent of :hc center lxne fory23ﬂa in sodzumA}

'E,nitrate is"f'
My = [29.57 ~2.97 cos 26-9.14 cos 48 +

| _.o‘sv.:o‘t,(z'“'sin-‘_Za - sin ;e)-.éos.jau 10'u2® L s

Y

jIn thx: casc approxxnately 5% of the second nonen: ;s

g tto- 'like spxns: thc re-aining St is caused by the
'14

4 —

N nucle;. ‘Thu;.rg;ing.eq.ﬁtz,zs), qp Houldxgxpectqthé_ -



sec‘nd moment of a satellxte lxne to be approxxaatcgy

¢

0. 859 of that of the center. lxnc

3.3' Orientapibq depéndcnceléf}wiﬂgﬁgfwzﬁ

B Thc orxentatxon dcpendcnce of hl and i'for a‘
.vsystem of xdentxcal nuclcx at sxtes posseSSjng 3 7

symnctry is ngcn by (Snyder ‘and Hughes. L921).‘

31;j*?%‘{ﬁ‘“1111f§51313'”3333’~‘%231313 M3333)c0ss

o | 4
“"1111 ?6"1313*8"3333’°°5 ¢

B

s

é\lsly;ii3.¢bé 3¢+ My, ,5 sin 3¢)s§n3@¢os'@}_(3;p&f~*»

o e2g i e e 2
¥ ,‘?3‘{‘"1111 M1313*2M 3333"‘“"1111 6M33331c0s E
. ‘ . ; . g ’
M ‘“13r3*2"3333’°°‘ R
' oo s

”.;}(ﬁ;1l3.cds-seo-a;l;3}s;hf3¢)§in?e;c§s§},- .7

" < o . . .
;o (S AN o - °

'wheére: the z ix;s coxncxdcs thh the three-fold -axis and.'

(fthe;xuahdfy.axes are a:bxtraty._ If the x and y axea'
1vlate‘to€ated" the couponents *1113 and "1123 assunef‘
difterent values but the quantxty (M““]D3 cos. 3¢ +

:"1123.81“ 30) remaxns unchanged The other componen:g

1111. H1313 and H3333‘%re unchanged by thxs transtor-'f‘

".-q;;on@ﬁ 1t is conven;ent to. choose a coordina;e system ‘

-

o

T



S

in which "1125 ;s zero: this neans that/the x axxs

'”coxncxdea thh a; ptxncipul axxs of the M tennor.;

»',dxsposed telatxve to the 1ntarsectxon of a glxde plhne

)

%

_udu-vot? 1t is xapo-sibla éo sznultaneously satisty

23

-thil condition for zn NaNO ' on account~of the '

ditterent envxronments at the Al and B sxtés.f,fhé_¢
Y o .
ptxncipal axes for these two sxtes are ayunptxxcally

ii.with the x-y plane.. Thxs is illustrated in Fxg.f] 2

juhich shows just the neazest nexghbour oxygen atqns

If wve suppose th ese atous vxbrate 1sotrOpically, ?f

';then tro- synnetry consxdarations one would expect 5

X, YA and xB. Yg to be the x and y prxncxpal axcg of

o thc M tcn86t vhich chatacterizea each sxte.” Takinq

1nzo account aore ranote nethboura, xA' ya and xB YB

.

: arc no- Ionqer in general the prxnc:.pal axes. aowequ.

" 'wowinq to the short tanqe of the quadrupolar spin-lattxce,

e

v}_rint‘t‘bﬁfon (sce, tor exanple, Appendix II) the gearcst

‘noiqhbour -odel xs lxkely co bc a good apptoxinatxon,

!or vant ot evxdancc to the contrary, e assu-c that thc

\

3

Principll axas ot :he 1ocal M tonsor do xndocd coincide_ﬁf

ot thn crystalAsy-ntry, ue choosc the xiaxia ot our
coordiua:c sys:c- to coinctdc with ehc intottection ot

a qlid. planc vith th- x~y plano. Thua. ttt.xr-d to
thia ooordxnato systen, thc t.lnxation ptobabilitics

- for .u:. A wux ‘be 91ven by -q-.. (3 s) and (3. 7) 1: u-

’ wieh x " yA and xa YB rgspoctivaly. Tb -nko full use e



-make thé substxtutzon° : P

in 3e) o s vty
.1113 qps 3 - M1123 8{? Jf)ff’}HlLJ cos 3{: .°) 

(3.8)

et -

'f“where,;é xs t;e angle between the XA and x axes . as

‘ "showﬁ“fh qu-»l 2. ~Fox‘ sxte B, eqéww13g6} andv(3,7)

.}ate nodxixed as follous-

(H1113 cos 3.~0M1123 sin 3 ) __'MIIIJ cos 3(**'9 .

(3. 9)

37

' Thc A and B nuclear spxn systems wxll be stronquv

“coupled by~ spxr cxchanqe xnte{actxons (Abragan and

L»Proctor, 1958 -Bloemhcrgen ct al 1959; Andre& and

‘Swanson._1960) du; te rcsonancu‘bVLrIap, sxnCQ ‘each spxn E

 8ystem has tho same st&txc quadrupole splxttxng. Aiso,-‘

"as the heat capacxt\ of each systen xs 1dentxca1 the

-?gobsetved rclaxatxon probabxlztxes wxll thcn bc ngen b"~

Mo ("15' 18)/2 e Bae T
o Ny g@(ﬁle* ﬂzB)/Z . e ’ S ‘ ;(3,¥1);
. R - v ‘
y? xnsert the xndxvxdual :elaxétxon probabxlxcxes
"}.1‘{\0)&(}8. (3 10) and (3 11) ,' we obtaln s ’ i 1_-"{ .
2 2 - P .. . . .

-QQ ‘ 2A
BE S L1 {(4”l111 REIEY “3333 ‘12"1313 9:3333’?°? 8.
11117, 13138433330 c08 ¢

(<]

cos&} . @an



8

C

ze \ . . . !
2,
‘TE”{‘”xxxl 1313*’"3333 6M)1 ‘"3333’°°’ ¢ n

N

| o , |
".‘ ‘“1111 1313’2"3331’°°’ 6""'1113"“ 3o sin °°°’°}"

—-— "
-
-

. (3.13)
‘where '
. . : . 7.“ . : ) . -

M " Mg ©o8 3¢ -
| , As discussed in seCtion 2 S, the "asa vge xn wl
are xdentxcal to thosc in "2 for nul:xphonon relaxac;on

procefs, Thus the rahia wszi can then be exptessed as,'

R :’_ ’\4" . . . : . A
(1*4M1313‘2M;a33)«(6 6M33333cos RS

h *(1 -4, | +21 )cos‘e+4n cos 3 §1n38 ?os ] '
Ty 1313 3333 11 ¥ J

- -

2,

-v_q £ ~

’”{““”1313’”3333’ ‘12’1313 9”3333’°°’

< . 3
3 o
-(4-1681313¢8H3333)cox 5 16&!1113 ccs§0 sin ecosé o
i (3 15)
0 -

.;Qiyﬁétp;’ N. 
e Y e e T ey
51313’*:“1313/“&111.r B u,f,i'(3‘15?.,»
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£ tho quadtnpole\relnkaticn 1: cau:cd by dittusinq

f_. chatgcs. tox exaaple. the H Ba'e' yill not in ganctal

"/SE equal xn eqs.<(3 12) lnd (3. 13) (Snydet and Buqhe.,- B
“1371)‘ Thus. (3 15) uill not be valid in that. caac1 -

t R . ‘a‘ _,——-—-“,_
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A nunoricql calculatzon of :he nornhlizcd M

;an-or components "1313' H3333 and H1113 has boen

Aqiven by Reed (1970) and ﬂughes and Rcod (1971) tbr

.'cxently large that the thtee tesonances are N!ll relolved

. tion of the nelaxat;on behavxour of the

.

a nearent ne ighbour poxnt-chatqe model of sodiun nxtrate;,"

The detaxled express»ons are souewhat lenqthy and are

thlrefore ngen in Appendxx II. -

3.4 sgjnéiattice rélaxation transitioni

~

The/ 3Na quadrupole coupling constant is suffi-

at -oqt crystal otxentatxons. "For an accurate oalcula-

23Na apxn sxst‘n

it is necessary to take 1nto account the quadrupole

}

 the resonance . trequencies as  _ R ';\ '““*;_ L
A ‘ ‘. ; . ». L - > S [[ . . . »“ E . ' . 'b‘, T -
wemvemaa LT Gam
Ve mVe B 2

shifts of the energy levels. novevez, for 1arge naqnetic 

tialds. the second ordor quadrupole shifts arc sjill

co-plred wi:h the tirst order shifts.; Thus, we can wrxte

23;

Since 1 - 3/2 tor» n&. the qundrupole relaxation .

probabxlitxcs are given bf’%see cqt‘ (2-31) ‘ana (2. 32))

~

“%*B 5;53:;!1?.35 o wg:  5“ fo | (3. 23)
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Mt " Wyeog= My - - i, (328507

0. "‘

n .

m:, tor a popul.@.icn dynu’icl calcnlauoa. 1t 19
necessary to bear in ming ‘that thc upwatd audmrd
trmiuoa probcbuiuu m ndt exactly .quu sincc .

‘thoy aro nlatod by the aoluunnn fngf.or. " we thorotorcn “

choose to:call the uparard ‘transition probabilities w, a,

and w,, and’ t.he corrcspondinq do\mmd ptobabilit.ic. 7"_. ‘}

@L(1+ A undilz(l‘FZA:G) who:-
. . 'y . _ ST e ‘ ‘
- ) . . ' . _ » o
a h"o/kTL - T (3.26)__
o - . ) v %  | .
These tﬁ’at’uition‘s are sh'own'in Pig. 3. 3 ’
. N o : Q

In qencral. or@c may al-o oxpoct‘.sou uqnetit:

Q

-}nlmtion. dm. f6r example, to par. "ti‘g} NS
- ‘l‘h- upward t:annition pﬁbnbility for thi- cnio ‘11 g.lm '

»

by (Andm and Stmg-on. 19607:0 - e; S —

. ) V '- ’ o . T ’ .‘ ) ':s;: .
Yoy ™ n,u«nua-»u o S Ban F
. ¥ ° B

and’ tb. dovmgard transition ptobability is ohtainod by
-ult.iplyinq eg. (3 27) by tho appropri.a(;- noltm.nn
_ !actor. ‘!'hcu t:u;-iti.ons are alno ahovlr in rig. 3.3. &

A

3

,u the xcoounc.s m wt wglﬁ r&.olvul. -

addl.ttoual umiuou wzul cccur dn& !:o th. ao-eall-d

) cpin—cachnnq. h;mmioa (Abrcqu and Proctor, 1958;
: noc-be:gen et .1. 1959; Andm and 8wantou. 1960).
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The spin—lattice :elaxation transxtxons

o the case I - 3/2, where the quadrupole

cplxttan is suffzcxent to prohszt spxn- .

exchange transitions.g-
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5 KH 1 Steady-state dduble resonance uechod for ubdsuxan
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s

’i £-af, It was tirst denonatrated by Paund (I950)°that .°f- f
it 1: possible to distxnguish between nagnetic and 'E}f }*“
"a tesonance experxuﬂnt on a quadrupole-split apectru- |
Por tpe casa I equals 3/27 Bound sh&ued that zﬁ:nl equals; M

o

Wz,and ﬁ3 equals zeto the population ditfexence ot a

'ine i; savnrely saturaeed. Por the caae

vhere nagnetic relcxation is ddhinant, vound shoued that  '"
saturatinqoone resonance vould cause nozchange in thc
othera,# Later. Abragan 11961) generalized ;he th;ory

i and shoued that the latellxxe enhancenent E is qiven by

E ‘-_]uf..zx)/»uf@x); f R :-‘f,("af'l,’-ﬁ:

ﬁﬁére'x ‘;'“é/"x; Thus. a nnasuxanent ot the aatellitd {'.
vgnhancement should provide a value of Hzlwiu It is §
f;ﬁobvionsly asseneidl that nucleg involved nust be at . _
5'sites qf louer than cubic syunntry It is 8180 highly ujﬂi

'desira le that the sanple should be a. single czystal.

satellxta,(; e.-xts hnplitude) is increaoed by se‘ uhen o



. ":..demaae the populaticn diﬂ!emc. ot the tvo enc:gy

ao as to p:-vcnt mars,ng of thn ntc’lliut. Abg.gu

: :-wmd that "2/"1 could also be obtaincd by uvgmly
',*"‘“’"'—1"9 n sat:euita am! muuting u.. Wlit:ude ot: }‘ N
.~w';th3 centet ‘line or the othet ntelu.ec. _,t:ho 'nhnnce- ,/~
-_ .-ent;s bei.ng tespectively equal. m : U AR

‘6',:»"

E= (3 + zx)/(z + x) I L R ¢ 7% R

Lo 3-2,(2+ x) , SRR ‘, . (4.3)

,, |le now present a s.i.-ple physical pictm whinh
'the authox has -found mfnl in expuming the. enhanc.-_}
f;"“".::-nnt: ot tha satellite when t:he cente: line is severely
’-'uturat.cd‘v‘,,".ﬁjm spin-latﬁicc telmtion transitions o
tond co keep t:he cp:l.n syaten at the latti.ce teuperature, 3

"whereu an tt ﬁeld applied on tosonance tends t:o

. _l..vnu mvolvpd Hhcn a 1;:90 u:t:uration tield is \ o
a.,-'_.épued to."thai cent.er une, | 1:: pop\:lation ditfe:ence

:api.dl.y decays to a mll v.lue (:ero i.n the case of .
- lete saturation). It can be :een fro- Pi.g. 3 3
that the populatxon difte:enca ot oach saf.elli.te linc

', -ust cotnupondingly 1ncnau :apidly to 1 s. "o' \_nha:e :
n 1s the oequx.li.hriun population dittetence h? ehe :
abque ot appn.d rf fields un this discmion. ,
neqlcct the ml]. correcti.on tactor 8. 'rhe wl

f-echarusn \nll tend to reduce the satenite populati.cn

C],.
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;1'd1!tetence to na. uherea- the "2 neehenis- will tend B
dito 1nc:eahe it uo Zn . this leot point can be -een by.ﬂ.
ffi:en‘lberinq that -the "2 -eehanisn couples levels \7‘ ‘
. sepetated by m-- ‘2 (see Fiq. 3 3) and the: che center -
l:line population d&flhgence isbneintained at zero by -
'e,gac -4curgtion Eield Thus, the tinal equilibriun |
;;fpopuldtion ditfefence ot th%‘satellite line depends o
‘fo;upon the relatxve sttength of "2 and “l‘k Hhen "2/"1 13 o
7f§very mugh gre&ter than unity. the populatzon difference |
.fappro:whes 2n, ; and if "2/'1 fa vety -uch leaa than unxty?””'

- ;the population difference approaches o7 these value§

 &an be ‘compared with the predictions of eq. (.1, _'
. To obtain eccurate w'/wl values from enhancenent.
',neesurenents, the obaerving povex of. the spectroneter .3“
:_-ust not 31Qnifieantly pertu:b the spin systen., The _:
feffect of a finite observing poueg ia to -ake "1 'less -
: Veftectxve o Thus, the neesuted enhancepent w;ll be {:; §1
VA lerger than the ‘true value. Theoratical expressions v
:};fot the enhancement xn terns of H2/H1 were obtained by
fgvnughes (1966) who' also shoued that'the pertuxbxng effect
g of a a-all observing pouer could be allowed for by a '

- si-ple linear exttapolatxon to Zero observing pouer.

_”Reed (1970) shoued experxnentally that the enhancenent S

did, indeed. very lxneatly wzth observing pouet over

'T~qu1te an’ extended range - £or the 23Na spxn syate. Ln;
k _ N , ;
}sodiu- nitrateﬂ ,ﬁdi=.1, R

4‘

fon



. " The -lthod for calculating the enhnncenant fjb
(P°“"dv 19503 Abrﬂgdn. 1961: uughes. 1966; R‘ed 1970)“

eonlxnts in applying :he principle ot dctailed balanc~4..._;~-

ing to tha apin system,’ 1n ot&er to obtain rate equatxona o

tor the enorgy leval populations.' ue shall not qive
the detaila ot tho ateps but xnstead quote the steady

’tt;te enhance-ent cxpressions qiveu by Rned (19701. fr

quency satelixte 1s obsetved thh spectto-eter powar
:,9055 and the center lxne is completely satutatgd. the o

. enhancenent 13 ngen by ; - '_ : S '5_‘;n
»g (1+2x)f1 ‘ TT——T§¥—£;f ;;Ii——— o (4 4)

S II+ xS( + x . +x) J

whete y 13 H3/H1. the normalized mabnetxc span-lattice

ttansitxon probability.A L '  L " e
Case II is where the low frequency satellite ia

- obaerved and the centet l;ne is co-pletely satuxated

ln this case. the enhanceaent is

3x P

e -(.‘-1* ) - owm

Case III is uhere the center 1ine is observed
- and the hxgh frequency satellite is co-pletely Qaturate&.
- It xs fonrd that.i*< ’ ‘ B ’

'!g (3+2x>[ 6(1+x)

x_’n;« et Trz‘T* X

The tirst case (Case 1), is(vhere tha high £re-';;ff';,‘



’ ,"‘:

‘ . et . . a oL

T

Case’ v ls uheto ‘the. éentet line is observed and ?

fthe lou trequcncy satellxte is coupletely satuxated.‘f

‘aete one !Lndn thatx

Eyy

(3+2x) {1 5 (1+x1

Thc exptessions tor E to E v'ate valid tot any

“valug ot x,bua y. s and Pobi ate snall correction tactors

'}(47) .

2,’and. thus. -ust be uuch lc;s than unity. Thes; expres- -7

. -ions also assuue that the apptoptiate resonance is ;"

: co-plately laturated.: This obviously cannot be achievad"f

f_”with a f;nite saturat;on tield., Thus.'we should correctv;

‘ ;the enhancpnent values to take into account the 1ncom—"'

Afplete naturatxon. ﬂhnn 6. obs qnd y‘are equal to zeto, :7,;'

’ the enhancenent as LE function of satntation pomer Py at b

"~1s givan by._j

s | 1 + 29.“( (1+2x)/xl ,- o

”.i£o£>éasék'l and'II The expzess;on tot Cases III and Iv

is sxnilarly qiven by., l"‘.>}‘_"’7;i R f5_
, 1# ZP [(3+2x)/xl . L
Loe o (4.9)
111 “. e b@eazz) T L

fthe valxdity of the equatxons (4 8) and (4 9) uas con-»j
£ir-ed by Reed (1970).( Thus..they can be used to -ake
. snall correct:ons to the enhancement for the fact thq;“

:.the saturation pouet is no: infxnite.

e

.8y



'7ﬂdoo- in eqs (4.6) ana WD e would othervise be

‘ 31noo tho :*otonsions (4. 4) to (4.7) contain
‘tuo unkuoun quantitios. x and y (6 can eoaily be
%obtainod tto- the satellite splittan), xt 1: nocessary
to -lko tvo lndopondont enhanco-ent -oasure-onto. o
J'VP:o- ‘the for- of the oquutions. it can be aeon that - f};

3"

one nu:t bo oitho: Caoo 1 or 11, whozoas the otbor(ﬁsf

-_'-nst bo Cano 1II or Iv. It ia 1ndeod tottunate that-j»”
'?y cuto:s diftotontly 1n eqs.y(i 4) and (4 S) than it

_fiupossiblo detoruino x. and y ooparatoly.‘ﬁ1i_*»3.5§3¥”“V

!

>- 452\~transiont‘doﬁb1e iooohonoox-othoa.tor.ioaiuxiog;nl PR

» .;; The stoady otato onhanco-ent exporilant juat
L:-doocribod givos only tho :atio H2/H1. _uouovor. 1t 13 E
'o_allo use!ul to know tho -lgnitude of”il1 or “2 lopazataly.;
’~rm. thoototical exproasionl (eqs.\(3 12) and’ (3.13)) .
.‘qivo ohe/orientation dependence ot thoso quantitios,jfﬂ”f":\
?.nd 1t 13 thorefozo only ncca:sary to detat-ine "1 or
A;fz at one . crysta; orientation. 175r" g '-_.j’¥_~~ f_ o~.-f“
‘ 5 In ptinoipie it 18 possible to ob:ain '1 tto- a a
{]ostcady stana proqressive saturation expetiuont (uughon.

;11966).. Bouevet. the accu ‘L —of such an expoxi-nnt 1:

{vory lxndted and a direct -easure nt of tho ti.n N
dopondonce of the apxn sysbe- 18 ":e truit!ul. Thxs :
”?-ny be achieved by ptoducing a non-equiiibriu- stute ot

Eho-spin system and observxng its tocovoxy...»f ;]‘Lg



Exptosuionn tor the transicnt h.hoviour of the
"lpin sylt.- hnve bcqn given bywﬂicaala (1968) fcr the

"npptoxinntion 4, P = 0. gpo transients are 1n>

obs
‘lqnnatal -mu-otponcnual funcuons o! u-e. md the

?c&sk ot d.:otuinxng the 1nd4v;du.1 decqy constcnts

" from oxp.ri-ntally obtained dnta is. one ot oonsxderable |

"feo-ploxxty (Snith and Cohn-sfetcu. 1973). aouever.
tf'using tho oxptosnions qivnn by. Nxcﬁnla (1968), xt can
 b. lhown that the tncovoty of a satcllite line attet

. rt-ovnl of the saturation pouer fro- the ccnter lxne
'f;ahonld be of. the tor-: -

A + B exp -Xt V"_i E ‘   B "'A"'j (4;16)\‘

i

H;Hn carried out a dctailed calculatxon of. this case, tak—

inq ipto account !irst o:der 6 and Poba co:rqctiona\but

;astuling that y id noqliglble.. Thc population ditterence -

'n cqrxespond;ng to the high troqucncy aatellxte has the .

.,tollouing tino depondcnca:

3(2+x)P°b'}
Z11+x)

3(x2+x-1)P°b"
+ n (n+x) - Z(IOX)T }

L -1’ 3(2:»1)9
ey [ obs}
° .2 (lﬂt)

f}n‘ =n (1«06){

N

oxp(‘(mi +39 i: l_)t:}

exp{-(2H1+2Né+aP°b' 1):) : (4,11i ;

Ho noto :ha: th.re arc nou tvo oxponential terms tathcr

4 than ono _ aouuvtt. tbe a-plitnde ot the second cxpon- “ 1 
ontinl is ptopoxtional to p ' '”6519 thﬁtvtorg.gngll,_“'

e
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’providedvdhe'nsoh a Idw oblervihq pou¢t.  ﬂé'alio note
»that the ducay constant of the don;nant oxponantxal is

a ﬂinear functxon of Pobs'“ Thus. by neasuring the decay

constant as -a function ot P b one should be able to

s
deternxne "1 by use of a lxnear extrapolatxon to P 5; ‘f
: equals zero. “The ef!ect of aagnetxc relaxatxon was
taken into account for tha' case P b;. ‘- 0. It was “found |
,:that the decay constant of the donxnant exponential 13

,,equal»to.»-M

B =4

“ ”'ui}i-fxg v+ JQexesp Zray =10 (4 12)
_-;tather than‘ZHl as‘béféte;;:: ' 4
; , Thus, we see chat “1 can be neasu:ed by nonitoring
the recovery of the satellxte anplitude aftet tenoving
the saturatxng power frou the center lxne. The decay
| constant is then plotted as. a tunction of spectro-etcr
ﬂ power and the 1ntercept 13 equated to expressxon (4. 12)..
| It'night be thouqht that Hl.could also bc obtaxned'
from the transxent behav;our of a - satellxte when the | |
center lxne xs fxtstosaturated. we‘shall ‘niow descr;be
why thxs is not practxéal The satellxte populatxonA
dxttetence has the followan txne depondence-."
‘;’ﬁ;f;“¢{§;%§}”"O(I%I%§T}°xpéf92*x)"1t}< . EETR
' -",‘;_ -z-cxp{ spnt 1t L S -,(yn

-
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'Thc‘ld;tftorirln eq.. (4.13) ropre-ents the :apxd rise 1
 ‘to 1.5 n described in scction 4.1. Obsarvation of the
txna dcpendcnt bchaviour cqxrespondinq to thc second

_t.m- uould givc :ho value of (2*x)ﬂ However, the

‘a-plitudc of thxs term will be s-all unle.a x i: very

diifetent tron unity.‘ 3,"' ; 'J-_ . : u\gg\;



o . CHAPTER V
4 o o - -
: APPARATUS AND EXPERIMENTAL DETAILS

.S.IVIH.asUrﬁibht of the NMR enhihcihﬁﬁt.

' The rdsohﬁnéo cnhancdnnnt E ib detérmined by

-oasurinq, as a £unction of -pecttonocar ob:ervxng

- poser Pobs' the inctease in a-plxtudc of one co-ponant
of the throe;line spectru- vhen another coaponent is

'i-everely daturated.’ Thc pertutbing cftect of the I
oboatvinq pouar is accounted tor by a linear extrapola-"

1tion p:ocedure ot the B-Pob

‘ curve to P | >- ‘0 (nnghes.

© 1966; Reed, 1970). o
.' ' | Qpr a cont;nuous wave expetxnent,.tho experiaen—
‘ tal constrhihts on the spoctro-eter ﬁre, tirstly, 1t

C;’thould be variable frequcncy-tixnd fiedd rathct than
?fvice vo:sa, aygce a vatiablo field 1nplies that tho '

o ‘;?* L
ucncy i&g&d hava to trqck thc tcsonanc-, \

ﬂ‘g,!hu¥tirst Eonsttaint inpllc' thlt 501110 !19“)

‘-icnd bridge spcctrc-eterl (arr) ar. unsuitablc, while en.
>“}s.coud<=bm-tra1nt rulot out th. crocnod—coil vntioey |

- R . . c.
PN . e . .
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(llooh. mnn and nmm. l!tt). ’In nu'qinal :
(Iatlu.nl lnd ro&m 1951) and Robinson (1959) self- ,:, '

LR =

; o-culcunq spectrometers satisty thc thm emttuﬁu..,

| \tion signal (Bughes & ‘Swith, 1971). L

tlu pmblc- of ninuining the. apptbpriato spocttoutor ‘

The l\obinuou type wis chosen on nccount. ‘of its -ublp

and’ rcl.tabh opnrqttm at the low power lmln rcquit-d

llomr. u: m .smthlly t.o only t.ho lblOtp-

' n-.a usvo) mad the p«ﬁ-w-pnk a-putua.

