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. RELAXATION TIME MEASUREMENTS IN FLECTRON PARAMAGKI'IC RESONANCE
James J; Chang
Inorganic Materials Research Divisioh,_Laﬁrence’Raiiation Laboratory
. Department of Chemistry, University of California

- ‘Berkeley, California_9h720

~ ABSTRACT

We have measured the electron paramagnetic resonance (EPR) spectra
. . . + . A . . . .. . . . ,‘v .~ ». “ . R .
of'VO(HQO)g, obtained from vanadyl perchlorate in solutions of both
ordinary water and in heavy water, as a function of temperature. The

linewidths in the Vahadyl.system are_fit quite well by a:cqmbinatibn of

the relaxation theory for the tumbling Qf anfanisotropic‘COmplexvand the

theory of spih—rotation»interagtion. The linewidths~f0r'thé vanadyl ion

Cin ordinary water solution are well fit with the glass spectrum values of .

g = 1{93}1;'5L'?:l,9785, A”; 3?03.3'géuss, A = 475.8‘gaués, and the
avefage SOlufiéh vélueé Of:g = 1.9652, A =>¥115.9 gaués. The correlatioﬁ
time is cbhsistent with a’hydrbdyﬂamic radius of 3,67'A.”:In the deuterated
systgm thé'fqdius'is.chénged to 3;%8.A, with the othef parameters remain~"
iﬁg,the séméQ Thé.sﬁall residual‘linewidths whicﬁ have: been observéd for"

the»vanadylgion in ordinary water afe aiso observed in the'deuterated

systemr These residual 1ihewidths cannct be .due to hyperfine’interaction

with ligand protons, and must be due to terms neglected'in the relaxstion

theory.

We have also-measuféd.fhe EPR spectra of Cu(HQO)gfjdbtainéd from

copper perchlorate in aqueous solution as a function of temperature.

Isotopically pure (99:62%) copper-63 was used in ordsr.to remove uncer-

tainties vhich could occur in the normal isotropic mixture. The EPR
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spectrum of_the hexaduocopper (iI)'iop:COnsiSts of?a broad, ‘dnresolvel.
.1ihe;'*The spectra‘othiﬁed:asve-fuﬁction of-tehperatufe.were digitizeid'
with e.datetacquiSition system. A least squaresgfitdof Lorentzdline—
shapes'toﬂtﬁe digitiZed"spectra was usedeto.obtaiﬁ.the'spectral parameters
and.linewidths., The llnew1dths ere found to depend upon’ hyperflne compo—
nent and to increase with increasing temperature.‘ We.have‘attempted

to fit the linewidths'to a combination of the spinérotation interaction
theory aﬁd'the theory of ‘a tumbling anisotrOpic speoies. It is not
p0531ble to flt the llnew1dths with both of these theories con51stenly

v Hence, we propose that a third relatlon mechanlsm contrlbutes to the

11new1dths in the copper system.v

We have developed a system for - the measurement of spln—lattlce relaxa—‘r'

“tion times_consigting of a pulse—saturatlon spectrometer and a computep‘
 based date’acquisition and analysis system. We have'applied this system
to the measurement of relaiation times for Ni2+ ions diluted in a -host
crystal of_lahthanum megnesium nitrate. vRelaxation_times for the two
strongest'liﬁes of the thfee linedspectrum.have.been obtained. The deta'
~are weliifit by‘Til_e '{087 T2 (msee-l); This reiationship is oonsistent

with a phOnOn-bottleheok process,_tMeasurements of a more -dilute crystal

support this theory since the relaXationvtimes are'slightly shorter.

v.
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. selves or to dzphase. T

I. INTRODUCTION

o Aitﬁough magﬁetic.resonance phenoména have been'studied_since 1946,
magnetic rélaxation phenoﬁené'have been~studied for a much longer time.
The early.non—resonantvexpefiments (Gorter; 1947) in maéhéﬁic phehoména
served to establish many of fhe impOftaﬁt ideas of magnétié rgiaxation.‘
These experimehﬁs weré ﬁsually interpreted in thermodynamié terms sinée
mény of.the éarly experiments invOlvéd temperature measﬁfements of magnetic
Syﬁtems. Howevef, m%gnetic relaxation ié'usually,mofe easily understood
in ferms 6f the resénance phenomenon.

“According to the Bloch (l9h6)iformalism 4 magnetic system may be

cheracterized by two félaxatidn times which describe the return-bf_a

perturbed spin system to'equilibrium. The spin-lattice relaxation time,

)5 is the charaétéristic7time"for spin populations.inbthe available

energy levelS»to return tb'a Boltzmann eqﬁilibfium.-’ In terms of the
phenomenological Bioch:équatiOns thié is known as the longifﬁdihal relaxa-
tion fime; or the time éonstant;fof the é‘cbmponent»of the magnetization
to return to”jts equilibrium value. The'spin—spin‘relaxatioﬁ time,‘Tz,
is a measufe of fhe time,for the spins to come to equilibrium. among fhem—
. 5 is also known as the transverse"relaxation time
since it is th: time constant-fbr the x and Yy components of fhe magnetiza—
tion to decay he zefo,.

The spin-spin relaxation time, Té,‘is experimentally theveasiest to
determine  and if is obtained-from-the ﬁidths of the'meaSured mégnetiéb

resonance line;. For a Lorentz line, T2

is related to the lineﬁidth by

T = mV3 AV | S (.1)



where Av is'the:peak—toépeak separation.in'Hzléf the first derivative ..
of the absorptlon llne. The independent varlable in magnetlc resonance

experlments is usually magnetlc field rather than frequencr, and T2

glven by ' ; :
T, o= R o (1.2)
o g w3 : ' S : '

vwhere 'AH'isAthe:first'deriﬁative-séparation‘in gaﬁSs, h is Planck's constant,.

B@uthéLBohr‘magnéton;‘énd“g;nthe’"g" value or spéétrdscdpi: splitting'cnn;'
étant for the'aBSOrption.‘ E |
Thevspin lan£ice relaxation-time, Tl;vis"unnélly.determinéd by other
methods such as ¢.w. saturation or\puiSe_methbds. Héwevér, the factors;
which influenne'Ti'aISO influénce T,. In many cases, especially in noluf

.vtion, T1=T2.' In many cases. when the value of Tl is requirad, but is un-
known, the equality is assumed. In any case, T2'Séts a lower limit'forn’.'
B the‘value"of;Ti; '

‘The relaxation effects chéracterizéd b& Tl'ana Té‘nan be related to
fime'dépendenf mégnetic or electric fields which influénéé the spins;
There has béén mucn inferest in magnetic rélaxation bécause offtheninfor-
fmation which may be dérived abont fhe environment>of the spins. The early
theories of féinxation deélt mostly with the sblid state. However,. the .
liquid statenhas been QfAincfeasing interent since'the originél obserﬁation"
of magnetic.fesonénce. | |

The 6riginal'wnrk-on:reléxatipn in solution was due to Bloembergen,
Purcellland'Pbund‘(19h8) -heréinafter referfed to as_BPP;v Thése:wOrkers
computed relaxatlon times n51ng time depcndent perburbat)on theorv dnd.

correlatlon fnnctlons. They utlllzed the methods of the theory of Brownlan

-



.mOtién and'rélated the7r¢1axation‘times to ﬁhe bulk viSQOSity of the
sblufion;’ This has attracted much'interesi'in the pbésibility of étudying
the stfﬁcture of liquids by ﬁeans-of magnétic reéonénce linewidthé in
solution. Analysis Qf fhe lihewidtﬁs»couid yield a_corrélation time which
is characteristiévof thé’solvent.and of_tﬁe.compléx'being studied.

Indeed, nucieéf magneticirespnance (NMR) linewidths have been exten-
sively uged td provide information.aboﬁt ion—solventfand ibh—i;n interactions

(Burgess and Symons, 1968); The température depeﬁdence or 1T

0 NMR line-
widths has beéﬁ'extensively used to-sfudy wateré"of”hydration and their
rates of‘exdhangé (Swift‘énd Coﬁnick, 1962). :ﬂoweVer, in systems éontain-_
ing paramagnétic ions thé'nuclear magnetic moments areiinfluenced°by the
magnetic.moﬁénﬁ of the,paramaénétic species. The NMR linewidths may then -
have soﬁe dependence on-tﬁe electroﬁ.relaxation._vAn undérStahding of -
electroﬁ relgxgtion mechanisms is ﬁhen useful in-iﬁterpreting the data.

An undefétanding‘of.electronvparamaénetic resonance (EPR) linewidths
s importaft 5oth in ﬁnderstandihg EPR'itseif, and‘in:ihtefpreting compli-
cated EPR spectra.' fhé EPR linewidths may also be ﬁséd..to étudy3ligéndv
exchange reéctioné, and'tovstudy exdhange narrowing-effects in concentrated
solutioﬁsf ‘The EPR linewidthsfof sd;célledvspin~labels afe'proving to be
importantvfdr the study of macroﬁoleéuies. - . ] N )

The présent study was undertakenvto extend our knowledgé of two .
importéntispin 1/2 systems: hekaéuocopper (11), CU(HQO)ET and pentaquooxo-
~vanadium (IV), VO(Héb)gf Past studies of these iohs haﬁe-provided somev |
qualifative understandiﬁg’of the relaxatién effects._ However, a éomplete
quantitative iﬁtefpretéﬁidn vas not‘stsiblé with the available daté.

Only dilute solutions are studied so that exchange effects are unimpqrtaht.
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Both ions.érefgisQ'rather stable in aqueous sélution, and théir perchlbréte
salts will giveathése'ions in sdlutibn.Qithbut fﬁrthér”ébmpliéations.
‘Thé:méasuremént 6f_the'linewidths in these Sysféms was greatly frcili-
tated by theide%éiopmén£ and usé of é:digitai data‘acquisition systal..
Indeed, the méasurements:bf‘the‘hékaquocoﬁper (Ii) éoﬁﬁlex‘ﬁould not have
“been f;asible without this.§&§tem. The.data.acquisition éYstém operated
in an "off-line" méde with the;digitiZed spectra stored on the magnetic
tépe fér latervgnélysis by'a_digital computer. Tﬁe-sucéeésful operation .
: éf this;s&stém wﬁs.conducivévto the deyélobment of an "on lihe" digiial.
cdmpﬁtér syst;é_mT ‘Aﬁ "on4liﬁe" digital‘compﬁter system"has‘been.develépedv
té measurevsﬁin—iﬁttiqe'relaxation timeé'from pulse saturétiontéxperfménts

This laboratory has been interested in Ni 2 ions in various lattices for

some time (Batchélder, 1970; and Jindo, 1971) and preliminary méasufeménts__-

~of T, for Ni?- in lanthanum magnesium nitrate single crystals have been

performed.
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IT.. THEORIES OF ELECTRON SPIN RELAXATION IN SOLUTION

In this section the results of thé_vérious relaxatiqn theories for
electron paramagﬁetic resonanée'(EPR)be.spin l/? systems in dilute solu-
tion are presentéd; The theories wﬁich‘éfé specificvto systems with spin
greater than 1/2 Or’which'épﬁly'to concentrated‘solutions are not presented.
The results will not be derived in detail. The feader is referred to the

originai papers for détail or to the géneral discussions which are available.

Two excellent reviews of rélaxatidh in solution have aﬁpeared recenﬁly:_‘

Hudson apd Lﬁckhﬁrst (1969)3and’Lewis and Morgan (1968). In addition a
number“of_diécuséions of'the_general_techniQues have appeared:  Fraenkel
(1967); McClachlgn‘(196h); CArriﬁgton andeuékhurst (196h). |

.The first treatmeht of magnetic resonance relaxation.in liquids was
due to Bléeﬁbérgen, Purcell and Pound (1948). Although the original
derivation‘was-fof nuclear magﬁetism; the method may also be used in
electron péramaénefiém,.BPP considered.thé relaxation of protons in-
solution. The perturbation causing the relaxation was‘a magnetié dipole
interaction which fluéfuatéd iﬁ'time due to réndom thermal motions in
solution.'BPPvpged timé dependent pe}turbation thebry to compute transi-
tion probabilities;which could be diréctiy related to the reiaxation times.
However;'théy weré forced to ﬁée fhe correlation function methods_of‘the
theory of quyhianwmotions since the perturbafion was random rather than
pericdic. The cbrfelation functions were related to specﬁral densities
which were then related to relaxation times. Yariv‘aﬁd Louiséilb(l962)

have also applied perturbation theory to linewidths.



More elegant methods for computlng relaxatlon tlmes hdve s1nce been
vdeveloped The best known’ methods sre the llnear respons= theory of Kubo
and Tonita (l95h), and the relaxatlon matrix theory of Redf;eld and of
Wungsness‘anéfBloeh (Redfield 1957; 1965; Wanésness andeloeh 1953;
Bloch, ‘1956..1957).. Both of these methods apply the technlque of densmty |
matrlces to the computatlon of relaxation tlmes.»

Although both methods 1nvolve the“same assunptlons and generally arrlvef;
at the same answers, the Kubo and Tomlta method has not come 1nto w1de— -
spread use (Deutch and Oppenhelm, 1968) The theory has mainly,been applied.fh
by Klvelson (1957, 1960) : '

The relaxatlon matrlx method has been w1dely used in relaxatlonAtheorles.d'
In this methodnthe'relaxation-matrix is Computed from'the correlation
functions derived from the perturbation'Hamiltonian The relaxation-timéS
are obta1ned from the components of the relaratlon matrlx. The method.is
discussed in detall in Abragam (1961) and in Sllchter (1963) The'method:.
has been extended and applied by Feed and Fraenkel (1963) ‘

The addltlonal theorles ‘which have. appeared and which are exten51ons
.of the relaxetion matrixvtheory, haye not yet become popular: Fulton (196h);
Argyres and Kelley (1964); Freed (Ii968); Silleseu and Kivelson. (1968).

vThe proeedure foruthe.conputation-of a 1inewidth'or.a'relaxation
tine begins wdth the essunption of a nechanism'or'tlme dependent'inter—
action which could cause'relaxation. The next step,in the development,of‘
the theory is'the formulation'of a time dependent termp(consistent.nith the_ -
mechanism) in the Hamiltonian for the_system. “The deriyation.of,armathe—'
matically traeteble‘fornmis.perhaps-the most diffltult'part of.thevtheory.

. | -

Phe Tinal, though by no means trivial, step is the application of one of.



general time dependent perturbation-methods‘to compute the relaxation

times.

- A.  Anisotropic g and A Tensors

o The‘relaxetion theOry-of'anisotropic éyétéms is probebly the most
important theorytfor transition metai'comblexeS'with_SPin'1/2.: The essential
idees behind‘the.éﬁisotropic theory were firet;proposed by MoConqell'(i956).
The basic idea Wasithat thé transition metal-comblex<ex1sted as a stable
microcrystallitefiofsolution. The complex therefore posqessed the same
anlsotroplc spln Hamlltonlan which it would possess in the SOlld state. The

mlcrocrystalllne complex could tumble in solution due to Brownian motion.

The Zeeman interaction, which is orientation dependent for . anisotropic

systems; isbmodulated by theﬁrotation:ofvthe complex eetit:undergoes random
thermai motioﬁs. o

Tﬁls situation 1s very s1m11ar to the dlpolar case treated by BPP .
McConnell applled the BPP methods to a complex. with ax1al symmetry and

arrived at the following result:

. . . T

1 o 2 =2 c

—— ~ (Ag, Ho + b m.) (2.1)

.-il B E I 1+ Jr2 V2 IC2:
where v -

g = g - g |
St ETA (2.2)
BRI Tl

-and g", gl, ", and Ai are the principal values of the g and A tensors,

respectlvely, H,

0* the resonance field corresponding to the microwave fre-

quency, v sy m the huclear spin gquantum number; and Tas the correlation

I’

tlme characterlstlc of tumbllng in solutlon.- The correlation time; Tc’



_of m, a ternm linear in mI;'and-a term quadratic in m

can be rélated to the hydrbdyhamic rédihs, r,.of the complex ahd,the

viscosity, n, of.the'sdlution By-théfstokes;Einstein edquation

r3
3kT

St s o (2.3)

where‘k:is.Boltzmann's conStahﬁ; and T,'the absolute tehperéture;

"Equation 2.1 gives a liﬁeﬁidth with the following charactefistics."

I,vthe'nnclear hyperfine quantum number.

The linewidths véry with m

vSécondly;”the linewidths vafy with the.magnefic'field; This is reason-

able since the Zeeman interaction is proportional-to magnetic field.
Finally; the linewidths vary directly'withvthé corfe]ation.time, or
inverseiy with the temperature. This is oppositevté the behavior usually -

observed in solid state where the temperature must be decreased to narrow

the lihe.'.

Ex&ﬁinéfioﬂ»of Eq.'2.1 shbwsvﬁhfeé'kinds of terms: a.térm indebéﬁdent
v , : I;' The”mi indepen?‘ *-v
dent term'isZChargcteriStic'of'the aniéotropy_on:the g tensor; thé quad- _f
ratic term is related fb'the anisotropy of the A téns6f; aﬁd the linéar
term is a cross term relatéd to both anisotropiés} ‘Quaiitééiﬁely a
sample hasla strong anisotropy in thevA_ténsor if §he speétrum shows a
symmefrié-§ependeﬁée on mi; énd a strong g tensofvaniSQtropy if the spec-
trum is nét syrmetric ih m.
Later, Kivelson (1,960',1964)‘ applied the Kubo and To'mit_,a' (1954)
method and derived-eSseptialiy the‘éame.result. Héwevef, he also showed"

that the linewidth could be expressed as a sum of secular and nonsecular

parts. The'secular parts do not contribute to Tl'processes,,and,’l‘J may’

by estimated by_using only the nonsecular parts of\the theofy.'

Ml . -
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W1lson and Klveleon (1966a) performed more exten51ve computatlons,

retdlnlng cross terms which had been neg¢ected in the previous theory

'They.concluded that the.llnewldth must be eXpressed.a551cub1c polynomial

in my rather than a quadratic:

L = o' + " + Bm, + ym 24 om0 (2.4)
T, a Poptovmp T |

where a", the residual ﬁidth; accounts for contributions;from_effects not

 included ih the tumbling theofy. The:coefficients of m, are given by

Eq. 2.5 - 2.8.

o' o L 3.2 1
= 1z 2. A B I(I+1
Y (AyB ) + 3—5 pI(I+1) - 55 5 5 Y (1+1)
2 a N |
+ »u {~—- (AyB )<+ rb I(I+1) = 30 == b o AyB I(I+1) (2.5)‘
- )
o 2,
't 15 (6 B ) + —I(I+1) o + u[-— (GYB ) I(I+l)c 2]
| el 4 2 2 & o _l_ 2 _a v '
T {ginAYBo - §'(AYB0) W (1+f)]_v-'20-b W, (276)
X [I(I+1) + 1% ’rI(I+1) £1} + 1—6- c GYIBV .o 5y1§ u
: 15 o) 5 o ‘
Y 1 -2' T | o -
—-—=—b-—.———b——AyB -
1 .2 1. a,. .2 _a 5.2 a4
-u {ﬂ—.' BT+ Zb = AyBO + (5 b ZC; AyB_ - Vho. b° mo.)‘f}
Pop 2 2
¥ Qe -—-,3 o] ]



5 _ .. 1 .2 a . 1.
T 20 % ot P
vhere -
= = - = { +
v o= 20, -3 )
.Ag N gz — 2(gx gy)
R Y
c ‘-.. ‘]_‘" (Ax Ay)* .
2 2
2 m U )
S = wo_~ Tg U

'6Y

= Blg/

oL oy
T2 (gxfgy)

L= hwd/gﬁv

= BSg/h

2

In the axial Qése all.Qf ﬁhe térms;éontaining.c, or GY'vanishL‘Furthef- 'T>

more, we have -

A

- &
- A

:,-(_2.'9) o

Qualitatively, the 1inewidtﬁ_has'thé same characteristics as the McConnell

linewidth. However, the detailed behavior isimﬁch'moré compiicated.

Thencoeffiéients no longer'have'é simple.interpretation in terms of a

given anisotropy but include cross terms (however, the major contribution:

from a given anisotropy to a-givep cbefficient is as discussed above).
The temperaﬁure dependence of the linewidth;is'also slightly changed.'
These-xesults have also been deri#ed'by othef workers using the

felaxdtionAmatrix théory: 'Hudson and Luckhurst (1969); McClachlan

(196L).. Sames (1967) has also deriVedzsimilar resuité.