‘of the r.oome. d.tintive by oonvcntlodnl 1ock-1q
'a.f.ecuon and s.tnnaotdnl .field modulation in conjunc— o

umwithalmwmwthw En

"Reed's aethod is incfficiont. since. onl.y a mll trac— '
.*.tion of the tin- :
‘while this di

_t. muthcmmc.m

\

Qn nltemun -.thod is- to use tvo mcx-m : , ‘.
doucto:a, one opttatinq at :hc -odtnntion tt#n-.ncy

“ to lock thc lpoctzontcr om:o the rcmtnc.. eho
“:ot.lur opont:l.nq at 2». to -uurq the um mxm

To -ninufn thc spoct:o-em tmmncy. the orm..i.ml

,--honld bc :m -g. tho do-:lred lockinq point: M mu

» Iack-in dctoctorc m aloo knévn u ah-u-miun

g _td.t.ctot.. co:tolaton or. :ynchtonou- Mla(aqn

< - Lt L et

..




5 put of the w lqck-in detector at the center of symnettxf,:

- xesannce centerw In tact the tesonance center 18 the

‘4 st1j1 allouxng freedom to optimxze the modulation ampli-

ffthe w lock-xn detector maxntoined the spectronetet ‘-ffﬂ;“lj

// e Qf;
.. N . . . . . I . /' »
alno bc an odd (ptefetably lxnear) ﬁundtion of trequency .

doviation., These conditxons are fulfxlled by the out-  -‘; '

 “31gna1—to-no1se ;atio, the specttometer-frequency should

; ,b'-' °"°ée" to give a mimm output tron the 2w lock.-in L

7the £1rst and second derxv&tfbes respectxvely of the

only position havxng all the d;:}sed propert;es and

R ‘ - v

'  In the\lxmxt of small modulatxon ampl;tudes the

[Q‘ and Zu lack-xn detector sxgnals are proportxonal to/

l

S

lxneshape ;n Fzg. 5. l ° ‘,~/4}

Mbst of the resonance amplitude values‘teported

‘jxn thxs thesxs wexe obtaxned us;ng th;s artanqenent xn‘~

B

'whxch the 2a lock-xa detector output vas measured whxle_

v fﬁrequency at the resonance center.- The enhanceneat

i .values a:e equal to the :atxolof the»resonanég anplz-v;

'-:u&es in the presence and nhsence ot the saturation 53

'5_§dyei;' The e:rdr due to Any dc oftset in the citcuxtry

1
A

N

followxn?/%he lock in detectot 9:3 e11mzna;ed by petxo~~?~

' dxcally xeveraxng the phase ot tha 2» reterence signal {7'

i3
)

/‘/. ( .._ B

f'cal zesonances. fo: a1l modulatxon amplxtudes.: For good L

']detector. Thxs condxtxon xs agaxn fulfilled at the F'€f~g

L

,_lxneshape ﬂwilson. 1963). these are ah@wn ﬁot a Gaussian“;;u
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A - Gaussian lxneshape.
’;TB[- F1rst de:xvatxve of the Gaux:ian‘_’

lineshape._/‘”
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'!'hi.: ten-i.nutq saturatiou-cycld'm rcpcn:ld un!:il

: . th- doc:l:od ptfej.sion i.n’ B m obuin.d ‘l‘ho cnhaneu—-

-:nt was msured at & number of dit!cmnt valucl ot

f-Pob‘-othattbevalm atsatbmoqnqt-:c:oeonld

' f;{_,,' | bc dcumimcf by t:ho lin.ar cxmpohtiod mc.dm

l-};valun ot Pob') and thc value ‘of B at inﬁ.nitt povar

\\\\

‘ ﬂ.nitc satu:at.ion pcnn:

. 'bam por dny u obvious. T

\--,

m mll corncti.on factot toxukq i.nto ncconnt

. th‘ uon-inti.nite iuturation powor was. dnumtncd b* thc
' ,‘tollowing pmcedm o lta uumd the enhanea-.nt to:
:hno or tont valuos ot utm:at.i.on povor (at a lov

. @ ;
vu »dctgmincd \ .1ng oqueion u 8). 'rhin val;uc uir

. ':”_'atet’_thm tho vnhn ‘obtained at. t.hQ

ed 1n thd pmvibus nahm-—
‘_s t:o co:roct. the oxtrapohc-d S

24 s

B : _vimc of a at’ pm -0l e DY ,_
| y ror -nt ot thin vork. etm Robinm lp‘ctm“t |

' -ﬂwu 1ockad r.o the nigu fmqmncy uuuiu ‘and. m e :
.,.‘.satnrluon power vas lppl;led to m cdntct lihe N

;:h- dnsi:od procision u\ e. Thus. thc adnnug. ot a

‘m cbtain occnrau and rolinblc valm Ql t.h-

.',r,mnt.mmmmtot tttqu-ncycc

.‘.‘(-,‘

,'rho muutennt p:ocedn:. i- :u.l.ulu'atad i.n N.g. S 2. _

-

,.'.'App:oxinuly to:t:y-ciqht to 11: hou:n o& dau v.:c o

.....

-i.ni-—eoquur cout:ollod -yat,- opotaunq\mey-tout -} "L
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' one conplete 'satu:ation cycle - The _ _A_-:':_;»‘-

T e

o bandwtdth of the 1ow-pus fcnter u iy Hz.. |
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‘bo locked. the naqnetic ti&ld to reunin constan& Qnd

"<j-tho,spectxo-nter nensitxvlty tb HHR to bo uachanqed

fthrouqhout the saturation cycle.f A latqe a-ount of
t_ancilla:y equipaant was requxted to achieve these
‘_goals, as will be deacrzbed xn the aectxons that

':follow,

| '5 2 Desc:xpt10n of the agggratus i*ﬁ o

3

.‘“S 2 1 Blook dxagtau

The block dxagtgn ‘of the systen 13 shown in

;_Piq. S 3._ Bxcludxng co-nercxal equxpment, the systen._

'3 ‘conta1ns approxxnately 600 xntegtated cxrcuxts, both ’

;udxgxtal and analogue. plus nunezous dxscrete conponents,‘j’
t se-iconductor devxces and thetmxonxe valves.. The xndx- -
W‘vxdual cxrcuit dxaqrans of the blocka w111 therefore :
not be qxven. Instead ‘ve shall descrxbe the;r functxon,
:opetatxon and xmpcrtant features‘7 v - | .

‘ Host of the dxgxtal and-analoqna cxzcu;try was

. S . /
'asse-bled on 4«‘! 6~'5c1rcu1t cards which areoplqued~‘7

,:’1nto nultiple -p;n adge connectors. thereby assurxng f’

ease of access tor naxntenance._ The construction and
;develop-ent of the system extended over a perxod in _;'.V
,exce:s of three years and iﬁcludéd a consxderable anount .
‘ot z‘des;gn to obtaxn the fxnal uotking veraxon.

‘Tﬁs'central feature of the systen is the (Syste-)

-. Buss | "iq,td engble the vatious deviccs»t6} 




fjfnlock diaqran of the -1n1conputet-cthrolled;;-’

uqm 5.3

' f‘double resomtnco spectro-.ter system. The.

'f' ¢rrovt 1ndicate the ditection ot xnformatxon-

‘:'Tpr s;gn&l flow.
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v
co-unicato da:a nnd coqnnnd: to. ecch oth.r.' 1t éon-
sitt: of 16 d.ta linet. 16 -oaito: liaos. as uull as

oovnral address and strobe lxnes.. Bach dovice xs

" connoctcd~elther dircctly or 1nd1rcc:1y to thc Busa.

Tho intertace xs a bx-dixectxonal devxce enablinq

intor-ntxon to be transnitfia“betueen the Buzs and the

co-putor. As an’ exa-ple of thc oporation of thc nyatcn.

we .hall cdhsider one nothod of trcquency counter con—-?i.

trol. Tha co-puter scnds a co-nand on the a&dtoss and

63

o strobe lxnes to the trequency counter to sta;& countan. .

_ does. it -ay connand the frequency coun:er to transter.

- functxonal rclatxonshxps.

One second later, uhen the ttequcncy counter has com-

plcted 1ts neasureuent, an xntettupt sanal 18 aent to 
thc compu'cr,‘whxch may or may not - act upon xt. I! 1t/_Q
-the dxgxtal repre;;;iatxon ot the neasured trequency
onto the aonxtor lxnca and thus into thc conputer.

The blocxs are descrxbed in detaxl in sec:xona
5. 2‘2 to 5 2. 17 Heanwhxlq. we descrxbe brxefly thoxr N

‘ o -

) The Haﬂ03 sample is posxtxoned thhxn fhe apcc-

tto-eter coil, uhxch in :uxn is located 1n the alunxnxun

'probe ‘ Tﬁé 234; RHR sanal is deteczed by the' pectro---'

:\~neter in con)unctxon thh the w and 2- lock-xn

**\ﬁ

=

n .
detcctors._i? "-odulat;on synthesxzer and pha:e contzol'

L e

provldes the sxgnal feedan the -odulatxon coxls. and

.



. . L . . ) N ,‘-,
7 Bu”q . o ‘ R . . ‘ o o “':, '

a{’f ./‘-

'tho tcfcrence sanals tor the lockdxn dotectors..:rhé
.phase o6f the. re!erance sxgnals rela;xve to the nodu-'
lntxzn sxéﬁal can be con:rolled by the .ystcn or cun
adjuztedtpanually.  , N , )
 Each lock-in dinacgor outpu& x; tcd to the
annloque multxplexer,and then diqitxzcd by the analogue
to djqital (A/Dr converter before being couplod to. the

The spectro-eter ttequency io conttol}ed xn the

follovan way°‘tha treqngpy converter and ¢ounter

_togetherrprovxde & dxgxtal representa&;on of the ': /n'

pectronctcr frequency. Thxs 1nfor-atxon 13 conpared‘

' uxth thc 'correct trequency‘ stored 1n the couputer, -

:and any cotrectxon is fed to the ftequency conttol D/A

convertex. The analoque outpu€~bxases a. variable

,-capacxtance dxode xn the oscxllator tuned cxrcuxt.‘-

~ The rf power source dtives a pai: o£~co;ls
uxthxn the probe whxch provxde the saturation f;eld._

.Althouqh these coxls are nonxnally otthoqonal to the

'spectromcter co‘l. some of the satutatxon s;gnal

. unavoxdably ‘leaks into the specttouetet."we have -

‘shoun,;heoretxcally (Hughes et al, 1973) that the
sensxtxv;ty to NMR of a. Robxnson séectzo-etet should

'be unatfectcd by i saall 1eaka9e. The sensitivzty of

our spec;rometer. however, was found expezx-entally to

;‘v:ry quadratxcally with the xnjectxon voltage; this

64 .



i uttxtbut’d to upn—td-olxey of tho cpcctrunntor. In
v oxdor to ovetcu-n &h&a ptoblon. thc 1olknq- 1: laxgaly
olin;nat.d by tho flux bnlhnc. ndtuork. which 1- baa.d

on :he dosign ot uughcs and Rncd (1970) Tho doviation ,

63

.fto- p-r!oct balance is ‘onitor.d by tho -1-bulnnco . ;_ K

lhtoctor vhtch. on coldnnd. can xnlor- the co-puter ot ‘
'its -gnxtud. Thxs ;nfor-tiou is thcn uacd by ehb
eo-putot to rondjust the bclance netuork _

. The NMR neld-locx -pecuo.eter uxntaim the
-ngnetxc tield 1n che nlqnet gap. At a predetetnined

‘vqlue throuqhout thc cou:-e ot the experx.nnt.

‘The nanual operatxon conzole enables the operator

'bfgo 1nt¢tact dxrectly ‘with the system, thus by-pa:san

" the cq-pu:er. uhxéh is the teal-tine control center of
‘3the ayste-. “The teletype prov;des a means of anterxng_
-ptog:a-a to the coapu:bt as well as prxntinq thc

equri-ental results‘
5.2.2 Probe D
' This conaxata ot ‘an alunanxun body with nylon »

anserts to provxde aechanxcal support tor the spectro-

’-atcr and sa:ura:xon coxls. xhcse-weme-uound of s;lver

63

vu-e ratbor than’eopper, since bt:‘h'e Cu WeR aignal

23

occurs close to thé Ra reuonance.. ‘To 1ncreasc the'

©

-‘NHR tillinq !nctor thc speqttn-ater_coai wai_glﬁqd‘*



-

to ern ‘QQ}M t.thor thn- kbt omtd- o! a nylon hol\ghr "J:‘i
‘thc poqiu.f . w conchiada wvas adjuntcd so

e net coupling vlth the ututution . )
c:oilo. "»mn oi:y- md 1ndnctanc0 of thu 1cttcr vers ?
ehoacn to nxinizc tho ututation fiold produccd at . *

the saq:la. m -poct.ro..to:. probt -nA bnlnncc net-

. \'ork were lnterconmcttd by triaxinl cublg. as thoum

in Pig. 5.4, mo0 that the rf returs currcnt: wou%,‘l}
| fiow in thé outer shield. |
- 'ﬂw -odulation coils consisud of a hundred turns
of coppcz vire. whxch were vomd on nylcn tor-nu s
outaide the alu'ninim probo ™he loull to :ho ﬁdull’
_.uon eo,lls voze aluo kcpt onuido u.. preba body m o "
‘ -muuza conpnnq vith th. unniuv- tf circuluy |
‘l‘bo sample uas -mmtnd in - aylou hold.: \lhtch
) enabxed the crytt.al to be rotatcd ubout t,uo mtuny S
. pctpendxculax' axc:, as vxn bc describ.d in gqctipn g
. : _
5.8, e LT e

523 Robanson agectro—tor o ’ ‘_' L ,
_ A Robinso« type NMR- spee:toneter utobfmnon. 1959)

: conusts of a ruqh-o pu:auel -tuned L-c c;tcu,lt follmnd
by a low-nozse rf a-pn.fxet. lmur .nd lndb.ck nqt- .
__'votk to nust.m oscxuatxons. Chmqo: in’ ou:iilation ‘ R

) ,Le\rel cau:ed by m abwrption are -onitored *by a



f.v'aquz° e sie o e

_ - '\
scu-.uuc di.agtal o! thc ﬁi:ing

uaoctat.od vith tho NMR° probe . and

| :hcnlancemtwrk. ‘6 o

'y
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";_._'diodc dctoctot tolloweﬂ by a low noiu audio frcq:eney
J _a-puner. L L T ‘
v -A ' - our desiqn is a modxfxcatlon of | that given by
‘i*ﬁfnowling (1966) and the eaaential teatures‘are ahoun
" “i‘fin Fig. S. S Limiting is achieved ;n twdﬂstages usan
v hscbottky diodet.- Thcse ue;e uaed because otiihedrvlow
Ti. noise, low capacxtance. and shatp 'turn-on charac;,~f%ﬂ
, ”lteristics. vae‘&uitchablc resistive dxviders enabled
”‘ théﬁﬁ.?dllatxon level to ‘be set over the\range 5 to
“?'50 j& ins . The feedback network conprxsea ten :20° KQ :
""'resxstors connected\xn serzgs and locateg xn the center
10;3 feedback path which is essentially resist;ve. -

: Ground lodps were avoided by hav;ng only one dc
connaction bebueen the system and the spectronetet,f
thxs being the g:ound connectxon to the vatiable capa-l '
cihaﬁfa dzode Other dc' counactiona uora avoxded by

using transforner couplinq tot the auﬂio oﬁ nt'and

'''''

i ot a 1arge metal box. Thxs ar:angement provides a 1ou-7'ul

optical couplers fo: the mfhbalance detector and fre-'ff}<  W

. £
qnancy'conva:;et odtput;.. o

A lajor problcn uus the spurious nixinq ot tf

_ ;ncies.{ We nbte that if tho oscillab:'f
t%ef siqnal 19 nodulated\at wa or Zw ; these will {ufn
appnaz as kac outputl at ‘the- u- and 2w, lqgk-in u

d-tactOt’.. The luttenﬁis patticularly troublasomg,yv_' :

.g,.




o?

nlock dhgta thcnd.nq thc csmucl tutm:

JUASp——

-p_‘é’t thclbbinaon n_ spect ro-.t_.:j_;_m’ ; 'go, -v.,' a ,m
L meR qlit:udos The m is tituuud vithin |
uu inductor in @ el

- .
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Al ,‘v{\"“:\ w* v Tt
.Ov

um it d.utrodma a cy-tahuc crtor 1n the dottr-
ntunnn ot onhaue--nt. nlm. u ducunud Ln acuon
= PR !nuu eftects vere a-uonm by mtv. rt ’
znman anu buzz.zmg o: a1 ooumuon- t:o tho o
- mm. "‘ i e e S b o
sc.- u- m lp.nt -oauyuq the -pocuu-.ux f
J-g:»,.o!:haead.quullmmif._f:j : ,uuo-mob- s
ﬁinul In particulcr, thl gﬂn o! the rt ql.tﬁ.nxs ,' .
,A - m M hrgor than m hmdtod so. ﬁut. noiu otigtn-
nt.ing m the. a.t.c:n: ana mam :taqu u unuporunc.., S
ﬁn ugnal—to-miu rnuo 1: p:opotti.onnyto tha mm(g S
f_‘:.'f?’.zooz of m ‘;n-.uu Q factor of the sample tuuod &cué* S
- ‘We found mc this O-factor can be, oignifimtly R
ﬂmﬂ by Iy lnnoenou co@oncnu such as the L " f’
"f.'.,son grm-suopg.x nnd bx souung uss An qn input B SO
_ G MR filling
'-iquzt:or vas intav” pygunﬁumg the mm of'the
. ;;-;.ecm.ction l.ldl to tlh saq:lo coi.i I'ho t.riuiul .hhld- -
1n9 mmt& tj.nnod kz uetiou 5 2 2 alao nrwd

th. spectrcnetor det:cctot voltage, which 1n tum J,,c
e rclat.d to thg‘» spectro-atc: 1hvel. B ; met »

P o T St



: '. vouln gi.ve the !obsemd detec:ot level. stnce the

| -,: netvotk was frequency de;tndent. 'l'hus, even t!:ou}h

celibreted in the tollovi..ng vay: _ ‘l'he lhreoni oeculetor

(ue nct.ion 5 &S) wu oonnected acms t.he spcctro- |

-oter tuned circuit md the vol:net.er vas r..g .,,‘ o R

tunctiop of the uatconi oscin.ltor ontput. ; 'thuz, tm' B
:pecr.xo-etex 1eve1 13 t.he equivelent mooni ooqmt uh&ch

clnxectenstics ot tbe specuonet.er uy be t:equency

dependent, . this cali.bmion ptooedure was. pertomd/

every f.i-e a new crystel. o:ienuu.on vas nleceed -
@, The ontput attenuat"% of the ua:ooni .oscuhtor

\nc 1n tqm canbrated by a A'tme m t.homl COnVQttOt

vhich -easutes rt volr.aqea to betur thln lt. '_

S 2 S ‘rhe tt pgwer oource f‘ o »—~ #‘x ', ’

Prelininery -eesurenents usinq a ‘rakede—kikon
!Iodel 2150 f.requency synthesizer showed that it vas

too no.i.ey to use as the eoutce ot the utnt.tioﬁ siqnal:k o

t‘hi.e va- beceoee the balance: condition of the balance

there -ny be no couplinq between r.he seturation and _
:pecttouter coils at the sa;uration ftequency. chi.: _

: 1. ‘not the case at other freqnencies.- In particule:. .

no:l.ee generated by the satm:atj.on s:lgnal nource neer

the epectrouetet f:equbncy will be coupled to the

:peet:o-etet. A na:coni -rpzooz x.e-c s:lgnel generatot -
m £onnd to be sufficx.ently noiee-free Eowever. 11: e

. . . [
TR .»,.-,_ . S L

°
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lachpd tho roquit.d‘ftuqu-ncy atahility. A n:reonl

'wﬁrrzx7oa dtqital lyuehronizar ‘was. :herotora u:od to.

.1ock eh. .1¢aa1 g.aqtator. th.xtby achicvinq a. !m.qu.ncy

e .tability of 21 Bx. Tho nqtconx outpnt 1: thon tcd. o

“switch is pn;:

vwvla ‘the sy.ten—controlled co—nxial on/ott sviech :o
'-n E.N.I. Model 3105 tcn<uaq' tf pouer a-plitiet.; ro‘.
~provtd’e electrical isolltiqp,the logic signal to. the

v

‘-thrdﬁqh an optical eouplet. The pouor J

 -:.-91;gi¢t ou:puc ;s :haﬁ”?&d“ib the aaturation caila and
>~;'tho balance netuork R fvvf ‘f‘.' ﬁ%

'5.2.6 3341a£¢§~ue:eotx°'

(Nt . DS T o ’“‘g» .
Sy N '
e ""—’-'J."-."

‘, o
. PG

CAL

Although the conncction leads ot :he spcctxo-eter“‘_

‘_ co11 wlthin.the ptobo vcze adjusted to nxni.dze tha

- coupling with’ §p§ satu:ation coila. a non-zero leakuga

P_te-niund., This was found to be apptoxinately orthogonal'ﬁf.Ali_

. ,to the satu:-t;on voltaqe: uo atcribute thil :o the o
3oddy currents inducad Ln the alu-inlul ptobe case. = f‘]¢“_.” .

+ 3

rot Bnghas and Raed (197

1: based on a dasxgn A o
opctate: Qy syntha-ialng . 3f'
a QAncelling leakage from. inrpha:a and quadratura -odo o

;htjtlux balance nct
iﬂ:{

'».ignals. each of adjustaﬁ&p u-plituda All the leakage

A':signals are coherent. sineo they'are dariveg £ron ;he

;sane rt pouer source lhoun in Pig; 5 s, 1njection o

?-sxgnals ‘te coupléd to loops in the upectro-eter citcuit.l

» R . , LN

.
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Mnnlble nynchtohous notorc and a series ot rednction :

i .m mtau qzoundod ah-inlu- vu;c: be:mn ‘the loops.
'»e.bouby adjnat.im q» cnutndc ot cho coupnng:.A ‘rl_n

m "’“‘ were set pmiuly orthoqonal to one anothbt

j by udjut—mt ot u varublo dolay u.no .tn the- o:thoqonal
" ,mde clmitty. '!'his arrcumt qava tvo orthoqonal '
-odos vith uttlc 1nurac:ion betvecn thcn, theteby

‘. cncb.unq :h. balance condition to be reached in af‘han

_*j"m-bot ot stcpa., e e ) -"_ o _ . Q T
- Bocam of the. iqnt‘!oetiom in t.he s act pte | (
. mt.iand iu section S. .2, 3. a mt ).o#age abf lm tha.n Y 3,

,&u :‘:

S p-ne in ro’ of tha mmtf“&ix voltage was requir ’, o

.. This placed qr-ae Gemands on the stability of the f”&
bahneo mtvotk Con.cqmuuy..an loop:. vnnu md'@
. vitinq vcrt :igidly comt to llniniu nicro‘ S

B ‘phonics, Onc njor souree atabiu./v\\us Joule o . {
.bl\heat.inq of t:ho dolay lin..: m- m la:gely overcome S
by opu-uxmq m eoupung. thonby reduci.ng the ‘

~  £10~ thmugh the dalay nne. N

rent

o & 1 part in 10 cotrection to a -ode cotmqpond:

! “A“"to a vane totation of only thrce -mutu qt uc--_"luqh, |

- qulity bear;ngs and anti-backlash qears Hu:e thefitore

used .to - ensnre s-ooth ‘and’ reliahle rotation.. Even so,

Jfb.enash ztill reaained a problem, but vas solved at
' tha \ gpz_tware, : ;fthe: than t.he ,I}uxf-»dya‘:g | 1evq1 .

% : 7
> -
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Thq o.nso and the durution of :he rot.tion ot
- each -ocor was controlled by a° bank of relays, ‘shich
Jiin turn U.tt .ctivat.d by the synte- Opticol couplers
‘botunen the sy::e- and the relays p:ovided olccttical

: 1lolatioa and -m zed 1ntortor¢nce ettocts..

i . R . o ‘ - .

' .5.2.7 ‘uisbalance deteczot-

Any tesldual satuta:xon siqnal enterxng the spec-
- exg.nzor will be nixed with the spectrometer siqnals by
:thc nonlinear ele-cnts. :hus producinq su-<4nd df!terence;
"tt.quencxes. *he latty&“conponent, vhxch is less than
‘.170 kuz in our experxnant. is a-plificd. tilterﬂd _
rectitxed and qpoo:hnd xn ‘the nisbalance detcctot unit. .
. To avoid tha dc loop cteated by’ connoctinq the output .

oL

of the -isbalance deteétor ditectly to the analoque
: -nltiplcxar. ue uscd an ac ‘method ot coupling into the

'\‘te-; Thg slovly varyxng dc voltage -odulatoa the
'fpnlse wxdth of a 100 Hz. square wave cat:ier, which is
‘}.ghqn_pggqed_to,an ptical couplet and’ hcnce to the .
,syite-.f?fhisléul ttain is used to gate a 10-&3:
cloék pulse.’ By countinq the nu-ber of clock pulses

'_ pet carriet cycle, ﬂe obtain a binaty nunber reptesen-

b’_tinq the oriqxnal dc voltage ‘to an accutacy of l\

gAn interrupt signal is aent to the conpntcr uhenevezk f 
‘ ”this nunber is greater than a predgternined teference

: nunber.
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Provious wnrk in this laboratory ‘has sbown

(nnghol nt al 1973) that tho pxucxsn tnlationship

| h.tu.cn th. injoction voltuqe and the ch‘nge in~

\‘spectto-nter NHR sen:xtivity is a co-plicated tunctxon_

of spcctzo-.tor circuit pura-ctora and :he dxtference

treqncncy.. The -1nba1ance dctector uas._theretozg.'

calibrated py the !ollouing procedure.f The b&lance ”"

,notuo:k was -1‘b.1unced by ttial and error untxl the'.

NMR :pectro-etet 8ensit1v1ty ch‘as@d by lt. Then,

assuning a quadrn:ic dopcndence of an sensxtivxty .

n>-change on- :he 1njecticn voltage as found bywﬂpqhes cﬁ“

al (1973). the 1njectxon vulcagg was teduced to the

\;level whith would give a aensitivity chanqe of 0. 05\

"as a tunctiou j%ﬁdiﬁletence trequcncy and’ :pectxo-ater

1rhe lt sen.xtxvxty cnange wvas choscn to cn:ure thc
'valjdity of. tha extrapolatlon. The output ot the mis-
kfbalance datector vui noted cnd the exporx-ent ropoa:ed

'?.level. thus enablinq thc lntertupt level to‘he set to

level tuch that the chango in the NHR scnlitxvxty is:
.no more than 0 05\ | The qood slgnal to-noiae rat;o ot;i
“the

23Na resonanec £rnn a sa-ple ot -atallxc sodxun .

E tacilitated the. calibration procedu:g, " The co-putet;

L rogxn-) written for ‘the cnhance-ent cxpetihent on.

.A;uanoa, ‘was nsed thhout uodzficatxon for the neasute-

’,-ent of the change of NMR sensitivxty.(¥ -

EXECEEN
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5.2.8 FPrequency converter

The trequonky‘cduntei described in the next

lcctXOn con:xsts of a sorxou of dxvxde~by tvo athes.

The outputﬁ of these stnqes will thcrefoze. in qeneral

ﬂ’hove a conponca' ‘at ~hc tpectro-cter trequcncy.~ Hoze-

' ovor. the aapixtude ot th;s co-ponent depends on whcther

or not the 'reQucnca counter 18 actually countan. Any~

’r.dxatxon 'rou the ‘requencx counter entet.ng the

‘spcct‘!anter will :hcre!orecappea* as an addxtxonal

angd var able !ecdbacx path ’ xr’

1‘0 avcnd thxx pmbla. the :pectroaetet trequency

5.

wvas heterodyred thh a crys&ai—conttoiled oscxllato:.

"vhosc ‘tequcncy uas 9.76 Muz. ’hxl local oscillator

,!requch) vas selected to ensute that no har-onxc of

g the intcrncdxate frequency (approxxnatoly 2 2 uax) could

,cvtr coxncide vxth tﬁb spectro-ater ‘requency over xts

perutan range. ?he output of the ttequoncy convcrtor

as fed to the frequency counter via an optical coupler

1prov1ding clectrxcal xsolatxon.

' To reduce tadxatxon a: ehe spectxa-ater tre-

_quency, the frequency COnverter vas mounted in-a steel

\Ppox near the spectro-eter, so reducxng lead. lengths;‘“o

Q

unxt also had nultxstage rf fxltering on the‘ﬁc

Y. llneS'and in the ac pouer line to xt

-
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The .y.to-con:rollod :rtqucncy c¢untor has &
‘resolution of 1 Hz and a count tL- of one second “
‘derived from a atable 1 Hm crystal oscillator (JEH!

Model ﬂ?GBR). After tbe Eoun:er has co-pletcd its
-ocsuteuent.’xt -#y be rastazted within 1 -111xsccond.

unlike most co-cﬁcxal counters-iqswhich a wait of~ong¢ T
s;cgnd ’voulid be req'ux‘red.. ,"rh‘c..coﬁn,t. ﬁ\nhct 18 in biu:at’,y |
 format since zhis 18 ‘a qonﬁcnient~rgpfﬁseﬁéatioﬁ“toi
| tb§ computer to. hanipuiaia (Thc binary:todéd'&ociihl/j"
a;cvo forna: is convenxent fox a visual dstlay but’
‘n&t 80 . convonxcrt !or coaputcr nanxpulat;on 3 The 22
bit bxn;ry oqu»valcnt of the xntcr-eﬁxate frequcn.x is
‘too long to’ be handled by the conputer sofzuare, Ebcxe- ' \

_ tore only the least siqnxt;»an;"12ﬁbxts are uaed. The f 7
“‘:ronulsinq a-bxguity in troquency xs not a ptoblca 'l;,.g ‘N
provided the spectro-ntet frequency changn) are le:s )

- than 11 bx::/sec (2048 ﬂz/scc). In prcct;ct this con-.;k o

'.dition is easzly satisfied since tho npectrq-atat

'instabilxty is seldon in excess of 10 Bx/sec.

' 5;2}10 _Ipquency adjuatnent citgylt:y
‘

In a se.iconductot dig:e, ghe width of the : dople-‘

tion layer, and henee the ca

citahcn, 1a w function of o




\. ’ : T -

eapaol.tawi d.tod-a 1 -uch a devic¢ tor- p.rt ot

the .p-otaoultor 1npu: eun-d cxrcuit. it pto'id.l an

S

“ﬂ& °f !mmy eontml Por this par-
| uq‘tioﬂ. t!n output o! c 12 bit D/A
\‘v-:- bxaa.a Ehc.dtod- 1h~ bit size i.w~
_'to s lrtqu-ncy ch-nqc of 2 fe, 91v1nq a 'f
_ ' tanqe o: ju-t ovet 8 ku:.; sincc nqiu \mlug-s

”od to the m,i.ahlo cap.cinnc. diod’ /trcqu.ncy
wdul-to ehe spoctroutcr. thc cont:ol volnq-—iu/ ‘

p-ao.d thtouqh a -ulti:znge 10 ax lw-pass tntot. -'

.

tbqreby r.ducxng any - sputious treqmacy -odulation, at’

. nnd 2» in p.rticular._"

S Data Iro- tho couputct is ftd into tbn tt.qu‘ncy

control device via the data ltu-a. and en-n stored in
12 data latches. Their odiz;ls are’ connpc:.d to the
D/A convarte: and . r.he;r contonts -y be .mruinod by

tho“';o:utor lxnes. : 1\ ,

5.2.11 The w, and 2w léck-lnrabtactorj

Lock-in detecto:s are WLW 1u nriou o

branches of spectroscopy when th. pbena-onon undor

i

In genetal, the spectro.eter output cm t:hen h. vritt.a
\V - Z An oos(mnt-'-t )

\,

s

U - i" . ~ . »fﬁ? - | -

: 1matigaeion can be -odnlated by a perxodic :19:::1.. o



vben - .t. the. mdulat:d.on fmmncy. . If V 1. mlti-i )
puod by & ntum- ugnal ) ‘

S -in muumt*o)‘ w<;F ;” ‘rw(n2r_:“ 
of the uq- poriod’lcity, thé de co-goacnt ot m rc-ult-
ing signal- s S L B

N

.~ T . T

x Anan co.“ » | S ‘5.3) /

."mxin proc.n ia ..mu.uy uu d‘ummuon o: ,thc :
c:psn-comlatiou‘ co.fﬂci‘n’t ot v and \i} u gn. T o
" cq-poncnta of. v /ciocpt tht -'t.h m *-Qjoetcd b}x . . ‘

S e W

. suu:ublo fumtnq bi'”u th. -nitfpupauop lnqo. ’ RS

B el . Lt . b, . X s

L

.‘:_*:-l.?---w-“-.*.-f'i&f’ s ’ S ‘?-"

-

,-‘ . N N . - . .- /

| .‘m. hcs n llxi-u vhon 0 -0" - 0 ox" 1'0' . mr-onr. . '

’. 1- Wt. u long n thc mplitudo ot r.h ‘ --g;‘
i hat-oxuc mim msmg. / : 5

: “tail hy f_
Boyd (1975). - heh detccw: mﬁs bf an iapng .t.g.'
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n,
-qég more rapidly by the computer when 1t 1is controlling
tgi .f.tqn. In this mode, the co;pétor disables the &
manual operation console. However, nxﬁc; the computer
1s sending data to the device for only brief periods,

manual operation i1s still possible most of the time.

o

5.2.1% (omputer, i1nterface and teletype

The cosgruter, which :s the ALPMA 16 model,
nanufactured bty Computer Automation Inc., 18 a sixteen-
bit ‘tarwd-y:owrsn mtACh e Wit le words of magnet:i:c
core memory . | Whe ollowing pIruCossor Oplicns werc
addecd: A buffered toletype TTY. interface, Q *pover
£a:. geatars® -t a crystai-controlled rog! 11-6 cloch
T ?$¢ .‘; interface conncci: the conp§tct to‘tha
TTY, thereby enatling lata raAnEnNIdIO0n Detween 156 two,

The contertz ¥ the CCre me®moOryY are not lost during 3

°

[

joowme:r falume and the “jower {a;ihtcat$f1’ oprion
provides ar ﬁrdr§;} th;!;éovﬂ and restarting procedure
x4 ;Jct.ah event occur:.  The RTC provides, vztﬁithn
necossary scftware, the capabtility ¢ perform operations
b xccl;tmmég
™e xﬁzcrﬁa;c it oar ;ﬁﬁxo@s¢.cccszrucge¢ Sevicw

whaich ;t‘;aib:caxxy iéﬁltedf:h the goaéQIGr case, aad.
whick ie Semnedted !'4_: the syRtlem Iy e iy -conductor

; L » o »
cabttf." its fumction s to enable data to pPass Detweer

the comgate: and the specirometer system, while'

92



a‘umu‘nq cach-to perform at thoir appropriate speed.

The TTY is a model ASRJ) ich consists of a
keyboard, printer, and & paper tape punch and reader. -
The latter featurd provides a comparatively quick and
*oaoy method of storing and centering programs,

We shall now describe the soYftware aspects of
the computer. Whereas therc are many data am@y:x.
l.nquoqos_such as FORTRAN, there did not appear to be
a vxd-lyj‘ n;cop(od high-level redl-time language
suitable for our purpose. Therefore, one had to be
created which would fit i1nto the 4 K of memory available.
m. .ltortuygxw procedure of writing all . anstructions
in machine .lanquaqo would, :1n the long run, have bo_ch
SUCh mOfe time CPNSURING.. |

There are basically two parts to ih: softvare: N
the Dconttol. program which odcupies approximately ) x
.o! memOry, and the user pmq‘i}aa which can oecupy the
tq.d'xndor. The gontrbl progran .xﬂ'ljt‘it up of a number
of segments which colltct‘x'”ly control :M spectrommter
.y'-_ta— and TTY via the user broqrd-. Also in this
ﬁrt 1s .. set of instructions used lé‘r *debugging®
pmra- The user program coasists of a series of
usier uutructxoa_o. ﬁlus spece !or'dut. storage a
A-cuqo:(. Avasilable to thc. z»ir Aptoqi"*m Afe two
mglm rv\qutor-. tha math register (MR) ain whach

mathensatical operations. are pcrfoiind. .and the ifput/



(’() - "
0

0 -
o

outpui register (1/0 Reqg), in which logical operations
are performed and through uhxch pase lp.ctro-tor

system dats and instructions. User fﬁlttuctdons are

3

in general two uxxtoon-bxt'coubptér words long. ?ho‘

first word is the instruction-class code while tho -Q:

second often contains an address to find or place data.

Also included in the -ccond word are up to four bits
0

o

specifying which 1nstrucg§onnv1th1n thc class x. to be

portor-nd “he knstructlon class . .%t is as tollowaz

Write on TTY, Add, Subttnct,ﬂnultiply. Divido. Modulus,

[T 5

~ Jump, Increment and.skip if O, AND }/0 Reg, Complement
1/0 Reg, Co-pcro 1/0 Reg and skip if equal, Set RTC,

Test RTC, Read A/D, Pack A/D reading. (This last °

instruction converts the A/D- reading into the floating

point format, mentioned in section $.2.12.) This group

[ . <

of instructions enables thewlpe(tro-.tgfwsyltdn to be
egfxciently conttolled .Additional instructions could

b. addod but a¥ the, expcnl. of the already s-all space

: e

available !or the user progran. ‘ ? ‘
BaCh‘uset“xmstructipncgctually requires many

machine instructions in 1ts execution, a;taiﬁ‘handlg&'

< n s

by the control program.. The control program also v
) . . § . . N

performs numerous other housékeeping tasks which are

o N

invisible to the user,‘eg keeping track of time, h&ndiing

o . < :
interrupts, and checking user instructions for validity.

Tyis last task becomes very visible 1f any errors are

o



o

e

detected sxnce ‘the - user progran 18 thcn tarmxnated

»and a measage xndicatxng\the typc of error xs prxntcd
on ‘the TTY" ’ ‘ 1 |

The use of subroutxnes tacxlxtatcs thc wrztxng

of complex prograns. and . often enablex thea to occupy

'less nemory xpace. Thete 18- provxsxon for tour levels

\I' .

]_of aubroutxnes in the user program. thxs nunbor bcxng

s

‘-the result of a compromxse between user lanqque tloxx-'f

./:,‘
o

“belxty and avaxlable user lanquaqc space. e
d‘f”' Both xnteger and floatfng pox T numbors are
avaxlable to the user ptogram.c Integet nunbets occupy
’,one nemory word and have a rangc '16 383 Ploacxng-
 901nt numbers occupy tuo consecutxve mcmofy word; and
‘have .a range"lo 3 Qith an accuracy o£ aaven decxmal

idxq;ts. Ploatxng~poxnt numbara ﬁre used whenevcr a

’larqc dynamxc tange 1's xmportant: 1nteget numbcrs aro

_used xn cases, such as. man;pulacxons to. gnnerate conpu:erﬂﬁ.

a R 5

'c ddresses, where tound—off crrors are xntolezable.?
| xn out real txme system. the handlxng ot xntor-
crupts from the system is a vxtally xmportant aspect of -

~

‘vxts operatxon.f we shqll now descrxbe th;s xn sonc'

Wdetaxl. There are two ;nterrupt lxnes to che conputer, ';[:.-

»‘

. jone dedxcatéd to the A/D converter, the other tOﬂthe

-~
o

“re@pxnan fgve system xnterrupts._‘Thxs second line xs
: fed from an 1ntetrup: recexver whxch manzpulates che

°ctfve 1nterrupts.  Ta.avoxd conflxcts of xntetesc 1£ tuo

T Q@

Gw.



-

/
/-

“an prxoxxty sé"that'ihQ one with highost pg;o;;:ycxg;

ncrvzcod f'rst. 1n order c!“dccreaszng priorsty, tho-,»
dovtco .ntorrupzs are f'oqucncy coantar. nxsbalance"

dttoctor, cnd those !or thc :xa .xeld—locn. shc xnter—‘

>

-rupt rccexvor storcs oach dov.co xﬂtorrupt in a latch

"tho outpu: .of uh.ch pa‘act throuqh a nunbtr o' aanks

beforo bcxng connocmod tc the conputar #ntotrupt lxne."

- The 1ntchos nay bo reso;. and tho atatc of thc nasks

l20 n;sk or unahsk) tct Qy tho user pvoqran vzu an‘
Input/Output xnstruc:xon.. “This tnzhor conplzcated
arranqencnt is essent&al becuusc tho co-puter nay bc
perforax.g a cask xn vhxch xt vould be vcry 1n¢onvunxen:.

1

or é&en dxsusx:Ouz, :o be xnccxtupted by n partxcular‘

.‘ devx e or devxccs.. ﬂhen an 1ntcrrnpt is rccelvcd by

thc conputer, it deterlxncs tron uhich dnvxco 1t cane»

aud thcn )unps co tha telcvant user»ptoqran 1nterrupt

'subroutxnc.

An cxanplc ot a si tuatxon 1n vhxch ;ntorrupts
s
could causc a problen, Ls in :he ccncrol of :he A/D
convertct. Aftcx :he ccapu:er scnda a sanal to thc

4\

A/D convctter co start xts ncazu:cmcnt. the conputer

walts for a sxgnal an the fxrst xntarrupt lxnc whxch:‘

sanxfxcs the end of ccnvetszon., If, for example._
thc txeld locy xnterrupt is, rucexved dur;ng thxs waxt.“‘

the conputct would servxcc tha fxeld—lock., However.r

. -~
. .

.

96

of ‘these interrupts occur sinultapeously, th2j are rated.



L . . . L ’ N o e
o B o - . ~ v . . » < a
. N -~ . 3 . el . - .

B O e T
-

:bo £x¢ld—lock xntorrupt subroutxnu xnvolvcs :ho AJQ
‘JCOQV.ttct! ﬁ?o avoxd 1hxs probl«n. the control proqra”‘
ahtéﬁat:é&liynzasks thc sccoad .ntorrup: lzno dur;nq  .
 the. uaxt, and-rescts it to z:; orqunal :tato a!tcr
“co-plo:zon o“*hc A/D zas;ructxon‘

The othcr na)or real txao uunct on 18 :hc RTC.
The user progran aets .he RTC in uni ts. of 10 =8 by'
- the. set RTC xnstruct;on. A :cst RTC xnstrucnzon chcqu

o

'_xt thc txac ;s-up, and .‘.‘xt 18, ;ho conputcr ,ua@s':q

a specifxad proqraa step. Rhon w.‘_g«frbﬁ:a-lo?exltbf-"

a highcr leVﬂl subtout.nc,_yx“c 18 st'll kcwt ﬁ'thcf
louot levol. !t xs also possxblc to set and tes’ the

'nfc in thc hthar 1evel subroutxnc *ﬂdcpendcntly o! tﬁof'

‘1ovor one. - -
| B Pxnally,'vc givc ‘an’ cxanple of ‘a sxmplu program
 whxch could be uscd to produce a lxncar fxcld swoep. .
f}ln this cxa&plc the. ‘zeld xs not lockcd - and the sweop}
18 ptcduccd by zncroncnt ng thc contcnts of thc fzcld-f
 1ock D/A convcrter once pcr second.; Thc proqrau'is
shown zn.?zé. 5.7, :he numbcrs bexng xn hexadecxaal
format xn whxch decxmal umbers tcn through xtteen atc;
3vrxtten A throagh F rcspectxveky. The control ptoqran
;executes step & and procecds thh stcps 1, 2,:§,uctcf_.
'>xun1ess dzrccted othcrwxse. The startxng locatxon and‘A%J;,

'.the storaqe Space xndxcaucd can actually be anywhcre

thhxn the user atea of the momory. Thc parannters of
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":au Cuvty can be cﬂanqtd by asup!y to¢dan d&ttorwat

" .Vnum.u mzo xmvm: m:oa of'o0 And orol oz tho

f'co-putot -manrm.

., .

R 5;2;16E:§x§tﬂh~ﬁonltoril f' ;i?*

Y B te uoo thq annual opepatxaa_consolc to view tho

"f-mtert 1zcrcd v:thxn t&c'coapuzar wt:hout :ntqrra&: 3

sta:o o! cach dovxco.; Basovcr. xn otdcr\to wxcu para~

tho erxnat. tvo m&zo:xng dev*ws art conn«:lcd =

'fvto thc Bcst.. £cch conta*ns a s;xté@r-bit data !atch: A'

l

'hdl an’ 3sc¢xat¢a Dx* ccnverzer* the: user prograa"ir

output -zm:or t par&mters to ex:hmr o! t}uta dcvaca_a..;.

+

.ﬂOuss arc a ueulett-?ackard (RP} 12015 asc 110:copc

 .v1¢w the aud;o-outpuz of tho Robxnsoa spcccrene;or.»agq.@'

{~0¢rcy ? 7335% ‘:cquc cy;coua:cr v:th doczaal d.tplav“

] trw sy\&tca

3coan¢c'¢d to !wﬂ stzpuz 0' :hc .xequ# cy corvcrtct._‘

® r

and guo uF saoa utrzp~chart rccordera :o aonx:cr tho

'o-i:tfﬁcts-yo-"t.‘w- : *.d 2 loci.- 5 dr cc.ors. o "“hc cw'zt

n
ﬁuri¢rs’b! thcs¢ xecardors are undnt the control ot
S - o

Othcr nonxtors whxch aro ro: connectcd 1 33 the N

o

One vay o! chcck.nq xhc opcratxon o! thc hqxduata e

% -
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v an sndopendent 4C power sugply for cach card.  instesd,

Y ) !cx-h:q rouvt sy 'lxca'uhtk weed, ;nd LBOLATICH wam

'ochtvvvd by xncorro:ozawq~Qh;at rcﬁ&latoru on Adii vt

'zhc cardn.

S5.3 User ;aag qu coay zor Eigggana
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V{ﬁ.?xqt. S 8 o 5. lSA';Atghcgqh gﬁefg'Qgc_:at qrazten'
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cof e TLata
progranm®., This progran’

Ak

. °_£ubt¢u_t 1Ees . .

*Rescnance

CUy LTt ies
L.
uses vhe
P

: > o 3 -



103

\
. S > .

1L TET TR i T L F L ETCreNEE s w : : R

: DSRS0 e ses bdees § 0

T I A A TR B § ol TR o W ¥ B gV
4 - 1 ' : !
ISR I TR a4

- ' f * : [Rad : ,u:. i e - [
DL ENTER el pegn T
! 4 ' .

BL T et - v_;(.lm.v T e
L A T f.g.. & ;_:;,?_;;_.-' e ]r.}g&i‘.-*&? )
LR i ) o ,‘: ) - |

Teid ¥ T Beas st B TEYTECTTR. IFCTEEE4 . ¥

See d 2t Beehetwh LR YECICE JLOTEEEIE T i C '

[ 4
2 el K SOPREIE o : _ » s
.3 $ . S : e
o ML FhROAY T2 ‘
RN ’ ‘ o : a R
ST EMTES rG o RET Teer
; * . . . ,
Lo R e A T By I FILaERTHE
: g P &

EPTEL O COREMNITINE

v

PoweeTE IR T ek o




.8 a8 @
. - .

.00

L

e

e g -
4.
L T 1 nmmme
h:‘ LTS [
4
B S 2
m.‘a F o QO
N2 | \
sol T Toeeat e T L e € T

X
:
)

Foe

- Je
Iy

Fad .
,' ’
#

o-tao-

"
L4
e
»
Ed
L]

-

2]
-
-

IR 4 T 4

A TE EL T B

ENTEE £ Crowe € -y

) ‘Jfk,'_“ 2..‘\ . ©

e e e Bl e TR, T Eewy

»

Pre BEMEPT e RTS8

10 e



f;quxo’S.?

™e flow chart of the *%2° sub-
foutine which 1s used by 2he

-~

*Dsts collect:on progran™.,
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" The flow chart of the. “Resonance
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Pigure 5.16

_ ‘!‘bo flow chart of the “"Transient
experiment® program.
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is Wntd by the. -isbclanco detector, indicqtinq a”
livnilicant NMR lonaitivity chanqh as diacquod 1n

tkon S. 2.1 “The purpon of tMmtubroutina i.a to e S
- rnd)u:t the. ba}anc' nctvork oo that, thq nisbalaneo e
dctoctot output fuls tq, an occopnblc lcvcl’? (eoh:‘u- , )

poadlnq ‘o can NMMR muuvity change of m -ott th-n -
0.018). This is the “OK® level -.ncion,d-an tho zlow-;>'
ehnrt given in riq. S. 14 Untortmtclw)u “‘b‘ \

L dct.ctar qxvcs only th. ‘utude but not the pht“"of -
. the n.ubnlanec '!‘his dctici.ncy can bc mreoa.'by . o
"th. lolloving procedurez - H‘ -na-upa the utbalmco - Ky
.qautudc A) #nd then turn on, for a-given tima, the I

- MOtOr. dnvinq t.ho 1n-p!usq (X) ndde . This changc- tho

. misbalance by a prtvioni’ly calibrated amount ax in tho Lo
.:dir.ctxou. hnwagun .oa-urc tm-isba.lancc an- . '
,.plitodo '&2' and f.hg x—coouu,natc ot :hc tim mlhalmcg :



B

¢

:Thxs ptocedute is shoun 1n ng. S. 19 6nch the‘x-

1

.coordinate xs known. zhe anodc notor xs tnrnnd on

Q'for th- correct t;ue and in éyg cq:réét dzrectxon to

make the x-coordinate of _the -;ah‘langf @qual t9 xero.

A sinilar ptocedure ‘can then be per!braed tor the

‘OI;hogonal (Y) mode.u This ptocedure is’ repeated itb,

ndédis&fy, until thc desired nztbalance level il
reachad | \ R | o
» ?or the above proceduxe to uork xn practxce;
a nunber of 1mper£ectxons have to bc accounted tor.

ghe output ot the: udsbalance detectoz xs not perfectly

linear with input amplitude- this output is thereEOter

tO

1ineatized by a sxmple polynqmial transtorﬂatxon.

Also, the xnettxa of :he motors and the backlash in

'thc reduction gear-ttain are’ not hegligxble.~ The txrst

-,problem is overcone by w&itxng ;EEs;_seconds after the

A

_For the standa:d Ax or Ay shxft:.:the hacklash prob}em.

.was avoiﬂea by choos;ng the sign cf :he shx!t :o be

‘such that the motor turns in the same dxrectxon as

~"!'.s-erfcte. Hhénever a cotractxon calls for the notora

BN

133

'.notots are switched off before asurinq the’ nisbalance.,“

o

R A

ﬁto turn xn .the opposxte dxrection to xcs Lﬁ:t novencnt."

o 'is’no;,possmble. the mfsbalance anplztude 13 tcneasured
’35; . _~‘ T S ) .