As a molecule tumbles in solution, the rotating eléctron cldud of

B.  Spin-Rotation Interactions

A

the

molecule produces a magnetic dipole moment. This moment can interact

¢

M
L
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with tﬁé'nﬁélear ﬁnd the eiectfonic_spinsvin thé'molecﬁle,v ThisHintér—
vﬁcfion canf5e éonéidered'és an iﬁteraétioh of the spin-anguiér momenta
‘witﬁ the réta%ionai angulgr moﬁeﬁtum of the holeculé,v.fhe problem was'7
treated‘f6r nucl¢ar:relaxatioﬁ by & number of Vorkers,,notably Hubbard.
- (1963). | |

"Huﬁbard considered moleculesfwith‘éylindricéiusymmetryvand obtained

nte ot s a3t e ey (2a0)

_ where ql ahd Ql.ére the principal VaiUes of the épin—rotation inﬁeraction'
tehsor;r Té, the cOrréiaﬁion time characteriétic.of'the spin—rotatidn
interacfiopsvand L, the'moleculér moment of inertia. The'correlatién'
time Tw,'is not‘the.same as theﬂcdrfelatiOn time.for tﬁe tumbling process
and is_gi#eﬁ by _ |  , | o |
R V1( s R ()
where_f_ié‘fhe hydrngnamic radius_aﬁd n the viscosity. The spin;
rofation linewidth ié‘then'independeht of magnetic fiéld:ana prdportional ‘
to T/n. In éontraét the anisotropic contribution of Eé.‘Z.l is usﬁaliy,
proportlonal to n/T. | | |
The theory is dlfflcult to dpply in thls form and was extended by
Atkins and Klvelson (1966) for_the problem/;n EPR,; They related the,

electron'spin—rotation tehsof, C, to the g tensor and derived a linewidth

T, = 12 vrr3>~l (Agen_ va0g?yxem 0 (2.12)
vhere ' Ag” = g"-—-2.0023 '
| - ' S (2.13)

bg, = g = 2.0023
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Thexlinew;dthris now independenﬁ of the moment, ofhinertia,of the molecule{
- The spin—rotatlon mechanism'should»be'ddstinguished froh‘bhejrotational—
spnn—orblt mechanlsm‘whlch w1ll be. dlscussed later | ) |
i Wllson and Klvelson (19660) and McClung and Klvelson (1968) have
shown that in many cases the hydrodynamlc radlus, T, must be replaced by
0 hddﬂ E ._: _.> 7?' =‘_qutu‘A  _, a_' R ._(2.1h)
-where Kais-a constaﬁt.which.depehdsﬁubohvthe>solVept ahd.its‘lnferactiOn.'
with the solute, ‘and T, is a rad fus det»ermihedv by .’C_>t'h-éribrn‘eés‘ureménts or
by calculatiou of the molecular:dimensions. bThe radius, ;O,_ié a constanﬁ
:characterisﬁiciof_the mOleéule’and-maj be determined,from,translatiohal
.diffusion’meaqurements; The parameter;. k,_ls related to the anlsotropy :
of the 1htermolecular potential energy between the solvent and the solute,
ahd 1s expected to be smallrfor an 1sotrop1c 1nteract10n.- It 1s expected

to be large, 1 e., Kﬂd for H 0 and hydrogen bonded solutes The usual

2

Stokes-Elnsteln equatlon should be adequate in aqueous solutlon with

: solutes(complexes) whlch are hydrogen bonded

C. 5All£shuler and Valiev Mechanism
.Al'tshuler'and Valiev (1958) have proposed a relaxation mechanism for
solutions which should be applicable to isotropic systems-as well.as to
anisotropic systems. In contrast to the McConnelletumbling mechanism .
vhich is produced through rotational modulation of the spin'namiltonian,'

the Al'tshuler and Vallev mechan1sm is produced by V1brat10nal modulatlon.

In accord vith the Van Vleck (1939) development for SOlld state, the -

complex is no.longer regarded as a rlgld molecule Mhlch can on]y rotate,.

the ligandsvaround thevcentral ion are permltted to‘v1brate, ‘As a resultF

[£3
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the cryéfailinebﬁotentiél field vathe coﬁplex,.whi¢h is détermined by -
the cénfiguration.ofbthe ligands, is>modulated. Spin fequation may be
pféduced_through spinéorbit interéction.

" The vibrational modulation is‘intrdduced infoithe spin Hamiltonian .
through tﬁé:potehtialvgnefgy whicﬁ is expréSSed as énﬂexpansion in the

normal coordinates of an octahedral complex (Van Vleck, 1939)
6 .
o= ¥ V' Q, ' ~ (2.15)
: . o i
. i=2 : :

where Qi is:the ith symmeﬁry coordinate of the octahedron, ahd v o= av/3Q.
The perturbation is then:independent Qf the anisotropy of the complex.
The vibrations of the complex.are'stochastic'since the ligands are

influenced by the Brownian motions of the surrounding particles. Al'tshuler

and Valiev assume an exponential form for the correlation function and

derive a transition probability Alk'bétween energy levels 1 and k

2T
(o]

P = 5 2l —= (2.26)
i 1 +uw,, T '
: T lkc

=

-

Q2 is a kind of average'méasure for the amplitude of the nbrmal'
vibrations. Al'tshuler and Valiev assume that the mean squafe amplitude
of the oscillator is given by

(@9 = (h/2m w_) coth (ho_/2kT) o o C(2.17)

where @O‘igvan average'freéuency for the vibraﬁion‘andvm is a mass close

to the-maés of the complei. To find the tempéfature dépéhdenceiof A1k they..
further assume that the cdrrelation:time, Tc,'is inverSely propoftional

to the squaré root -of thé absdluté témperaturé, ..Héncé, they'shOW‘thé

temperature dependence of the trahsition probability to be



e

o 2/ E L e T e
‘ , h : 2,18
. 41k N, T‘i',VCOth.-< wO/Qk?) . (? 1 )__ |
Ctor o : ‘ o . .
' -2 2.
: R 24
T w T <<
and o _ |
. 1 - B A SR ]
Ajg v TS eoth (hu/okT) L s (2a9)
for _
o o .
: > 1, -
'?c wlk 2 .1.

;Ha#eé (1961) reeonsiderédVtheiAlftehuler aﬁa'6a11e§ théoryiand
indieapeslthat tﬁo of-the:eSSumptions of the theory‘ere'gﬁcorrect..
First, the'EPeetfai'dehsity for'the,random Varieble is nof normalized; A
bﬁf ehouid:oeVsinCe the ﬁbﬁal,power in ﬁhe system should not ehanée with
the corfeiation:time;' Furthermore, the mean square value of Q? is ‘
correCt'only at fiéQﬁepciesvfer removédvfiom the resoﬁanf frequency.

‘vvIﬁ‘lightvof,thesebcriticisme'ﬁayes iederived the resultffor'the -

reéult forfthe.tréﬁsitioanrObabilit§ with thisvmechanism. He éoﬁoluded"

that the trans1t10n probablllty should be dlrectly prOportlonal to

K4

temperature. However he comments that the proportlonallty constant would'e

be_very difflcult to determlne.'
In a later. work Valiev and Zarlpov (1962) recon51dered the orlglnal
-theory They indicate- that a second term, quadratlc in the normal

coordinates,_should be added to the perturbatlon. Furthermore, the

quadratie'term_should_be,mofé effective than the linear term in producing~'

relaxatiop; .The original theory produeed reasonable res@lts.becaHSe'of
the form assumed for the correlation functions. Valiev and Zaripov

revise the correlation functions in accord with Hayes; Their result for

the transition probability cannot be preeented,infa-simple form. However, .

the_temperature dependehce ean'be shown to be

L)
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ho T

O). B ¢

kT L . 2 2.
1+ wlk.: T,

T ~ coth® ( (2.20)

The tempefature dependencé is similar to the McConnell temperature depen-

dence until T = hwojzk; For T >> hwd/2k’Tl~ may in some cases increase

with increasing temperature.:

D...Inversion Mechanism

SpéﬁéerJ(l965) hasvconsideréd a process which is ;pplicable'tov
coﬁplexeé‘which‘have a number of equiVélent ground. state configuratiuns,
such as Jahn-Teller systems.  In particuiar, an octaﬂeiral coﬁpiex stich
as Cu.('HQO-)2,+ may distbrt tetragohally along either of the equivalent X,
y, and z axes. The resﬁlt,of ﬁassagé.from distoftion_zlong one axis to
distortion along another_éxis ié equivalent to a-90? rotation of the
.compiexg “However, unliké tﬁe tumbling mechanism,vfhe»complex doesvnvt 
pass continually thrbugh.gil possible orientations. The complex "imerts"
or "jumPS" from one Orieﬁfatibn to another.

Spencer:describes.this process iﬁ'théwspin,Hémiltonian by defining
special'delﬁa functions.  The‘delta functions are one or zero dopending
. upon the orieniation; Perfor@ing.a MCConnéll type of derivation, Spencer

shows thét_the linewidth contribufion, 1/T2', from this mechanism is

EL - 3—2-"21 (g sno‘+b‘m1)2 T,
“2 Sh X , -

where Ti-is the~corre1atidn time for invérsion, and-thevother'pérms,
" have their usual meaniﬁgs, The contribution from this mechanism should
be largér than theriﬁmﬁling mechanism;'but both mechanisms sbouid have

"the same kind of dependence on field and m, . Hoﬁever, this mechanism .

T
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should have very little»coﬁfribution=t0~T1 pfocesses,‘unlike the tumbling
process’whichvhasia strong'contriﬁution Spehcer doeslnot discuss a -
temperature dependence for. thls mechan1sm. However, ve eXpect.l/Tz' to be

proportlonal to. n/T

E. Electrlc Fleld Fluctuatlon Mechan1

Klvelson (1966) ‘has con51dered a number of relaxatlon mechanloms‘whlch
he calls electrlc fleldﬂfluctuatlon (eff) mechanisms. In these mechanisms
the cf&stal'field of the_complexzis moaulated by vibrefions'of coilisions
with Eurrounaing moiecuies Sp1n relaxatlon occurs through sp"n—orblt
coupling. Among the eff mechanlsms are the v1brat10nal spln—oa blt the
rotatiOnal.spln—orblt; the’Van Vleck Dlrectg the Van Vleck Ramun,vand
the Orbach pxocesses. o |

Klvelson and Colllns (1962) orlglnally.cons1dered the v1bratlonal
spln-orblt and the rotatlonal spln-orblt processea._ The rotatLonal
spln-orblt process which is an Orbach type of procee is to be distinguishedf
from the Spln tational 1nteractlon descrlbed above. Relaxation-by the .
rotational spin—orbit process occﬁrs_throughvan excited electfonic etate
in contrasf:io the spin rotation ihteraction:which doesvnot.involve
excifedcstetoe. Kivelson aﬁd:Coiline show that_thehcohtfibution to the
linewidth from this mechanism is gi&en by B

7t (r0) = W3 3@ ¢ oI o | 0 ﬂ /e )%t Y (eaee)
. . n oo . , g :
vhete A is the spin-orbit coupling“constant, Aon;the.frequencjfof'an'

electronicutransitionjffcm-the,grOund'to the nth state, TR’thefrotatiooe;@ifZJ

correlation ‘ime, and ¢ O] Laln)‘the matrix'elements'for'the oﬁbital;anguiaf:_7
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momentum opgfator ﬁ&. .They compare this to thé cdntribution from the
tﬁmbling mechanism and conclude that this is much smailér‘than the
tﬁmbing mechanism contribution. This.mechanism can thenvbe_négleéted.

The Van Vleck Direcf, the Vah Vleék Réman; and the Qrbaéh proceséés
are analogoué to the solid state processes for Whi¢h £hey wére ﬁamed.

The direct~prbce3s_is a'dné bhonon:pr6¢ess and thé Raméﬁ'process is a
.twb pﬁonon'frécéss involving:a viftual”excifed §tate. 'Tﬁe OrLaéh proceass
'visva‘two éhénén'proéess inVolving an actual .excited stafe;

The”orbaéh’ process, discussed by KiVelsdn‘(l966), waslcalled the
vibrational spin-orbit pfocéss»by Kivelson and Collins (1962). The
.pérturbation in the process is not_due to the moleéular normal coordinates,
but xfather'tov the lattice or'-_i’iquidv modes, that is, the ‘fluctuations of
the inter@oleéﬁlar coordinates in liquids. 'Kivelgoﬁ‘éonSiders the mblg—
cular normal.cbordinatés_only ih a difeét Vibrétibnal:précess._ His résuiﬁé
indicate thatlthe.coﬁtribuﬁidq:from the vibrationai‘pﬁoéess’isiﬁégligible.k T
Atkins and_Kivelsdn'(l966).&lép coﬁsideﬁ thé‘effect éf\ﬁolecﬁlar norméi"
coordinateslin direct, Orbach, and Ramén prés of p;ééeSSGS{> They
indicate {ci;at the linewidth contribution is negligible.

Kivelsbn has‘éomputed tﬁe,contribution of the Orbach process in

the 1imit §. T >>1 to be
on (o]

| | A o . l. ¢'g 5 - 0 R . - =1 .
. Tl__lv = T?"l_'=” 16 (A/8)? <A' O)(GA)' — L
1 2 I r./ \’or lexp (h cSOfn/kT)—-l]"

(2.23)
where A is the energy from the ground orbital state to the lowest excited
orbital state (connected by spin-orbit coupling), Tc-the correlation

time churactoristic of the eff process, 605 the enerpy of “the lowest



excited electuouic sﬁateceboverﬁhe grcundiétate 1~The'term; d‘q /f:,-is the
measure.of the.tlme dependent electrlc fleld potentlal (Lew1s and Morgan, -
1968) with q ‘a typlcal amplltude for a lattlce (llquld) modes, r_ &
character1st1c ;ntermolecular_dlstance, and ¢' a‘measure of<the change in
electric fie]d.with respeCt to:the'letfice‘mode;' The:Orbech linewidth con-
‘trlbutlon whlch depends on the phonon spectrum at a frequency not dlrectly
related to the EPR transitlon in 1ndependent of the applled field. K1velson.
also 1nd1cates.that the:very similar process,suggested by A;ftshuleriand
Valiev (1958) does not appear to-give-spin.re;axation{. |

The contribution of the Ven Vleck direct process to the linewidth
is giyen by { | | |

- : S 2 , 2. -1 ’
S - . o P! \" (wT)7T i : _
7. -1 i -1 _ 6l ()\/A.)z ( : qo)_-, _—oc’ ¢ — o)

Ar
SO

where w ‘is’ the frequency of- the spin tran51tlon If mbz 123<< 1 the

the llnew1dth contrlbutlon 1s proportlonal to the applled field squared wh .
whereas‘;f woz-fce >> 1, it is 1ndependent of the applled field.

| Kivelsonvcons1dered the llnew1dth contrlbutlon from both a flret
: order’Raman'precess and a.Secend erder Raman process._jThe firstvorder
- process is lese:impbrtent than the second ordef process. - The.contribuf-'
tion ffom fheusecond~order b?ocess:under the_coudiﬁion w02 TCQ << 1 is
given by

IR P a2 | _ B S N\
1_‘1: =T, ..—_32 (A/4)° .(Ar ) N Tg. RS ‘.(2..2.5)

This process 1s 1ndependent of the applled field.
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<

_waever,_in‘theZCase of;a Syﬁméﬁriéiof‘neafljfsymmetric.mélecﬁlefihé S

bcontributioﬁ frdm'ﬁhe OrﬁaéﬁAproceésfcoﬁld be'qqitehsignificaﬁt; The

contribufions from,the direct and the Raman processes.seem tQ_bé'qﬁite o

- small.
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VANADYL LINEWIDTHS

A Introductlon

The EPR spectrum of the oxovanadlum (Iv) 1on (vanadvl 1on)
queous 'solutlon has been known for many vears. It was flrst reported

by Garlf yanov and Kozyrev (l95h) in Russ1a and by Pake and Sands (1955)

‘in this country. The spectrum exhiblted elghbhyperflnellnes arlslng.from _

an 1nteractlon w1th the nuclear spin I—7/2 of the vanadlum—Sl nucleus.
The 1nteresting feature of the soectrum was that the 1inew1dths varied w1fh

the.nuclear'quantum number, m The lines also narrowed as the tempera-

I;
ture waskincreased{ 0 ' _
"The;Kivelson (1957511960) exténsionpof‘tne McConne11:(1956)ftheory:
vas appliedftoséipiain the'linepidths. | The theory:has~been-found ponbe
quite successful in exp1a1n1ng the 11new1dths in spln 1/2 complexes and

many complexes w1th vanadyl are well characterlzed by the Klvelson theory

However, a]though the vanadyl svstem is now used as a. prlme example of the -"

_success of the McConnell mechanlsm, the pentaquo—coozdlnated vanadyl 1on
itself’has been.very 1ittle studied (Lewis and Morgan, 1968). |
The:first confirmation of the'Kivelsonstheory_for the vanadyl =
_system was~reported,py.Rogers'and‘Pake (i960) These workers measured.
the EPR " spectra for aqueous solutlons of the vanadvl 1on at 9 25 GHz
(X—band) and at 2h 3 GHz (K-band) st1ngvthe_beand spectrum_they'n
determined the coefficients of the Kdveisonvlineuidth pol&nomiaixwhich

they wrote as

Tg = ¢§'(a + u2mI *+ oy mI) . (371)

utrlctly, vanadyl (IV)ion (Selbln 1965).  In this vork the tern’ vanadv1
will be used to represent vanadvl (IV) ‘O?+ ' ‘ :



.
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vhere the coefficients'are given by

g .
i

Té'{7/h5 (AYBO)2'+.63"b2/16} + K

1 , | o
a2, = -1, {7/15 v Ay_Bo} o . o o (3.2) -
o ", 2 Ny ' ' -
oy = 1, WPh0)

In these expressions K is a-constantvaccountihg’fbr‘linéwidth_ﬁot'explained

by the-theory. The'bthér variables are»as_QEfined'preQiously;: From'théirT

X-band méasurements Rogers and Pake predicted the Kebandvlinewidths. The 

prediéted widths ‘were in‘relatively'good‘agreement ﬁitﬁ the measured widths.
However, this work Vas‘uhablé'to provide a quantitative check of

the Kivélson'théorY; The authors lacked fﬁe énisotropic spin Hamiltonian

parametefS“ﬁééessary to compute,the Kivélson pafameters.' They also_did'L_

not'havera value for,the correlation time, and neglectéd higher order

“terms in the Kivelson theory.

~ In a later work, McCain (1966, 1967) extended the study of the vanadyl

system. . He determined the anisotropiéﬁspin Hamiltonian parameters for the

. vanadyl ion from a glass'spectrum. He also measured the solution EPR

spebtra-at'3;12 GHz (S-band) as well as at 9.07 GHz. From the spectra.

he determined experimehtal values for the Kivelson coefficients in a

‘polynomial which he wrote as

Y
Toe

2 3

(3.3)

= Qé + a, + Bem.+iyé + 62m
He also cémﬁuted theoretical values for these coefficients. However, he
was forééd;to,assumé é.correlatioh'tiﬁe for his computations, Hisvcom_
parisons indiéated réésénable agreeméﬁ£ beﬁ%een thé»ﬁheorétical'andl_i*

experimentsl terms erlqll'the paraneters ekceptwthe alpha tern. His’

- The subscript €& emphasizes that this 1s an electronic as opposed
to the nueclear linewidth. ' oo '
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results indlcated a 30% discrepancy at: X—band and: an even larger dlscre- v

pancy at S—band Some of thls error’ could be attrlbuted to the uncer—
_talnty in the correlat1on tlme and some to terms wh1ch were neglected in
the theory.r'Another mechanlsm, the‘spln—rotatlon mechanism, could also’
account lor part of the dlscrepancy | | |

v Lew1s ‘and Morgan (1968) later recon51dered theee results ‘ They:
assumed ) correlatlon tlme and computed both the tumbllng and ,pin—
rotation contrlbutlons to,glpha. The;r estlmete of 9.4 ganes 13_3;3
geussvleSS;than the velue~of elnhanwhich McCein ObServed.‘ Theyvsnggested

that the reSidual’widthfwes'due'to-Superhyperfine interaction with the

protons of ‘the water ligands. ‘They predict a hyperfine coupling constant

of about 2 2 G.