5 . ssr

"the ﬁS:or xs actxvated fof a sutt;cxent txme to take

. 0 .
backlash sznce a perfect backlash cortectxon.

;w».

up;th



Fiqure 5.19 B

.:VchOt diagrahiillﬁéttgting»tﬁe '
procedure used to rebalance the

"Balance network®™.

5
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,lvtofbc achxovnd and :a provunt needlo:s aglanc7~natuork

‘seconds | af%ur thn saturatinq ttqnul ;s applzcd 'Thdﬁ,

o

xnd :ha ncv*x (or Y! ¢oo;dznatc aa calculatod..;

”-}‘!xnul problon S | tho Joulo hcac%hq ot the dolay 11no

>fuhgch causes zhe oxtbcgonal aodc to dr ti tor scvnral

‘u:sbalanca dotoctor xntorrupt 1: thetetoro anskud ﬁor-

ngav(xz:t :hxrty scaogds :o.allov :horaml oqulxbrxua L

EI T ¢ N o LR '.,
. . o

o ..

Tho correc:-on pzoccduxc uorks qux'c c!!cct:vcly'pc‘~

o N

' zn practzcc. cnd on1y°ono or tvo correct*oas are ”

'=;r;q. S. 6 ~and the !iou-chart ls qxvcn an qu. 5. 13.'g f .

"rout;nc;
0 S 3. 6 “ho ‘QHR Pxoléobocx tntcrrupt’ Subzoutxne

xnvoivod uxth aaza;aznznq & con-tcnt nnqncttc !xcld.

QTha block dxaq:aa ol tﬁc wnn 'xgld-lock 18 shovn xw'l “;Qf;

11n d.toctor output xs qroutor than :50 dnadband ﬂor xt‘

:’roquxrcé (<] achzcva balcncc.ﬂ *hc ovcrabl stabxlxty

v e

-_ql :hc %etqo:x is; sucﬁzthaz at ~hc :;nxnun scparat;Oﬁ ;¢ ‘

v "
of 20 knz betvecﬁ contct lznc and tatellx:c. ‘ehe sub-.-'u

od only’aboun ‘our iaﬁ: por hcur. fﬁ e
K _f—’ AR o\

’

@

Thxs subroutxn¢ potéoraa he sottvarc gaaka

o

A ticld»lock xﬁtortupt .s qonc ated 1! :he Rollzn locx-v[ :

L

< o

tho socoad haraonxc aonxtor ou:pu& ;s too :aall. Tnaé"
daadbond<voxtsqe vas choacn to be 0quva10nt cb a onc-'

bxt chanqq of thc 3;0'6-‘ock D/A coavertor.' Th:s



o .

I

%ub:outusc chocxs g uu oocoud !uraonxc stqzul 18 -

too mll (.tep 7 of Tlow c’utti: %! u xl. xt"output:

th. D/A nuubor to th& txolé-lock /A conver:or._ Thx. .
£ .

‘18 done . m case a stuy pulso 'us lltoted tho DIA :

’ contbnts. !n ntcp 9 'thc co-puter decxda: vhxch Rbllxn

' locl-xn detector znterrupt was qenontod. x: thon ux-

L~
BTN
V

‘.'o'

‘_Tf'*foﬁhancwaont;vfﬂ‘~_' ' ‘},a‘

crcnants or. dccrencnt: .hc D/A nunbar a: approprza:e.»

Stop 1.3 xs part cf the dx.qnoscxc mtomnoa przntod
wwty five naturutxon cyclo:. o '_ o
Becau:e hc nnqnctzc cld dr‘!ts are typxu;lly
very ;lou. ~he’ onc-bzt-at-a-t;ue correctzoa alqor::%a'

sas sa:zs'ac:or}. 0ccasaonslly. tapxd ‘xald chaaqos o!

@

”qy :o ‘z tccn bzts ocuur vheﬁ ;ron ob)cct; aro aovvd

uxthxn the aaqnct 3 frxﬂqo !xold.' Houvvot. oven thctc

tnnncn: ctrors arc uuhxn t!m rvquxrod stabuuy ‘of

tw tcns ol ulnqau:. R

otmrs in r.bo dctamnatxoa o! zhc,

5.4.1 Cla:n‘xcauon ot systo:ntxc or:ctt

!
2

V-

mn are bcucally thm typos o! syntmuc )

‘errors m the daumuauon ot zm mam those

:‘tlatim to m t.booc tolu.mg eo xmna-antfm.
- and thou mlcunq to data, aqututioa and mlysu.‘ "

nothoda ot ovcroouunq ayntmtic ctmr- xn tbo lut

Ci
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catoqoxy havo alroad) bocw dosctxbcd n soctson S‘J... 
.  Thcy connxst ot d.:a aquztxtzdn i’n puaso gndg ’ '
uaturatxon cyclon to e!xaznato o!!tc: uad qoxn drz!t
 ¢¢:0::.’and tcxan AV rather than E as :no best value
o! :ho enharcoacnt.‘vzn tho 'oflovan,‘wo subsec:xont
wve shall dasc:xbe :he ozhor cla:ses of :yatonatxc‘
 .¢;:0:3, S o

B ' ST S

©

"'. .

' 5}3,?.'Mnt-;:oiaxhﬁ'aystcactic.errors]

(&

‘We can d¢t;ruane Hzfl uatnq an y p‘;!’of‘thé :5?6&">
totonaace lxnes oi 23‘. xn xaxoj. Thnrowcio &otzntgp”
\t'advantaqcs. %ouever, \o cbscrva q a satcllzte and

,satura::na tho centor Xxno. As :houn A0 :ectsoa 3‘2..”1
{tho aepqrct;on bctueon the :Atoli te and contcx xdnc
_32:. to. !xtst ordor. propor:;oaal to thq x co-ponowt o‘
‘tho ¢loct:xc !:cld qtadxcnt at t?c aacloar nxte. uherca:
' thc nuch smaller ahx!: ot tao ccntof‘lxna xo a secoad
orﬂer o!!cct. .a:tzce aptr'ec::ons uzkl cause XOcni
"~d.vxatxoas in’ the 01ec rxcl cld qradaca:. and 1T was
”1<toundcoxpcr‘an".ally by Korn c‘d an Leachov a1960)~
. ‘h“ nuch anpcr*ectxona tclult .n a tanz‘ XOas o!
{xntcnsigy o! - satolx te a;ne. bc& a acqlsgrbac 103:. 
an thc xazenszty o thc ccater 1:&0. 1: L8 hc:c!or§ _
-sa!er :o antuzat. the coa:er lxnc zathet zhar a aatcllztc;

to easutc ~oaplcto :Azurazzom of tho opan syoten."‘

R



_pxobo ﬂo-nnt um _ cuuad

"3wmrwzn-_” :
'chc op:xm powr for oboarvan t‘bb
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rcuun to ac@uqn coaphu uturnzm mld ob*vla».xn!y

‘, xm to lov an vahns.-

x!’ my smiou roms "‘m :M utoruh

W

in un probo occur at tho Muuou ap«:;mtqt !:o- ‘

" ancy they vill xntrcdueo an’ orror m m dour- o
ﬁxmuoe ot :ho Wat. S‘odun u [t cksu-
,txtwnt q' oay nuruz M vtuua ua bo-ay ol th.

" 23!!. Iuvn :xnuar

. rom !mmmxu. all cou. aad uxnm utux.a

tho proba wu ando o! suvcr ramt am cvopf.nz. o

] Anot.hor posublc mrce ot orror u the 27;\1 l"m

!mthoproboboay anvouldcxnctmzrl

. nmm zo be mk um r.u noduxauon wlxtuﬂc f ol

18 nzy m lcu ma ua u m umtath | (“‘hu

Jl poruc-ulnrly .nn tqr our munt m:hod ot dttoc:xon. R

um the cxml. 1s proponxonal to th. .qu‘zv ol

t,bo aoduht:o.. u-pntudt pmxdcd thu u uuu )

o -

frm:m:. uso a!m:awu 1. u lmt hale ux xach my

from the' 1p¢-ctro-et&r cozx. xa odduxoa. tm re obarv- o
' T .y‘ii‘:chiccath‘ak

2 °

Al nmr.ce m

aluaxnxur. acut. A mrch ovor t!u trvqwacy zoq.on

—

\fhore The rems !zoa mo, ‘cfan ocear zenalcq 8o

: :punous :eso&aﬁ’cvs. o In cddxuon. tre ,2 Ax res0nAnCe

occuxa .n 2 'rcvq‘oe'zcy XMr zua ':_23,“ ceato: lxr.q:

in mo,. B e then!ore qcmral!(y udc our mas..rm*ta '



o

fbxlxzy o‘ a syttoant;c error at;san !ron~-

@

on ;hﬁ“b;qh :rigp.ncy rathct‘lhaqvtﬂi”lou’gg,qucncy

latollite. thctoby vnsur.u °héi ihaiq'ﬁas EOTFOst?

'27A1;>

ror th- onhancoaont valuo 2o qive an accur.to--
.-nAsure of 2’"1‘ :bc zeaor;nce lxnc ahape nuse &e.’

;unat!¢czed by :hc sa:ura:.o, ;cld. th* the tran

titxon roto caused by z%e satur.txon txcld btcauws

fco-parnble v: L3 ke spxn-zzzp :raazx:xor tate.-
-  -otxoaal’ aatrouan o‘ whe ixn. will occur iBloch._7'
1958 sanes cad Cotts, 1950» This vould unc to

wcnhanceacw: values wﬁxcu are too lurqe.' £at:aat oas.

v

" of thn transatxon ratoa xadzccte :u;: thxa roqznc~'
‘occuxs at a oota:atxon levcl oxdcra ot naqax:ade gzaazc'
;than :hat uscd,.@ our uork Also.-ao-cvxdencc o! lzn¢

”"hopos cbanqos on aotu:atxon vas touad

Accordinq to. :he theory o' R#d!xold (!955).

Provo;orov (l9slund mldburq 11969. 1961). u is not
'possxblc L0 cn-plttoly t.:urato a :esoaance by a
7lto.dy-stcte =cchn:quc.,:: -hc saturatxon :oqucacy
1: -xs-sot !raa the rv.énancv coator. As vo requxre
;_ccscnt*aLXy coaplotc sat rat.on o‘_.“c cortor :ne.
>fann experiment was pere o'acd to 1n vestigate how close
‘»@9:tho‘c¢ntor p! the retonaacc~zh¢ saturag:@n'!t#qucnéfi

. mast be. By performing an cﬂh&ncﬁﬁna&-exptriac At an

" the normal way, Bu: mis-setting the tatu:a"o" frequenc

from the ceanter of the :ine;»zuc‘rcs-l:;\o. raq. 5.20

140



7. Pagure s,z_a

m crhaacvac'zt o‘ tbo bxq’: ..oq.w*c*, shtci!i:n‘f’
a8 c funcuon o! the Lroquency ;‘tnt o._:ﬁc

N utur.uo* szqm! 'roa tbc axdvdlc o! tM coatorv
um. mg ‘xcld nod.zlat o:z aapxu,m mt:cspond:
1 :¢ 1§§1£3: in !roqunncy units. rao :ox;d RIS

18'#h§.bdlg_!;zlto,gbe-daga.po:ﬂta.
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1)
were obtaund ) The .xtw mqmoo of coast‘n& m{um- B
ment can be understood (Nughes and m mvu by B
.notiaq :hn: tho !told -odul¢&10a has tha o!tcct of
'mpinq uu ututauon uold back cad torth ocmo
.tho xoooaanco. pr.rx-atally it cpp‘ctt thct stcac »
E tially co-picm u:ur.uon occurs. pmxd«l thc nodu~- /
‘lauon takoa :ho utunuon tt-ld ocmt thn nm‘
. 'meor at sowe -uqo of m -odulauon cycl-.
: | aoar tho crystal onmtauon ¢ = Slf un
‘~:copaxatioo bol.eon ‘a satolltt. :nd tho center lxno
'_":- mn. aad iz is pocnbh fo: tN "\nnq' of thon
‘ rommcos to ovorup. ‘ Sn-i ot un ut.u'at.xaq povor
'_voul.d then 'lcak' into’ the utouno rvm by _
"-upinocxchanqe tntorcctxoos (Bloa-hntqta ot al. 1959). » 
,«:h-rcbw a}:.ran the popolatxoaz of thc varxoua cuotgy
‘lov-u. mu ‘point ucs iawsuqat«l uy p-trtomhm an
"cnhcnconcn"oxpcrxanat 1n ‘which tho satutatxon pou.r
:was appl;od to the wing of tac satallxtc twnoacnc‘
.mrz the upau;uon between the utonxte usd ‘the etat«or'
lxne 18 40 kux and the satuxasxon pouc: is o‘z 20 xnx'
;ib.lov tht hth 2roquoucy :Jtcllxtc line; vn obtaxa-d -
3 sntollxte eﬂhancoaeaz E = 1. 0025 2 0. 0040 when zhe
‘sctuxatxon trequcacy uas 00 kHz hthcr Lhcn ;hc axgn
!roqutacy sctotlx:c !roqntacy. we obtazaed s - _
f;l 0004 -o 0021 thnoc results xndxcat. taat ’ov;;lcp

o(!octs are unxnportcnt i ou:‘c:ysza.. axacc -q uoalﬁf»



'othomsn oxpect an cmt ot less M t-uty.
™ie 1o mr m ie uxcﬁ the utmum !n“
- can xale . oyumuc error. . :odu— aitrete is
a0t & partectPy M—!m duxmﬂc Marighs it al,
xnn ﬂnu the hm utuouou uou -nx du«uz
hoat sho -..h. muﬁ-’ umm u w mto
e m p.no ot m utnr‘um cycle®." nu will
to nlm ot mt which are tabo small.” 1‘-‘ _
maun—nts d-uc:und sa thie mvxovu m mm
fore show that o'nrlap ctheta and ho.unq cﬂocu are
iasignificant. " ' T

m }inear "'cbo oxtrmhuon 18 onl.y uua )

‘(cz n-nu uim Of P 1o 48 was foumd omu-auny vy
 meed 11970).  me observed dovxot.im trom )imearity
: uumm:emdwu‘
'Wuummuot u.m

v'ﬂ-b&t.v'cvlu. In our msasurements. for. u!oty. we m- -
"tucmwr“umnm;m“.lm_ L
'10.. tm 0.03. m c.ta obtaund at # o llc'
‘shown 1a Fig. 3. 21 show -omdm of any nom-
umnty. QIM this. caquu: nti‘zm 1s oao at
mch tbo uuxu un uzuram cw‘nunly muy.
| nuu-a!mueuonivi mcbconnd
uml dtctya .mu.ux nuth a. :x- mmt o!
: mtuuzy nu m a!m n-onaq the utnr.uou/
power. <o :mo;d the tytto-nuc crror msam with



l‘tgu. S 2

.demm“ﬂtu
u-mammmmr‘.

',:"mau-puh-u-nma-m 1ime wme

mly umn‘ anl che ar-ul ocuauuon
ecﬂw e l“‘ ‘
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n
N

recgédxng the unsaturated resonance anplztune while

/xt is recoverznq fraa saturatxon, we aust wa;t advcral

>,t1me constants bef re recording an data. Thxa 18
3 Y

’the reason for the Gorty second wa;t iy the'!atuxatxon

Ky

cycles®. Calculatxon shows hat at :he end o‘?thia\
pefibd the unenhanced arplz:ude 13 0. 06‘ oo iarge, -

‘and the mean er:or over’ che vhole unsaturatcd part of

-

the cycLe 13 only 0 OGIi. - _“ _.° ;

@

5.4.3 Insg;umehtation-rekatqg gysteant:cﬂer%ors .

Ler

Oﬁe error &Lxeady ncn;aoﬁed 'n sactzoa 5. 2.: xs
the NMR "~ sensxtzvxty change caused bv a spurxous ~nvcc~
btzon of saturation vol'aqe 1he o thc spec:rcuoter. |

”Assocxated wzth thxs sens t#v ty change 18 a pullxng
foi the spectronete" requency (Huths et ul 1973) i.i N

{ﬁin fact, for larqe 1n3ectzons. he. ev4enca'pu11zﬁqy
can be so severe that hc apec*:oae:cr xs lock«d tﬂ tﬂe
xsatutatxbn frequency'J thhout thc frequcncy-lock.‘thc : b,}‘i;
ftee-tunnan spectroheter ‘requcﬁcv w;‘i in qerera. pg

' slzghtly dzf‘erent for the two parts c! thc 'atqraz cv

: cycle y Data uould thete'ore be qu-hcrcd !rog tvo, o i WJ

M

dxtferent po nes on the resonamce._.&qyever%ﬁ:h¢v
frequency-;ocx_wnsures-:ha: the saae'?oznl on the -
tesonance is observed :hroqghout ‘the coapl.te sat"'&-‘v”

tion cycle .



[¢]

Anoth.r probleu is the axxang o{ thc nndulaz;on
.nd tf sannls vxthxn zho spoctronctcr to produco an
i,rt n.qnol ‘which .s anplztadc aodu atnd az -m OF 2-‘

T™Th:s wzlb hbn cause .““ a ou:putu az the ‘ock-xn

'dotcctors. vﬁo:a sygns are ro!ﬁfaod vhon thc tcfcrenco~'

ph.ted .a-rovorsod.’ ?he o *wla Q"“:-:‘n"’ part-cu-

&

larly o;b’csoae s.ncc-i%fcenzz:buzé; a s)x eaat c

. etto}'go the nccsurcd NMR anplie ;de;{.'h iyg;;al.aoda-‘

7iptz6a\d§pthhfer.;5e'xan.at#n-is-:h CuUr experiment s

IO- e rcqar--a s'st¢~ mat:iC error of 2.1V of this is
'-roqbleaoam _ Fh;t translazes into a nak:aua.SpE;:oxs :
: apdulat.c anglitude of oRly T100 p.covol’s across tbd'

V?taaplc ‘cotl. ~f . o W_“/, A , _
' : Onc aut\od wﬂc*eb) a7 azpi:zud& "odu!at~o 18

"

produced i3 via the $ es: azonce of the s:lve'-

(o}

spoctxomc:c' corl. ?b;S'ﬁﬁs':he;¢:!cctu L4 d;refzjy_'

, aodukat."q the O o!':%c tuned :E:cgit. ':n¢eédi;hc

_ ‘ . : e . : .
shcreas the !erncr 4 1 no:. However, messuremen shows -

:hat tbc uaqapzores a aﬁg of silver us small, and :v
T (BRENOE i3 emall :

.{s eatzaatcd nat & 1wo gau&: no¢a&a: an’ field would:
’ 12

‘produce a”h gl; ¢ mo#_.at on dcpt of 107 av 2. .7

.

-the,mhqneto:ét:l;ancevmcaz;r¢n¢ﬁt.

~

We are jrateful o Or. J. Rowlands for performing

k314
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w

AR anpixzedc ncdulaled sXQﬁ.i cqa nloo be cauvcd

by the non-%.uc.r nzx*nq o! -hc :t voltaqo and any

'.'voztaqas~at5L‘;;

seter. Yolfages at

+

o! Lhe ao»

lﬂﬂ?lt showdd Th
toro. thun :adacat,ng -an aapl ude_uodulat:oa at.

These I, and S VA.acs vere ‘oa:dAto o roughly prn

portional ¢ .hc r?

‘f1e0ld aoduh;!:o;»azvl vude . .uzavxqucatcs -Ct amxan

r

w“as OCCurring via re caa < #?a':n,; e ‘tams'ét
teristics of the ¢

ways b“»uhzcw :%e nodal at‘¢ﬁ voltaqe caa e%tor

A.ndced g vh <h cater the Spcc'wq-'

:a are more l.koly 2@ bc areae

_than thosc at :-f'bvé;uic.o. :"c..ov ‘harmonic. *o“tca.

o

slation signal.. Init:ial *ests vxtnoaz ;hc

.o

LA!Piﬁe‘?: andvsz_vaiuci~uezc;non-‘

aspx tudv ar*-zo zhc;squarc'és T&e

(&N

charac-

\anpl:£¢dr;._w¢-nou dztcass]var:oa; ‘

the
»
&

spec"rcmczc'manj nc'WO&: uaed.!o ove:coac"ﬁisjproblea

?ha "cld ao&uig:;oa wiil ohv ously :nduce a

a low-l oss~"a,ac;.a::"c 3.% der ~av 7.5 !H:L

voltage :n the apcc':omb'cr aqnvief¢9;1~ ?ho chpl;Qq.

a

$ waz Therefore minimizeéd by :insert-

f3lver between the sanple tuned

S crrcouit ahd the first orf 3tage:l THE CaApACiior was

PF: the :aductcfrvag self~-resonant

‘resi ;'anc¢ of S i . ?hxz !xlzarA'

2

%I aol aqcxd:v;ge: “at ’8 Hr aud like

om o‘ the _znodu:.a'.ibn :c’;l_»: will
s ;ﬁ The spect:omctcr wiring. This

1 49



. R - i . ) " Lo ) o ‘;‘—,._ "
'-‘.‘.,,’ ] R R ) o 150 .
mi’! S

zxcxd was reduced aaforﬂoz of aaqnxtudt by ﬁa.can s

.

-:hoez af;:» in vek qlxnxnxun bozvacn the apoﬁzroacteru

and :hu aodula: ow *o..s.» Fuztacr 'cduct'o Twas pro-

Q n)
!

vided by ?Iacznq sé!* .ro@ tubse cap: over’ Ehc sens: -

tive rf ha@&:!y ing 'abat. "" "] - 'ﬁ, 4

The elcct:os:at.c *o.pl.uq metvec i%ﬁc néda%at; 5
;,cdxlt A.d :ﬂc probc’ca. Five T se :o saalx cnrrca&} at .

!Xwanq PR zho,y:obc aody: :?he#e»werc‘axaxa;;¢d_vy B

.’oeo a9 the wed;ia' son co1ls from a.source wh Lteh was )

& o : . S

balcnccﬁ rcla&‘vc .o q:a“%d.ﬁ IR '- ’A .
’hc noda.a san Jca‘gqewffégcﬁ; ;h‘:hg ;nggt,ﬁ:;cé'
;gzrcuxz can 'azic.prod&:cVaﬁ:an#iztu&é-ao¢u;at;c§}by'a PR 0
:otzlly dz!fatcn: nccﬂarztu. f“h:n volzaqe vyl lzer;
glhc';e&onnn- oqgen;} o!';ur t:ned‘circuzt Qxé;:h@
-6at1§51§.cap¢cz=an¢¢ éxoﬁc.‘vé“iiéqacucy dcpcﬁdea: 782 ;
- for oxaaplc. will ghQn’gom%vgi =$£a f:¢~ae ~y no~uza:;cw
xnto an anal udn ha&ciatzoa;; nod;.o:zoa vol:aqt
across thﬁ_d;oig~§at‘:hciefoéc :educcd ay using aout
Gxodé: :h’piraiiéih - dcc*¢as 053 the stze o! ~"¢ se';ésl
eapacxtor to zho mnal.es: wal qo vnxcn uoakd q;vc tnc
dc;are& \gr; q ranqe lAa aeea?!é. F: q. S;Si-:"ete
c&p&cx!crs ‘orn E vo;taqc d~"'cc¢. H“acm ;z,?;é‘:znai'
coh!xqu:at o ‘p:c"‘ér‘ a—,srder ot n;qn:muéc‘:fﬁazi;an"
of Lbe aodulot.o woi ch p*ckua ac:os: the d odca.
o Precaut.o“s weTe alav taken %30 r:cv¢”$@i}qﬁh%;"
‘"“al,th§~§b¢§19i;c#_ﬁ:eq;éat% !fé&‘cﬁ:é::ﬁq'éﬂé.spééf:bs
iatcx.ﬁy_;:y:ztﬁé: :o#if.v Ai; connect: ét,';a'

o

-



JEY

por':culax thohe from :ﬁo pouor :upplza: voro ﬁxtefz-g~

sxvoly !tlterﬁd

stapyoxnt;nql“

an spxto o! all theso ptecou~

oan nbs q%z
:ho andulat . On
:hat tnc probx
 girse sxq":.

bacchanx;n' éa
tzqnals cohere
thn~apdula;c¢
ipéétfcuei§kf

 rodxctxoa frbn

"nq 'f 's!&ers

o aatox. Qxcept

W :;l¢l!.

. was

0! thc:c pxeca
spectrcaeter ®
!rou the tpect
prov.ded an #n
’hxn lec wcs
reverse

lqakzaq oy

escased Lo
Y&
o

NOTWOTE was

* e
| 2 -
Tal.ie i

,n.o reduco thxs st:arqe phcwancao.

the developmert, the

w3anged

icant nc@-!at'on vas preaen‘ even uxtuf

‘xo.:.'ee u.‘C‘Q-...Q*C;C'&« ‘This _xnd:ci_ted-

Lh&ﬁ<9§¢§£rod-

&gi,Q."al iy zraced 2o the ‘ollou.nq

¢z “as - anzo‘aubtié.

diat: o= trou t%c spoct:oatter

ut vs n :bo 2 ro(trcnco vulzaqe and

7

! a qna! uat ﬂerad&azea bacx :n:o-:ho

:??'
e 3p¢ctzon¢ter val :oducoé by
--.,cki leads oonaect-d to thﬁ lp‘C%tb-

the o&c to thc !:@quoncy coavcttoz..
stions alwo r'dnco the ieas:tnvzty 5! the

radxa& on. Houevt:.

o extern .z

:oanzcr’;b;‘hc 'requescy oo vevzer :zx
into the spactrcn#tcr._n

ter with oa

prote - and balance

to Sry-

shielding of

axxta tha‘

.clud°~
(ALY

thc lxﬂcv

At this stage

these

152



"‘"‘“'4 . - S L B
. . Mm. om unu mxuml mn dia uot
qlxuuu tb. :punocs auhlauoa c@lculy! ?otts .