However,'ln another study Garif yanov et al. (Garif'Yanov, Kozyrev,

.Timerov-and;Usacheve, 1962b) stud1ed5the-EPR of dilute vanadyl chloride

501utions-etvdifférent temperaturesvand7viscoeities."They concluded'frOm d'

their datedthat, although the McConnell mechanism ¢ontributed to the line-

width of vanadyl solutions, it was not the dominant relaxation mechanism.
Instead, they suggested that the~Al'tehuler and Valiev (1958) mechanism -

~ was the moSt probable-line.broadening mechanism"'

The present study was. begun to clarifv the 51tuatlon in the vanadyl.

systemn., Moreover, McCain (1967) had also determined relatlve Tl values-
for the S—band spectrum usmng en. 1ngen1ous saturatlon method. Using the
nonsecular parts of the Kivelson theory he aleo-oomputed theoretioal.

values forvthe relative Ty ?'s, HlS comnarlsons 1nd1cated ‘that the theory

was not perfect. However, he d1d not have a good’ value for the correlatlon

time. These results are recon31dered in thls'work.
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B. Experimentsl Methods
1. Samples
All aqueous solutlon experlments were performed u51ng samples of

Vanadyl perchlorate which were made in one: of the follow1ng methods. In

" the flrst method ‘due to Selbin and Holmes (1962), a solutlon of vanadyl

sulfate was treated w1th an equlvalent amount -of a solutlon of sodlum

_ hydroxide;- The preCipitate of'vanadyl hydroxide-was‘filtered and then

dissolved in the necessary amount:of_perchloric acid. The solution of

“vanadyl perchlorate was then adjusted to the'proper concentration.

"In'thevsecond method vanadyl perchlorate was'prepared'by.ion ex-
change usihg_the following nrocedure (Lee et. al., 1968).' Au exchange
column was loaded with a slurry of a catJon exonauge re51n (AGSOW X2, .200-
400 mesh, hydrogen form) in 2 M HCl The column was then rlnscde1th
dlstllled water to remove ac1d A solutlon of vanadyl sulfate was then
added to the COlumn and the column,was rinsed to remove sulfuric ac1d.

A solution'of”barium oerchlorate'was used to eluoe‘tﬁe vahadyl perchlorate :
from the column. The'seéaration_is‘quite.clean anc mayveasily be followed

by observing the blue color characteristic of the vanadyl ion move down

the column.

“In all’cases the solutions were adjusted . to a.concentration between
.01 and .02 F The solutions'were made slightly acidic with perchloric

acid to 1nh1b1t the decomp051tlon of the vanadyl perchlorate. Both methOds;

of preparatlon were,found to be satlsfactory for this ‘work.

Formula weights per liter.:
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Solutions of vanadyl ion in D 0 were- made by - evaporatlng a.stock
solutlon Ofapeous 'vanadvl ion almost to dryness and then dlssolv1ng the '
reeique 1nvheavy weter.v This proeess yas.repeated several.tlmee to in-vf'>
sure a:ooﬁpletely deuteratedbsoiution.' The,solutiohs_were neyer evaporated
completeiy-to'dryness in order-to_pretent decomposition from oecurring.-
Deutereted pefchloric_acid, ueed in-eome‘ofhthe ex?eriments,FWas ohtained'v
in a_similet'manher. |
2L.TApparetus
| EPR spectra were recorded using.a standard Varlan V-hSOZ homodyne

: EPR spectrometer ooeratlng at 9. 2 GHz. Sampleu for llnew1dth stud1es

were held in a V—h5h8 aQueous solution'sample cell Thls cell is spec1a11y'

designed to conf1ne the sample to a th1n plane, thus elimlnatlng line
distortion'problems which could a#ise due to solution'eonductivity,v The
semple'temperature:was controllediWith}e V—hSBT'Variable Temperatufe_
Acceseor#jﬁhich cohtrolied the temperetufe.of & stream of nitrogen gas.
vTemberatufe'waevmeasured'ﬁith‘afcopper—cohstantenhthermocouﬁle which‘ﬁes
placed'inhthe gas'streem.before;of;afterteaohqeﬁperiment-in the '

same p031t10n as the sample.'

The spectra were dlgltlzed using a Honeywell—EI Model S611h Automatlc

Data Logg1ng Systenm (see Fig. 1). This system consists of a Hewlett-

Packard'Model 52h5L.electronic counter, a Honeywell—EI Model 6308 multi-

meter, a Honeywell—EI Model 825 Output Control Unit, and a Kennedv Model L

1400 incremental magnetlc tape recorder.;

The mnltlmeter (dlgltal voltmeter) measures the EPR 519nal from

the 100 KHz phase detector The electronlc counter measureo the magnetic

»field,thn the Varian spectrometer_a voltage proportlonalvtojthe_megnetlo
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Fig. 1. Schematic of data acquisition system.
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field is obtéined from thefx—eXis'retransmitting Dotentiometer of the

_Fieldial. Thls voltage, whlch orlginally varied from [o} to 15 volts in order

to drlve ‘an x-y recorder, was changed to vary from O to 10 volts to drlve
a Vidar'Model'2h0‘voltage-to—frequencyvconverter.-'The7e1ectronic counter
measdres the.output from the Vidar and obfains a freduency_measuremenf._.
which can be related to the magneticifield. |

| 'Thevdeta lOgging-system operetes independently of rhe‘sﬁeCtrometerd
ehd recordé.the:SDectrUm aera‘normalfscan'is'in progress. The_proéess of
measurement involves eimultaneoﬁSIYImeasuripg the EPR Signalfand the
- magnetic field.ooordinates endvtheﬁfencoding and reeordingfthe‘measurementv
on’magnetic tape. The_system_is capable of making meesuremehte'at the -
rate of'6.thB‘points'per‘secood. A digifized.spectrum off2h60 points -
for a normzl five minﬁfe'soan’cin be-routinelyracquired witﬁ'fhisvsystem;ib

"A,meaeﬁred'point eonsists'of'seven digite from-fhe'frequency counier
ehd'five digits plus a;sign.froh the digital voltmeter, »The output control
unit adds ae"wordvmerk"_io formr a ih character-word forbthe-measurement.

The outouf unit records the data:in=80‘word blocks separated by record gaps

on the tape. This is, unforturately, not compatible with the FORTRAN system

on’most computation centers. The data tape is‘preprocessed with a soecialﬂ

. program, SUMTAP (see appendlx) before the actual analysis is performed.
The uUMTAP program puts the data 1nto a form compatlble w1th the FORTRAN
system, smooths the data to reduce_n01se, and reduces the number of'data
pointsvdn the speo%rgm for coovenience in haﬁdling‘by the analysiS'ﬁrograms;
SUMTAP can also averagefseverel spectre to iﬁprove signal to.ooise. 

| The magnetlc fLeld is ca11brated by measurlng both the magnetlc )

field and ‘the Vidar frequencv at several p01nts in the sweep - The
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magnetic fiéid was measurgdeith\a_maréiﬁal,oséil}aﬁér (Harvey;wéllg
0-502) eq@ippéd with § proton pfobe.’.The magnétiévfiéldfhay be ¢§mputed
‘at any pdint from‘the’Vidar frequency by using a quadratic interpOIation:‘
eqpation Which is fitftb thé cdlibratioh‘poihts;  The micfowéve frequency
was meagufed_ﬁith aﬁ]HP 5é§51:frequéncy counter equipped»with,a-ﬂ?

'5255A 3-12.k4 GHz frequency converter.

vé. .Digcuésidn and Resﬁlts'
1. Spectra‘ | | “
"Beforé a préper treatment of liﬁewidths can'be made; the aniéotropic H
spin Haﬁiltohian parameters,-which are'utiiizedvin the relaxation_thédries;
must be known. Unfortunately, iﬁ-is not'pdssible to:determihe anisotropic'
paraméféfs'from SOlution”(iéotfépiC) spectré,taﬁd’these péraméters must be
determinéd fromvsblid state.measuremehts{v.Thgfe is, however, no guarantee
that the'CQmplex which existS'ip a érystalglattiée‘is the saﬁé compiex o
in solﬁtioh. Disfbrtioné oftén.oécur-iﬁ,a érySfél-iaffiée which do not
occur in géiutibn;  Hen¢é, it is not ciear that the:aniéétropic pérameters )
detéfmihed ffom a crystai 1attice bear & close'relatioﬁéhip to those for
a-Complex infsolutidn,:bututhcse-aré the bést parameters which.are_aVaiif
abie. | |
- Aithoﬁgh.solid.statéhparametefs-afe 5ést determinéé from single
crys@al_mgasuréments, singié crystals are'nét readiiy available for many'v':
transition'méta;'COﬁpleies;: Fu?therQOre,.it ié uSUallf necessary to
obtain H_crystal with pﬁe paramégnétig sbeéies'dilutedTiﬁ g'diamagnetic'
host laiﬁicé in~ord§r:§o avoid dip§1e4dip§le.b;pgdening}effégts._ In some -
casés,.the paramététs méy béddetermined from polyerstaiiineworiglassv

spectré. This method was originally used by Sands (1955).
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~ The metﬁqu'for analYiing polyér&Sﬁailiﬁg‘spéétra-haﬁé.been well‘.5 '

devéioped.(Blindér;-1960; Gersmann and Swalen, 1962; Tbers and Sﬁalen,:l962;
Johnston and Hecht, 19653 Kneubuhl, 1960; Neiman and'Kix}elson, 19,61-,
Vanngard aﬁd Aéga, 1963).' The spectrﬁm of a'polycry5tailiﬁ¢ sample
consistsﬁof an envelope of’absorptioﬁ lines father £han diétinct_single'
lines. Thé:anisotropic pﬁraﬁétér;i for exéﬁple,lg" andiéi in‘gn axiall
case, aré aeterﬁinedbfrom the'eXtremabof the absorption eﬁvelope.

if ﬁ&peffine structufe'is preéént;'the épectrum'can_be.quife diffi-
cuif to’aséigh; 'This is especially true if'the'paramefefs afe such thét'
the.spectrél:features gfe'seVerely overlapped. In'these_caseska detailed
sfﬁdy Qf”thé linéshape is‘ﬁséful.. A‘digitél comﬁuter can be.used to
simuiate'thé fheorética1 absorption spectrum. 'The:épeC£ral parameters.
may be-aajﬁsted until Satisfactofy agréement bétweeﬁ‘the théoreticalvaﬁd
éXpérimeﬁtal spectfum is obtained. The parametérsffof quite complex spectra
can be detérﬁineé-ﬁy'this‘teéhniqueQ

Thé:major'probiem with polyérystalline épéétré‘seems to be the
broduction.of a uséblé'giaés, vFrOZén ééuééus solﬁtionsﬂare not:suitable' "
due to'aggrégation:of'tﬁe.soluté and dipdlér brdédehing (Ross, 1965). 'Itf
is ﬁsuallyinécessary to use sglvéntvmixtures‘ih‘ordef to obtéinva useful
glass médium and many such mixtufes have been devél@ﬁed (Smith, ef al.,
1962). These media have éﬁ additional problem in that'thé Sleent.may
complei'wifh tﬁe‘solute. _ Spencer (1965) has develobed a technique of
using'5.26 F peréhioric acid as a glass medium. A solutgon of the transi-
tion meigl'complex in peréhloric acid can be quiék ffozen to néaryliéuid ]
nitfogeﬁ témperature to obtain an exéelléﬁt gléssﬂ The'advéntégg,qf‘thev
pérchloric.acid.médium is that;thc perchlorate-anion-ddes nbf'aﬁpeér‘to o

form complexes with transition metals. .

3 — L | SR
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TABLE I Anisotropic Magnetic Paremeters for Va_nad:_jl -

; % v % - '
'gl - ,A" | Al o .‘:Re‘af_erl'enceﬁ B

Solute/Solvent o g

voc12/Methan¢14' ©1.92 1.98 190 82 ‘_ -;Garif'yén§v'and Usacheva (196)
V0S0), /5. 26F Hcidh ©1.9312 1.9778 205.4  76.5  McCair (1967)

-vo(Cloh)z/S,ééﬁ*Hcioh:1;9311 1.9785 203.3 75.8  This vork
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Fig. 2. VO(120)§+ glass spectrum. Upper spéctrum is,ékperimentél; )

- H (gauss)

lower spectrum is simulation.
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:,The'aﬁrsetropic,paramefers:fer VO(HéO)§+: ﬁéye been deﬁermined:from
spectra of perchleric'aeid gleSSes.j The glass spectra were:analyzed byf:
spedtrum‘simulatioﬁ with the method pf vannggrd,ahé Aasa (1963)s(see -
’Fig. 2). The venadyl.parameters are presented‘iﬁ 71able I ﬁith theSe
determined:ByJcher'wbrkers for‘cohéarison;' | |

’The E?R'speetra'for renedyi ions'in solution were measured at X
‘band at teﬁperatures betwéen';IS and‘100°C in order to determine the
linewidths and the-iSdtrepicvspiﬁ'ﬁemilﬁehien paraneters.i'The digitized
spectre ﬁere'enalyzed by.a ieast.squares fitting proeedéreiwith the
program FITESR whlch is descrlbed in the appendlx (Bauder.end Mjers,.
1968). The eight 11ne vanadvl spectrum may be completely des cribed with
eleven parameters con51st1ng of the spectrum cente ,the intensity, the
coupllng,constant, and-elght‘llnew1dths. ”Very'goor'relues for these
ﬁarameters are'oetained from the ieast?sqﬁares fitiing precedure. Two
parameters toeacceunt‘fqreeseline’bffset‘and base: ine drift are also‘
used.' Ap exemple of the fit-to é‘vdnadyi spectrﬁm is shewnnin‘Fig. 3.
The.experimeﬁtai dataiare‘plefted.asffhe crosses ard the fitted cﬁrve
as a contihﬁous line. The bottom curve (error eur”e).is the difference
between the theoretical and-experrmental-cﬁrVes,.andeis useful for judging
' whetﬁer'the'fit has properly eohverged. |

Tﬁe.vanadyl'grand AIValue varj as a functioe of temperature as
shown 1n Figs. 4 and 5. This Variafion; whiéh“is similar toifhat observed
for vanadyl acetylacetonate, is thought to be due to changes 1n solvatlon
and bonding (Wllson and Klvelson, l966a) Indeed, the magnltudes of»thesgifi;
parameters change in 0p9051te dlrectlons as ﬁoﬁidﬁbe exﬁected;from boﬁdisg:t_

“theories.. Additional mechanisms are mentioned later in the discussion of .. =



2877

ERRORS %
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‘Example of fit to solution spectrum of VO(HQO)g .+ The crosses

are the experimental points. The continuous line is the theo-
retical fit to the data. The lower cuéve is the difference

between the theoretical and experimental curves and has a scale

‘expansion of 2.3.
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TABLE II. Viscosities of Hu0 and D0 -

n /T n. -/

10 2.66 10.1i
o :g'l - ; 1;7§21._ . f 6L56 _ _ N

10 | '->'  1.3077 E b6z ::-,1;685_” . 5.95
 20 ' ; 'vj '1;dosq-.; o 3,&3 g j» 1;251h1f1v; N ',h;27
o5 8931 . 3.00 . 1103 3.70
0 :',',.8607 - ‘ ‘ 2.64 - 972 S 3.21

| §0, | ,,f‘.’ v}6560  | ’5';,2;09  82 o1
50 -  ;"  "-5¥9ﬁ: Llfv  ;1}70,':"  -- 671 2.08
6 o ess 1w sms 165
0 .hogL  '1.18 s EERYS

80 'j‘,_: ' ;3565f .»ffu' ron f ' Ll Co1ar

90 .Nl s :871/ - ..3658_-'_ ,',1;01‘.

10 o ;?838:.: LT 3265 eTs

"Note: Vlsc051t1es are in cent1p01ses ViScosities.divided'by.teﬂperétﬁre

'v are in 10~ cP/°K

_Vlsc031t1es for H20 are from the Handbook of Chemlstrv and ths1cs,

h3rd edltlon, CHemlcal Rubber Publlshlng Co.’
Viscos1t1es for D 0 are from R C Hardy and R. L Cottlngton, J. Cﬁem,
Phys. _;1, 509 (19h9), and from the Landolt-Bornstein Tables, Vol. 5, .

: Transport phenomena Sprlnger—Verlag (1969)
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copﬁérvlinewidths. The variation of these parameterSfwith temperqture
forms.a limitation on the iﬁterprefatiqn of the linewidths; However,

the variétion is relatively small and does not seriously affgct-the theory.
The valueéiassumed for the linewidﬁh treatmént arevg=1;9652 and A4115.9G.
The values used by McCain (i967) vere g%‘1.9623 and. A_=-ll9.5'G.' The values
predicted;from‘the ahisotropic~paraméters (g=l.9627“and A=-117.620)

afe slightly1different, but the above values are thought to be betlter.

2. Relaxation’
The vanadyl 1ine§idthé‘wére leas£~squares fit to a polynomial

cubic in mIvin_order to determinekexperimental values for the coefficients :
in Eq. 2.4. These values are piotted'vsﬂ viscosity aivided by temperature
as the pbints in Figs; 6-8. Seleéted values of the.viscosify of water
are presenﬁed in Table Iijto.aid in the_interpretafion of the scales.
The beta parameter‘was used to determine é value-for:the hydrodynamic'
radius ofvfhe complex from Egs. 2;61and 2.3. Thevradiué, r=3.67 A,
determined in this manﬁer wasvused with Eqs. 2.5 énd 2.7 tq coﬁpute theo;'
retical values for a' and Yf-The value for d"-wéé:compufed-using.Eq.
2.12; ”The thebreticél values are:shown as the smooth curves in Figs.
6-8. |

| The éhéoretical and éXpérimental-valuesvof the gamma parameter
agrée very_well. This.pfdvides strong sﬁpport for the Kivelson felaxa—
tion méch;nism. Fufthérmoré, the hydrodynamic fadius detefmined from
the theory is_réasohablé compared with the radiﬁs oﬁe would obtéin“from
only strﬁCtural considérations, The delta-parameﬁér is_in relativély
poof'agreomént'with ;xfériment,'but terms of Qréér (a/wo)2 have been

neglected in the theory which contribute appreciably to the delta term
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_ (Wilson and_Klvelson, 1966a){

':However' although the theoretical“alpha parameter»(a=a"+d") ls in
good qualitatlve agreement wlth the experlmental values, the magnltudes
are notvin_good agreement. Lewis and Morgan (1968) proposed that this
"discrepancv'could'be”due to_superhyperflne 1nteractlon w1th-the protons
offthe'complered vater molecules.'VTo check thls proposal‘Ve have made
measurementsgof vanadyllions dissolvea-in:heavy'water.

ThelanisotrOpic_parameters for_this'system'vere determined from
ta.deuteratedgperchloric acid glass. As‘expected.(since the vanadium
crystallfield‘is determined mainly by the strongly bonded:vanadyl-oxygen),
the parameters-were‘the same’as those forpthe agqueous system (in'this
section only; the,term "aéueous" refers tto ordinary uater solutionsvas
opposed”to heavvhwater). _Thefpolvcrystalllne spectrum is ‘shown ln Fig.

9; The theoretical curve in Fig. 9 is the same as that in Fig. 2. :The"
isotroplc g and A values for the deuterated vanadvl system are shown in
F1gs..10-and 11. The magnetlc parameters used 1n the llnewidth treatment
were the:same as those in the aqueous system.~ o

TheVlinewidth-parameters'are shown-in Figs.l2-lh.' As‘ln the aqueous
svstem, the beta parameter was used to determlne a hydrodynamlc radlus
from the theory It is 1nterest1ng that the radlus, r= 3 48 A, for the
deuterated system 1s 0. 19A smaller than the radlus in the aqueous system.nu

-This mav 1nd1cate an actual change in the effectlve size of the complex,

or more llkelv, a. change 1n the value of K (see Eq. 2 lh) for the deuterlum

ox1de solvent from the hydrogen ox1de solvent
The agreement between the theoretlcal and experlmental values for

the gamma term is excellent. However, the alpha term,shows’a_dlscrepancy
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sdmdlar to7that‘in-the aqueous'system; If the residuel 1ineﬁidth is due
ﬁo'a suoerhyperfihe interaction, if would:decreaee'bYICIOSe.to a‘faetor
of three éince ﬁhe ﬁagnetic moment of fhe deuteron dsethatbmuch.smaller
than that.of:the'proton;, A cohparison"of'the two residualiwidths indi-
eatee that.the deuteratedneomplex doee not have‘a'shaller discrepancy.

Recentl&,’however,'the'prohon magnetic resonahce work was reported
fordthe vanadyl syétem:(Reubehhahd'Fiat, 1969a, b);' These workers éive
a proton superhyperflne coupling conqtant of 3.2 MHz, or 1.2 G for g=1.97.
Although thlS is sufflclentlv large to provide the res1dua1 linewidth in
the aqueous vanedyl system, ;t does not exple;nlthe behav10r of the
deuterated complex. _

It must be noted that the sampies were not~degassed eo that the
residual’ llnew1dth could be due to oxygen broadenlng However, McCain
(1967) indlcates that the vanadyl widths d1d not narrow upon degassing.

A prellmlnarv 1nvest1gat10n by the author also produced this result. The
effect of dlssolved oxygen 1s, therefore, expected to be qulte small

We.are then led to somewhat of a dilemma for the'vanadyl-system.
Since the residual width did not change ubon deuteration?_this width
cannot be due to superhyperfine'structure. 'HoWeVer, if the residual ﬁidth
is ascribed'to.other causes, we must show why no hyperfine effect is shoﬁn.
We must fherefore‘reexamine the premises of the experiment.

A reeonance line may be homogeneously or inhomogeneouely broadened.

A homogeneouély broadehed line is a'singlebline which may be eharacherized-;
by a "true" linewidth. An inhomogeneous lihe is a superposition~of.3everal
homogeneous lines which hare a "true" 1inewidthr _The'inhomogeneous line

 has an apparent width which is, in general, not the "true" width. -
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Howerer,:asﬁthe”"true"_wddth-hecomes larger and larger:the_apparent‘yidthﬂﬂ,ie!
of an inhcuoéenecuSIydhroaden line should>be clcser.to'the:naturai nidth ' : };5
Ir the "true" width is very large compared to the separatlon of the compo-
nents, the apparent w1dth will become equal to the "true" width.
A proton hyperfine coupling constant of - 1.2 6 would surely produce
-3 superhyperflne pattern in the vanadyl lines since proton exchange is
slew. This should cause the vanadyl ‘lines to be inhomogeneouslv broadened
80 that,a 1east squares fit to determine ‘the 11new1dthvshould-produce an -
error inlthevlinewidth ’-ﬁcwever,-as the truevlinew{dth'becomesilerger; R
»the error in the linewidth is expected to become smaller. Since the
llnewidths in the vanadyl spectrum at low temperatures are quite large
compared to the hvperfine spllttlng , the residual linewidth due to hyper—-
‘ fine structure should go to zero. We see from Flgs. 6'and 12 that the.
re31dual width is either constant with temperature or increases as
temperature, is decreased Hence, we must conclude thatg.because the -
residuai width neither decreased i;ri{:h deuteration nor decreased with
' decreasing”temperature; the ﬁ&in contribution,tcvthe residual width
is not aﬁsuperhyperfine interaction. | | |
We'would,expect some contribution to the width from superhyperfine:
‘interacticn. .The reSidual width'should have changed some upon changing pt
to the heary watervsolvent: The effect; however, is reduced'hecausepof:t
the variation of linewidth with hyperfine‘component. 'The error of |
residual width in each hyperfine component due to superhyperfine interactien.
changes from component tc'component. The error in the alpha parameter
wouidvbe a kind of average over the errors for all the components. Fér_Q

. .some of the lines the widths are large enough that the error is close
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to zere;‘ Hégcé, the averege cehfributien'to tﬁe residuel widfh is mueh
smaller than,theemaxiﬁumepossible contribution. Fﬁrfhermore, the line-.
width varieﬁion:ie not sy@metrieewiﬁhvfespect te.theicehter 5f the spec-~
trum. The.hérroweet line'in»the spectrum'ie tQTthe_lew field side of
the specﬁruﬁ center} The result of thisiis thef;the beta and gamma'parae
meters must also be effectedvﬁy the_suﬁerhyperfine iﬁteractiqn;.:Thev
' contribﬁfidh of supefhypeffine Struetere to. the elpha'perametef is much -
smaller then the ?Qeeibie contribution to a given line. The'chaﬁge-in fhe
residua;'Vidfheﬁpen'goiﬁg to a'deuterated solvent_is smaller than the
‘ fesidualfﬁidth‘due<tp eﬁperhypeifihe.interaction. It is net observed
because it is so small. |

We,jtherefore,'have an hnekpleined residuel width in the vanedyl
system.:JThe‘residual ﬁi&th cannot be due to the Al'tshuler and Valiev
(1958) mechanism since this.mechaniémvis temperaiﬁre dependent. Further—
more, tﬁis mechanism would predict;erlinewidth increasing as temperature
Iincreases;  The reéidual’ﬁiath on the other hand is constant or decreases
with incfeasing temperature.-‘ .

'The‘linewidthvin fhe venadyl'system is, nevertheless; aimest cempletely'
ekplaiﬁed'by a'combinatioﬁ'ef'the spin-rdtétion and anisotropic.g;and A
tensor #echanisms} wé may_test the field deéendence'of the mechanism by :
comparing theoretical'predictioﬁs with the parameters measured by McCain
(1967)‘aﬁd by Rogers and Pake (1960).'eThese barameters are preseﬁted in =
Table IIT.. |

A comparison of the § band experimental and theoretical values shows.
a cbnsidereele disagreemeﬁf. The,alpha teri is off by 5 gauss;vthe befa

and gamma-terms also disagree. McCain indicated that this disagreement
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 TABLE iII;[”Cémpafiéon of Theoretical and Experiménta;;LineWiath_;.;~

Parameters for VO(HZO)gf

'S band (3.12 GHz)
(McCain, 1967) -

CExp. o Th.

K band (24.3 GHz)
(Rogers and Pake, 1960)

Exp.

Th.

.' 21;9' _ '_f i7{’f
C 1333 o S 25

_‘“}.hQTi'; i 65 -

oskh o5

13.6
2.8
T a

8o
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was probably due to terhs of order (aA&)Q:Vhich uere_heglected‘in the
th_eoryf -ﬁe feel thet‘this is thevmost probablevreeson.> Furthermore,
this is probably also 'the'rea.son‘_forv the residual width in the X band data.
’The'neélected.termsbhave relétlrely.little-effecteon the-beta_and gsmma
parameters, but seriously affect the alpha parameter. This'diSCrepancy'
.1s expected to be smaller at K band where the neglected terms would be-
qu;te small. A compar;soh of the K band experlmental and theoretical data
.is;somevhat,disappointlng.‘ Although the alpha term agrees well w1th
theory,'the beta_ahd gemmeiterms are'extremely wrong. We suspect that this_
1s due to-an'error‘in'the»datevrather than in the theory. Rogers and
Pake‘ihdicetevthat the lines have some non-Lorentz character which we
'-belleve is an experlmental problem whlch produced en error in the results.
K bands experlments are quite difficult because the sample must be small
to avoid.dlstortlon problems. The Kivelson theory is then expected to
' completel& eiplain the lineﬁidths, It would be-1nteresting to obteln'l
 some additional K band date. |

v The theory may be used'to compute theoretical estimates of.the
relative TleIValues'for ccmperison.with McCaths_(l967) experimental
»values;-nHowever; the‘theory is only'approximstely’correct for the S
» band data.: McCain usedre correlation‘tlme of T=3*lo_ll'sec in his work
where the value determined in this work is =3.8Xl0_ll sec. 'ﬁowever,
thls change does not change the results enough. The egreement betweenb
theory and experlment is quite poor "but this is expected since the

llnewidth predictlons are also poor.

T d

L
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IV. COPPER LINEWIDTHS

' ‘A. Introduction

'The'EPR spectrum of the heiequocopper“(II)'comnlex‘in solution'was::'
_certalnly one of the first to be studied though 1t is dlfflcult to say
when 1t was first observed Among the earliest studies of the system were
those of Kozvrev (1955) and McGarvey (1956 1957) These workers reported
a spectrum cons1st1ng of a single llne at ordlnary temperatures with a g
value of about 2.2 and a'peak-to—peak linewidth of about 150 gauss.
Although‘thedCOpper nueleus hes:a nuclesr spin.I=3/2, no hjperfine struc—p
ture was obServed in the spectrum. o | |

The.intriguing‘characteristlcvof.the'Spectrum'was that’the line“
width ﬁashobserved‘to-increase'with increasing temperature (sz&rev,vl957j
AVVekumbm;et al., 1960). At first glanee the linewidth_ofbthis spin 1/2
complei would here been expected toldecrease'with,increesing‘tempersture
on the b331s of the McConnell theory (1956)

A number of explanatlons were proposed for the anomalous behav1or
of‘the eopper system. Indeed, Kozyrev (1955) early proposed that the
broadening'and subSequent.lack.of.hyperfinepstructure ln the eopperbspec—f:
trum Was‘due'tp the‘formation of copper dimers. This suggestion was |
-based on an incomplete understandlng of some of the esrly data,-and is
_ not tenable 31nce the linewildth behav1or per31sts in dilute solutlons where
copper dlmers are dulte unllkely. McGarvev (1957) proposed that the llne-
w1dth was due to a comblnatlon of tumbllng and an 1nteract10n with a low.
lying excited_state which was expected in ‘the hexaquocopper (II)'system
as a result of the Jahn-Teller effect. Al'tshuler (Al'tshuler and Valiev,s

1958; Al'tshuler and Kozyrev, 196L4) proposed a theory involving vibrational-
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modula;triohv.of_"t.hé' _‘cf'y._stal.v“i_‘i_éld._ He showed that this <heory would fit
their déf; duite_weil:v:-i | | |

JHoweVeré all the'eériy théé;ieé suffered from_incomplefe information -
as tb thg'true iihéwidth in the*s§éﬁem.‘ The liheﬁidth'was.téken as‘the |
dériﬁﬁtivé”ﬁéak-to4peak diétgnée'of the brcadgsinglé.line ob;érved'in_the"
speétrum;. But the.EfR éﬁed£fum 6f héxaquéqopper’(II)'ﬁust cer£ainly
consiétbdf h&perfine structure.  Hayés (1961) détectéd hyperfine étruc-
-tufe:in fheséﬁeétrﬁm'by Codling to near.d°C,‘ Thé coupling consfaﬁt-between
31 to 38'géu$s,vindicated that the linewidthvwas in aﬁLafge'paft dﬁe to
hypérfiné structure.

AMbng-other ﬁorkérs‘Who;haVe uééd the overallvliaewidth afe<Valiév
and Zaripov (1966) éﬁd FuJiwara,ana Hayaéhi.(l965). Valiev and Zari?ov
proposed alfélaxation,mechgnismfspecific_to‘fhe hexaqudcopper'(II) system.
' This mechanism, a modification of the AL'tshuler and Viliev (1958)
méchénism,involved 8 fibfationally‘iﬁduced.frahsitionvto the lowest orbital
excitéd'étgte withisubseQuent_reléxation to the-giound étate. This is a
kihdmdfibrbéchfmechanism invélving:ligand #ibrations rather ﬁhan latticé
modes. Valiev'andvzaripov's‘work shows’réasonable agréemént with the
‘overall linewidth if the hyperfine contributions are ignored.

Fujiwararahd Hayashi"studied’the‘linewidth‘as d:function of tempera-
ture, as a function of co#cehtration, and as a function of the anion
associated with the copper cation. These workers reportbno.anion dependénce
in.diluté solutions and also hoiconcenﬁration dependenéezfor soiutibné
less than .1 F. These results aré qualitatively correct since although o
fhé trué linewidth ﬁas not measuréa, a éoncehffation effect would be

observed'in-the overall line. Although these workers report measurements
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nea;'09c;r£héy reporfvhq‘hyﬁerfihe structure in:thérépécﬁrum.

1Spénéér.(1965) méésgred tﬁe EPR spectra of hexaduocoppér (iI)’o?er
a widéArangé:of temperatufes’for'both aqueous solutions and for perchloric
acidvsolutiéns. He also measured the spectra of‘thevhéxémminecoppér (11)
system wﬁich'was expeétedvto.bé'quite éimiiér in behavior. Using the _1
hyperfine coupling ¢onstant.of'}COS3.cm‘l‘he was able tQVperform crude
correctiéns-to the linewidths, _Af loW'tempefatures he obserVed the - -
lineﬁidfh to décrease as the tem@erature iﬁcreased. Spencer discusses
two mechaniéms to explain thé 1inéwidth: thé,anisdﬁfopic tumbiing méchanism;
and an invérsion mechanims. Although a definite conclusion was not |
‘ rééChéd,.SpéhCer-proposed that the linewidth could be gxpiained b& a
combination of these mechanisms. Another explanation vas that the line-
width waé cdhtfo11ea by the raﬁe'of'chemical exchang= of the watef
’moleculéé:iﬁ the ﬂydrétion sphere..'Additional sﬁpport for this proposalvb

17

was obtained from the -

0 MR data (Meredith, 1965). The 170 linewidth
was ObserVed to:vary“with'the Saﬁe’temperatﬁre depéndéncé as the EPR
linewidth. | -

)Léﬁis; Alei, and Mofgan (1966) “also studied‘the éoppervéysfem as
a_fupctioﬁ'of téﬁberature;_ They-study'the-copper,system.by;means of a
linééhapé énalysis using a simalation technique. At high temperatures
(aboyé rdom.témperaturé) they assﬁme'that'all,the lineyidths are'qual.'
Fr§m,théif anelysis they conclude that the linewidth should be‘due to
a combinétion Of_thé spin-rotafional process and a seéond process whichl o
fhéy déscribé as a Raman'procéss,v Théy_propoSe fhe,Ramap process on thgr
basis'éfvéitraPOIation from réportéd solid‘state measﬁrements. Hoﬁevef,
Kivéléon (i966)-inaicafés that Reman processes are not éxpected to be

large in solution. Lewis, Alei and Morgan propose the following
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function for the linewidth

Tzf'l = 2.08 X 10" [(T/n) + 0.23 78] - (4.1)

The main difficulfy with_the:hexaqugcopperf(II)'system; other than
the actual interpretation of the linewidth behavior, is the measurement
of the true linewidths for ﬁhe hyperfine lines. The large linewidths
leading to extreme overlap and lack of resolution in the spectrum produces
an extremely frustrating problem. Simulation methods of analysis for lines
as unresolved as the dopper lines are very difficult. ‘The present_study
was begun because it was felt that the use of & data acquisition system

in connection with a least squafes treatment would facilitate the treat-

ment of the data and improve the results.

B. FExperimental Methods -

Thevabparatus and measureménf procedures were ‘the same-asvthésé
‘déscribéd.for.the vanadyi:experiments (see Sec. III-B). The initial
éxpériménts wéfe'pgrforméd‘with*Copper pérchlorate'obtéined frém thé G.
Frédérick Smith Coméany.v Thelfinal experimentéﬂvere;pérformed_with
isotofically énrichéd 63Cu(99.62%)'which was cbtainédlfrom,Oak ﬁidge
Nationéi tab6rat6ries in fhe form of_the‘oiide,;'The oxide was dissolved*
in an équiValent_amount-Qf perchloric acid with gentle heating. The
concentfat;oﬁ'of the’resulting copper perchlofété'solutioﬁ was adjusted
to .01-;02‘F. SolutithJin 5.26 F perchloric aéid for glass specfra were ::
obtained.by evaporating tpe necéssary7amouﬁt of_fhe copper perchldrate |

aqueous solutions and then'redissolving the residue in:perchloric acid.
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C. Discussion and Results

1. Spectra
| The:anisotropic magnetic parameters for the:hexaquocopper (11)
system have proven to be quite elusive A number of workers have deter-
mined these parameters in different glass systems, but have obtained vary— o
ing reSults. These resultS'are presented in Table III. In addltion, 3
we have repeated the measurements in the perchloric ac1d glass system.
Spencer (1965) originally measured the parameters for the perchloric
acid glass system by measuring the line p031tions. The,spectrumzis qulteb
simple and consists:of a parallel band containing four resolved hyperfine
compcnents.and 8 perpendicular band containing 8 douhlet. _The interpreta—
tion of this doublet s difficult without & simulation method to analyze
the spectrum. We have redetermined the anisotronic magnetic parameters by
vu81ng a simulation technique to analyze the spectrum
Spencer suggests that the doublet could arise fromveither‘hyperfine

structure or from two g values due to the complex having less than tetragonal

- symmetry in the glass, or from so—called 'extra” absorptlons. Hyperfine-

structure wculd‘produce.four components and hence was expected to give
four lines'ratherithan-tWO. However, the theoretical simulation in Fig.
15 shows that the spectrum can be fit quite well with an axial spin

Hemiltonian. Only 8 doublet is_observed because of a second order hyper-

fine effect which shifts two lines of the quartet further than the ethers.- S

A variable linewidth further accentuates a doublet appearance over a quartet
The parameters determined from the analy51s are presented in Table IV.

Table IVrshows a-large spread in the results of the various workers. .
v Of the three systems utilized the methanol results are probably the least

correct for the hexaquo complex. . These measurements were performed with
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2400 | - - _ 3372
H (gauss)
XBL 7012-7175
. - ‘ + .
‘Fig. 15. Spectrum of Cu(HQO)g in perchloric acid glass.
Upper spectrum is experimental; lower spectrum is

simulation.



TABLE IV. ‘Anisotropic. Magnetlc Parameters for Cu(H O)

L — — " _,_j,,
..Solute/Solvent L T

5 >  .‘3efefen¢é"' -
Cu(NO3)2/methanol .  2,39 | 2.07 106“: » 70 . é:1767 ‘ 83;2-:2 Gafif'yanov:aﬁa’Uéécheva,(i96h):
cu(01oh)2/5.3 HC10), 2.3719 2,066 139.6 T  2.1703  U6.5 ,Spéncer.(l965)

Cu(NO3)2/glycerol 2.400 2,099 114.05 n12.86 2.1993 .33.3 Lewis, et al. (1966) -
63 ' ' | |

Cu(Cth)2/5.3 HC10) 2.387 2.072 137 5 '2.;77f - 46.9 - This work

‘_a.‘ Coupllng constants are in gauss

"~ b. Average values computed from anlsotropic values

-95-
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hhe hydrated salt in almost pure methanol The results'are probably
1ncorrect due to the formation of copper-methanol complexes.v

vThe_ results obtained for the 5.26 F perchloric acid and the 60%
élycerolvglasses are somewhat harder to'reconcile;‘_Initially, the per-
chloric‘acid system ie expected to provide a better glassvmedium for the
hexaquo complex since it is generally accepted that ‘the perchlorate
anion does not form complexes with transition metals although the same
1s-not.true for glycerol. Furthermore, there;are more water‘molecules
(40 F) available in 5.26 F perchloric acid thet'in7.5 F glycerol (25 F
in water). |

.HOVever,vthe‘anisotropic parameters may be used to compute average
vg aﬁd A Valﬁes which are expected to be_close to the isotropic g and A
values.‘ The computed‘average,values are also presented in Table IV."A
comparisoh of these values with the experimental isotrOpic values which
are preseﬁted later shows.that the glycerol parameters agree quite well.
But the perchloric acid parameters_are very different from the experi-
mental'Values."As.meetioned in the ranadyl‘discussion, glass spectra
need not hecessarily produce correct values for the'complex’in solution.
dHowever,"the‘measured‘difference is striking.