R 2

M mt the q-pluuh AQd uw of m spuuom '

"0 uud s, woro t:mly Mt wpon un M}
s _zr-qmey and levell xm. 1t was finally ;wzm .‘
that my:hmq that W "tht rt ré;auén tl.ld in '

- the laboiatory also’ changed ‘and 3,7 The msture ot

N

. the mam m .amlxy couh:utd M :.ho loct-xn ‘
: dotoet;;'a cad ‘ehesr uooc;aud m;mt wn Locatcd e
in & roc- two t:undrod foot my !rcn the labo:a:ory.

N £ tt:u m!:qﬁnuaz tht cpurzou ";' a.-.sd s vaz.am o
-3'0:. !o@nd to be mlqubu. ‘ m: nu obvxomly - |

 ruth.r zrcoavv zcvt pcra‘aoaz artaagoﬂenz an& aauther
'Loolutzcr uaa youqht: tb. cu:u u‘b to kotp tnc t!

_ 'A.todxnt.o* e'd payucauy up.t.tod tron zu cu'cun:y
.'eoau.r..nq “a uad 2-. voh.m‘. ?hu u. oczucwd by

; rococat:uczmq uzc cozzolato:a !or m zock-xn duoc:on

plus Lhe ass ed ze!ere:‘-cv and !:cldj-odazn :c.,-:«. L

':outco TF/; tepeta°e :n.¢i¢ad box. which we Cal

supoxbox : Ail ichs oatoran taxs gaxt utr’ e::cn-

‘fa1vcly-r£ Awd audxo ..ltcred. asg tbo box vm; co;stru:’ed

,ftou 1/!' (steel.  °Re qulcts oz almaxm !'ou w-ta ’
"und to m« the box as r! Iuh-proot s manbxc.

ek

';Furzhtfnore. the c;rcux;:y gna coastxuctad 2xon low . ST

e | Ursz‘.-‘



L B

po-nr logx* to to¢noo th‘ cvrrtnts !lau:aq at ehc

£y

“}tro«bxctonc !rwqunocxwa.
| _ B !xaal &ooz o! S uooha durotxoa lbuad 0O
_.cvxd-aeo of any qpurzoca output. aud tEEY 3 os;:aa:oﬂ
.1d;h.t _any r.n;dual -ndulatxon ann: bo loss_ h.n\oao._‘
P.rt in Ioll ‘l. _ o
As anatzoaod,xn zoctxoa s 4. 2 anaauxunnam 5!
‘t@c onhoncennaz o! a ;atolxxzo uaca lho s;tu:az;or

”'pouo: vas e t' rosoaarce‘ qcvn ar aaagrcoueﬂt c!osc, :

L

i

to unxty. Thoao aeaauroanrt: vvxc pcr!ermac uta et

acpcragzon Petween he sagu:a e an*,g»scr?:;q !xe-~

.qv.ac:os vas. 40 xHz2 qz :eii.- e ;iao acaaarcd 'hc .

o

o‘t rcooaarcw cnhast'abéz whern. fﬂ;q separa'aar vss

'Lso-knx. laz .sdryr:s:nqiy;’zhefc‘ aﬁcwmcn was
.focad to be" 8049“l} :;25§":ov, A carc.gl 4:a¢ of the
' ’ dtpcnde rdzcaztd tnat .h:s sys'aaa ;'c::

‘ﬁacc:eatcs uxza doctoaszaq P‘l . ucace e ertcr'xn_
o the dctcmz ~azion of L w i;:x;a‘.:!dm Abc su.. since they

, ‘ IR : S
are octa:ncd;!rouraz‘ex:za;CQAt:c:-:: the £-7 by SaT2.

'ue.attr:buzc ::za‘!tG@uc;cy-'¢p¢:*_;:’Qytttun;;csetzo:‘

to tbe“ollcv $F hechaa:la. A small amount of radia-

::oa'a' the obscrv .q;.r#qJﬁ -'s;:¢s~;:s way from the
cpoctroan;or .n:o whe :‘ poaer aoazce s.pp;y&nq the
saturation field. S.:cc the be ance netwersl is only

pcr(cctxf/;aktucod a'ko%e ‘reqqcncy, there will e a

8

.aot couplxrq httvvcn the. sat ro..cr cx:ls and h

e

153



bpqéi}o-ezéz'ébgibaz frequencics otécz har the
sbthritionj!féquaa . ™T™us, the §§;:;¢¢s tzé;ai

at the apocttonutor !tequeﬂcy ;~‘i'cp¢¢a: AS'aﬁ:
addxtxeua.i‘eehbdci wa."-' Th;s_u;:: T = chjng¢‘:
“the spoczrcnctcr 1cvvx an a way vﬁ;¢ﬁ-dcp¢ndi>¢:V
”xts ph‘te awd anp 4:tu¢t;' ?h¢fa§$£ﬁ§;d¢>u:i2 depend
.uaon.vhe& rer t Ve r!néoyvz,so::q§ ésA;a:oicﬁfo Thei.
‘thotOTQali.bc a éxitciéncp':ﬁ':n¢,;gcgz:oic:§ffi§vv:‘

Detweesn the twd parts of the. “saturation cycle®,

tROUGR & Thanje of .29 would e toc amall o detest

directly ﬁ;t3f$§:~1;¢¢2:¢a¢:c:,‘c.n. IENILOT.  Jinge

the NMR $137al anﬁl;fujej:s”#rcécrt.oaal tQ, the spec—

\ . . i

zroabzc: :¢vcl. Thiy meThanism v;llfﬁbv:cu;ay lead o

Ha tjt'cﬂa‘::_ﬁ:rcx A the‘amazy;eae:: T¢ crRgncenmens .

_rxopvan aralysis of 2he SRITACICTIBTICS ©f The tilanc

nctuoxk. woe o ersld eXpell that Mo crror wesld e pro~

'po:t‘ r I2e he diffcrencte telieen 2he 3a%uratiosn anmd
. . C Y ’ - ’ .
vobﬂttv:ﬁg‘f!é;acﬁc:¢:.j3;ti,“;&" FOLNTT Ras A0 bee

-

checked. . E o o

stages ! tne

ievels = TN

154



zypac.liy>a'!o~-tqﬂt.o.‘axllxvolts. Iaspection of the
L ke qharacterzaz:cs :nd ca!es zhae ’hc ﬂewti;fca:;tﬁ
. OWer BuCh A TARFC is ey mach leas '~3r TLIlN. TtThe

Temainde:r ! the Saynal procesin’y was per ormud ey

o large amount of segative feedbaci, afr . litear T i

P . - b . e N .
Righidegrees. TRLY, cic STLy e gTaYLTant muceliteaTity

T will b Cacsed Ly any 2%a4¢ Gverioadisg. The e ant

“aE §:" Mo 3¥ailal 'a'giaauz¢’éan§;.f Alec. the
 :£9&¢1 $5~_:¢¢1§ :evv:;-vvzq‘xéﬁz aﬂc.»anmllcf TNa
th“dﬁa@a;c'£4§§§“~ we sote ziag»g S Le a*a;e: :;;f
'péxofnto tﬁc»:nrfctatdta»  ;&336:23¢ W¢;3cf:¥f‘5&:!¢§;'
‘:4f;-zh Quo g2 &43 2 k;;zcz;w.»diézgtuz.a: ~~a»".;“
15‘!;;' in the st Qqct ‘oilov.wa\:uc corr#ta!ert.;zag
201 se 3n0u 1 mave kf,;.sa;a* a:?i::;&é‘dﬁitéxéga:;a.
he ayn:ga« !rsm-:hc cg‘;‘.,iz ﬁsg ap&wt?e&éi«:t§¢ !ﬁw_
»copp@;ci_ié;fn¢w§tza§1e:i'cﬁ¢ct¢¢'!;3 t:a@#rizy; :#¢‘

POA-115earity, wa3 2Cum! 10 Waitlhin TNE ACT Tl OF Khe
s Lry. .- . _ _ > &

[

?aaally, ~e ccat.de: ary aya'cmm!x~ ¢:rort zﬁa" ..fA
can lr‘tc 'rom,thn PV cocvvt‘c:. its i;aﬂn{gl?.“a@

?,ap.c:g:e¢u;y e na“-.atz Ter, 13 ofte ha!!.c‘b;i; For

1"yvaca. ﬂC..Jgt sevezt~acagu=¢dp this Corresponds o

3 Ap¢t0::na:¢£y 323N, Ancther error ca- e introdiuded



|

by the ',!o'.uo-'xm sschaniam. 1t c’voltnqo OCCurs betweéen

.count nnn.ntl - ‘ad n'l. thc !xrst number vz!i resul:.
"Nzo!orc o awraqe. the count r.enbct vxx. bo onc

ﬁal‘ 4 count too la~ 1uovevvr,'a!ncn e ad)usted tnc_
oitralﬁ qa:a'o! [ systoa to_°h4'~ the volt‘gc {e¢dzxq,

ac AD w@rve'zar “as : zﬂe SPPOZ p‘rt of :ts dyaia:c

riﬁé«. :h;i*;aa: systemazic c:roxéks-QQ:zndtgﬂ to be

desr than 1ML me performance of our A/D converter

O

was checeel and was ‘Guﬁ¢ 0 give an error of 5.2

- . © . ~

reather chan

>
9

=45 coen

£

S WIS therefore ;'“lzes'q,syq-

-

M
. w

e

TematiC errSr of less than

8.3 meductior 0! e raymdom errow i e enhanceNwnt

o

0500 Field modllazics fonsilerations

Si=ce we arc ool interested in resonande ampl:-

: -
.tudeﬁiagpc¢§giod'ig»ﬁzacaJ;fci.-gv_ad}ua:ﬂ' :5¢'nc&41a-
., ¥Lom b_tﬂgﬂ‘_bllt’.‘;_’;;‘ ':: Five 2 naximeam :.s-:;..'t!roc !ht‘; '2;3
lovkes: leteltid wies The spcllromweter 13 locked |

WeTnote That the SEFuet. 0f the specirometer will

- - . .

156

o



- ’ sy

M&tnidvby usSing a lock-1n h;‘ctdr"!’o: cw:h i&xumi’
buiocaxc.j no-nv-t. u:g upromt in tlnctm e €
uoald be rather mu. ‘ rpt o_:uhpid. a'! we zmwm '
.-.‘ 4.; signal which was Js'l of the a-puvad-t of he z.
sxqﬂQI. m c?ro: uouxd e rtdocid By oaly IV, A aon
pmunq .ltorna :ve 8 to aa only the ,2-. xocx_-fm
e:.ht.-ctor bu ¢>aooae z e aodulauor vaw'orﬁ ;mxh.'ha-
all of zhe other components. are zom.' A series of
2ests .-' .u.,;_c:.'tb 2 »-.-‘;;'!!orc:;'.-.- w.. z‘ of 'a ' )... m-;.m;-;: :
was added o tre m-&...a:.oc signal xmvx'c:amd‘tf t a
‘is‘u‘l!' a.sétcate i signal m..:m of :ou;u. 3 .:-b\ was
poia;b'ic.‘ ‘;ﬁfp»i-~e~,-~e:"..’ =i !,t-.x‘.‘-ﬁktt"fviv.a?" net ‘:r‘:ccgﬁé‘f"‘ied“
':_.;az..c_"e.':c. 3vesEm :‘cc_.z:.s?b! TR 2 ishe rcq.s.z«: (Lo mzzac-_
" _barzd TeaT 3 '-wcrt::;qj synzom»!:ee.. ¢rom iyszmz:c.‘-«-’:mri.
A:zd:&c:@l:é‘.':u'z_‘;'-:e wosld te 26 s8¢ A -b:x:‘yxﬁ‘n,z_tv;c,t.z-‘_

S3uard wave ficld modulazion of 1ctq¢ ca!pzn.w. siace

Lehis wowld-prodoce a3 2. oqun wave a® un ‘p.ctro—

.
-

nEeTRE SLPLt. The -a Wcaz wuld e It iam:-
tham 1m the previcus Tase. a-o-nw:._ 1a this 2Cheme

Transier® offers%ta wuLld Nave To De uo.rszécrev:! ;:-' ¥

5.%.2 .m;au‘az:oﬁo! 2he data collection |

To 'uc ato accaunt . the pertuITing c!to#;z o!?
thc oz:urrv...q povtz. -?ob;.’or:‘:b.i measured value of £,
we ise & l;:c,a: extrapolaticn of the I-P be FTEEE O

. .



138

P one TAuala seto. "'Eﬂu«. ¥y, e ‘doctvul'ltq- the

- dg_t'rqpo’utd valae ot t.“‘-_u Mlx_ﬁ 'mu“ocx dats 1ia
suth & way as tc ul’;\m‘, ‘randon C’I’Nt“ 1n thas value
‘. smal] o3 possidie o
A8 SDhOwT -m"Wu 111, the optinum dats
»boq?:ice'.::z' ;»rwmt:.uc,mj;\iu of madaw éan ;asr.-.zr. o
0f thc rime qi 4 eqaals he Nxxa@ allomable valoc,
and R Qm;;g T ze zr;c :._.@e. % 3 valm c" Ob“c:'v'x‘:w@ :
po-nr a Juarter ~q!" the \anxaum It instes! of vz.a'i:\':,q‘
et two data point 3 we werc o a‘tt:a:e six nvat.u'c-
. swnts ISR VGRS VTS 2/1&. Jre, ase, s.n and 6/8 o
the u'xi‘;t:.m.\v' ap-oad time Of each . poiRnt such that
\_oocn M: the samwo -ancat. una o :m on:or in
"zbc ntctwpz wo'ald 5-e &‘.? .x-n JTearer t:u.- _:gut
@b:a;m b the two poxut -ct,nod T™hus, t»' toral
time requ:ired for .hc secoed ~tho-$ ol 'xn,‘;':,_.?'.-'z

times loader than 2hat ~r-o~qu:re¢ for 2he’ !xzt: WO Five

foimes. Bowgver, the v valaes were A% two Froups
close o the opsinmum: val.a\u descrided :~ Agpendix 110.. .

This was Sorie 1o provide CHeCRE S8 The Consiatency Of



159

od an -.euou 8.3 v -dut-‘- ot
“hlllt‘*«lm n;&c u-ovcl of u-. utmuca po-nr zﬁ‘
from the mur lime. Suca an oxponm: m portor-d o
at ¢ = 180° wu:q the Wtar-euutmlu Wz .
system. As ‘before, the nm uouudo vas -uund‘
using field modulation at ... end m mxun dtue-
t‘tcll,lt 2..-. The 'ruxdfm."ad_ ‘rwm'
programs (m igcuo’tu $.3.6 and 5.3, ‘-n"uuum ;
in order to maintain the resonance condition. To ne%rd :
the n«we., o! e aa:on:zo uu:tout dutortxon. : u |
m neceasary to u.n 8 .htoctor mmuz ol % ux. 1 ‘ M »
. The '.:.’455'1- TO-NOLSe Tat 10 vas then $C POOT uut sxquax |
_aveTeqing was osmzu.. Im prxaclplo tm.o cdnld qa
”ttotnd mu:q tho cc-pu:or. . Io-on:. :hoto ut
xun!!:cuat :p‘n --oxy,oo u’n t;w! antmag was .
Achlmd onomlly ia a8 ';bnttl sxml Av.r.w M
mnbcr 1062. "uc 3ats acqntnuoa o! t,hu unit \ns ’ _

'ﬁ ander und:m: MO' :Mcmuz. cndduz...

- loet-m é-tnctor oqtput m samp led onry 80 axux- \
m tor c toza. of 512 data poiatcs p‘t m m
!lou cban !ow tho mr ptogn- ‘tor this oxponmt }.s
m in f;q. S. N Wtcxy twelve hour- ¢! data
--eoxx.ce.a at .m -uh-o of 'ob"“ ‘and the uynjo )



recovery wves numerically printed by a Pabritek high

.lp..d printer, model nu-bor 201. ‘ , _

. The optimum "two point® method discussed in
App.nﬂix 111 was not nttd since thé linoar extrapo-
lntlon o! the docqy constnne had. not been pr.viously

‘experimentally vorified. Aluo. since tho decay had‘\
- a®t been cxporinentolly shown to be a singlc Qapon.n-‘f

tial, the complete decay was recorded far-ou:_into

the baseline for apptoxiuatqu seven time qohstanti.'

o .

.

$.7 C:yital information ‘.

uost of the data reportcd in this thesis were
obtainod ‘using“a sodium nitrate crysq,l provxded by
the uarahav Cbc-ical Co-pany. Cleveland, U S. A. The
crystal was in the tor-‘ot ‘a cylinder 10 men in B
&xanntcr and 9 mm ldug and"thé'three-fold axis was

pcxull.l to th.fdnd face of the qylindet. A spectro-

'acopic analysis supplied by tho mnﬁutacturer showed

,.tho tollowxng i-puxitios~ Al. 3 ppm; Ca, 8 Pp®m; Mg,

3ppn: Cu <1 ppm and Si < 1 ppu No trace of thc
,pa:a-gnetic L-purition re. CQ, Ni and Mn uns fopnd

tb. crystcl wus nnnoalod by ‘the uunu!-cturcr prior to

,ship-ont. )
) A few -easurgarne: u.re taken on a :econd

sodium nit:ate crystal allo obtainod tro- Barshaw
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"This Crystal was’ 15 o xn dxannzcr an- fn long'and was
\ot/the s;nn nonxnal pnrity. o .>‘.>” e |
o ‘ @

.,

',SJQ"Deférninagiop'ot‘thé*drfstil"oricnt§txon

/is daau:able to be nblq to: vaty the ;56-1;:- and

‘mazi-ut a1 anglea and s §ndependently ot onc anothe:. -

D; stal uas tharetorc xnscalled in a nylon sanplc St
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'ZK nutuallg perpendxcular axes.p Tbe ctyttal ztscl‘ was
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"V-ohnted in a.collat uhach conld bc rotated about a’f"

'-horxzonta1 axxs relatxve to the sa-ple holder. ’he"j?A"

ictystal or;entatxon,could be :e: E? vithin one deqree.

_7 Th¢ sanple holder could be :otated about a vettical
Af lxis in the NHR probe.r It vas equxpped uxth a circular

:seale and vernier which could be - set to.an ;gcurncy of
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n " 80 that the thrce-told axis)vas a. ng the axia of > o ?*W

” >rotntion ot ehe collar._ In this artange-ent rotatxénf

..bpnt the vertxcal akxn changed 6 but not 0, while ; K {”;'

-

\“L'

‘ splittinq (see eq. (3 1) vxth n = 0), while‘ :‘ dhqle -

:.'[totalionfe! the collar alteredﬂy buc n' &‘ ”,

0 vas deterniﬂed by the foliowing coubinat;on of ,;tgy,{
und NHR technxquex.; A pxecessfbﬁ phocoqraph taken 1;""5
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/
..n. unovod tbo mqlc 3 to bc o.buxned. rclanvL top
| thc cty-ul cylxnde: zo an occuracy ot :-1_‘. The. " '
-centm”tr.c naturc oi *xc x—ray p.tt.cm (Bo..rq'c’r.',- ‘
41\963) d:.d ':o: allow a dutmcuom to bc made bet.veen o / :

.8 and ao 60‘ - Bowever, t.hu u!bxguxty uaa 'euovod by

f
- b
aon;tounq tho MR }.xmxdt.h of the couter @%ine &u' a- -,"13_

!unctxon of :a 3 By coapar.on vzth eq. (3 5). the
‘ \"‘t.hoorcucal expussaon tor t‘xe sccond aoacn: of

ccn ?5‘ l,}ne, the correct x axxs could be u).ect.nd._A

By

’ ‘;orwwa. facareful lxmxdzh musureaent at e - 60' and
%

_ 120‘ (vhere thc a-plxtude ot thc ccs 39 tetll ‘is qreatest)
- enabled the posxuon ot the * axis. to bc mdepcndently»_ﬁ

det.erlined to vxt)un one dcqrw S .
" N . -
s -
‘ E
o
.(& are. gl‘afefﬂl to Dx:. ma. Benncttof tha mmtf

of Chemstry for perfominq the x-tay wo:k. "};’,
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R RESULTS

e

6.1 otxen:atzon:dependence of Lhe qnadrqgoie'splitt:ng-

. : 7
The elec:rxc txeld gradxent at a nuclear sxce-f"

‘1: cheracterxzed by the quadrupole couplan constant
e Qq/h nnd the asynaetty petanetex '; quantxtxes\vhzch~

gfuete inttoduced in seccxon 2 3.'1It followa tron eq.

(3.1) that the txtat order quadrupole splxttxng bétveen~

a satellite and the center line fot 1= 3/2 xs qiven by.f

e 1"'."' vo‘- z (e’ Oq/‘h) (3 cosza i#nsxnze cos 28).- <"
ST S '.we_< - ;f:_'”- ¥ 1 (6. 1)

¥

Uhen thit uork wa; b.gun it was believed tnge&;-

5;1910) thnt there was a possibxlxty that the crystal

| 7--t!uctuxe ot eodiu- nitxete did not cortespond pre~ e'“a¢g "

'ffcieely to that predicted from x-ruy neesnre-ents—viln;,>‘f445
orde: to verxfy that the 23“: nuclex did indqu lie'
‘a Qhree fold syunetry axis careful measurenents

! orientation dependence of the guadtupole splittinq weze _J.

——t

/"‘-—-‘y

'.ef-nde;- In ordet to deteqt a very small esy-netry pare-

o J

hE uw it is clur troa eq. (s 1)«&1{ t,he utellite

| ‘sputung ghnuld be ueasmd in ‘the. vicmicy of o = 90°

tor ditferent values of 0., The low frequency satellite

- line in sodiun nitrate wa- th.refcte plotted on a chart :
: reeordet as thh tinst,gerxvative ot the absorptiqam '

163 .




,-.asuxcuent of the quadra_

.a:-7~3'5' and 86.5'. ‘In o

line. f?ﬁxcbuat”done,gve X 0.5° near 5 = 90°* for
der to obtain a precise
le splitting :ne *Pield-

oct' feature was eperatx
o aw

and a. lxnear sveep thrquh

" the resonance was prov;ded by the"?requency sucep

A of ‘the lov-pass fxlter oﬂ the output of the g lock-

flfrequcncy xncreasxng and fthuency decreaaingu

n}-aan of the tvo cross-over frequencxe: was “L,

_xn detector, resonances vere reco:ded uxth both the

tacxlxty descszed in section S. 3 1 The resonance

.centex irequcncy vcs taxen to be that of the cross~f“

over poxn: ‘of the first derzvatxvn sanal To avoxd

~the systenatxc error assocxated wzth the t;ne delay

-

“%o be

the tesonance cen:er frequency Another sx?tenntic

error can be qused by a drzft of the sa-ple tenpera-

'y.tuxe since the quadrupole coupling constant ha: a. te-'?

4;petatute coeffxcxent ct -0 33 xnz/'c (Andxew et al.

1952f§ The sanple was tazrly ue11 therlally isolatedf

-fron the laboratory, so that any tenpeta;ure dtxfts

. vould be slow. Bovever. to,nininize any tesxdual

'\_systenatxc ertOt. measutenents uere -ade alternately

’; at the two. settxngs ® -;-3 5o and 86 5%,

AR

The results of these neasutenents atq shawn in

Fig. 6 1. The solxd cutvas teptesent the best fit of?i.f- "

the theoretxcal foga (eq. (6 1)) €0 the datn. ;He»"

f;nd that the maxinum satellite separation fro- the

e . . R . -, .J—'Niz," .




s

¢

'P1§§rc.6;;
Hcasurenents oi :he satellx:c spl tung near
9 = 90° for o -\-3 5° and s = '86.5°. 'Thﬁ..;u

fsolxd lxﬂ& are the least squares fit to B

~the daca.t-' - -

a
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center line is

Cea0ds: 0.0z “*“ Car ee - |
and 80025:0.028 kas ar o - w65t L
e this e follons that

-, . (osaa)‘ l"oé-s‘;.‘? ﬁ

, : %» . _
tro- uhxch it apﬁcars that QQQ«aoyu-ctty paraaeter 18
o

» 1ndeed zcro at tho 2;!& siees in sodiu- n;ttgﬁp.
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_ Pro- these -easureaentx we cap also obtaxn the
value of the quadrupole coup%xng constant. Indeed
a -Ote relxable value will xn 9enera1 be oﬁtazned by
nnking ncnsuteaents near 5 = 90‘ rathcr than necr 8- 0‘
since gny nxsorxentatxon of the synnctry axis out of
ié,fhe plane of rotation uill give rise to an errot at

the latter orientatxon._ An alternative nathod of ,“

acanuring the' aatellit. splitting at inhervals throngh- -

out the full{ 180' 'range of e, suffets fro- the addx-

g‘onal dtawback that sm m the anquur

setting have a latqe eftecc on thn satellita scpnra- '

_Os-\z 7

tion near @ =. 45' and 135e. , | |
The quadrupole couplfas constant_dexived fro-»
our neasurenents in conjuh‘.‘on with eq. (6 1) is f:»-

‘336. 1,;* 0. os xHz  at’ 21.51 0. 3'c°"

LV
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_ Thit vcluo'zsl;n aqreeacnt vkiniihe vni@o:‘

3342 KMz qxven by Pound (19503, the value of 1)0 - 0.8
kHz deduced troe Ardrew et al \k962) and :nc value -3 4
335.4 kHz dediced from D'Alessio and scote 11971).',tn§'
fect that our valuc 13 aarqxnally larqer 1. rot '
‘:urpxxaznq sx\cc. he ot\cr Bcasurenents suffer from

;rthe dravbacks nentxoncd &bOVQ, vhxchAuould gzve rzse

 ito a slxqbt urdcreatxna:e o{ the quadrupole couplxng

constmt .

iy

6.2 Orxeniation.dcpendence of fhe lxnewidth;

eratly, the ¢ dependence of the NMR lxneuxdth

s Y

| was acasurcd to’ remOVQ the aabxguxty 1n the X*ray de—i;ﬁ
‘tera;netion of the angle 5. ' Also in view ot»:be_,i
anonalous s dependence of. W Z/H feported uy Hughes and
‘Reed (1971).'a'carefu1 measuresent .of the: 4’nhwxdth of
~the center lxne and a satellxte lxne was pettoraed .
'The measurements were made ‘at @ = 60‘“and 120‘ where-\f
.'the anplxtude of the ¢ dependent tern is larqest
Assun;ng that the lxnewxdth is proportxonal bo the
square root of the second moment, it follows from
'.eqs, (3. 4) and (3 S) that the wldth of the center lxne:e
> 13 approxxmateiy ngen by o '
;Ap; - 1. 79101 - o. 189 cos 3@) kaz' L '(é;z) L

-

at 9 = 120’ .The‘COtresponding expression for the “



videh of a satcllx:c»lana is
P, = 1.659(1 + 0.185 cos 33} KMa, 6.y

- at 5 - 60‘

© The p.ak-to~p.‘k lxnovxdth vas I-Aluttd by.
t‘cordan the outp‘t'ot ‘the “m lock-in d.toctor uhcn
& linear ttoqucncy suocp throuqh :ho rﬁson:hbn vas
portor-nd The txeld -odulatxoa a-plltude vas typx~
_cally one :1xth of the lxncvxdth

o Tho datq,are shoun ih qua-s 2 and 6. 3 Thc

solid lxn? xh’¢ lcast udtos fic to the tunction
0T . .q , /\A

S 0 ""I : 9‘) .