We.may‘note that the“g and A values are expected to be correlated
due to bcnding effects (Kivelson and Neiman, 1961). As the g value decreases,
the‘A value should increase.. This correlation seems to hold for the parallelv
parameters between the glycerol and the perchldric_acid glass. However, the -
correlation breaks down in the perpehdicular parameters.v-This might be
8 possible indicetion that different complexes are being observed. If

both spectra were due to copper ions with octahedrally coordinated water



- __60_

molecules, the correlatlon would be expected to hold lhe.choiCe ofiwhich
set of parameters‘to use is somewhat.arbltrary.- Fortunately, the parametersv
dés.‘iréa",fcr"a’ linev_idth theo‘ry' are fh_é ani'sotropies,' ‘i._e., the differences';_
betveen,the”parallelkahd'perpendiuclar:values, rather than-the_actual
parameters,“ The anisotropies arebin somewhat better agreement than the
actual parameters. lnzfact,:both sets of-parameters'were used for the -
linewidth study. | B |

The EPR spectra for hexaquocopper (II) ions in solution have been
meSSured between —15 and lOO°C The spectral parameters were obtalned
from the d1g1t1zed spectra using the least squares fltting procedure ‘
descrlbed prev1ouslv. Theqspectra‘could be fit very well using one
intensity, one g value, one'coupling'constant 'andrfour-linewidths.
Examples of the fits to the spectra at various temperatures are shown in
Figs. 16-19 The crosses are the experimental p01nts, the contlnuous
lines are:the theoretlcal fit. The lower curves-ln_the figures are'plots“
'of‘theddifference between the theoretical and ekperimentalbcurves. We
can see from theberrOr'curvesithat theifits are very good : The low
'temperature spectra (Flgs. 16 and 17) exhlbit the presence of four hyper-
fine lines qulte clearly However, the spectra at.higher temperatures
(Fig 19) do not exhlbit structure. | |

At room temperature and above the spectra con51st of a slngle,_
broad, symmetric ‘line. Much of the early work has con51dered the peak-
to-peak width of the unresolved line to be the true width of the .line.
This_would‘be-true if the hyperfine coupling.constant were small com-
pared to the linewidth fhe observed line would then be7very»nearly

a Lorentz llneshape whose peak—to—peak width would be an excellent
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3202
ERRORS ® 10.226 '
i 'XBiJ7012-7169Y

~ Fig. 16. Example of fit to solution spectrum of Cu(H 0)6 at -10°C

In thls spectrum and in the follow1ng spectra the crosses are
_the experimental points, the contlnuous line is the theoretlcal
fit to the data; and the lower curve is the difference between

the theoreticel»and experimental spectra with a 'scale’ expansion
given by the ERROR*_number. -
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Fig. 17. Example of fit to solution spectrum of Cu(HéO)z at-1°C..
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Fig. 18. Example of fit to solution spectrumvdf:Cu(H20)2+ at 22°C.
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. Fig. 19. Example of fit to solution.spectrum of_'cu'(Hzo)?-at 60°c.
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-~ Fig., 20. Attempt to'fit_spectrgmfof_Fng 18 with_leoreniz_line.
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Flg 21.". Attempt ‘to‘ fit -_s@é-qﬁrmn_ of VVF.ig 18'vw1'thv"2 Lorentz :ii_.'ne_s', - :, L -
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| Fig. 22. Attempt to fit spectrum of Fig. 19 with 1 Lorentz line.
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measure.of:thettrue‘width;j_Without’knouledge{of;theVlouitemperatureh'
'spectra.we”vould also bé'téﬁpﬁéd to.uSe the'overallividthias thevtrue
width" However, we can’ convince ourselves that thisiis 1ncorrect by
examining the spectra closely.. : |

The results of an attempt to fit the room temperature spectrum with"bl
a s1ngle Lorentz 11ne is shown 1n Fig 20 ' This_is_the same specorum
that was presented in Fig, 18 The spectrum quite7clearlv does not
possess_a Lorentz llneshape.: In fact close examination of the sp=ctrum
reveals severai inflectionstnear the center of thevspectrum . This is
shown more clearly in Flg. 21 whlch shows the result of fitting two
- Lorentz lines to the same spectrum We may confldently infer-from this
_that the observed spectrum cons1sts of more than two lines.‘”It is;
therefore, quite reasonable to £it the spectrum with four hyperflne
components. | | -

Figure 22 shows the result of fitting the spectrum of Fig. 19 w1th
one Lorentz line., Even at 60°C the Spectrum is not Lorentz in shape.
.Hence, a lineshape analysis 1ndicates that the EPR spectra for hexaquo-
copper (II) must  be analyzed in terms of four hyperflne components.

The variatlon with temperature of thesisotropic and A values for
‘heraduocopper (II)’is.shown in Figs. 23 and 24, A'variation of these
parameters-with temperature is not unexpected since such variations were .
observed for the aqueous vanadyl system and for vanadyl acetylacetonate
(Wilson and Kivelson, 1966a) However, the usual observation is that
vthe magnltudes of the g and A value change in opposite dlrectlons as the
v temperature is changed that is, the g value decreases as the A value '
flncreases. In the present case the g and A values,change in the same

direction.




'Oné:ﬁight.ét first'cdnsidei this effect to be‘éh.arfiféct becéuse
of tﬁé'méﬁhéd‘éf anélysis; bThejlihe pritiCns-aré‘deférmined By:a second
order spiﬁvﬁéﬁiltonian. The effect of thezsecdnd»ofdef térm‘is to shift
all of the_i{néé downfi§ld. valﬁﬁe:seébﬁd order term is neglected, an
abpdrént g'{alué is'bbtéihéa'whiéh is higher fﬁan the true g value.
'vﬁﬁfthermoré;iif thé léasflsquaréé'fit_erfoneouSly'CauS¢s fhe A'value to
| decréasé;vtﬁéh;vthé éhift‘dﬁé fb the second order term-wbuld'decrease and
' the‘;pparénf'g-value ﬁbul&_deéfease. ‘However, the shifts due to the
second ordéf term are on the ordér‘qf a gauss and the changes in the
seéond drdér térm aré sowewhat less. Since the changeé ig_the'g value
éofréspoﬂd‘to'Shiffs Ofvsévefél‘gaués; the effect must bé:reél;

Thé'uéual interpretﬁtioh‘ofAthe témﬁératurefﬁariation is ﬁhat‘chéngés
in solﬁafion‘dnd bogding afe»0ccurrihg (Wilson apd’Kivelsbn, 1966a). How-
' éver;_this‘theory would require that the g and Avvalues change‘in;oppoéite
diréctionsigihce.chgnges'in 5onding.afféct these parametérs in opposite
.ways.::Ehéréfoie, the_variation.in,the héxaquocOppér.(II)*systém cannot.
bé éiplainédvby.this'mech;nismlb

| _A[ﬁuﬁbér of méghaﬁismé may. be respdnsiblé“for.variafions*éf'the g
valué3§? pfjthé‘A value withvteﬁpératuré. Van Gerver, Talpé, and vén
Ittérﬁéck (l967) havé suggested a shift'due to demagnetizing effec.tsf
Théy shoﬁ’that the shift iﬁ thé'g valué,.Ag.is approximately-givenfby

Ag.ry.('éNs-Ni') Xy o | (k.2)

1 are_so—éalled demaghetizing factors, which-are computed

where Né and N
- from the geometry of the sample, and xs isvthé_statiC'volume susceptibi-_

lity of the sample. The g value variation is‘exﬁected_to_follow a Curie
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lau.A However, the.magnitude of thls effect is qulte small and would n§u¢
'account for the large g value changes whlch are. observed Furthermore;.
this mechanlsm is. not expected to cause.a variatlon in the hynerflne
coupling-COnstant.

A second sourcevof shlfts are'dynamic effects due to relaxation"~
effects in solution. Such effects have been dlscussed by Fraenkel (1967).
and by Kivelson (1960) These effects are found in most treatments of
'relaxation theories but are_generally-ignored by assuming that_the static
Hemiltonian can be -redefined to include these terms (Slichter, 1963).

The spin Hamiltonian is rarely redefined in practice. . Kivelson derives
a nonsecular shift to be o
'hAh ‘='hT' w‘i .7t T 3)
w'h.ere "hé'z‘-e. 'i'f' ¥ is.‘-the.nonsecular"-c'on'tributi:on from' the‘ linewidth =
'theory and is dependent upon m

I

hyperfine component and follows a temperature dependence 1nvolving the

- The shift is then dependent upon the .

: correlation‘time and llnew1dth,; Since the shifts are different for each
hyperfine:component,.the hyperfine coupling.constant-may change as well
fas the'é[value'although the effect‘of the shifts on the least squarese
vdetermination”is not_clear,' The'effect of Eq. 4.3 can be estimated if
athe full linewidth is assumedjto be due to Tlfl. In fact the magnitude
of the'changes with temperature could account for the_magnitude of the g :
value changes." However;'the computed.shift is a downfield shift which
increaseS'with temperature. This should cause an increase of the g value
w1th temperature whereas the g value decreases with 1ncreasing temperature.A

’Hence, nonsecular shifts cannot be the reasons for the g value variation.f
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| Another' possible dynamic effect '-‘isv'.the'themal.'vibrations of.the
ligands.i Benedek Englman, and Armstrong (1963) have studled the tempera—
ture dependence of NMR chemlcal shlfts due to thermal v1bratlons. The:
”effectlve crystal field spllttlng changes because the amplitudes of -
v1bration change as a functlon of temperature ‘ Unfortunately th1s effect
would predlct that the g and A values should change in oppos1te dlrectlons;
Walsh' Jeener and Bloembergen (1965) and Soos (1968) have studied v.
the variatlon of the 8 tensor as a functlon of temperature in the SOlld
state. Soos explains his varlatlons for organ1c radicals in terms of de~
localrzatlon.of the electrons over-radiCalS'with slightly-different g
tensors. .As~the{temperature changes, the delocalization.changes and the
observedxg'tensor ¢hangéé}. Walsh, et.al., explain their behavior‘in
terms of.ohanges:inptheicrystal“field.due to‘thermal.expansion effects:
In these erperiments,‘the g value'decrease”uith'increasing temperature
bwas well explalned by crystal f1e1d changes due to lattlce expanc1on.
However, Welsh observed that the hyperflne 1nteract10n (for Mh2 )
:decreased as the temperature increased whereas the explanatlon for the
P4 value'change~would predlct‘an increase in the A value.v. Orbach (Slmanekf
and Orbach, 1966; Calvo and ‘Orbach, ‘1967) has‘_studie'd this behavior and
proposed that excited state configurations- were mixed into the ground
state by av"dvnamic phononeinduced" field.t Thisﬂexplanation vas proposedf
for S state ions but might be’ applicable to other states.
Admlttedly, these SOlld state explanatlons are not dlrectly
appllcable to solutlon but temperature dependent mix1ng of excited
‘state conflgurations w1th the ground state. 1s a- p0551b1e explanatlon for.

the g and A value variation. Indeed, the hexaquocopper (11) complex is-
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expected to: have a low lying excited state due to the Jahn—Teller effecf
Th1s state could have an apprec1able effect on the g and A tensors
The_source of»the.varaatlon of the g,and A tensors_ls not well
understood Fortunately, the variatlon in the parameters is relatlvelv ’
small so that the variatlon is neglected for the llnew1dth theorles The-
values of the 1sotropic»paranmters used for,the'llnew;dth ‘analysis are

g=2.1983 and A = -34.k gewss. |

2. ‘Relaxation
The linewidths for hexaquocopper (II), which were also determined
from the least squares fits;'are presented in Figs. 25-28; The componenfs

are 1dent1f1ed bv m., the nuclear‘magnetic.Quantum number, and since’the

T
hyperflne coupllng constant is assumed to be negativef.tne mi =.;3/2

line is fhe lowest field line and the m, = +3/2 line is_tne highest field
-1dne, Tnevlinewidths for the components show,a smoothbfunctionai dependence
on the femperature, increasing ﬁonotonicaily with tne temperature. Below
Loo¢ tne deviations in the.data are»smail. Above this temperature,'theref_
is increasing scatter in the data. At the lowest nemperapuresvwhere'
hyperfine components are distinctly visible, theilineWidths'are known to
'apout .5%;' Near room temperature where the line‘is nnresolred, but defi- o
vnitely.not lorentzian; tneeferror.is‘expected_to be sbout l%;>'There is'

much less confidence in the data at higher temperatures7wnere the line n.:f':'ﬁ -
is near Lorentzian,_and the error is expected'to be several per cent. | |
The dashed curVes‘in the figures are arbitrary interpolation,curves;

_ The linewidths for the hyperflne components are compared in Fig. 29

»-Examlnatlon of the low temperature reglon reveals a dlstlnct dependence

on hyperfine component, with the narrowest llne being the m ='+3/2 or .

I
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highest field line. The lines are progre531vely broader as mI is decrezsed

with mI_= -3/2 as the broadest line. - As the temperature is increased, - ' -

the relative widths change.until the m_ = -1/2 11ne becomes the broades:

ST, v
line.',At-still higher temperatures,‘the nr =»+3/2_line appears to hecome
the hroadest'line. We are not certain that this behavior is.reali At che
-high temperatures 1eastrSQuares.procedures are:duite difficult. Noise:
and drifts in the spectrum could cause large changes in the least squares
fits. However, the linewidths definitely depend on the hvperfine component
-at low temperatures and appear to depend on the hyperfine component at
higher temperatures." |

The dashed line in Fig 29 is the linewidth determlned from the
overall peak-to—peak distance of the unresolved 11ne The’ fallacy of
u31ng the overall w1dth as the true w1dth is clearly seen. The temperature
dependence and the magnitudes of’ the w1dth are 1ncorrect Valiev and
Zaripov (1966) indicate that their mechanism is cons1stent with this data,
so that the mechanism is probably 1ncorrect for the copper svstem

The dependence of the linewidths on hyperfine componentvleads one
'tovsuspect a’Kivelson_tumbling.mechanismf(Wilson andeivelson;>l966a) to
be contributing to the linewidth. In sccord with this idea, the 1inevidths
were fit to.a cubic polynomial. The polynomial is exactly determined.by'
four lineuidths; 80 that.the‘polynomial coefficients may be strongly
influencedfby small errors'in the’linewidths; 'The”parameters‘which'were
determined are presented as the points in Figs, 30;321_ The_alpha para- f-l-, .
meter appears to rary quite'smoothly”with temperature. fhe_beta‘and gamma - | |
parameters exhibit much scatter whichfis'ektreme at high temperatures.'
_The delta parameter is even worse (not presented). -(The correlation of

temperature with v1scos1tv divided by temperature 1s presented in Table II.)
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As was done with the vanédyl data, ﬁhe beta,pérameter was used ‘to
déterhiheba‘hydrod#nahic'fadius for the complex using Egs. 2.6.énd 2.3.
The‘theoretical vaiues’fof a' and f.were then computed from Egs. 2.5 and vv
2Q7.and'are:§resénted as the émobth;curves in Figs. 3Qf32. These curves
were compufed>ﬁsing the anisotfqpié magnetic parametérs which‘weré-deter-
mined in_this work (Seé»Sec. Iv.C.1). The curves computed with the Lewis,
Alei, and Mérgan paraméters a?e qui£e siﬁilar, and, fherefore, ére not
pldtted. .We can see immediatély_that tﬁevtheoretical and experimental
parameters are in marked.disagreementg‘fhe beta fit is relatively good at
low tempérﬁtures. However, the experiﬁental values for the gamma para-
meter are.négative unti1 the lowest femperatufes are reached. Thevtheofy'
predicts thét the gamma éaraﬁeter shoﬁld be pésitive ovér the entire

témpératuré:fange. The theoreticalvprédictiop‘of the alpha parameter is
also far from agréement with experiment.

' Furthermofe,'the Qalues:of the:correlétion time and the hydrodynamic
radius ﬁhich are detérmihed'from‘the'fit_té the beta parameter are anomal-
ously'ipw} The redius, r=1.71 A, which was determined using'the'énisotropic
paraméfers from this wbrk, ié of the order of the ionic radius for copper.
If théuLéwis,‘Alei, énd'Morgan.(l966) magnetic parameters are used, the
radius is r=l}83 A, which, although better, is still too small. By analogy
to the ﬁénadyl system, the radius is expected to be on the order of 3 A;
Cox and Morgan (1959) and Morgan and Nolle (1959) have measured fhe_proton
NMB for‘cbpper solutions. The.proton relaxation is due to a dipolar ‘
interaction modulation by molecular tumbling, so that the correlation time
is . related to-the hydrodynamic fadius by Eq. 2.3. These workers obtainf

a radius r=2.8 A. Frankel (1968) in a more recent study obtained r=2.3A.



The valldlty of the Kivelson tumbllng model for the hexaquocopper'.
(II) system 1s doubtful Further ev1dence 1s obtalned from the depen—-:
dence of the theory on magnetlc fleld The-EPR'spectrum for~hexaquocopper..
’(II) was measured at 8 band (3.12 GHz) at room temperature (about 22°C) |
The spectrum is presented 1n-Fig, 33. _The-llnewidths obtalned from a leastv '
’squaree:fit'toithe S band'epectrum are'67,8; 66.9, 65.7 and 65.9 gaues{
respectirely;ffor'the'—3/2dto.+é/2tcomponent; Thehcorresponding linewidthsc
for the X band spectrum are 66,6, 67.7, 64.1, and 62.0 gauss (from Fig.
29). Although:there’is a.défindte'debendenCe’uponfhyperfine‘component, f
there is relatlvely 11tt1e dlfference between the S band and. X band
1inewidths.- The Kivelson theory would predict a strong dependence of the
iinewidthsfwith magnetic”field. In addition, if we_ignore these problems
| and continue'to.uee'the Kiveison mechanism;'wevmay compute a linewidthr‘
contribution from.the spinérotation mechaniSm; if thie ie done,vwe
compute linewidth contributions whlch are five trmes the exper1menta1
llnew1dths. Therefore,.thls procedure cannot be used to explaln the
llnewidths, although it was very successful for the vanadyl case.

We must therefore, proceed in another manner to explain the 11ne-:
widths. The incresase of'the linewidths with temperature strongly indicates
a spin—rotation mechaniem. Ignoriné the oy dependent terms. for the present,
we plot the oy independent linew1dth the alpha term, vs. T/n. in Fig. |
3h4. The alpha term is quite linear w1th temperature divided by v1scos1tv.,
(The alpha term has not been corrected for a contribution from the |
_tumbllng mechanlsm because of the uncertalntv with the theory). This isr
-con51stent w1th the predlction of a spin-rotatlon mechanlsm except that
the extrapolatlon of alpha to-zero*temperature does not pass_through

"zero, Nevertheless, we may use the slope of'afstraight_-line fit to the‘;
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data with Eq. 2.12 to determine a hydrodynamic radius of r=3.08 A. This
is‘a'reasonable.value.'
If Ve-assume'the spin;rotationfmechanism tofbe‘dominant, we may

compute a contribution'from the tumbling'mechanism using the new hydro-

‘dynamic radius. If this is done, the predicted linewidth parameters

are found to be much larger'than the experimental parameters. Since we.
expect the tumolingvmechenism_end the spin-rotation mechanism to be

consistent with each'other; we mnst conclude that these mechanisms

cannot both be fully operative in.the hexaquocopper (II) system.

'Leﬁis,”Alei;vandeMorgen:(l966) proposelthat the anisotropy of the
copper complex is less 1n the aqueous solution than in the’ glass They
reduce the anlsotropies, Ag ‘and b, and compute e ‘contribution of the
tumbling mechanism:to_the'linewidth. After correcting the my independent’
term for the tumbling contribution, they fit the‘remainder.to a.spin— |
rotation mechanism. . They also include a term,Quadretic in temperature
which theyrdescribe as a Raman process (see Eg. &.1), Thls.term is neces_
sary to eccount for the curvature whicn appears in the alpha term after
the'tumbling correction'is'mede; | |

The Raman mechanism was.proposed on the basis of an extrapolation

from the solld gtate work. of Glll (Glll 1965, Stoneham, 1965) on copper

'ﬂlonsvln.Tutton salts. However, the more recent calculations of Klvelson

(1966)‘heve shown that the contributions of the Raman process in liquids

is small. Therefore, although Lewis, Alei, and Morgan fit the m; inde-
pendent:term well with a spin—rotation;interaction and a_T2 term, the Raman
process is not indicated.