‘A + B co:»Joﬂ S o “ . K (6 4)

169

vhere L is the vtluc.énduced tron the x-ray uozk the"~

' leaat squates fie’ 9avb the tollovinq renults

-(1 755"0 010)(1— (0 269 0 005)cos 30) kBt

'\.

AF -(L,SQC& 0,0l3)tl* (0.200_:0.007)cos 30] ‘kHz .

The data clearly confxrm that the 23Na nuclex‘
Iie on a thtee-fold ymmetry axxs, and that the x-ray
',d.ternlnatxon of the angle $ is correct

)

The agreenent between the theoretxcal and ex—’

._peri-ental lxnewzdths 18 suzptisingly good, consxde:xng

7the'approx1mat10n (eq. 3. 4) that linewxdth = 3 /ﬂ'

The agreement for both center lxne and satellxte line

.Q'.
I



"-~Psqurq‘6;2

Pehk—cq:pcax‘linevidth of the centc}
'iinc rcsonanCe:!qr v 126°-as a
tt@hc_tiqn ‘a( the mtjlé._:. "rt.xe solid
‘411n§a}p a least sqh@resﬂfit;to the

expression .

A+ B cos 3s.

ESia
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figure 6.3

 Peak-to-pesk linewidth of the high’
tz;qucncy sitcllite resonéhce for

5 60'.qi'a'fﬁnc£xon ot'ﬁbe_inqle
4. The solid line is a least squares
tiifté the prressidq. R “

A+ B cos 1.
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- indicates that contributions to the [inewidth from

'.valuo will be qnot.d in all caacs. . ”-A»ﬁf"

. b : ' a  1|7‘ |

[

lattioce defects aromn.qlijiblonin“dut cry-Eil.‘

n
JUV

6.3 Orientstion dependence of w ey

_ Tho'B-Pab‘vdht; for each crystal oriontntioh h‘tp,
tittod to a -traight lino by a unightod lelat -qunreo
fic t.chniquo. The qztox fo: cach«point ‘was given by

~"tho -catter of the Bi; as . dlscualod in. soctionus 3. 2.’
}',Thn qoodneap of fit wat~not u:ed to qfternxne thc error .

in thc intercept bocaus., tqr tha slnll nu-bet ot datc “ r‘

»poxnts used, this vnlun is unroliahle. QInstead. the‘ -'0'

error was calculated using °q.. . (A3 3) qp§ this error

j

The cortection for the yon-infinite;saturation

‘poutr wvas detetnined ttn- noaluxc-qnts nt Pach crystal
‘l*sctting usinq QQuAtion (4 8). or (4.9) q;flpproprinta.;,

The valu. of the -xtrapolated enhlncennnt obtained froﬁ
E the p-Pob. dnta was nmltipliod in’ each caao ﬁ’ tﬂa cn,il

L

corroction factor £ dnf;ned by

Eghg Ehp povet.qsii'lot the/ﬁ_’ ‘aita -
. R - Cooen L / - L

Tho pa:anatnt 6. uhich is. r.quitad in ‘the calcnl&tion -
of M/ was d.tez-rhed inweagb case frou’tha qﬁgdrupole L
.:.plitting B ;ui" T -~ ‘ _.A o ' 'f ggl_f‘f

- N /
E = B at infinito—:aturation poqet : N "fZ%ﬁ):;ﬂiz i




due to paramagnetxc xmpurxtxes.‘x‘"

II ald III are ngen»xn Table I The

7~
quaqtity E xs the e ancement obtained by extrapola-‘

ees X,

for o

‘-Q, and E "'EE The values of E_

t P :
10" to obs: corr corr :

- were used in. conjunctxoa wzbh eqs.v(ﬁ;ﬁ‘ (4. S) and

(l.ﬁ)vgxyxng the fabf§L1ng values:.“: s

o

/ N
PRI

-"2/“,1'-" 1.024 :0.006 '

L ey

- WyW,y F,0.903(:10.00;; -

|
i
i

. The gquantity 3/w regresents 3 small amount of mag-'

'netic relaxatlon occurrlng xn the crystal ptesumablyv

< -

It was shown by Nxemela (i967) that w3 for 23&3

<

-in sodxum hxttate depended only weakly on crystal

: orxentatxon. ance wl also does not vary by more than';

o :15! we make the sxmpllfyxng assumpt1on that Y or

L telatxon.‘

H3/Hi is 1ndependeﬂt of crystal orxentatxon. A small

magnetxc telaxatxon cortectxon was therefore applxed

to all subsequent Case I measurements by usxng the

1

x= (s~1)/12-3f54(39/11+x))l@,; e

B .'- . . L . : ST Ko .
stng the ‘numerical values of M1313/N1111,

3333/M1111 end M1113/H1111 q;ven by Reed (1910) the

det;vatxves f(wz/wl)/o(M1313/M1111r etc. were f

lts obtained‘at 8 = 180‘.and k2 = -3, S"j

175 -
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"Case I

’."bgse IT

E .. _=
) _COIE'« 3

”Chsé;III}/

"

‘E

' ‘5

.v w>€

‘= 1.4894

v

"

(frab1§;£>

EOR

e

0.0023

= 1.0023 =

= 1,4928: 0.0023
corr S

E = 1.5104: 0,0035

BN

R -

Q

E

£

corr

W,

Y

= 1,5136: 0.0035

.

'w 1.6714':0.0019

= 1.0035 o
= 1.6773¢,g.0191 S

-

‘Enhancement measurements obtained at 2 = 180°

r”*\

K

T



ce#éhldted end are” shown as q tunction)of 9 in ng.
6.‘.e Theae cutves were used in choosxng the a values

- at which the enhancement should be measured For,

177

exanple, poxnts near 9 = 60‘ or 120‘ ete‘paxticulqtlf"

usetul in determ;ninq M1113/H1111.

v

The results for the 8 dependence ot wz/ul for

¢ = -3 5‘ are shown in Thble II Untortunately. xt-‘

-'was diacovered that the triqget level tor the Hxi‘

belance Detector had noc been set low enouqh when the

separatxon between center line and s&tellite was 20 knz.‘f

When a separate experxment vas perforued to meeaure the
'kMR sensit1v1ty change wh;ch had occurred under these

' curcumstances, 1: ‘'was found that all enhancenent values

*_ﬁ‘ken at a separation of 20 ka ahould be multxplxed by o

the suall correctxon factor 1 0023 Heasurements at a
40 kﬂz sdparatzon 1nd1cated that no a;gnxf;cant systen-
‘atxc error was/gfesent , Bach determxnatxon of "2/"1_;
required approxxmatety torty-exghc to sxxty houts of
‘data, dependan upon the szgnal to-noxse ratxo ‘at the
-:pattxcular orxentatxon.v The. resulta ot Teble II ate

- shown gtaphxcally in. Pzg. 6 S xMe solid lxne bexng the

"non-lxnear least squarex fic to the theoretxcal exptea-

. .‘\ {«
A'BIGQ\QQ.'(3 15). In order to-: estxmate the goodness of

.“'"V.

- xflt we calculated the values of xz per degtee of ftee—

 idom and the mean devxatxon defxned as




© Fiqure 6.4 = ¢

‘The sénkitivity’df;ﬂé/ﬂi"to’a_#axiation\7
: ' SR . S ' R
. . 1) . e . R . . R R . N ) \» N
j°f{H1313’-H3333:°t'"1113-23_3‘;9"CF;QP1 .

rﬁ@fﬂtha qnqleiéuz

e o o - -
L -
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0.0
130

'2a‘é;i

- a3 2
;*'59 1

A

4

e
«

’j;g. ﬁ'f +

. 1.4974:0.0033

-1”5669*0 odsi'

mtg ; 5012:0.0033"

f;73 I:,

'88: 4; :

103 4

113.2

'120.1

S 129.8 -
134.1
Coaaa
 .#ia§;H;’
}'15;;32.
'»,179.0*1:7

l 4742 0. 0035

'1 i695 0-0031

O

1. 4542 o ooza,'
1.4806 o ooso .

TT1.5416:0.0035.

1.5208:0.0039

.,A‘fuiébaiahcef

1 5028 0 0040

Hean of tases I,.

~. ES

T v

.~

- 1.5100-0.00225
©1.5306:0.0036°

'1.48932:0.0030

. ).5367:0.0038"

e

‘-h 1.53357q.q034..

Table Ix o

~

.“1 ,€

. nl
lo
=y

- 1’0

'/:

'? L.

‘11

1
  1

o
vi;f

’ 1,
4
1

II ’

Ce

N

"IIIV

0020 -

00151”
0017{"
0016

0017

Thq e dspendenqc\ﬁtiﬂzlwl at'o;?43}55 EOt‘Cjie_I

.0016

ooie - -

0020
L0023 - -

;6016'
.0016 -
L0016
.0025

.0024
36020'

cq:teét{dﬂibf,;;¢023«has beeﬁ"appiieéﬂ

'
.j"zf"x.

1 022 0 012

1'082‘0 013

' 1 04000 013"
o 923*0 oxz} ’
o soszo 011'

;;”(f:

“le 05290 013

'~ .

N
. e

»~,~§§;¢
. * (R
[ L~ 0 W )

0.867:0.010 .

'71'675°o boa,i:-
1.160:0. o1s n
1.18920. 018'
;.zza-o.oxz?
. 1.190:0.016.
©1.150:0.017
1.078:0:016
1.024:0.006.

.0.95120.01af



H 3

'?iQUrq 6.5>

The. orxentacxon dependence of HZ/H1 as a

rtunctxon ot the anqle “,tor‘; s -3, 5‘

the solxd lxne is a least squares tzt of

_the data to the theoretxcal form.. »Thé

.dotted line represents the results obcaxned

by Reed (1970).‘



‘182

 (s3:493a) 8 NONV

o8t 0l o 06 09 - Of

pris ey —

deo

A

AN



g 183
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where P 18 the number of dggrgeé of freedom, and xth l
18 the best'f;t value of x. Por the data 'given 1in

Table II1 we found

;2 per degree qf,fteedom - 0.49v |

and Hean'deviation_. = 0.,13::0.28
' o . ‘

These values lndxcate ghat the theotetlcal torm 18 an
excellent fxttlng functxon to the data. The low vclue

of 12 per . deqree of freedom (we would expect a value
close to unxt;) could be 1ntetpreted as exrther. due to 900d
fortune ‘or to pessxmlstxc error lxmlts. One possxble[
'egplanatxon is the fact that P.b8 was found to vary up

‘Ato 258 durxng the lonqer runs. - Because of the non- =

zero slope of the E -p obs graph thxs wxll xntroduce an_"
additional random error‘ln the E. values. Thxs leads

‘in turn to a pessxmxstxc estlmabe of the error in the

o -

enhancement, sxnce in practxce. we recorded P bs at

-.frequent 1ntervals andiysed the mean value of P bs»in
aubsequent analySLS.» In other words, eq. (S S) glvesl
a reli&ble-éfrgr estimate only xf the 6bserv1ng power -
13 essentxally constant. An estlmate of the magnxtude . »ll
of thls effect shous that it is. capable of explaxnlng
the low value of x2 per degtee of freedom.-
Pron the least squares fit to the data in _
_ qu. 6.5 we found the followxng values for the fxtted
'Jiataneters '
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/

My313/My1, = ©-8025 :0.0025

M m -« 0.7091 : 0.0059 - (6.9)
3333/M111y = 9 * 9. . .
1113/ 111] =-0-1001 :0.0022

In section 7.1 we ee;inate the magnitude of syete-i;ic-
errors in the deterninetiqh Aiuthe'enhence-ent in
Jrder to make a realis@xc estimate of the error in
- the above quantxtxea., o ‘ ‘ i -

It can be seen from Pig. G.S'that-thete is a
s;qnitxcan; dxscrepency-hetveen the ptelent:resultsi
and those of‘Reed (1950). As.meniion'in section 5. 1,
the nethod of Reed consxsted of measuring the peak to-
peak amplxtude of the absorptxon derxva:ive when a =
lxnear frequency sweep through the resonance was»i'
pertorned To check that the di|Ctepancy becween eun_'
results and those of Reed ‘was not due to the diffetence :
“in detectxon nethodz per se, we performed a *Reed type
experxuent thh the Rresent apparatus at :he ctystal
-orxentabxon é‘- 180‘ Qhere GVe discrepancy is 1arqelt.

: Repetitxve lxnear frequency sweeps were pettor-ed under the
cqntrol of_the conputer,and the.outpu: of theru- lock- "
'_in detector was recerdedein>the Fabritek iiéﬂal averager.
The avetaged resonances were then displayed.on an X-Y
'tec0tder and the peak-to-peek resonance a-plitude wes
neaeured.; The data’ for th;s experi-ent are shown. in

. Table III. The value of 1.4909 £ 0.0033. for E, :r"" -
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Table III . .

The z"obi and B-P. ¢ data for Case I at 0 = 180°

b

a
‘obtained using the "first dori%ativ.‘,-pthod.

~,

Pone E
279 1.500:0.005
350 © 1.507:0.005 | o
842  1.53420.005 |
1124 . 1.5¢$20.005
.. 1359 1.55410.005
Prat E
i 0.36 1.178:0.005
| 2.25 © 1.401:0.005
1440 1.50720.005

~ Prom the least square :it E = 1;4336:0.0633
| and g = 1.0015

L

'l':hul B_cott - 1.4909‘:0.0033
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\1

in excellent. agreement with the vuluoll.l‘Lix 0.002)
found previously (see TabidFl). Thus, we conclude
that the discrepancy is not due to the use of a
different measuring technique. Other explanations
*for the discrepancy will bo discussed in section 7.3.
v lociu;a‘ot the ano.,lcus ¢ dependence of wz/ul

reported by Reed (1970), we undertook a detailed  study
6! W,/¥, as a function of o‘n..r 0 = 60° and 120° where
the amplitude of the ¢ dependente is largest. The
results are shown in rabic IV. &ince tﬁc separation
between the center line and the -ctnﬁlgtc liq. was

26 kHz, for these -...uiinnntl, the previously d.qcrlbbd
correction of 1.0023 has been applied.  The corrected L
results are showny graphically in Pig. 6.6. The ‘solid
line is the Xheoretical form calculatgd using the N-
vaiu@s'lound from the § dependence. " In .other uord-;
it is a “zero parameter” fit and there is no ;19; of
any anomaly in the ¢ dependence. Tpo value of_xz.por
degree of freedom is 0.73 and the mean deviation,
defined in eq. (6.8), iq;D.OCs 0.29. We again find N
that xz<§ct degree of freedom is substantially less *
than unity, thereby contirniné,our suspicion that the _
f error limits axc¢p¢.-i-1.tic on account of the varia- -

' &

-tien in Pob-’,
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. Table IV

a

The ¢ dependence of ll,/!l -t 0 - lﬁpol‘ for c.o. x

..

-3.5
26.5
$6.5
8.5

116.5
146.5
*176.5
206.5
236.5

266.5

296.5
326.5

o

* A "Misbalance® correction of 1.0023 has been applied. .

o

«1.527130.0036 ,

1.49%120.003)

1.472210.003):
1.4909:6.0034¢
| 0034

1.523520.0030
1.501120.0024

1.4718:0.003%
oD

1.4%02:0.0036

1.521920.0034 .
1.%5003:0.0037

1.4660:0.0034

1.492120.0035 -

o v
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o &
o] o
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g
1.00)%
31

O

1.0010 ©

0

. 1.0026
120017

o "

4]

1.001%
\ 2

. 1-0018
1. ooza
. 1.0018

k.g319

. 1.0018

.~ 1.0028

(]

1.0019

-
©

-

U

'z"i

1. 15080 01‘
1.020:0.01)

0.93330.012

1.00120. 013

1.14320.013

1.04%320.010

" 0.93620.014

o

1-.00020.014

- 1.138:20.215

Q

1.04220.015
0.911£0.012
'1.009:0.014
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4

c

o

o
»

<



o
e

Figure 6.6

The orientation dependence of W,/W, ‘as &
'fuhct;on'of the angle :5f¢r 9A§,1é0;1°ﬂ:

The solid .'lineﬁpresents_ the theoretical '

prediction.
<. B
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in order to check the conslstencv of our results,‘
we have undertaken some measurements on the second
-crystal of sodxum nxtrate dxscussed in sectlon 5 7
‘Resultssobtaxned at the orxentatlon s = 0° for Cgses‘ 

B ¢ to.IV'are ngen ‘in Table V.T stng egs. (4;4}»to '

4.7), we obtaxn the values-:

W,/ = 1.020 *0.004

z
("]
N
x
[
L]

'-6;0@97&0.0010“ J .

e

C;mperiSQn offeqs. (6 6) and (6. 10) shows good agreement
:beteeen tne W,/W, results obtaxned with both crystals. :
The magnetxc relaxatlon contrxbutxon w3/w is’ approxl—‘
rmately thrce tlmes grcater in the second crystal than
_xn the fzrst Thxs presumably 18 an 1nd1catxon that

trthe paramagnetxc xmpurxty concentration 15 not 1dent1cal

. in the two crystals.'

\ ¥

6.4 Heeehremént‘oflwi_by:the.trensient,hethod

In order to obtaxn a value of Kl' we measured

the tlme dependence of the amplxtude of the low fre-.

}quency satelllte at é = 180° after removal of the
L
saturatxon power from the center line (as described

in sectxon S. 6). Thxs was repeated at varlous values R

5 o£~P bs'. In order that the data could be reasonably

o

1f1tted to a sanle exponent1a1 (see sectxon 4. 2) all

e . (6.10)

190



Table v ’

Enhancement measurements obta;ﬁed at e - O° usxng the

'4second sodxum nltrate crystal

¢  Case I _
. E= 1.4859:0.0030
« . g ="1.0017

E¢Orr-7"1~4984fq.ooao ;

case IT . . s o
. E = 1.5015:0.0028
€= 1.0017

Ecorr = 1.5040:0.0028 .

- ‘case III |
"E = '1.6568:0.0025

£=.1.0007 -

R o

corr

o e E : " . 1.§5(?6:°00025 » . -‘. - - | ) /‘..,‘

i Casellvf : e o - 7, \  .-
B = 1.6367:0.0025 | |
R g = 1.0016

L. E = 1.6931:0.0025 -



o E | " 1‘92 ,' 
, thé ﬁ obs vaiues‘wéfe mall.‘ As expected, the sanal-t _:';_
'to-noxse tatlos were poot.'thereby requxrxng many hours
of data collect;on.- A typxcal»example of a ﬁyelve-
»hour ru; ;s shown in analoque form in Fxg.zéﬂi;
}hé usual methbd for analyglng an exgonentxal
ﬁdecay is to take the 1ogar1thm of the data before
'fxttxng to a stratht lxne.. The value of the baselxne:
-iof the data xs then ad)usted to mxnxmxza'(z;: Thxs.‘
;method xs’onIQ applxcable if the nOLSe is small ‘com=
«pared wzth the 51gna1.. A systematxc error 1n the‘
_determxnatxcn ‘of the decay constant would otherwxse .
: ioccur sxnce the error bars would be astmetrxc after |
? takxng the logatxthm A mote sgcxsfactory mechod Ls-
¢to use aAnon—lxnear least squares technxque by fztunng

the orxgxnal data to the theoretlcal fofm\ L \.f
o - Lo R TS ;

~

A'+ a_exp(—_u)«; A SR TN

In this methodg thete is no restrictxon on the- sxgnaf\\§g

B o ff . SN
’to—noise ratxo of the data, and no - systematxc error
i'should occut.' Conseqqently, all the data collected
'fxs usable. xncludxng that Ln the "tail® of thé decay.‘
We used such a non«lznear least squares fxt "
'?ne:hod to analyze all of cux numerxcal data and the : l; .
'decay constant A is’ shown as a functxon of P obs in;f L
‘Table VI and in gtaphxcal form in Fxg. 6. 8’ Accordxng

_fto eq.~(‘ 11)’ X should b;\i 1;near functxon of P 53{ -

by



'F@Qu:g'6;7

_The recovery to equxlxbrxum of the hxgh"
'frequency satellxte after removal of the
'saturatxon power from the center lxne.ﬁﬂ
‘The trace represents 12 hours of’ data,

collectxon at a 1ow value of P bgf'_

ot
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 Table VI

The decay constant )\ as a function of P s Obtained
, S o . . RS .

.te - 180..‘ -~ L

R,
?Obs A ’ch N

o | 155. . 0.1683:0.0020
e .é19 T ' 0.1714:0.0012
o . 309 - T'T,-_“-o-1677§o;0021'
360 '.'. ;7 6.1724=o;001é:
.'»7512 - o ? _ 0.1683;0.00Zd
67 0.1741:0.0021 .
~e2 " 0.1789:0.0013
Coaise ' 0.1853:0.0015
b--Léist s§§éres éit §§iuejo£?tge‘in:ércépﬁ'-:b.iezé:o;OOIf
| o B sec™l. .

[



by
and the solid line in Fig. 6.8 is a weighted least

squares fit to that theo;etiéal form.  The. 1intercept
is equal to L0 : "
. ' 0 -1’.'.‘ & ‘ T
0.1622:0;0017'scc' . _ ‘ ~

In thxs(fase, the standard error xs given by thel
- goodness of fit, sxnce the fxt xs ‘not quzte as good
.;é one would  expect from the grrors of the individual
'>;d5§a points. . Thxs dxacrepancy may be due to tle
iapproxxmatxon of fxttxng the decay to only one
exponentxal ‘or it may be due to small varxatxonsA

L in spectrometcr level durxng an xndxvxdualArun.

The value of the xntetcept is used in con)unc- :

i

‘txon w;th eq. (4.12)~to_de:erm1ne "1‘3 Us;ng che
prevxously‘detérmiﬁed value y = 0.0034:0.0011, we

tind . ceo e

W, =" (8.032:0.0084) x 1072 sec”!

W, = (2.7:0.9) x10"4 sec™! |

Insbection of eq.»(i 12) shows that ‘only at é”-.O'Qr

'180’ is Hl a £unctxon of )ust one H-component. ~Thds,

we. cgn deduce 1mmedxately'that.'

- T S S
o%o’ "1313 "“-819°°-°5°?V 107" sec™ . (6.12)

VThe qullneés.offthefmagnetic-re;gxa§;oﬁ{coh—‘hi

: e B S R o
‘tribution can be appreciated by noting that if this

(6.11)

196



Figure 6.8

The variation of the decay constant i as

a function of spectrometer pouérﬂpobé,

A

The solid line is a least squares fit to \\

~

\

a linear form. : o . Y
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\

wvere chc only rclaxntion process, the cpin-lattico

[¢]

relaxation time for thc satellite lino would be

-pproxxnately 20 -1nuq3- instead of 6 seconds!

Srcoremy
- - .



CHAPTER VII

, DISCUSSION OF THE RELAXATION MEASUREMENTS

7.1 Estimation o:'sz-to-itic errors in the relaxation
9253 - T : o
Prom Tables xxfhéd IQ we see thit a typical random
error in the extrapolated Qﬁhanécnnnt is .2\.‘ Thus,
we need only conlidcr -yatc-ntic errors qmo.tct than
about 0.018. Of the systematic error$~¢onsiddfia‘fﬁ”w
-oction 5.4, we find that the only . lignificcnt ones are
ot instru-ental oriqin, uhich ve ' .hall ‘now dicculs |
The trigger Lovpl tor,thé 'nlshnlgnc.‘dotqctor'
sas sad at a level thch»cortonponds to'no -nr; ﬁhan a-
0—05\ NHRA:cncitivity change. 4Qho only c:{‘ption was
when the saturation qu obacrvlnq ttoqucncica differed
by 20 kHz; a -opara§. correction was- applied tox this
cCase, as 1nd1¢ated in section 6.3. ) e o:tilnto that ~
' th. systematic error in the -nhanc--nt. cnuo.d by this
source is about 0. 03%, since the ninbalané.,signal is
near the 0.05% trigqer level only a small fraction,ot
. the time. o . ~ ‘ . ..
;i \81ncc.;o£li 1-irtﬁdon there is a finite -
k'probability of it exc.cdinq th. dynamic range ot the
signal proccssinq ci:cuitry. houcv-r s-nll the -tandnrd
dovlation of the noioo. As mehtioned in section S. 4.3,

-
el

4L .. : . : 4



J

this ptoblo- is .bst. serious in the circuitry just
Prior to the correlater in the lock-in detectors.
Using the graphs given by Cohn (1964), in conjunction
with a knwlodqc of typical :Ugnal plus noise 1ovog.l
in our amplifiers, we estimate that the :ylu-uc
' error from uu-“ cause is no more than 0.058. .

,'nnvbcouwrtcrinour system has a maximum
noa-limrity ot‘ one half a bit and n‘nlolntibn of
twelve bu-, .ror the mim signal levels' -u-nrod.
m- corresponds eo & mAximum synthauc error, of
appmxint.ly o os; . ‘ C \‘é_

ln nosw oonsiaor the, uqnitud. of any midu.l
systematic orror caused by the -ixlnq ‘of g.ho rf and
mdulncion rcl.atod signals. m W ch.ck
mentioned in section S 4.3 m 00 significant
:yle-tie error. 8ince a éptul M W
-nbroquim tmiohtmolhu.um :
any residual errot to be less than 0,35 U.e. I7T0
of the random .mt in an l-luno&nat W
m.mmtﬁoaOO‘lium '

o hhnumudu.mmsc.ztufw-

_d-pondcnt wstmucmmchnhomu“ 06
stray -Lqul. -emmtmb‘m
amplified by the rf pouu- oouro. and Mm!.ng the
'lpjct:o-.t.or via the utn:attou qath. m tllll
lylt-atic error was obo.rv.d bo dtmuc with d.etocning

o .

i

u
o "
.

o
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~» obs’
be no larqer than about 0 07\.

P the error in the extrapolated enhancement shyuld

, ; The fxrst two systematzc errors dxscussed here»‘
Cwill lead to enhancement)values whxch are too low.‘
‘eﬂouevef the remaxnxng errors couldebe of exther sxgn.
~We therefore comblne the er:zrs 1n the usual way to
'fxnd a probable systematxc error in the extrapolated
Jenhancement pf about 0 15%.0 If. th;s systematxc error
1S uncortelated from po;nt to poxnt,vthen the goodness

l,of fxt‘ error 1xmxts on the ratxos of the M-components g

[a}

should xnclude the effects of these uncorrelated d

' systematxc errors. However, the systematxc etror xs,
: : : R e

'_»bybite_very.neture, lxkel to- besforrelated from poxnt

Wto’point.. To take th;s xnto acc unt. we ;ncrease the

_error limxts ngen in eq. (6 9) and our £1na1 estxmate

of €he ratxos of the M-components is

\
o
o

MRS ”1313/”1L11 * 0.8025:0.0035
. o® T e L - ' _ -
= 0.7091:0,0083 | . " (7.1)

4

M3333/M111

-0. 1'00'1 : 0_:0031~' )

°f

- ,'"1113/¥1111'
_The good agreement between the wz/wi val%es ,:

obtaxned thh the txrst and second sodxum nxtrate
crystals, 1ndicates £1rst1y that thxs quantxty does,

not appear to be sample dependent. Secondly, sxnce '

. the eeoond4crx§ta1 is consxderably 1&rger~tnen the



b S

first, xt shows that any systematxc errors assocxated
«thh sample szze are negligib%gl__Possxble sxze depen-

a

af dent etrors could be caused by - large 1nhomogene1t1es

-in the rf fxelds or weak b&é\axound NMR aggnals emenat-'

\

1ng from the probe.-f

53{ «.'~' We shall now consxder possible systematxc errots in

the determxnatxon of the decay constant A by the tran—

,.sxent method Unlike pulsed NHR experxments in wh;ch _
" the spectrometer has to recover from an extremely largé
'QVQFIOPdlnq gfvthggxnpqt staqe. our method does not )
73u££ef from sdch transieﬁts:‘ Thus, shxfts in the’base-
-lxne of the data are not.lxﬁely to be a. 819n1fxcant‘
vproblem.._also. the: NHR 1nformatzon appears as a small
'mddulation‘pf-ﬁn.rf catrxer. -Thus, lxneAtxty problemsb‘
’ih’the deﬁeéiozs wxll not be sxgnx:icant. The f;nxte
bandwxdth of the detectxon system can introduce a »
'system;txc error in the determinatxon of the decay _
constant._ The low-pass flltet followxng the 2u lock-‘
_in detector had a txme constant of 0.03 seconds'
,'(cotraspondxng to a3l db frequency of S az). an;e .
.this txme constant is so much shotter than the 6 second |

-txme.constant of the_observed decay,xt is clea: that

_this _syéf:ema’t;ic error Shosil.d' be négligibie.‘

S
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7.2 Comparisqn of the wz/wl,results;ﬁith_tneoreticélg

v ptedictions

The excellent agreement between the & and . 2

degen'ence of W /w and eq. (3. 15) conflrms the valxdxty
of the theoretxcal treatment of the orxentatxon depen—VJ'

.. dence £ W and w It also shows that, the H-components»

1 2°
. wh;ch occur xn wl ame equal to’ those xn wz.» In turn,

.thxs xmplxes fﬁht-the spxn—lattxce relaxatxon is pre—i
domxnantly caused bv a nultxphonon xnteractxon.g
It was found (Shtoh, 1965) that spxn—lattxce

axatxon caused by vacancy dxffusxon becomes szgnz— .

Ychloti\_ : They therefore.consxder theﬁpossxb;lxty

. - ﬁeehanism:couid~eontr15uteftoéthe123ﬂén”

nfgbih}lettice _elaietidn in'sodiu@ nitfgte.etereed\' _

rat ‘was shoun by Snyder and Rughes (1971)

‘that the Hétenegt qgmgonents_%ot thxs‘mechan;sm,can:be
, " IR _ : o,

' temperature.

expressed as v ‘v'\f>1 L o L e

: -~\\’ s -1
v STETV e 2:R1-+, (Epey~ End” T, /h P

Magarg' ™
- N Ay
‘whete v ,(t) is a txme dependent field gradient
'component, the bar sxgnxfzes ‘an engemble averaqe, and
'fc xs the correlatxon txme character;zan the dxttua;on.

an the 1ong cortelatxon txme lxmxt e



‘. ) - 2 2. 2 . . ’ . - ’ N ! ”.A N ' . [~ . . '
Q (Ep,, = Eg) 1a/n">> 1, | o (7.3)
or in our case
?g >>‘10'¥‘wsec2- . - . "’;  Lo (7.4

o

we see trom equatxon (7. 2) that the H-tensor conponents‘V”‘f"

govetnxng w2 ate approxxmately one quarter of those' B
e govexnxng "l " lefusxon narrowxng ot the ?3Ha resonancel
in sodxum nztrate occuts near 500 K (Andtew et al, 1962).
Thxs 1mp11es that the cortelatxon tzme of self-'! .

23, -3 seconds at thia

' dxffusxon of the Na ions is: Nlo
tempetature. thle the correlatxon txme deduced ftom‘ '
: motxonal narrowxng is nob necessarzly idcntxcal to TC“

| whxch occuts xn eq. (7 2). Lt seems clear thagﬁeq (7. 4)

xs well satxsf;ed tor sodxun nxtrate at ‘room. qgnperatute._'3

L3

ance the mean deviation, defined in eq. (6 8);

o

-

0.13 2 ozs Q

i £or the}‘ dependence ot "2/"1' it tcllqwl that the
'dxffusxonal' con:r;butzon is no more than about 0 ’1Y
of "1; or about 3 xxo -f371* in our cryatal.

' . We now conpare the axperxnental H‘-values uxth
the ptedxctxons ofothe poxnc charqe nodel deacrxbed 1n,
Appendzx 1. PFPigs. 7 1 to 7 3 :hov tho‘n -co-ponenta-.
for a 'lxnear procens as a tunction ot tha angle 8 ot
the paraneter k descrxb;nq :he asyunetry of the nuclcar

b
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Figure 7.1

©  Point charge model estimate of M,

_°for a “"lineag” proceskﬁ-'Thé horizontal . = .~
. line. is the expeiihenﬁalky‘obta;ned value.

a

1313M11
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‘Pigure 7.2
Point charge nodel?,e_s.tiu.s._a_tg Of M3333/Myyyy »
“for a “linear® .;p:ocers_'u"."f'!:he horizontal line

'is the experimentally obtained value.
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Pigure 7.3
] ‘Point f:harge ~model n};{l&tg of 'H,lllv.l/”"ilil '
. for a "linear® process. The horizontal '
~ line ‘is thca-e-x‘pé__xailﬂ_en't_am'_l'ly‘.c>>b"un".x~‘u:d'\nublme'."-~ '
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ZV1bration.' It can bc‘-ccn ;ro-\;hcno dinqrn-: that .
. the u' vulu.- u:o d.t.tnin.d prtlnrily by e tnthnr @
‘f th.n k. -~In :odiu- nitrate‘tha anqle e is SC.S'Wac L
,\too- t.-petatute (Chorin et al. 1967). rron the.
| noutrdh diffraction study of Paul ‘and Ptyor (1971) vt.
f'dcduc. that :ha patn-ntor k is routhy 1 05 rhus,
_‘un can see that tor 1313 and H3333 the aqree-cnt
-_bctuncn :beory and oxperi-.nt is lurprindngly qood
', Howaver, unless we assume values of 'k which d1£¢;t
V wq;o¢t1y fro- unity. aqree-.nt for "1113 il\poor. _;;;
Pigs. 7.4 to 7. 6 are shoun thc H'-coqponents for.a 'A
quadxatic ptoc.sn. Aqain thc aq\\‘nent is excollcn:‘
~£or 81313 and H3333, put we now obtaxn 3ng agrecnent.‘»»H
!or n1113." Thua, it is :e-ptinq to conclude thct in
'lodiu- nxtrate the don;nant telaxation -echanis- is a
quadratxe one at roon te-perature. (This ptesunably
vould be the. harionxc Ranan p:ocass consxdered by Van
_Kranendonk (19549, s;nce the anhaxnonxc procels (Van
Ktanendonk and Halkat. 1967 1968) is“'llnear. Thi-
point will be dxscussed futthet in section 7 . 4 when wcf
’ditcuss ‘data takcn at 77 K. _ ~ '
. j ~ Tho theorecxcal estlnates of Van Kranendonk and :
walker (1967 1968) 1ndxcate that" the anharmonic Raman .

N
-process xa routhy tvo otdet: ot“nagnitude nore

";-portnnt than the har-onxc Ra-an proceas.‘ o

o

U



rlg‘nro.' 7.4

.Point chargc -odal estL-tO:ot u1313/u1111

for a- quadratic ptoeass. Thc horizontal -

Iine 1- the oxporlnnntally dﬁtained value.
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"Fighte_7;6.

s

Poxnt charge model es:xmate of "1113’"1111‘

for a 'quadratxc’ process. The horlzontal

»

: ‘lxne xs the exper;mentally obtalned value.
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However, subsequent more deta;led calculatxons by

ulpxetzla (1974)have shown that the tuo processes*may

23

be equally xmportant for- Na 1n sodium.chloride at‘.

.room temperature.  Thus, the theoretical sztuaeaon

o is by no means clear., : "f'

- 7.3 Co@perison\¢§2;~previous-room}temperature resulte

o

The originel enhancement measurements on sodlum )

a’

'nxttete were performed by Pound (1950). The precxsxon

'-;-ot his measurements was suffxcaent to demonstrate that_

~ o

"a quadrupole spxn-lattxce relaxetlog mechanxsm,was

: dominant xn sodxum nxtrate.* Furthermore, he showed

_thet wz/w was the ordet of unxty at the crystal orxen-f

£y

'f.tatxon 6 = 0°. : X ';. ~ . o
' Sarnatskxi and Shutxlov (1972) have performed
A:a double resonance experxment on sodxum nitrate by o
‘usxng acoustxc saturatxon of a- paxr of energy 1eve1:~"
seperated by Am - °2 _ The resonance ;nhancement was
‘dmeesuﬁbd by a steady-state technique using a Robinson
spectrometer.» They also performed a pulsed NMR _
“experxment in order to . obtain an estxmate of "1

ZSarnatakxx and Shutllov found thaf“

. .Hz‘/"L = 1"‘;‘?"* ] | | |
. Wy mo0.086sec™t | gy
| . My=0.0023 sec”! | e

NI

o
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at the crystal or;encacxon e - 30° or 150' | (The - .. \'

. authors did not dxstanuxsh becueen chese two values:

neither:dxd Ehey qucte the angle o.) Sarnatskxx and e
f~Shucxlov es:xmated the paramagnetzc xmpur;ty concen-’ 7
l‘tratxon in thexr sample :o be ~1 patt in 10S on the';
f“bcsxs of electron puramagnetxc resonance measurements;

»»BY inapection of Fig. 6.5 it can be geenAthat talerablef: ;"

agreenent for Hz/w1 is obta;ned if we assume thab thezrv."

_data were obtained’ at 2 = 150‘ and ¢ rear zero. o SR

e

'."anxlarly,'thexr estxnatlon of wl xs xn fair aqreement

with our value of (8: 032'° 0.084) x10 -2 g-1 Lastly,
'lbhexr estzmate of H3_1s an order of magnxtude larger

‘than our value (see eq. (6. 11)).‘ However, this 13
',reasonable since. Qur pafamagentxc xmpurxty concentra-»
’txon is bel;eved to be less than : 1 part 1n 106 | 7

' Reed (19704 measuted the orxentatxgn dependencei
6£7W2/W1 of ?BNa in. spdxun n;trate at toom tempetature. v
. £ 3 13 of 1nterest to Ceupa:e these results thh ours

)

ﬂg;ven in’ eq. (7.1, sxnce bqth studges were made on

J, v : ©

.the same sample. The ratxos of the w~components ngen

by Reed (1970) and Hughes ‘and Reed (19?1) are

1313‘51111 - 0. sso; 0.0is" ) e
3333/”1111 ?_0.822: o.016 | | | |
s | e

lo

1113/ =0 120 ; |
““1123’"1111 = ° 142 z0.017 )

o .

[
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_ we can see that the - results are xn pbor aqreev‘

“;nent, especxally for H1123/"1111 whxch we found to be
- zero and whxch should be zero on grounds of crystal
"synnetry. : ) ,- | _

- ‘In order td explaxn the dxtference between the
twe sets ot data, we reter fxtst co the ] dependence
’,°f Hz/w1 displayed in Exg. 6. 5. In ﬁhxs figute »
ithe dotted lxne is ‘the least squeres fxt to. Reed‘ '.:‘,l?;"
‘ data. It is obvxous that thete is’ quxte a lange dis-e. |
»crepancy especxally near 8 = Q° and 180‘“ Althouqh
EReed employed a dxffetent detectxon nethod 'as

descrxbed xn sectxon 5. 1 the tesults presented 1n"

‘:_ sectxon 6 }°1nd1cate chat ‘the dxscrepancy cannot be

aattrxbuted co thzs., In vzey of the consxderable dxffx--;

o,

' culty ue experxenced in elxngnatan systeuatxc etto:s ‘Qé""

fton our measurement systen, we are led to cons;der the

‘d'possxbxlxty of soae undetected systenatic ertors in

-Reed's measutements.L Thxs suspxcxon as rexnforced by
‘the followzng evzdence. -Some. wz/wl vnlues we:e

o

L obtaxned with our sys:em_ before the elxuxnatxon of _
the systemat;c errors caused by the xntetaétmon of thei<
Art and modulation-reLated sxgnals. Those obta;ned near '
”6 = 0° were in faxrly good‘agree-ent vith those ot . o
‘ 'va_ii The disctepancy in “the az/ul -easure-ents 18
efdisplayed in a sliqhtly difterenc form Ln Fig. 7 7.



i 'r’i.ém'ijv.‘v
'Discrapancy between Reed's wz/wl deta andi";
'the present data, as a tunctxon ot the'”
'lidifterence between - ehe obaetving and

Ssaturation trequencies us7d by Reed

-

e . . SR
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Thésh‘rxzontal axms 18 the dxtference bc:woon the |
obsetvxng and saturatxon ttequcncxox used hy Reed
(The neqatxve frequencxes n Fxg. 7.7 are because
’:necsurements were made on. ‘the m_ 3/2_~_1/’ sa:ellxte-_
 rather ‘than- on the 'hth trcquency satollx:e.

From eq. €3. 1), xt can be seen ‘that near & = 90'53

a

thxs reSOnancc has a frequency loue: than that of
the center lgnc ) In qu. 7. 7 the data poxnts a;én"
those of Ree& and the solxd line 18 a lxnear fit to
Qhe-data.” From thxs figure xt seems that thc dxscre--
 pancy is éroportxonal to the frcquency dxffercnce. (
' He shall now descrzbc two possxble explanazzons-

for the dxncrepancy in :ne 3 depeadencc‘f Tha txrst
:explanacxon presupposes a systcnatxc shxft ‘in the
Vbaselxnc._ ‘We aSSumc hat in Reed's specttonetet therc
_was a modula:xon pxckqp or a radxa&xon problea of the'

a o

type dxscussed in sec;acn 5. 4 3 This would cau:e a

224

baselxne offset ‘at the output o& the lock-xn detcétor.‘*'

‘He‘further assume that :hxs baaelxne was of the torn .
shown in ng. 7. 8 wpere the ef!ect has been exaqge- B
»”rated for demonstratxon putposes.' £ account vas not
'-taken of such alulalzne offset, tgen the neasur%d
resonance amplxtudes ngar & & 0' would be’ too large

" and thé measured value of E s uould xheretore be tod

v

‘.;shali.} Similarly, neér 8 = 90‘ the measured resonance ' 

: anplltudes would be too smqll leadxngfgp values ot E
) = J.

v .



‘Figure 7.8 - RS
Explanation of the discrepancy in the -
‘“27‘31 data in terms of a baseline pg‘fse“t.

P
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'which ‘were too highx According to thiclintcfhteﬁatian.

 1: is tho ditterence in the baseline otf:ct betueon one °

lpqak o! the nbnorption aerxvatxve and the othor pch -;vf
: vhich causes the’ error. Tb explain the linear behavxour

.houn~in_Eiq._?.l,‘wgtneedvq.bqseline oftset of-;he forn-.

‘ B . . : .. PR S - -

N B 8~f Bo~*.§2(Av) L R : (7.7)=
< L e T PR : ’ " ’
wvhere B is arbicrary and Av"xs the dxtference between

the obsegvxng ‘and satuxatxon frequencics.f To expla;n

: the -ngnitude ot»the dxscrepancy in W. /"1 ‘the di!ference

]
.

b‘in the baselxne on exther siﬁe of the resonance corres-
.'ponding to Av = 160 kHz, would have been littla ;ore -
'than the peak-to-peak noise a-plitude in an individual
iung ,Thus, such a problen could oasily have been over-
_lookcd. | BER - |

_ ﬂt shall now conaider the second :axpldh-
_ncion !or the discropancy.‘ As -antionod 1n scctions
;5.(.3 nnd 7.1, thorc was a s-all froqucncy dcpondcnt -
sylt-nzic orror in our lysto-, which we believe to he '3§:
, caus.d by thc tr-qucncy dopendence of the rejcctxon of
‘the balance nctwork. 'A:>can be seen in Fig. 5.4.'£hof'
.Jozthogonal -ode ot che balance n.twork oonxains a _
. delay" Liqp Thus.\since a dclay Line produces a con- .
: tt‘ant time d-uy. the phase §n91¢ of the “orthogonal |
~lnd. vill vaqx lincarly with trQQucncy. Thus. ir thn

ynlcne. n.euork is adjus:nd to r-joct the saturation

e \



\

T 228

> ! -_— V
!r.qu.ncy, it will not bc p-rtcctly bulancod at other
tt.qu-ncios. Xnd-od. thc n-qnitud- of eho nq: coupl-

1nq will bo proportional to the dittornnco between
tho.naturation troqucncy<and the trequeney undot ‘con- //

‘ fsid.zation. “Thus, if :hc rf _power courcn receives

';bo more aerious in nnod's apparntus than in ours uinec

vlny rndiatlon from thc tpcctro-atcr, at the obaorving
fr.quoncy in part;cular. it will bo coupled back to
the lpoctro-atar na-ple cotl via tho mechanism ju-t
’delcribed , Since the -ngnitudo of the .t!ect will b.
fproporticnal ;o av, . this -chanis- can account tor the
liucar depondenca ot ‘the discrep.ncy dilplayad in
_rig. 7 7. The -nqnitud- ot thii problc- is lik‘& to

_ hil spectrunnter and rf power louxco were not effec-
A tiv.ly lhielded. C : _ . i 'iﬁ/‘. B
‘ Altbough thor. umdoubt.dly vas a -odnlution
pickﬁp pzoblq- in Rncd': spoct:o-tor.» we !col that
tho s.cond expl.nntion is more approptiatc.' Ono :-qpon -

L is that the second -achnnis- vill result 1n°a diroct

-odulatlon of tho spittiﬁigtct obcorvinq power, -ndf

-h.uc. producc a; systenntic er:or vhich 13 ind.p‘hd.nt

A of whethct wa or Zw dctcction -thdds ar- ulod ,'( 
.rhu-._it c.n explain the agroc-nuc botu.cn our pt.. f_}f‘
:lininaty results and thoso of Reed. SQcondly. tho

a di-cxapancy will auto-atically be zero uh.n Av 1: :o:o,

uhqroaa 1n t@o fi&st oxplanation one has to -nko a’

)y X
v
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_ducnpancy 1n ch. valus of "1123"‘1,111 u—- tm uu

o LI [
0 . o - . . . Y ;ﬁx
S

¢

-gunt-unuudobynodmo-m"‘ uuau&.’fﬁ
shown in rig. 7.9 together with ¢’ d.p-na-nc. obtained

from' our n'-vumn.,xtmhmmtme% v‘ *
denas of W,/w; suoum beé’-almist symmetrical cbont O .‘

»

a

] - 90‘, vhcml Reed's data are v.ty uy—f.ric. S

d{' ‘,‘:;‘-

‘,llomvcr. the discropcncy botwhon ont nlm aud elion
. of Reed Jocs not app.ar to be prq:ortiona; to av, ia
"'eonqttast t.o tho dau lbovn in Pig. ‘l 7. Si.nec no oth

dau were taken by Reed att,_r t.hou voty anomala

nault-. one cannot say whether o) ?t f po

‘" change in the chu-oéu'isuc. of t:lu sw‘
* had occun-.d aftor the 6 dopqxdque. ro:ulu.. Unz

nd. clcar in rotionos 4.3, mtly mxmfimti}

’clunm iu ~our apparatns aia produco large :ystcntic

: k.on-ora. We can ouly .p.culatnoshat some change pccurr.dt '
1u tln oquip-cnt botmgn tho two uts of dat.a. 3« . o
: ’ g

Al

| : . . - R q{ E P Lo : _'.0:‘ ) —o‘. . | o &- ”'
,7.4»&1-&“&&"::“&3 SR

. . Goldburg (1959). pc:ﬁor-.d a donqlo rescoance

-zp.xinnt shimtoo&aom,pt tlut hctuaqum tln S

/
onhancmnt by a pnllcd :atho: than a .to.dy stat. B
. ¢

° : ' <
Q . = /
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‘-rigure,7;9
2/w as a functlon of angle 3. for ;'*A§6 5e,
* The solxd llne tepresents the present study,

‘ané the dotted line is aleast squares fzt‘

of . Reed's data to the theoretxcal form.

¢ . o . P
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= o o . : . e .
. x B ’ . o s ® :2-3‘2 '
) ‘ SURER Y o . ¢ e
g . TR .
oG L i B < ve T ‘ o‘ )
o v.o.‘ s . . . (\ ) o D. o ‘i e 9»,0" A
t‘.echn-ique. He found wz/w = 0. 90 z > At 9 = 0° for
C e . - I ) o PN
. . - . ; N o, . b o
sodxpm nxtrate at 77 xu e -’%:] - Yo o
“ff Nxbmela (4967) studled the - orlentatxon depghd%nce =
. -t A o u;a =3
‘of”the-;3ﬂa relaxatxon xn sodxum nntrate at 77 x by : e
o ? o 6 - .
means of the pulsed WHR énalog of cur txﬁnsxegtfﬁ o
f exper;ment’“ He fxtted the - tranx%ent decqyé to a, sam .

3;fof exponentzals 6rém whzch he waé’able co extract°

. values of Hl W, ando 3 at wgtxous crys&al orxenﬁat;ensx
,At g = Q“ Ndbmela s value of HZ/wl xs qpproﬂxma:elyo'_ .
N
i. 06 1n only fa;r agreement’thh Goldburg S result 7
TLoa o o o SoTe 4 ».A.Ic "],
':The follow;ngoreswlts were derxVed by Hughes et al - 0@ ‘°.;_
7,(1970) from ernela s data.éi“f}é o 5‘717»f§15' °d o % o
N 313130/341;1'11 30978:9_02 0o 7 .; . ,00,;-' ° » -
M3333/ My = 0-662 : ey
e T . 9 . ) e
e Mgy =02 ST Tt
and o . '; i \ -1;130.-«f Lot s
_é202 1313' = (1 84 0. 05) xlo -2 s~ o (7."9).7 ’
. It is kngwn that thermal expansxon th°sod£um»f R
nitrate occurs ma;nly along the trxad axis (Austxn ‘f o ;5 

.%nd Pxerce, 1933). If we assune;thaz ehe thernai

‘o

‘expansaon coetfzcxents obtazned from x-ray meaaurenents‘t

: by Chetxn et al {1967) apply dawn to 7? K. thenothe f;f ,wi”f

. -
‘angle 9 1n the poxnt tharge model ulll inctease by

o S R . o - e



approxinately 0. S’ on coolxng tzon 295 to 77 x.. Thue.;

from Fxgs. 7 1. and 7. 2 we' -ee that H1313/H1111 and A‘n' H;‘fv

3333/!41111 ‘should both decrease by apptoximately 0 03
:fThis egrees vell with the obsetvpd decrease of
0.02 o. 02 and 0.05 : 0v04 respectxvely becueen 295;and
ﬁf?? x.l Houever. we %ee thaé 4113/"1111 is more than o
_ a fdttor of two larqer at 77 K ‘than at 295 k.. 1The .('*
 fs1gn of N;euela s value‘pf 81113/H1111 is: not known, '.
Usince He dxd not distinguish betueen % and o+-60';7 .