Furthermore, Lewis, et al. E are slightly 1ncons1stent in thelr

_adjustment of the anisotr0p1es. “Although they adjust the anlsotr0p1es



o

to compﬁte the tumbling width they do notﬁadjnst'the‘glvalnes in

computlng the spln—rotatlon w1dth : Furthernore,vthey‘show that the e

17

magnltude of the 0 coupl;ng constant, which’they'meaSure from temperature

- : ) o 4

dependent shi‘vfts of the 170 NMR line, is consistent with the anisotropic -
parameters determined dn ; giass;..In addition, they aréue from Stonehem's
work (Stoneham, 1965) that the Pirst orbltally excited state for the
hexaquocopper (11) complex is expected to be 7700 cm -1 above the ground
state. ThlS is consistent w1th a large tetragonal dlstortlon and, hence
large anisotropy |

'.The?linewidths in’hexeqnocopperc(ll) are then'somewhat of a myster&.
The solution'Ramen process is unlikeiy. ‘The solutiontofbaCh pfoceSS is‘f
unlikely’if the lowest excited'state is T700 cmv-1 above the ground state.
The increese:of the 1ineﬁidth'with increasing-temperetu:e is most iikely
explained'by'a spdnefotetion intefaction."However, thetcontribution_
from a turrhling mecha;n.ism.consistent with the spin-r'otation’,interact:ion
and w1th the ‘large anisotropy is too large. The tumhling mechanism cannot
contribute its full effect and must be interrupted by some other relaxatlon
process which is also m

I

inversion mechanlsm discussed by Spencer (1965). - Spencer treated both

dependent This would be-something similar to the

mechanisms separately. A more proper treatment is probahly to treat

both the.tumbling process'end-thelinversion.process together. The line-vv
widths in hexaquocopper (iI) arevthen'due to a spin—rotationbinteractiong.
a tumbling mechanism,‘end‘a third prOCess, similar to inversion, which ¢
interrupts the tumbling7mechanism, andfwhich is essentially independent

of magnetic field.
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dashed curve is plotted with Eg. 4.1 (see texf).
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V. SPINeLATTICE RELAXATION TIME MEASUREMENTS .
o WITH AN ON-LINE COMPUTER

A. ’Introduction

The longltudlnal or spin—lattlce relaxatlon tlﬁe 1s extremely
1ﬁpertant71n magnetlc resonance, for magnetlc resonance phenomera would
not be observable ir satisfactory relaxation mechanlsms d1d not exist.
The spln—lattlce relaxatlon tlmes of" tran51t10n metal ions diluted in
various host lattices ‘is of considerable lnterest. _A knowledge cf these
times:aids'in the'theofetieal;understanding.of.electron paramagnetic
resehaneeMand invthe interpretetionvof the interaetiens ﬁhieh may oecur
in solids. ‘Furthermore, thebrelekatioﬁ‘timee'which afe related to traﬁei—v
tion probabilities are impertant in_ﬁnderstanding the operation of‘masere
‘(Bldervnber_?gen , 1956).  Stevens (-1967) _a.an Stendley and Vaughan (1969) have
reeently;reviewed;the‘theoretlcal and experimental-aspects of the spin
rele%étion'meeeuremeﬁte. |

| A nﬁmber ef.teehniques”haVe.been developed fef'the measurenent of
relatatidh times; 'Ope Qf the'ﬁostvpopﬁlar”ie the pulse saturaticn-re—
covery method (Davis et al'e 1958). In th1s method the spin system to be
studied 1s saturated w1th a. relatlvely high power pulse,.and the recovery
of the-abeorption-signal as e function of t1me'1s monltored, usually on an
oscilloseope.: The relaxatibn'tlme is determined either byvmeasﬁrihg the
slope Qf a plot efvtherlograithm of the recovery curve or by ceﬁparing'
the recdvery curve with standard eipbnehtials'whose time constants are
known. The'logarithmlc methed'reqﬁires a knowledge of the'baseline-to
which the recovery curve ls returning. This is done experimentall& by

providihg.a second scan at low power to show the recovered signal on the
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osqiiloéépﬁe. This’Coul&'iﬁvdlve éxperimeﬁﬁal.cdmplicatidns.' The
comparisoh.mefhod>sufférs 1f.th§ récovefy cﬁfve is not a single exponentiai.’
Furthérmére;lin”many céses, ﬁhevfeéovefy cufve.coﬁtains'a large amount

of noise which makes the ﬁéasurgﬁénts fromvthe:oséillosc0pe traceé aiffi-
cult ahd inaccuréte. ‘Much experimentel effort is usually expended to
redﬁcekﬁhis.noise. Ihdeed;.thé imérovement of thévsignai—tofnoise ratio
is_one_of'the most serious’prdblgmé in éxperimeﬁtal‘science.,

A-technique for ﬁnyroving'éignal-to—hoise is that of signal
averaginé.:”The usual methddiis to use a highly speciélized_computér of
averagéd;transiénts‘(CAT) fo acquire the data. ‘Suéééssive recovery
curves arevaccumﬁlated‘withifhe,CAT.untilAthe_Signai-to;noise"is
aééeptablé,iv'The dafa“afe £hen ﬁéuallyvbrinted fqr_analysis by the
techniques_describedvab6Ve, Orvpunched for anal&sis with a digital
cdmputér.“ |

.However, we ﬁga.been interes£éd for‘some time in the appiication
of.smallvcbﬁbuters td laboféfbry éroblems. The ad&&ntages of using a
computer’aré now well knoﬁh; Intereét in'thé technique has growﬁ to
such an'éxtént that the January, 1969, issue of the IBM J. of Research
and Dévelqpment is deVoted to laboraﬁory automatibh; 'The problem of spin-
latticé relaxatioﬁ_timé me;surements appears to be taiior,madé for.a
small cdméuter. Nof onlyICan the daté be écquired with the computer, for
which time is a nétural independent variable, but the data'analysis can
also_be'pérformed. In.the q&sé‘of simple exponentiél fecoveries ﬁhe
analysis.is_straightforward and éﬁsily autqmated.. Baseline §rbblems‘are
-nnnfiy handled a{mﬁiy by acquiring data out to timeé where the bgseline

is well defined. More complicated recovery curves may be analyzed by an
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inﬁéractive.teéhnique ﬁsihg reiativel& simple convefsationél progréms
énd'ﬁ displé&:osciiloscopé. An additional advantage of a:compuﬁer-is
that: an anélysis,of‘the°data‘can bé pérformedvquickly so‘that results are
known'inSténtly. : ‘ - |

'The'*l\lj_z+ ion was chosen for study since this wasba'transitionAmetal

ion of durrent-intereSt‘in_the‘laboratory'(Jindo, 1971 ; Batchelder, 1969).

of intéresf(is the D ﬁaiﬁé;ﬁhich:is‘negafive fqr'mosf-nickei_cpmpounds..
HéwéVér;_in.nickel éuifatéithe D value ié.positi#e};:This béhavior ié
diécusSédvby Jinao, i971;’1studieé’of niékéi ioﬁs‘in othef 1aftices were-:
unaértakénvto obtain information tb aid in Evthgbfétical.interpretation

of this beha#ior, Thé E?R SPeétruh of nickéi ion iﬂ'a ldﬁthaﬁum magnesium
nitrate host (Ni/LMN) has beén studied in this laboratory (Jindo. 1971)
and was sé1§ctéd as a suiteble system in ﬁhich'to stﬁdy‘rélaxation fimgs.
'Furthéimbie;_rélativeiy few méaéureﬁénts of relakatibn times'in nickel
ions havétbeen reported. _

"Boﬁefs and Mims (1959) and Vélishev"(1965) hgvé réported megsure-‘
ments,6f nicke1 ionsvdiluted:in zine fluoéilicate.-,The'reSults did not
agreé‘with the predicfioné of the usuél theorieé'of'sbin—latﬁice'relaxatieh.
Indééd; Valishév's results seem to bé somewhat anomalous in that the
rélaiatidn time WaS'obsérved to.deCrease_with décreasing,concentrations
of nickeliions. Hdwévér, this ﬁay ﬁosSibly be.explained by a ?honon
ﬁottléneck..Lewis and St@néham (1967) -and Jones and'Léwis (1967) report
méasurémenté for nickel in magnes%uproxide. The relaxation times wvere
'explainedlihvterms of a direct'p?dce;s at low temperatures and a Raman
proceés ét higher tempefafures.. Howéver, the.méasured.relaiation.timeé

ﬁere shorter than woﬁid be_predicted from\the relaxation tbeories.
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: B. Fxperimental ‘M’ethod:s

l; ‘é .Eles o |

The crystals of lanthanum magnesium nltrate hydrate (La2Mg3(NO3)12
o4 H O) doped with’ Ni : were supplled by Mr Aklra Jindo:. These crystals-
were growmn by slow evaporstlon from a solution containlng the'correct'
o proportlons of La(NO3)3 and. Mg(NO ) and a small a.mount of 1\11(1\103)2 The
‘crystals whlch are of rhombohedral symmetry, grow in the form of hexagonal
plates withfthe crystal c axis located perpendicular to the plane of the.
plate. The .nickel' ibﬁs are substitutional impnrities for the ‘magnesium
ions.v There sre twoﬁkinds Qf maénesiUm sites'which are.called site
1 s.'ndvslte 2 v(Zalkin,-. et al., 1963). _Thev spectra studied were due to
nickel ions of trigonal symmetry in site 1. |

;Belaxstion measurements_were perforned on two crystals one of
which-wasdmcre_dilute-in.nickel ions than the other;f The eﬁsct_concentra—‘
tion‘ofjthejnickel_lqns in‘the_crystals is_nqt known, but is not expectea
tc eXCeed simsxlmum.of.h%; The concentration -of the more concentrstede
,sample isvexpected‘te be 1-2%. The other crystal,-which is knowm to‘be
more dilutelfrom a conparison of the relative_spectrum intensities, is

'expected'tbahave a concentration less than l%.

'2;';A22 .atus

The crystals to be studied were held in a cyllndrlcal cavity
operatlng in the-TE01i mode. The crystals were orlented with the cyllndrlcal
axis of the cav1ty contained in ‘the plane of the crystal SO that the magnetlc
field could be rotated'in the ac plane of the crystal. The relaxation_time

detenminstions_were performed with the magnetic field oriented along the
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¢ axis which-wss loceted with the following procedure. The maghetic
fleld wag rotated until the two hlgh fleld lines in the spectrum were
superlmposed. Thls occurred at. the s0= called maglc angle of 37° (Jlndo,v )
1971) where the three nlckel energy levels are acc1dentallv equldlstant
The magnet was then rotated by 37° to obtaln the ¢ ax1s.’

The temperature of the sample .Was. varled by changlng the speed of
pumping on the llquid helium in whlch the sample was 1mmersed ‘The
temperature, whlch was varied’ between 1.2 and h 2°K, was determlned from '
the equlllbrlumfvapor pressure of the helium.

Thehpulse—seturation3spectrometerrused in:these‘experimehts consisted

~ of the normal'homodyne:detection-spectrometer,,which has been described

previously (Pratt, '1967; Batchelder, 1969), end in addition, & PIN mcdulator,'

a pulse generator,'an 0501lloscope, and e LAB-8/I" dlgltal computer system
(see Fig. 35) The homodyne spectrometer was modifled by the introductlon
of the Hewlett—Packard Model 87353 PIN modulator into the cavity arm of the
bridget" Thls unit could vary the power reach1ng the cavity from full .
'pcwer‘to 80 4B attenuatlon, ‘In practice, the-modulator and the attenuator
in the.cerity-armvwereladjusted so that the saturating power reaching the
cavity}ues ebcut 50 mllliuetts,,uhile the observing power was more than
40 4B below.the saturating pewer,' |

The modulator was pulsed to the full transmitting state.hy means
of an Imtercontinentel Instruments,'Inc.; Model PG=2 pulse‘generator. ‘The‘
pulse widths were adJusted tc abcut S.millisecouds; Pulses were repeated
at a'maXimum rate of once everyb3OQ.msec. which was sufficient to permit
the spih,sjstem to return to equilibrium,r The pulses were applied.tovthe

modulatcr through a biasing,network which is alsc detailed in FPig. 35.
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The’biasing network‘servedrthe double purpose of biasing the modulator to
control the observing power and. to isolate the pulse generator from the
modulator.. The pulse generator was found to have rlpple in the output
1n 1ts quiescent state which could modulate the observ1ng power and cause
noise. The zener dlode in the network isolates the pulse generator after
the pulse has been delivered and also prevents the pulse height from
accidentally becoming large enough to damage the modulator. The blasing
voltage was prov1ded bv a l 5 V drv cell whlch is a stable DC voltage
source,. The re51stors were adjusted for ca. 45 dB attenuation in the
_modulator |

The:recovery signals ﬁefe observed"as'absorption signals using‘
straightipd’détection from tﬁe CrYStalbdiode detector. The.absorption
signalS'weré on the:orderfof millivoltsiand:couldfeasily be displayed on
an x-y recordervor on anvoscillosCOpe.' The'recovery:curves were monitored
with & Tektronix Model 532 oscilloscope equipped with a Tyge W differential
amplifieriplug—in. The differentialjamplifier was_necessary to offset
the 'de'te,ctor' bias voltage in order to ’preserve.:the_'f\lll. gain in the ampl-ifi_ier_l.v
The type W‘unit is susceptible to a thermal'recovery problem.if presented .
with a'high'signal level as vould-happen‘when.a'pulse was received.
This effect was reduced by plac1ng a clipping diode (lNOO9) on the input
of the type W un1t to prevent overdr1v1ng The oscilloscope also served
the purposevof amplifying thesrecovery signals for presentation to the
'computer»system, | | ”

.'A SYnchronizing signal'from'the pulse generator-and'the recovery

51gnal from the osc1lloscope vertical s1gnal output were nresented

.through 1mpedance matching networks to the LAB 8/I digital computer system.
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The LAB—8/I computer system, as. purchased from Digital Equipment Corp
cons1sts of only 8 hK PDP-8/I computer with teletype and an AX08 laborae
tory-peripheral. Our system includes, in -addition, a DF32 disk (32K
words); a PCOB high speed paper tape reader and punch a KEBI extended
arithmetic element and an extra Ly of memory. The AX08 laboratory
peripheral processes all analog signals and contains an analog—to—digital
converter (ADC) which is multiplexed between four 1nputs, a crystal clock
and an RC;timing clock, a display control consisting‘of two analog out-
puts from afdigitaléto—analog converter and an.intensify:siénal;eand some
trigger inputs for synchronization. There are also a number of miscellan-
eous digital ‘inputs and outputs. ‘The ADC is a'é'bit successive approxi—
mation converter and can perform a conversion in 17 microseconds. This
is the‘ultimate limitation of.how short a relaxation'time nay be measured
with the-compﬁter system{' The preamplifier of the'ADC'has a *1V input .
ranger” o ; o

The‘operation of -the spectrometer is'relatively straight—forward.
The spectrometer is first tuned and adjusted in. the normal manner, except
that the klystron is not locked to the cavity. The klystron frequency
lock is_not used in‘order-torprevent the lock recovery after a pulse from
interfering with the signel recovery. The PIN modulator is adjusted to
provide the proper attenﬁation'for the observing power. Thevmagnetic
field is then adjusted to the proper resonance, and the_pulse generator
is turned’on; The averaging program is then'started (presently this is
" the BASIC.AVERAGER'provided hy'DEC). After a snfficient numer .of scans
have been accumulated, the averaging program:is_halted. At this time thel

LOGLINE:overlay (see_Appendix) is started to either pnnch'the data on the
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high speedvpdnch, or to analyze the data for relaxation times. The

data are normally.pﬁnched either for later‘analysis-or to save the data.

- C. RateiEguations

Ih a:two-level system reiaxatich caﬁ:be'viewed simply‘as'a,process"'
of transferring spin population from one level to the other level. This
process 1s readily described by 8 51ngle decaying exponential In a three
level system the-problem'is somewhat more complicated. The popdlation' |
in one letel may transfer to either of the two remainingglevels. The
signal observed in a‘relaxation experiment is pfoportibnal to the popula?“
tion difference-betweenvthe two -levels being Observed, We must consider
‘the form of thevsigpai_expected.in a pulse satﬁration.expefiment. This
is normailyodone by means'of.the~rate equations.

We shall consider the rate,equations'for the'3vievei system shown’

in;Fig ‘36. - Each of the levels, i, contains an 1nstantaneous pupulation

7

Ng, and the excess pcpulation, nl, by

N, = N +n, | o (5.1)

The levels are connected by the spontaneous transition probabilities

(probability i+ j). The rate equations are then

N o= 3‘51 + Wy - '(_-‘V:Le * g Ny |
. o (5.2)
LN, = N3t * le.'LQ o1 = ¥32)
where.the third equation for N3 has been omitted since 1t 1s related to -
the other two by | |
ﬁ + ﬁ +‘ﬁ-v =. Oﬂ : | ' (5.3)
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- TFig. 36, Transitions angd populations of a three level system..
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However, since

_ 3 -1 2 B
and 6. 0 ‘ : : ‘ e L -
xl/Ne = exp (-E ,/kT) o ‘(5'.'5)_,-}
Vol = exp (Byp/kT)
whéfe E12 is the energy différence between levels 1 and 2, ahd with similaf
reletions for the other pairs of levels We may'obfaih the following equations
Mo =Gy + Y13t waplny + (g = vy dny, |
L PR B (5.6)
ny = (= wgpdny = (W) * wos w0,
These are simultaneous linear differential équationS:of the form
v'ﬁv = an, + b.n,
1 . 171 172 .
. ' o (5.7)
By = 8y + bony
where o
ap = =(wyt g twy)
B2 T Mpp TV a T (5.8)
P T Ve T Va | |
’b2 ‘= (w21 f Vpg * w32)
These equations may be solved using standard techniques (Kaplan, 1958).
The sOlutiohs.are of the fofm ‘ »
m s a8 m s Bem 00 o)
where A may be obtained from the related hompgeneous.equations Obtained  "v' 5

from Eq. 5.9 and 5.7
(a, - Ao + bﬂ ejv=' 0 - ' _ :
* 1 | (5.10)

i
.Q“

2 @ + (b2~'.xjs =
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These equatiOns have a'Solufion'isvthe determinant is zero so that we

may obtain L -
A= 1/2'( (a + 1, ) + ‘lfa

_Ratlos of alpha and beta may be obtalned from Eq s 5 10 and 5 11. In any

1 + b ) v-”h(a b ~a b ) ) (5.11)

case,_the general solutlons are

=0 %-® 7 + €y 0y € o
. . - e . (5.12)

- AL ' Ao

n, = Cl'Bl e ‘+>Cg 82 e

where the C's;are'determined by the'initial conditions.: The solutions
- in whlch we are 1nterested is the populatlon difference glven by

t
o) e A2

oo A't. _
n, - Cy(Bymag) ™+ C_(B - o, (5.13)

- S
‘Similar solutions may be obtalned for the other level pairs. We can see
that the observed recovery curve w1ll be a sum of two exnonentlals rather
» than‘a simple single exponentiel, Tbe relaXation times will be the
reCiproealsvof the A's, and are related in a cemplicated mahner by
vKs; 5.11 and 5.8 to the trensition probabilities;' Theoretical results
‘will,’ih:general, be forithe transition‘probabilities.' Hence, a complete
cemparisen:of experiment withvtheory_reeuires experimenfal values for
theIW's} :Thie:wili neceésitate a detailed'coneiderationgef the coeffi-
eienfs of thebeXpoﬁehtials as well as the A's. This will not be cbg-
sidered here eince ve'have shbwn.whathE-Wished: therrecovery curve
is a sumjef_two‘exponentiais;:_Furthermere,'for a censtant field, the sa&e.

relaxatfon times shoﬁld be obtained for each of the transitions.
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D. vDiscussion'and Results

With.the'maénetic field-orientedtaloné the ¢ axis of theléfystal,f
the EPR spectrum of the Nl/LMN system consists of three lines which
correspond to the tran51t10ns-1nd1cated in Fig 37. The first and third
llnes, if the lines are numbered from low to high field, are strong
allowed tran51tlons. The second line is a 'forbidden" transitlon Jindo
(1971) determlned the spin Hamiltonian parameters to be g” =2,235, g =2. 233,
D=+, 2005 cm 1, and-E—.OOOT cm l. The small E value was necessarv to fit
the data;'though the ion.with no lattice distortion is expected to be atfae
site ofwtrigonal symmetry. These narameters haveva.small.temperature de-
'pendenceeﬁhich'may requirehminor modificatidns toﬂanyitheoretical_relaxa_
tion treathent of the system; | o

Relaxation time measnrements’haye'been made for each of the lines
over a temperature range of;l;3'to.h.2OK1using the nulse satnration_
recovery;methodi' An- example of a tvpical recovery curve is shown in
Fig. 38 which shows the recovery of the high field line for T—l 37°K
The data show an excellent signal to n01serratio and‘have been collected
tO'essentially'complete recovery so that the baseline of the recovery is
well known. A lOgarithmic-presentation.of the data with the baseline
substracted is shotn in Fig. 39,' The logarithm is essentially linear
at longhtimes but shows'curvature near the start of the recovery'curve;,.
-Possible,reasons for this behaﬁior are discussed.later."A-reasonable
relaxatiOn'time-may.be obtained from the linear nortion of the curve;j

~The relaxation data obtained for the low and high.field lineS'of'the?.'

fairly concentrated sample are presented in Figs. 40 and L1. The'data are
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Fig. 37. Energy levelsfand tranSitions‘for'Ni2+'in lanthanum
magnesium nitfate hydrate'with the‘magnetic field oriented

along the ¢ axis (Jindo, 1971)_
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Fig. 39. Logariﬁh_m of the data in Fig. 38 with the baseline femoved. Dashed line is a.
Curvat'ure' at start of data may indicate the presence of a second shorter time constant

straight line fit to the data with a time,constaht .(reciprvocal slope) of 3.15msec.-



20

1.0}

(MSEC™)

-1

1
i)

1.

v.'b.-‘_ .

TR

- XBL 711-99 -

S T for the iowﬂ fievi}d »liri,e._ -



2

1

'-a(N,SEC'_')-

1

ofF

-1675!