] He assune, for lack of évxdence to the contrary. that »7

1113/81111 1: neqatxve &t 77 K.f By ;pnpari:on of .

o

| Pigs.\? 3. and 7 6 it is qleat that the 77 K value of
-':“1113/“1111 ws in uuch better agteement thh the ~_ o
T oe1in - ubdel than wich the qﬁadramxc model.» Thisguf

fevould suggest tbat ‘the domanant relaxatzon neehanxsm- "
‘ ia the anha:monic Raman btocess at this temperatﬁre._'
_:In section 7. 2._”‘ saw that out room. temperature

results are consistent w;th the harmonxc Raman procéss.

a

o Beuever, according to the theoretxcal predxctxons of

'fVen K:anendonk and Walker (1967), both processes should
uihave the same mTz tenperatqre dependence.~ It thus

3‘seens unlikely thac the domxnant telaxatxon mechanxsn -

B “op

_'cvouxd be . diffexent qt 295 and 77 K.- One is thus led .
ti to questiéh‘éhe validity of Ehe point cherge nodel.K§ s

M,ﬂ;
It aeens reqsonable to expect this npdel to be note
' app:nprxate at hxgh rather than law temperatu:es,v"

e
o .
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o since. at lower temperatures the charactertstxc weve-a‘
length of. lattxce vxbratxons is’ longer. Thus, one

uould expect more dxstant nethbours to contrxbute to

]

the quedrupole relexatxon at the lower tenperature.j‘
On this basxs. ane 13 led to conclude that the harmqnxc

Ranen process nay be the douxnant one at both tempera-"

23

V.rtures,for_‘ Ne_;q sodium_nxtrate. However thxs xs very

tehtative"and more work is reqg@iired to confxrm:th;s

po:.nt. o

[o : w: ?rom eqs. (7. 9) and (6. 12) we txnd that e’ Q M1313

X has xncreased by e factor of 26 2 -0 8 betueen 77 and
295 K. Accordxng to eq. (2 40), thas quantxty should
have a T2 dependence and hence chenge by a. factor of

7 14 7 ‘ Houever, sxncg 77 K is probably less than half

the Debye tenpereture for sodxum nitrate. the more rapxd
2

o o' .’ S \

variat;on of e’ Q H1313 ‘may not be too surprxsxng. e y_.

Niemels (1967) tound that the- magnetxc relaxatzon'  \f-

ppobabxlxty is qxven by

'w.3 -,,(2,'.0 - 0.6) xflo-"‘ s gan.

3

" at 77 K 1n hxs sample. Our: value of the megnetxc ‘re—

i 1axat10n xs gzven by (from eectxan 6.4)

ance nagnetxc relaxatxon is caused by paramaqnetxc xn-i
puritiee is expected to be tenperature 1ndependent at



o N [
«

leaﬁt to - fitat ordc:, it would appea: ttn- eqs. (7 10)

Li'and (7 11) that our s-all crystal is, ot co-parnble

putity to Nxeneli's crystal ance the para-agnetic"'

xupurity concentration ot both crystals ‘has been -
':estxnated to: be no more than. 1 part in 106
.A‘nent between the' LR valuea is reassutan.’
UV “The excellent aqreement betueen the values ot
.1313/H11l1 and 243333/141111 obtazned by us and by
-'Nienela is also very encouraqan, since the experx-

: nental methods and tenperaeure wcre vety ditferent in

.ﬁ:he two cases. Thus,'we feel that the 1atge change xn(;

1113/H1111 is real tnnd ngr;tg gu;thnr:invgstxgatinnfi

VA

e the ‘agrec- .

238



'CHAPTER vni :
coucw c _-siem" |
. _;3 rra- the :esults end dlscuthions gresented in- 1
fChapters VI and VII, it 1: cleer that: ue have developede'
; 1nlt:u-entation capable of obteining pteci:e and .
'vaccuzete ueasuxe-enta ot NHR a-plitude | Th;s has - -
'enabled teliable relaxation date to be obtalned on.r
‘=the quad:upole eplitcspectru- if sodiu- nitrate.,v:
' Since the systen 1s under the conttol of a real-tL-e
-inico-puter. very cqnplex conttol alqorithns can be
°_executed.j Thus, expe:xnents whxch would otherwise be -
,fi-ptactical can be conceived and perforned A |
| Out steady state nethod sutfers frou the dis-»’
_'advantaqe thgt xt does not nge the nagnitude ot wl or Ny
'?ﬂé; nouever, nuch 1nfotuation on quadrupole relaxatxon
can be obtained trom the ratio "lel' ﬁe have shawn
-;'thagethis quantity can be neasuted using our experi-‘;~-”' 
_;ent and technique to an accurecy of about -ll d

The t:enszent nethod has the advantage that it»:

. ncasures the teiaxatxon tatea directly and 13 -uch

fless de-andxng on the 1nsttu-entation than the steedy
| state one. It uoy&d AQpea: tton our p:elx-;nary uork :
that . it 1: capaﬁle of giving values of relexation .
:rates uhich are accurate to about °lt for. the case“
ivhete thete ere aeveral clonely lpaced resonances.
: oy :

236
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(In this eese.nghe,pulee ;‘th eﬂ!fers frOn the

dxaubeck that aore then one . resonance is excxted o

- sinultaneously thereby conplicatang the 1nterpretatxon':“
Auot the d.:a.)~{ | - T
ne have det;nxtely establxshed that che 23

cpin-lettice quedrupolat relaxation oécurs vxa a’

e nultiphonon xnteractxon in :odiun nxtrate at room

' te-perature. By conparxng the results thh -a poxnt-
chnrge -odel.,it weuld.appear that the spxn-lattzce

relexetion occurs via the har-onxc Raman - ptocess at L

‘_,roon tempetature. The evxdence at 77 K is that ‘the

\ i
Vhar-onxc Ranen process xs not donxnant. However, this

:A,conclusxon may be due to the lzmxtatxons of the model

:The theoretical end experimental orzentatxon dependence
‘;ot 'ﬁ/wl are xn excellen: agreenent. and‘ﬂp sign ot
,“the anonalous behavxout repotted by ‘Reed (1970) is
| found.< Purthernore, we cdnclude that the aneualy was -
n_the tesult of systenatxc errors of xnstrunental orxgxn.
| ”;_He now present some suggestxons for further.
feinvestigation on sodiun nitrate. It would be xnterest;
eﬁfng to 1nvestxgate the te-pexatute dependence of '

1113/H1111 in view of the letge change in this quantxty

<

Y

b<£er from' any knosn phase trensition.: Heashrenents ot
‘A'wﬁ/wl in the vicinxty of the phase tren;xtxon at 276’0
-bhouldrpe.use:ul in s;udyxng the deteiled nechen;sn,ot_

[
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the transition; -In'nnrticnlar;‘since‘ "soft vxbratxonal

-odep would produce a dxrect relaxatxon mechanzsm,i

ue uould expect them to have an effect on the value’of
2/"1' ‘A double rcsonance study-of 14“ in aodxum

=3

nitrate would be useful in provxdxng further evxdence

‘on the relaxatxon ;mchanxsns occurran xn thxs crystal

' Hoasurements of wz/w by ultrasonxc aa:uratxon. 1n
-any cases, ngea rather unrellable results. ancev

- we have a detaxled knowledge of thxs quantxty 1n sodxum

<

n;trate,ﬁxt uould be xnterestxng to perform such an -

-~

'» experxment, usxng our experxmental arrangenent ‘to try

| and deterqxne if there‘are gny fundamental differences
in'the-tnejteehniqqee,"it would be;naeful_to extend

d thefﬂi nensurements‘to otner crystai orientations to

| see. uhether the data can ‘be fxtted to the theoretxcali
form.’ Thxs would check whethet there -are any unsus-/
pected systematxc errors xn the "1 determxnatxon.; AlSo;r
the transient measurement may. possxbly be extended to
the neasurement of "2 by wonxtorxng the transxent _
behav1our of the cenqer line and fxttxng the decay to i
- a nultxexponentxal ti@e dependence (cf Nxenela.»l967).'
| Other sodzum salts whxch would be suxtable for
A double resonance study .are sodxum nztrxte. sodzum°
.chlorate and sodxum bromate, for exanple.< Sodxum

o

nxtrite xs partzcularly appealxng since it’ has several

’ phase transxtxons. Furthermore, since. the Qodxum sxtes

I
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in,ihxi Cr*qtil do‘néi"poiaess'inveriibn syﬁne;ry;.
'.thii'.ﬂtcrial :hould-ptdvide q'test:of tine reve?sa1 :
symmetry (uuqhes. 1§73);" | |

‘The uork described in thxs thesxs was carried
out on sinqlo-crystals._ Hovever, thqrevqre many‘s;dxpm-
salts vhich are d;ftxcult,_itv "Vinpbsiible,'to dﬁtain
T as'a larqe sxngle crystal l:l‘ € . xt’ thc asyuae&‘? |
paranetet is zero and the quad?ﬁéole couplan constant is

suttxexently snall (probably <500 kHz), a peak in the

_,,NHR powder pattern nay be szxble.correspondxng to the’

- satellites for vhxch % is near.so‘ (Cohen an¢-Re1f,

1957). ~Hhx1e.:hxs peak will be weak, it may be possible

f_‘to extract neanzngtul values ‘of wz/w and "1 separately

7£or 9 = 90' by the steadyostate method and nhe tran-
 sient nethod desctxbed in thxs thesxs. An obvxous
-sanple thh whxch to test the nethod xa sodxum nxtrate,
;since the quadtupole relaxation probabxlxtxes are .

’ alteady known.
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Appendix I
B anéral Qtightaﬁiph dependencé ofﬂwi and'wz ’

Qf . He give che general orxentatxon dependence of

o

_  the quadtupole telaxatzon prnhahilxtxes wl and u fct'f'

the case of a real quadrupole relaxatxon tensot -

(Snyder and Huqhes. 19713.',1. f' - , ff.‘v[":

W= (e%o? /5‘1"‘“1111*‘”1133 "3333*4M2325* 3131"31212.

: 2.
-.‘6‘3"3333 2323”2"3131’“s 8

o o 4
;-8 1111*‘“1133*19"3333 16"2323 r‘"sxsl 1212’°°s s
/ ' / : '
R +24(H3331cos¢+n3323szn¢) 1n3 cosa(l- 2 cos 8)»

¥.+8((281131 3331*2"2312 cose~ ‘2"1123*"3323 2M M3112)

x s1n ¢} sin eeos38 i / AR R

w
—

5 .
12{(251133 3333}4208 #o+ 2u33lzsin Z«Nsa‘n -5 coa 9

. ’-
4((&2323 H3131)c0826/2"23313Ln2¢}$in

- 8(‘2”1131*"3331‘2"2jg2’?°??‘*‘ﬂ‘iizsf”3323*2"3r12?’Q
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Appendix II

HCalculation of "aeaﬁe' tor sodxua nittate using a

'3poxnt charge nodel. o g

I . e

» He ahall descrxbe a sxnple pearest-neighbout"*,
- poxnt-charge model used by Hughes and Reed (1971) -

Lo calculace the n-tensor co-ponents xn sodinn nitrate.

°

The sodxun nuclex are assuned to-vxbtate in the elec-
;;troatatic fxeld ot the nearest ne;qhbout oxygen atoaq
~'vhich are treated as stat;onary poznt charqes.'fThe:
hacontiquzat;on of those six charges is shown in ng.;

- The chanqe xn the electtic field qradxent v ad’
Cat’ the nuclear. sxte,caused by ‘a dzsplaceﬂent dr can

be expressed by ehc tollowinq p¢wer seties i

Vag = I _a‘adx + 1 “e A L L (AR.1)
a8’ ‘3 'sr-_j - 7, 3 "x dxk' PR

 'The linear tern in eq. (a2, 1) wxll nge rxse to spxﬁ--
lq;ticc‘relaxatxon via the direct process and the -
Sunhat-onxc ;a-an proccss (v Kranendoak and walker,;;
 L1967, 1968), whereas . the quadratxc tetn wxll give rxse
,_to the harnonic Ranan process (Van Kranendonk, 1954).

The H—tensor coaponencs ! are governed

: aBa'8’
by thc ptoduct of the tluctultxona 1n V. a8 and Va-5-°,- :

o

- Thus. fot a ‘lxnea: process.-» obtaxn



";contiguratxon used in the poxnt

Figure Az.i'
Schematic.tepreséntatxon of the chargé
chargé

'inodel for the calcula:xon of Haﬁu 3..
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. TRIAD AXIS =




-
el

(M ) [Z Tas 4 ]{Zl}v a’ 4
™3 - X, | X
g8a'g’ : SN
asarsrlyy, T 1§ W Y9 *y ) ’
-W?a". —
aB al 8° . c- : s
- { dx_.dx, : . (A2.2)
_where the bar sanxfxes an average over the nuclear
vxbratxon. If we | asaune that there xs«no preferred »
" dxrectxon for the nuclear notion, then '
. qubstituting'into ég. (A2,2)r§e"thha obtain .
| L2 v, v . o
L lar)” ¢ " "a8 '8' S : ) y "
_(HcﬁnPB')l S ‘§_§§j e (A2.4)

1The nodel can be generalxzed :o take 1nto account
anxsotropy in the nuclear notion. Let k be thc am-

plxtude of the v&bratxon along the z axxs dzvxded by

"the anplxtude in the x-y plane.- We further aasulc that

- the vxbratxon in :he x-y plane is. zsotropxc and of

amplitude dr. Then eq. (A2.3) will become . -
SEEEEESP | (dr)z' e S
Ix.dx, = 8. {(kT=1)& .+ 1}-—3—— e o A2.S)

ok 3k -33°

- FOr a "quadratic® process, we,obtaihctrop"

O

‘eq. (A2.1)

v/’ )
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o : ’

(n ) « U5 ? Yoz 2 Vg (dx )3
ada’'8’ a 2 P/ b)
quaa {3 IxT Ix
- 3 )
2 2 -2 ~d
3 . X {5.Vaa ’ va‘a' .2 l vo:. ?vu'ﬁ-"
Ik ax.-;., Csxf ‘”‘ja"k IXgIXy 2 )
. ire. . °

'-(dxj) (dxkfy};- (Kz.q)-

_ tor the case of the nuclear sxtc pos:essxng xnvetsxon.‘ﬁ

sy-net:y.>'Por the an.sctropxc nuclear motion we obtaxn

~

(dx)) : { (AIK ‘1). 33 + 1 T (A2.7?..

- and

'(dx (dxk) - ‘(k -1)6J3 k3+1}15-— ; ka . (Az‘.'_a)'

After a lonqthy calculatxon. vhich :akes 1nto'

‘_account the ccntxquratxon of the six chargca shoun in
Piq. A2.1, it can be shoun?(keed. 1970).that £ot the
‘flxncar' pProcess: o | | | !

llli-quuzt'a{sxn 9((3-581n28) +(1/2)(3-5;xn 9/4)2

.*(3/2)( 1+s:;n 8/4)]0k2cos 9((Ssin e-1)2

+2(-1¢5:1n 0/4) 1) taz.9)
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"1313\'5q2u2r coszél(l Ssxnzé)z. {75/sf31n‘§)
. . b, M . . . . N .
* ‘3/2”*28*"26‘1‘5°°825)2J A2
"3533"1392“2'—8f‘Scé’zb-l)2(1~Cosze)
+<k2(3—5)coszé)2cosze) A . "f (A2.11;
. o ' . 'y

8

4;;n6coseé083§o((3-591n2

Myiy3= sa’u’c” ?5(1-s$inze)

+ (15/4)sin%2 (1-5s51n22/4)~(3-5 sin23/4)

* (1-5sin®e/4)- (15k?/4) (1-5cos?s)sin?s).  (a2.12)

'Sinilarly, one finds for the ‘qqA6rat1é'.pre¢ess:

T PR S
Myapp= 3q7u F‘y}IO){3(?f3qs}nﬁ7*}Ssxn,v)

291242(3-308in2s+3551n%¢) (1-5sin2s)

'?03(1é531n

BN

o -

' ,+'st@}(3q/4)§iﬁzef(;skle)éin‘é@?&é(1-ssin25”
'  j+ }ids/;S)sin‘eJZ+(3oq/aisin‘e(3-7si5?e)4)?
Ffﬂ?(3&(36)4)siéée;kJS}IG{;iﬁ?éj(l‘ﬁszﬁzé
‘fﬁjﬁ;{‘w(195/1€)315451+k2(iOOéogzésingé(7:1n?673)21:
2-v'coszé)2+.50uni’

'—‘2(441§sin scos? e(«;-vs;n 9/4)2

©+ 3(1-7sin?s/4)2 )9k‘{({-35§inzscoszel2]v

. z((157i)¢1n2544¢,(35/4)s1nzeco-2512}”}.](&2.13r
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- (3q2u‘r—10f10)1{31029¢0326[75(7sin2~-3\

2
- 50(78in?2-3)475(75/2) (3-7s1n% 574
e (7872) (1- 2, ‘ 2.,4:2
e (75/2) (1-2181n%5/4)+150(1-7s1n“5/4)

(50/2) (3-731n%8/4) (1-21s1n?:/4))

4+

o+

k214(JSsxnzﬁcbszﬁ-Ci2f5031h;6c032§(3?7coszé)2

20(75/2)3;5{&

+

2(35s1n23cos23+1581n75-16)

©

"T7C°825-I)2~(50/2)3xﬁ?5¢0325(;-7¢0529)2}'

4. 2. 22l a2 - -
kK (225/2)sin”icos” *{(7cos =37 (A2.14)

+

]

RS o ' . o
- (9q2u‘r 7/10)1[8(I—Scoa’5)2040{l-§coszﬁ}‘

nt?coszéol)sxnze«7$(7coszéfl)gsxn‘é)

M3333

x [(2)(3-30cosza.35cos\9;112(1-5¢os?§)~r'"

9 | T
' 2.y a2 Vel 2....2 ' v
¢+ Ssan f&7cos 3-1)}+100cos isin" s tlcos”2-3)

- k {3- T 32~~35cos‘é}3;v.‘ o ; (AZlef

'(3q a‘sxﬁ~cos~5033*‘, /2) 3(7:xn2~—3)
1113 .

: 2. ae o e o2 S
x (3<JOsxn‘:035;xn :)-S(Scos.cel);..

©

- (3—30:;32*03Ssxn *)0(7sxn2:-3)(5cosz~—4)

. » S 1
';13(3-1:;;39/£>[3-<3o/d)sxnzeo(35/16>sxn‘e)

o



- 3(-1+21.xn20/4i(scodze-Aoiios/xs)-in‘e|

2

+ x2((35sin ecbaze-a)(4z.1n 8-20)-16(7-1n26—12)

’1‘(iSqinze—lsfsssinzacos?e)—so.;h e (Tcos2g-1)

x (78in?6-1) (78in?8-4)=8 (3-%cos?e)

x (15sin 9616+}531n29cog2

)]

+ x*112 (7cos?6-3) (105sinacos?

In the coordinate system qnddfof thia.-ode1_Hi123 is
zero. c ; _ L .
. ’ N L -8

Since the‘H vge are ptopottaonal-to r

Jaba tor»
-10

the "linear” process ‘and to r for ‘the quadratxc
pkoées;, the neaxest-nethbour approxauntxon is lxkoly
to be reasonable :or thg case“of 23
‘“ﬂito.'alghouqh the detaiis.of'the-phbnbh spoctru—.hivc
.becn ignored, the -odel should be a teasonable
app:oxxnatxon at te-peraturcs qreat-r than the Debyo
tc-perature. The poxnt—charqe -odel Ln a gross si.pli-
‘ticatxon of the actual situation in a real cry:tal.
Moreover, . tactors such as" antishxcldinq (Stornhei-ar.
1950) and covalcncy xn the crystal bondinq (Yosida and
noriya; 1956) have been ignored. This will r..nlt in. ’
~ the magnitude of ;n individual M component being com-

plotcly unrolxable. ,Bounvet.-thc‘zltxo of two L

254

e;isqing)r). © (K2.16)

Na in sodium nitrate.
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mtl lhould be fairly accurat-..linct tt is
j Q:p.ctod clnt several factors which have b.ou ignored
will affect all the M's equally. S



nl o . ~ - |

% the oyu.- ut.u.iutlon -
e 3
o! m on!unc..nt

i X - . : & -
“-*-.;! In our o:ani-ont. ehc )lll oahnw E u :

-.mrcd at various ob“rvinq povcrs Pobt' and th.
value of '2/“1 is dctenincd from the 1nt.re.pt on _
" the E axis of the .tralqht lim whicg is th. best tit '

to the E-P 2 dat.a. The onhanco.nt. valu.- m .ubjdct

' to tando- error btcau:e of the noiso mrat.d ia thc

':p.ccre-aur. aovov._:. for a Robinson opoctro-.tcr. -
" this noise u ind‘cp‘nd_ox;t of rt 1.6.‘1" (uowxanq‘;’"‘*nss;

s-ith and nuqhes. 1971) . kt the low tpoctx‘c-.e‘t mrs

used in our work, un m uturatl‘bn is mqliqib‘io .nd

the signal nplxt.udon are th‘m!ogo pxnporticnnl to the

_rflovol’? stnccnuonlyamk!\ycgooot'
' -.& — (it only vu'ics by 5% onr the. mloh nnqo ot h

P

‘dau p%nt !~: ‘ u invct-bly propottloml t.o ] oh. i

Also, the error in gi 1- uw-mly pxoportionﬂ. to /E';.’

‘where t.‘ is “the. time mut on thé 1':!\ «hn pnint.. on

thin bctis, we vi.ah to £ind’ th. vglnos o! (Pob-)i
‘ du.ch nnmu the rnndo- omr 1n uh"‘ ‘aneopt

subject to the con.tra;tnt .

t-T o L (R3.1)

B © 7 S

¢ % .

é‘uaod). it mllov‘ ihtthrmminmi‘th;
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‘Mrummxth-hvuhbh. mwm
"mnqul:odubhmn..mciuono!onuim- U

Ilmt mmt at even a largé val.m of Py,

it is upuune eo ‘soquire data as otueuauy as oo~
I! u now call (Pob.) und '1' :g‘ and. 71 n-— .

,»vocun).y t.hoauudau are utmm R

”‘

. y}- .-r.ha ' S - ; e m,z,

'uhonxi-mnypoa.lun. ﬂn.qwcottlh
standard cmr i.u thc int-recpt ais qim by
- (l.v.tnqton\ 1959) '

Ixiloi/{fil/oi) (Ixilci) - gxi/o -)_“ A /
'-hnno is m.wominyimmmum
'cxtoud ovnr all p datn poinu. It toilov- !'xc- f.h.

‘ diacm.iog i.n the pnvi.ou w.ph that

veleexr oL : S e
whcre c is a coacf.int. ' It" we reg th. ‘1 ‘as nrbit:u:y. ]
Mmmtimtuummnhuu ' '

M N . e ‘t- A _ . ;,’
e ated) - 24“-/“1""‘1 T e ey

| aubjoct to the eonqq'dnt B »
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- and- the corresponding measurement times are

. xj

'A"solution to eqgs. (A3.5) and (: is

‘ A T U '

Bzzfétf ;fa/cdnstan: fﬁdepeﬁdéntAofEf:

AT U

Substituting g. (Al.4) into eq. (A3.3) we find.

2 eel3 L =2.%02 :

=y . :‘fj}’xitx xngiti)_ . 5

gtj'~ c§lx t. )xi - (Exitikzjz

j,‘ixlfdiléws'from eq. (A3.7) that

L3

. &
o

'f-ance>eqa (AJ 9) is a cub;c equatxon in xj thete arez

Y

258

- (A3.T7)
- (A3.8)
' Siﬁééfthe-deﬁ&mingtotlinleq{’(ga{g)’iq indePendéﬁ£ o£"

e 3 v Y22 L P,
Sixiti"xjfxiti) = a constant independent of j. (A3.9)

at most three 1ndependent x values whxch satxsfy eq.

(AJ 9)° Expanding eq. (A3 9) fdr n = 3, we fxnd that

—., ' ) L . .
‘_tl = 8T . , L .
o T T e e S
 ty = (1-B)T . with 0. ¢ 3 <1

othet tvo He thetgfore conclude that :he opcszm

‘(Aiiil)

;one of these equatzons is . a 1xnear combxnatxon of the__//

1numbex of data poxnts ls two.. i T.uf‘p
He now consxder the specx‘xc case uhere the twoﬂﬂJig
mdata poxnts are at S A tf
o L S B B R . ST
N j;fxz = ax P git_h 0 <a < 1 - J e i

o
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 Substituting into eq. (A3.9) we find that P | &
O I - e 4
< s=@ae¥EHT o C 0 msap

This‘gives theropEimum allocation of measurement time
for an arbltrary value of a. To find the optimum

, B ‘ .
value of a we substxtute eqs..(&3;10Y, (53.11)\>and_-fh

(33.12) xnto (A3 3) tb obtain P S e F
L , 2
2 1. +a¥?

S - . L a3ad
a f?cr‘;‘a(l- a)2 R |

W"‘"ﬁ . : ‘ : y . ) . S
Em !& d&ffetentiatxng eq. “(A3. 13) weﬁfiﬁd ;hit thé;optimum
'value of a whxch mlnimxzes c?'is'x(4 ?rom eq. (A3 12)

ohe - fxnds that the correspondxng value of 8 is” 1/9 ' “4

B

-

4‘

Thus, we conclude that ghe optznun nethod ‘of -
data acquxsxtxon consists of taklng Just tuo data poznts
diffgxxng by a factet of tout in P b , and spendxng

“eiqht nxnths of the txmeaat the louer data poxnt

A N o B RN

o