0¢

S

XBL 711-97

vs..T for the high field line. -



-108=

somewhat scattered so that a functional relationship between Ti-l and the

absolute temperature may not be established'with'confidencé."Thexiack : j.- S

of data bétwéen’B and 4°K is'aiép. soﬁéwhat unfortunate;' This daﬁa was
not obfained in théSé preliminary experiménts.because of the difficulty
of regﬁlating and_measurihé1the teméerature with our present-apparatus.
Thé'data éﬁggest that the‘invefée relaxatién time is linear in the absolute
.témpératuré,vbut thé SCattef is such that a quddrgtic could also fit the
,data.. | |

.Thé d§ta’éb£ained for the dilute.sample are siﬁiiar to that for the
cdncehﬁréﬁéd_sémple. ' The data were mofe difficult to obféin'sinée'ﬁhe
signal gas weaker‘than in the éoncentrated sample. The data seem to
indicate a,s1igHt1y shortgf reiaxation tiﬁé in:this_sgmple, but this
may in féét‘be experimehtal}error;' |

Rélaiétion times were‘alsoidétermiﬁed‘for line 2, the "forbidden"
line in the épectrum. The intéhsity of this transition was very much -
wéakér than that of théﬁofher two tfansitioﬂs and the data were corre-
spondingly more'difficult to obtain. The relaxation times for this line
were much longer than those for the other two lines,'but,thié result is
doﬁbtful‘gf best. In fact, the relaxation times varied guite widély
and may bé>an experimental artifact. |

A number of reléxation ﬁechanisms have been utilized to explain the
‘data.in solid state meaéurementsv(Stgndley and_Vaughéﬁ, 1969). For‘é_nonf7
Kramers salt, such as Ni2+ system, the direct process, the Bahan process,
- and fhe’O;baéh process éive rise to a-iinear, a-éeVenth-powéf,vaﬁd éﬁ
exponéﬁtiél témpérature dependence, respectiveiy, fbr_thé inverse relaxa- o

tion times. The data in the Ni/LMN system could be consistent with either
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s linear or a quadratic function of temperature. ,The linear function

would be consistent with a direct process. However, if a stréight line

is_fiﬁ to the data and extrapolated to zero temperature, thé_linevdoes not

pass through zero, whereas the contribution from the direct process to’

Tl"l should go to zero.

~ The data would seem to beifit’bétter with a quadratic function of

the form _
o T Lo pr? : o (5.1k4)

where D'is a proportioﬁality censtant;' This teﬁperatufe dependence

is cdnsistent With e.phonon botileheék wherein a phenonebath interactien
rather tﬁan'a spin—lattice process is observed. If we attempt to leastv
squares'fit the data with Eq. 5.14, we obfein'a value of D=.08Th for the
low field line (Fig. 40) and D=.0866 for the high field line (Fig. Ul).
These vaieeé are essentialiy idénﬁical. - If the obeerved relaxation ié
due tova'Phonen bottleneck proceSS; wevwoﬁld eXpect D to be directly
proportional to theeresonance linewidth'gnd inversely proportional to thé_

concentration and the thickness of the crystal (Scott and Jeffries, 1962)...

The possibility of a shorter relaxation time in the dilute sample supports

the prppbsal of &. phonon bottleneck. The relaxation time is not drasti-

cally shorter in the dilute sample because of compehsation‘from the

- dependence on the linewidth.: The linewidth for the dilute sample is

v much narrower than that of the concentrated sample. The relaxation time

seems to be well described by a phonon bottleneck,‘altheugh we cannot
completely rule out the posssibility of a direct process since the data

are scattered. .
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.'Itu§as mentioned earlie? that fhe:lpgarithm”of'the recbvery curve
exhibited curvature near the start of the recovery. - Thié could indicsate
~th¢ presence_of-a_éecond‘ielaxation’tiﬁeiin the fecovgryf..Data was ; ‘._‘., 
bbtaihed,fdr‘fhe short timé constant byvétripping the part . of the curve
due to*the lénger'time from the data énd then.examining the residual
recoverY'curve;. Hdﬁever, the relaxatioﬁ‘times obtained by this proce-
dure weré‘éxtremély scattéred.  No.correiation witﬁ temperatﬁré or with
fhe longer rélaxatibn tiﬁe was evident.

_HPart of the difficulty in theéé determinations.liesvin the analytical
proceduré. The‘second_reéovery éufvé is revealed by‘removing from the
original'GAté £hat pertion which is due to the first recovery curve. |
Small efrors:in the determinatibn of thé first recovery curve could
cause lafge aeviation'in the second curve which is much smaller thah'the'
first cufvé.“It should be mentioned that the second curve is itself
a cause ofierrbr in aetermiﬁingvthe first curve.

The»short relaxatioh tiﬁe:may be due to two méinbsources. First,
if the rélaxatibh is phonon bottlenecked, the short‘relaxation could be
the.tail end of é Tl relgxation which is becomiﬁg rapidly bottlenecked.
This relaxation.might follow a direct process, but-the determination
ié very difficult. Secdndly,_if.fhe 6bserved'relaXation-is_the true-spin—_i
lattice process, then two reiaxafion times are expected as shoﬁn in
Section VQC.,.Furthermore, ifbthe process is phonon bottlenecked 5ut the
‘short feigiation‘is the true relaxation time, then this short relaxation
proces$ should contain both of the relaxation times pfedicted in Section =
v V—C; If.this is so, the‘analysis of the short relaxation time is quite

difficult. -
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If'is possiﬁle that otﬁer processes are_reéponéible féf the initial
relaxatién,j{The firsf pidblem_is whether the'sbectrometef isvlinear in
its respoﬁse to fhe récovery signal. The signals which are obServed are
quite strqng éo'fhat with ielatively.iarge chanées in cavity Q, the spectro-
métef may:be nonlinear. The amplifiérs may ﬁeiéverdriven so that. the short
relaxatidn-may be the_end.ofithe fecovéry of an ovefariﬁen system.

A'éeébhd probiem is ﬁﬁat‘of speétralvdiffuéidn‘in the line. If the
vnickel lines are ihhqmogenéously broadened, then it is possible to saturate
tﬁe'éentervdf the‘line; but'théh_bbsefve a‘recoveryrdue to the wings of
the lihe.gréﬁing toward the center. This would give a'hyperbolic recovery
curve (Mimé;fét'al;, l961). The short reléxation-timé éould then be an.v.
incorrecf'analysis of.thé recovery’curve. | |

Itvis'evidént that much work remains to be done in the ﬁi/LMN system.
Detailéd studies of the relaxétion times should be made for ééch of the
transitiqﬁs.as a function of témperatﬁre. The crystal size.and,the nickel
concehtrafibn.shouid‘be varied to confirmvthé_hypothesis of a‘phdnon
bottléneckfi'The concentration study is also important for studies.of
exchangeiéffects. Studiéé should aiSo be made of the'dependeﬁCe of fhe
relaxation times on fhe pulse widthsvgnd on the wvalue Qf the satﬁrating
power. (Preliminary investigations'indicated_no dependence); Possiﬁie
anisot;opy in the féiaxation times should be studied by making measure-
ments as‘a‘function of angle. Indeed, measurements at the so;called magic
angle 6f;37° (Jindo, 1971) could profékvery intereétiné. At this angle
thé nickel'transitioné are‘superimposed, since the-energy levels are’
accidéntally equidistanﬁ; The possibility of double guantum transitions

exists, especially at high power levels. A double guantum transition should
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th occur at the power'levéls used for monitoring. Héﬁever, the initial
spih distribufions produced by the saturating pulse might be studigd.
FurthermOfe, Slichtef-(Sliéhter, 1963; Hebei.and Slichtér,”1959) has
shown‘that, in systems with equidistaﬁt energy levels whiwﬁ can be
deScfibed‘byva Spin temperature, oniy one'relaxétiOn time’should'be
observed.

In'éummary, we have developed an experimentél method which should
be useful'for;spin—latticé rélaiation time measuréments} The écquisition
.andbanalysis process in‘our small computef system‘shoula‘be‘relatively
convenient. ‘However, the problems éssociated with the operétion of a
pﬁlée spedtrometér are still present, and fhe& are the reason for»thé
scatter in 6ﬁr data. Possible problems are the drift of the klystron
frequéncy which woﬁld cauée,drifts in the recovery'signal, and‘possible
intefferénqé‘éffects from the dispersion signal.' Siﬁcé.the relaxation
time could vary acrdssjthe reasonance lineshape, the settiné dfvthe reson=-
ance magnéfic field is a possible error source. “Thesé‘problems shouid}bev

studied and eliminated.
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 APPENDIX I: LORENTZ LINESHAPES AND
LEAST SQUARES THEORY

The:real and imaginary parts of the complex susceptibility,

X = X'+ ix",'which are derived from the Bloch Equations are given

s S , T22' (wo - w)
x'(w) = 1/2 x w_. :

e o o 2 2 2.2 _ (a-1)

. , T 1+ Tev (0 -w)= + ¥y H" 1, T, _ ,

o ' o T, |
Xx'(w) = 1/2x w_ (A-2)
- ° ©° 2, 2 2.2 . .

1+ Ty (wmw)® +y" By Ty To
where H, is'the rf magnetic field, T, and T,, the spin-lattice and spin-

sﬁin ré;axétidn times respectively, X  the static magnetic susceptibility,
and.yY thé'mégngtogyric ratio relating the resonance frequency, wo’ to the
regonance fiéid, Ho’ bybwo'= YHO. In thé typical magnetié resonance
experimeht_the spectrbﬁéter is tuned to observe only the absorption, X"

so that:the dispersion, X', is neglected. Furthermore, magnetic resonance

2, 2

experimehts‘are performed at low powers so that v~ H1 Tl T2<< 1 and X"
reduces to . .
: ‘ . T2
1" — P g -
S 1+ T, (mo-w) ,

Examination of Eq. A¥3 reveals that it is similar to the Lorentz line-

shape function S _ :

fw) = £ —— . (A-L)
: .(U ) m 14 T22 (U)— wo)e )

Henée, theféuéceptibility*is*usually~writt¢n'in the form of a Lorentz

function v T
T = F

--%.; "' 2i 5 (A-5)
1T, (w-wo) :
vhere F is the lihe intensity such that

F o= SoxMw)  aw.

00
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From Eq. A-4 we can see that the maximum in the function is Té/“ and
also that Té

is the half width at half height. We may also observe that
the units of T

5 are seconds per radian.

-Because of experimental convenience magnetic resonance experiments -

are performed with the,magnetic:field.as'the independent variable rather

than the frequency so that the Iineshape_beeomes'.

VILkH)V = 7£;e 5 | N (A-6)
_ .W 62 + (H_HO)2

where § is the helf;width.et'half height (in.gauss), and-Ho is the reson-

ance éenter.of the line. vFurthermbre, EPR spectroscopy is done with the

deri#aﬁive of the absorption given by

o
.2 H-H
L'(H) = -= F§

. i [62 + (H—Ho)2]2
_ : (A-T7)

-2 gy o
T 8%« w-mPPR

The peak—toffeak distance, AH, of this funcfion'is given by -

M= (/V3)S © (a-8)

and is related to T, by Eq. 1.2,
' In“general'an,EPR spectium cohsists of a number of lines with
different centers, widths, and intensities, so that the spectrum is

described by a sum of Lorentz_lineehapes

(S - H) %
g(H) = 2 5 7 . = (A=9)
T g K [(H%—H)Q + af]g

Except in unusual cases the.Hi are not independent of each other. .-
A spectrum with several components is ususlly due to hyperfine structure

~'so that the line centers are determined by a spin Hamiltonian. The line
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centers are then given to second order by (for spin:i/Q complexes )

R A R L e V2 N (S Ul
whére Hb.is fhe spegtruﬁ céhtér, A, ﬁhé-hyperfiné coupling constahﬁ;.I,
thé hﬁCléar3spip, and m, the nuclear spinvquaﬁtuﬁ ﬁﬁmbef; Thé k'th 1iné;
¢orrespohds to a given value of m. In the generél g#se the épectrum

is descriled by more than one coupling constant and H; is given by

H ' B - % (Aij~+ Aje((Ij(IJ+l) - mja)/QHo o (A-11)
. y S .

In thé cgsé:of organic radicals the second order coﬁtribution is usually
_néglectéd;,_ | |

A further simplicatioﬁ is usually pbssiﬁle whén the lines are due
to h&f%rfine‘structure. In this case the line infensities are usualiyv
givén by the'ratios of ﬁhole riumbers which can be computed from the
number of ruclel and the nuclear spin. The line intensifv is a kﬁown
fraction of the total 1ntensity of the overall spectrum We may,then

rewrite the 1ineshape as

g(H) -.--A-F L R ' z'k 22‘. fs+n (a-12)
| | [(H) - 1) + 8] |
.where Rk is thg intensity ratio for the k'th hyperfine component. S and
D are éerms_which'are added to account for a'\baseline shift and a base-
line drift. In the most generallcase the specﬁrum.cqnsists'of several
species each of which has a lineshape characterized by Eq..A—lz, The
lineshape then consists of a sum of .térms similar to tﬁe.first term
in5Eq1w§;12¢ | |

We Qre now in possession of an analytic function to descrlbe our

'Iexperlmental_spectra. If we have values for the spectrum 1ntensnt1es at
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various maéng?ic fie;ds, we can #erform:g 1éast sqﬁéfes fit of the functiqn
in Eq. A-12. The theory of ‘vl.eas.t‘ squares is well .k‘nown‘ ‘and wvill not be -
rederived heré-(Deming; 1938; Shoemakef énd»Gafléﬁd;.i962)..'HowéQer,gthe
object 1is fd‘miniﬁiie the sum of the squares of_the'differences'betweeﬁV
the e#ﬁerimeﬁfél points y(H) and the theoretical valﬁg g(H). TFor this
:purpose‘ﬁé require éhe valﬁes of the derivétivés of EQ. A-12 with-reépect
t0~each'éf_thé"parémeters‘whigh;wé wish to determine. :Thesé»derivgtives

are given by

n : - bo . .
e = 2 35 R P =) % (A-13)
T R £ R S |
Ceem , @ -mdo3ad-m e’
35, - 7 F R T o3 2.3 .
k - [ - 87+ 8,717 (A-14)
el : 633 2w s,
= = F I (1+ £(k))
; ' (A-15)
. AS
$x) = ¢ =l 1, (1, + 1) - 0,2
3g(H) 5 A, | 5
-57K;f = *';f-F i [mJ + ﬁj (IJGIJfl) mj )]
S | | (A-16)
CE sl - m?P
dg(H)
3s =1
o : : : (A-17)
dg(H) _ - j v o '
—— = H R : o : :

. 9D
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.Thé.ﬁalue of k is détérmined by a particular'comfinatién‘of m,
.valués. Tﬂé'#alue of theffunctioﬁ; (k) is different for each k since |
the valﬁés of m; chahge: In thé éaSe'of tfansifion'metal“complexes with
hyperfiné‘ohly‘froﬁ the.éeﬁtral'ibn;"theISPip Hamiltonian is given by
Eq;‘A-lo‘fafhér than Eq. A-1l so that the sum dvér 3 redﬁcés”to one term.
Using a standard ieast squares treatment the dérivativeé are formulated
into a set. of normal equatibns in the following.manner;

Lét'us assume that ﬁhe pérameters which we Ségkiare X, vWe have
an initia1 guess xg and we wish to find a value AXh.fo_obtain a new value
for the parameters _ ,

jxﬁ = xg + Axn‘ o ' | (A-18)

Wevalso‘éssume that the errors are only in the y(H) with no errors in H.

Then we must solve the foilowing set of equations

O, dg; %, dg, | %, 3 w,
Do bt I by v v gkl = ol (ye))
i1 %%y 5 g S i 91 %% 1 %1

og, dg, og. 9g. - og, dg, og,

i i i s » i i . i
Ie=a—= Ax, + I = > A&, + ...+ z——=—M = I — (y,-g,)
1 8x2 Bxl,1  17 8x2 3x2. 2 i_sz,an n 5 3x2 i 1

, (A-19)
dg, dg dg. 9g. ‘ g, 9g. - dg.

e Y § i S SN e N S = ¥ —i .
e T M Iy M e vl = X (yy-ey)
i"n 1 n T2 n n

The sums ‘are taken over all the points in the spectrum. These equations
are of the form , .
AX = B  (a-20)

vhere A is an NXN matrix where N is the number of parameters to be deter-
mined, X,and B are vectors. _These equations are solved by standard methods, .

for example, matrix invefsibn; to obtain values for the corfectiQns Axn.
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New valﬁéévofithe para@éférs'are’pbtéiﬁéavfrémvK. A-18L In the
simplési‘caééhtﬁis is all;fhgt is hé&eSsary to_obtain a'leéstvsquafGS'
valﬁe:fofvﬁhé paramété?s;,'ln‘general we must perfrom an'itérgtivevpro—
cedure; usihg the:new:valué for the.paramétef as a Starﬁing~pdint‘forvf
aﬁothér édlﬁfiéﬁ:of Eq.vA_l9.i The 'itefafiéng ére,then ?epeaﬁed until.
thé résidﬁals aré.minimized.in thé 1east'squares:Séhsé, If the fitted
'function is linear:inthe‘paréméfers, then fhe iterative procedure will
convergé'rapidly'tova.solutiOn; Uﬁfortunatély, the’Lofeﬁtz‘function
is not linéar‘in the paraﬁetéfs} |

A’non;iinéaf_léaSt squares treatmént is not guaranteédvto‘converge.
In fact;'thé corréctibn véctoré obt@inéd'from:thé éolufioh éf-Eq..Ang may
ﬁuﬁ,ﬁé'éorréct in\ﬁagnitudé. In this éase-the solution may diverge of |
may oséiliaté widely about thévtrue solution. This behavior is ﬁinimized-'
by adjﬁsting thé corréction véctbrs 80 tﬁat only a ?faction of the magni-
tude is'ﬁséd‘to computé the new.value E}iih;“§;££ﬁggéf}w‘Tﬂéfffacﬁién

used will depend upon the parameter and the function.
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APPENDIX II: DIGITAL PROGRAMS

| A. Dats Acquisition _Syétém Programs

1. SUMTAP3 |

The SUMTAPB program is used to read the magnetlc tapes whlch are’ |
produced by the data acqulsltlon system (Model S611M) and to produce a
Fortran gompgtible data tape for processing by FITESR’(see‘fblibwing
discuésidn)i' Thé‘prdgram will réad the data tape; selec1fth§.data in a
givén filé Cdrfesponding to'eithér up-field or downfield sweeps, dis—
regarding data incohsiétent with sﬁooth sweeps;'smqoth,the v values with
,a-sécond Qrder polynomial; store the smdothed data pdints'in predetermiped:
channéls; ahd sum compléte swéeps tofﬁroduce an averaged sPectrﬁm.' The
output frémfthe program consists of a printed listing of the.Summed.and
normalizea §péctrum; a plot of the SPectruﬁ and_its integral, and a
magnétic tape of thé spectral dats for further proéessing by least

squares programs.

a.’ féfﬁét §f‘Input Dgta'Tébe

AThebdata acéﬁisition systemvorgahizes.avépeciai work mark character,'
ﬁhé 7'digit'céupter measurément, and the_S-digif ?oltmeter méasurement plus
a sign into a 1L character word. A word is a measured data'pbinf.’ The
words afé ofganized into 80 word recordS' énd;isvrecorded in iBM'compa-
tibie NRZI-format on'the'magngtié.tape._ The data beionging to.a.spec-'
trum con51sts of axnmber of 80 word record blocks which make up a file.
The word "flle" is used with two sllghtly different meanings in this
discussion; When applied to the input tape,:the-word, "file", refers'
. to é récord or numbgr of records which is isolated from other similar

rECbrdsjby a file mark or end-of-file gap. The data within a file may

Original written by Dr. .Alfred,Beuder .(Bauder and Myers, 1968).
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consisf 6f_§nevor moré_spécfra; When'appliéd fé’the oﬁtput t@pé, thé
wofd, "fiié”5 référsfto the aata féf a:giQén spectrum. Tt isihdt séparéted'
from‘othgr'such files'by an énd—of;file'gap,t'(Tﬁis ﬁermits the_d§£a t6‘ |
bé réad b§'a_Fortran program without spééial tests fér file marks.)
. _Bbfh upfie1d and doanield sweeps mayvbe,ihcluded in a single file
on thé input ﬁapg;_.lf:severalvéﬁeéps are included in a'singie filé,‘the
sﬁéers g}éu;Veraged to form an averaéed spectrum on fhe outpﬁf fape;
Howevér,ZOnly upfield sweeps or only déwnfield'5weepé may be avefaéed;
upfield and;aqwnfield éweepé may not be averaged together. Tﬁo diffe-
rent Spéétrd méy be Obtained.from'a mixturé'of.upfield ana downfield
swééps; oné”the:§veragé of the upfield swéeps,iand the other the average |
of thé downfieid sweeps. Thetx;axésdata-ef?a givén éﬁeép_must1b§jeitﬁér all
inéré&sing or all decreaéiﬁé._ Othérwisé, the sweep may bé'regarded,as |
, incomplé_tzé end ignored. . |
lThé én&—bf—file gaﬁ én'fhe input tape serﬁés the purpose of
indicatihg fo the prdgram the end of a given datavsef. When»thevfile
gap is*éncounteréd, the progrém will plot the spectrum it has f@und yithih
the file gnd,also write the spectrum on the output tape in a Fortran
coﬁpatiﬁlé format, If a file gap is encountered before data is-found;
the file is_regarded_as empty. ‘Notevthat,-therefore, empty files count
as files for the‘purpose of nﬁmbéring thevfiles. If four Sequentiai'file
marks aré enésuntered'without data, the program-will assuﬁe that the tapé
contgins.nbrmore'spectra and will ferminate. For this reason, ali tapés N

should:be_ended_with four file marks.to ensure program:tefmination.
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b Input Date, Cards»

The data cards are. used to descrlbe the spectra on the inputv
tape and to indicate the processing to-be.performed on the spectra.
Card 1'(Fofmat'8A10):"' |
NAME Aﬁiarpitrary-name for:the_outputrtape whieh ﬁillsoontain the
emoofﬂed epectra.' 10 dﬁphanumericpcharacters._ This>hame is
"used to idenfify £he tape for subsequeoﬁ programs. |
COMMENT any arbltrary title or comment to be prlnted for 1dent1flcat10n
Card 2 (Format 315, 25X, hAlo) |
NFILEl: the number of the file to be analyzed. Files'must be processed
Cn the order in which they are found on the tape. If several
rgaggsv are to be processed (by providing several of card 2),
, théffilastht be processed in order of iocreasing;file number .
K défi upfield 3ﬁeep ‘ |
=1 downfield sweep‘
» KK e;gq do'not read a‘new,card 3. Assume fhe.parameters are the samz
'.aelprovided by a previous‘card 3. |
“¥d read new parameters from the card 3

Card 3 (Format 215, 2E10 o) provided only if KK#0 .

KP  ° spectra w1ll be :smoothed with a*KP+l p01nts (KP must. be less
than 10)
UM ‘.‘number of smoothed data points of the spectrum to be stored

'oh the output tape
FMIN - '_lower llmi+ for sweep |
FMAX : upper llmlt for sweep, -must always be greater. than FMIN (FMIN
| and FMAX are in the units of the x axis whlch wes recorded

on the 1nput tape)
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| The following cards repeat'the sequenoe from_card 2, until‘no |
further.files:are'to be processed;"A blank card at the end of the data
deck (whlch corresponds to NFILEl O) is used to terminate program
execution.
c; vsubroutines v"is: - R ,“ ” ' v T
SMOOTH2 - v .

SMOO%HE is used to perform digital filtering (Savitzky and Golay,
7196&) of the data and to- select the absorption value for a given channel
It is assumed that measurements cf the frequency (x- ax1s) and the deriva;
tive absorption signal (ylakis) are made at equal'intervals of time.
Both"of'the measurements are supjeet to noise, which-is to be minimizéd.
with a'smoothing funotion. The xﬁaxis.is-smoothed_mith a.linear function
x= 7 +:s;t The y axis is smoothed with a quadratic, y=a+b;t+c¥t¥*2.
_ Here, t is the relative t:_un_e_ oi:__ the“r_n;e_asurement_ S

; The program uses'Q*KP+l points and automatically selects those

points”whioh are evenly distributed on both sides of a channel. It uses
the linear function to calculate r and s anditnen uses these constants
to determine the time difference from the'center of the current channel
to the.nearest experimental point. The y values are smoothed simultaneously
with”the quadraticjto,determine the constants, a, b, and c. . A smoothed
value for y at the center of the channel is then computed.

The-determination of the constants a, b and c, is simplified by -
the asSumption of equal time intervals in the measurements. Tne time
interval is assumed to be unity so that the relative time is an integer -
between ~KP and +KP. The constants are. then determined by a least

squares procedure by solving the following normal equations: (k=xP)

\ .
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koo Lk, +k. o
a Y'Zv-lv,+ b(0) +cZ1 = ) Yy I LI
ko s -k - o
a (0) +bpII"+c¢(0) = Z1I Yy
=k .=k T
+k o k. +k .
a2 I1P+b(0)4c z TV £1f v

-k -K

'The solutioh is simplifiéd;with the: fdllowing'sumﬁafion formulae:

O 4k

LT = I3 =0
-k -k
k , e
DI = (1/6)k(k+1) (2k+1).
0 , - R
I I = (1/30)k(k+1) (2k+1l) (3k"+3k-1)

IBITs'(Il,iQ;X) |
| IBITS'is an'ASCENTchoded;suﬁroﬁfiﬁe'which‘selecfs”the bits Ilﬁfb

T2, inclusive, of X and stores them right‘jﬁstifiéd_in’iBIfs3':The bits

are numberéd from 1 tov60 from left to righf; The spectfal data on the
input fape is read by SUMTAPB'as BCD éoded‘infofméfioﬁ-ﬁithouﬁ conversiohv -
to a biﬁary pumbef:' SUMTAP3Apéerrms fhe’BCD td binafy.cbnversidn.: Thev 
IBITS subrbﬁtiﬁé is uséd‘to locate afdigit'from the tépé so‘that'SUMTAPB

‘can perform the cénverSion‘to binary._~This'subroutine_iS'éoded épécificall& '
for a’CDC 660d digital computer, épd may reéuire_dhahges if the computer

or operating system is changed.
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Plottlng,Subroutlnes

The follow1ng subroutlnes are used to plot the spectra Théy are
Vaésumed tovbe available 1n'the computer llbrary as part of'the FORTRAN‘
compiler. A brief aéséripiion is included to illustrate their usage.
CCGRIDr(S,E, GHNOLBLS, 4). This subroutine draws a grid around the
spéctrum.? The x axis is divided into 5 divisions each of ‘which is sub-
divided into two pafts by'tick marks. The'y‘axis'is-divided into 4 divi-
sions. The grid is not to be labeled with a scale.

CCLTR (20. " VIV‘3VOO.._, 1,2) "I'his subroutine letters the graph at x ‘position
20:,and‘y position 300. in a direcﬁion specified.ﬁy 1 and a size specified
ﬁy 2. 'Thé irformation to be lettered has beenbpreviéusly prbviaed. V

' CCPLOT (SX,SY,NUM, LHJOIN, 0,0) Plots the NUM points in (SX,SY). The’
first O spécifies a symbol'for the plbt;.and the second O indicates that

_every point in the grray_ls to be plotted.

CCNEXT : This subroutine spaces' the chart paper so that another graph
may be,plqtted. "The previous graph.is ended.
CCEND. This subroutine is called at the conclusion of the program to

terminate the plotting.

‘Special Subroutines for the CDC 6600

BUFFER IN'(l;o) (w(1), w(120)) This subroﬁtine-readS‘a.reéord from the
Anput tapé into thé array, W _
IF(UNIT;l) 103, 110, 105, 10k _Thié statement checks the status of the
input.tapé and transférS'to 103 if a read is still in progress;-to.llo'
vwhénvthé réad operation is cdmpleté; to 105 if an end-of-file is found.‘

on the tape; toleS'if1a parity error occurs during reading.



~125-

CALL »RECHAI'JL(.l) Th'vis"s:taﬁ'em'e»nt ‘places SUMTAP3 in an inactive status until
the féa& 6ééfati§ﬁ o# thevinpuf fapé is completé;  o L
LENGTHF(1) This function computes the length of the record which vas
just réad f?Om thé input tépe. Thé record length is usually 80¥lh/10=132
words long. | _ _ v |
IF'(WARN(iME).NE.O)»»ThiS'statement checks. the amount of fime remaining

- to the pfoéram; If nonzero,vthe timé limit haS~almost-beén'reaChed and
SUMTAP3 will terminate gracefully. |

Note

The SUMTAP3 program was written in FORTRAN IV.and»ASCENTF to run
on a CDC 6600 computer. ' If the computer is changed or if the ppérating

system 1s changed, the program may require revision.
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PROGRAM_SUMTAPB (INPUT,OUTPUT, TAPLI'TAPEZ INPUT TAPEB DUTPUTv-
* » TAPE4,TAPES, TAPEQB,TAPEQQ)
1 FORMAY(A10,2[5,£20.13) :
2 FORMAT(4E20.13)
3 FORMAT(8A10) :
4 FORMAT(1H1,25X,44H%%%x ESR TAPE READING AND SUMMING . PROGRAM *%%// '
o 10X, 7A10//20X, 28HRESULTS ON TAPES4, . LABElkD %X AlOrZH**)
5 FORMAT(315,25X+4A10)
6 FORMAT{(///775X%, 4HFILEgl?yl3X.4AlO/I25Xol4.17H CHANNFLS BETNEEN'
* : Fl13.494H AND,F13.4, SX'IBHCHANNEL WIDTHsF12.6//7)
7 FORMAT(215,2E£10.0)
8 FORMAT(15Xs15HSUMMED SPECTRUM, lOX.lOHTOTAL AREA, E20.10,5X,

* -~ 1SHUINTEGRAL RANGE,El6.493H. /,Elécty1H)//)
9 "FORMAT (25X, 20HNC COMPLETE SPFCTRUN 5Xs11HF IRST VALUE, F9.245X,
* . LOHLASTY VALUE,F9.0) '

10 FORMAT(1HO,l6H*%*%*x&INPUT ERROR) : ‘

11 FORMAT(//20X,22HRESULTS STDRED AS FIL[ 13, 9H ON TAPE4/)

12 FORMAT(10(10F12.6/)7)

13 FORMAT(SHTAPE 9AL0 45X, 6HFILE,13)

14 FORMAT(4A10) . '

15 FORMAT{//15X,26HTOTAL INTEGRATED INTENSITY,E20.10)

16 FORMAT(15X,28HSECOND ORDER POLYNDMIAL WITHI3,11H POINTS AS ,

* : 18HSMOUTHING FUNCTION,10X;15,16H SPECTRA FOUND (404,
$ ’ 12H INCOMPLETE)/) :
L7 FORMAT(/ISX 4HFILE,13,12H NOT ON TAPE)
. FDRMAT(IHO, 10X 32HPARITY ERROR ON TAPE1l IN RECORD v I5
1. 6H FILE s IS5 ) .
_FIRMAT( 1HO, 16H YOU FDOL FILE » I5, 10H IS EMPIY 17 .
1 5Xy SHE&%%%x, S80H WARNINGy~- CHAOS MAY OCCUR -- ASSUMING YOU WISHE
2D FILE + 1, AND CONTINUEING - ¢ SHEXEXL // )
FORMAT( lHO s 20H CONTENTS OF BUFFER | .
"FORMAT (. » 10A10) E

DIMENS ION CDMMENT(7) -
DIMENSION FX{250), Fv(250).w(120).sz(2000)
CIMMON/ASPEC/ NSPEC
COMMON/FSPEC/SX(2000) ,SY(2000)
'COMMON/FPAR/1SANUM,MM,MN,KP, FDIF.EM[N.EMAX SW
;COMMDN/CCPOOL/XMIN,XMAX.YMIN YMAX 5 CCXMIN, CCXMAX.CCYMIN.CCVMAX
COMMON/CCFACT/FACTOR
EQUIVALENCE (SX(?I),FX(I))'(SX(321)pFY(l))v(SX(60|)yH(l))
DATA KP.yNUMyFMINyFMAX/3,500,300.,9100./
INITIALIZATION '
REWIND 1
REWIND 4
REWIND 5
XMIN=0. ,
XMAX=100004
IGRIN=0 =
NEOF=0
NFILE=1
NFILE2=1
INPUT SECTION
50 READ (2,3) NAMF.(COMMENT(J).J 1,7)
WRITE (3,4) (CIMMENT(J),J=1,7)4NAME
60 READ (2,5) NFILEL,IK KKy (COMMENT(J),J=104)
IF (NFILEL.LE.O) GOTO 401
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sw 1o
lF (IK LT-O) SN"lo_
= IF (KKJEQe0) GOTO 61
" READ (2,7) KP,NUM, FMIN.FMAX
CLF (KP.GT.9.0R.KP.LT.3) GOTO 398
CTF(NUM.GT.2000) GOTD 398"
‘IF {(FMIN.GE.FMAX) GOTO 398
561 DO 62 J=1,NUM :
62 SZ{J)=0.
c 'SET UP -CHANNELS: -
© - 70 FDIF=(FMAX- FMIV)/(NUM+2*KP 1)
-~ FINT=KPXEDIF _
EMIN=FMIN+FINT
EMAX=t AAX-FINT
FOIF=SW2FDIF : ‘
_WRITE (3,6) NFILEI,(CONMENT(J).J 1.4),NUM.EM1N,EMAX.F01F
71 NREC=0 : v
“NGO=0
- NSPEC=0
NER=0
MN=0 .
. M=l
. LF (IK.LT.0) FX2=1.E8 . . S
100 NREC=NREL+1 ‘ ’ o :
101 IPAR=D
c ~ READ DATA . TAPE  --- SPECIAL 6600 FUNCTION
 BUFFERIN (1,0) (W(1),W(120))
102. IF (UNIT, 1) 103.110.105 1¢4
103 CALL RECALL(1) :
GOTD 102
C_ PRINT PARITY FRROR INFORMATION FOR DEBUGGING
104 WRITE( 3, 18 ) NREC, NFILE2
WRITE( 3, 20. _
WRITE( 3., 21 ) ( N(I)';‘l = ly 120 )
‘60TO 110 : ' '
105 NEOF=NEQOF+1
. NFILE2=NFILE2+1 .
“IF (NEOF.GE.2) GDTO 400
[F{ NGO LEQ.l") GO TO 160 .
IF( NFILE2 JNE. NFILE1l # 1 ) GO TO 71
GO TO 300 .
110 NEDOF=0 =
111 IF (NFILE2. NE. VFILEI) GOTO 101
112 NL=LENGTHF(1)~1 Co
IF (NL.GT.112) NL=112
113 NC=NL*10
1=0 B
120 I=1+1 _
121 IF {[+13.GT.NC) GDYD 100
122 Nw=(I+9)/710 -
T J2={I-(NW-1)%10)%6 .
ST J1=d2-5 '
C SEARCH FOR WORD MARK
L=IBITS(JL,J2yWINW)) ,
123 IF (L.ME.65B) 5070 120
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ND 7 :
NN= 10**(ND 1)

IX=0 _ _

DO 127 J=1,.N0

1=1+41 o : _ ‘ _ ,
NW=(149)/10 o o : S
J2=(I-(NW=-1)%10)%6 ' ’ ' v
J1=J42-5

GET A DIGLT .

L=IBITS(J1yJ2,H(NKW)) '

IF (L.LT.338.0R.L.GT.448) GOTO 120
EX=IX+NN®(L- 338)

NN=NN/10

IF (NO.LT.6) GOTD- 144

CHECK THAT POINT IS WITHIN SPECTRAL LIMITS
FX(M)=IX .

IF (NREC.EQ.1l. ANO [.LT. 13) FXl FX(M)

IF (IK.LT.0) GOTO 136

IF {(NGO-1) 130,132,135 -

IF (IX.LT. FMIN.OR IXe GT-EMIN) GOTN 120
NGO=1

GOTO 140 .

IF (IX.LT.FMAX.AND.IX.GT.FMIN) GOTO 140

IF (FX(M1).GT.EMAX).GOTO 134

IF (IX.GT.FX2) FX2=1X

IF (FX{M1).GT.EMIN) GOTO 140

NGO=0 . g

GOTD 160

NGD=2

.. 60TD. 150
135

IF (IX.LE.FMIN) NGO=0
GOTO 120 '
IF (NGD-1) 137,138,139

"IF (IX.GV.FMAX.DOR.IXeLT.EMAX) 120,131

IF(IX.GT.FMIN.AND. [X.LT.FMAX) GOTO 140
IF (FX(M1).LT.EMIN) GOTO 134
IF (IX.LT.FX2) FX2=IX

IF (FX(M1)oLT.EMAX) 140,133
IF (IX.GE.FMAX) NGO=0

GOTO 120

[=1+1 "

NW=(1+91/10
J2=(1-(NN-1)¥10)%6

J1=J2-5

GET A DIGIT

L= IBITS(JI:JZ.N(NH))

LS=1

CHECK FOR SIGN OF NUMBER

143

144

IF {L.EQ.458) GOTO 143

IF (L.NE.46B) GOTD 120 _ ] : i
£tS=-1 ) . .
ND=5.

GOTO - 125

FY{M)=LSk]IX

M1=M

M=M+1
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145 IF (M.LE.250) 50T0 120
150  MM=M-1] SRR
M1=250 -
MN=MN+MM
WRITE (5) (FX(J),FY(J).J I.MM)
151 GOTO . (12052000, NGD
160 NER=NER+1
Mel.
161 MN=0
REWIND .5 »
. IF (NEDF.EQ. 0) 120.300 .
200 REWIND 'S s
[SA=0
201 MM=250"
" IF (MNJLT.MM) MM=MN . ,
READ (5) (FXUJ)oFYLJ)oJ=1yMM)
" MN=MN=-MM o - .-
I[F. {(MN.EQ.D) [SA=-1
CALL SMOOTHZ2
202 IF {ISA.GT.O) GOTD 201
203 NSPEC=NSPEC+] ' '
SUM SPECTRA
: DO 204 J=1,NUM
204 SZ(J)—SZ(J)+SY(J) .
REWIND 5 S o
1F (HARN(!ME) NEL.O) GOTO 300
OUTPUT SPECTRA AND INTEGRATE
IF (NEOF.EQ.0Q) GOTO 120
300 IF (NSPEC.EQ.0) GOTO 399
CCXMAX=1070. ,
IF (NUM.GT. 1000) ccanx 2070.
XLTR=1140. ‘
IF (NUMJ.GT.1000) XLTR=2140.
CALL CCGRID(JyZ.éHNOLBLSp4)
IGRID=1
WRITE (98,13) VAMEoNFILFl
CALL CCLTR(204+¢300.,1,2)
WRITE (98,14) (COMMENT(J),J=1, 4)
CALL CCLTRIUXLTR,200.41+2)
IF (EMAX.LE.10000.) GOTD 310
_XMIN=EMIN
XMAX=EMAX
310 SMIN=SZ(1)
SMAX=SMIN
DO 311 J=1,NUM
IF (SZ{J)0ToSMAX). SMAX=SZ(J)
CIF (SZ(J)oLT.SMIN) SMIN=SZ(J)
311 CONTINUE ' :
"AMP=SMAX-SMIN
C SHIFT= (SMAX+SMIN)/2. :
312 SMIN=0.: _
SMAX=C, S
SX{1)=EMIN=FDIF
IF (IK.LT.0) SX{1)=EMAX-FDIF
CSY{1)=0.
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A=0.
Ji=1
DO 313 J=1,NUM
SX{J)Y=SX(J1Y+FDIF
SZ(J)=(SZ{J)~-SHIFT})/AaMP
SY(J)=SY(J1) - +S2(J)
A=A+SY (J) : -
IF (SY(J)oGT.SMAX). SMAX=SY(J)

» IF (SY(J)elLT. SMIN) SMIN=SY{J)

313 Ji=J ' :
KP1=2%KP+1 o .
WRITE (3,16) KP1,NSPEC,NER
‘A=A®FDIF
WRITE (3,48) Ay,SMIN, SMAX
WRITE (3412)° (SZ(J)yJ=1,NUM)
YMIN==1,.5 - :
YMAX=0.5
.CALL - CCPLOT(SX4SZ4NUMy4HIDIN,0,0)
WRITE (491) NAME,NFILE,NUM,A
CWRITE (492) (SX{J)3SZ(J)Yyd=19NUM)
A=A—SY(NUM)*FDIF*(EMAX-EMiN)/2.)
WRITE (3,15) A
WRITE (3911) NFILE
YMIN=SMIN
YMAX=2.%SMAX-SMIN -
CALL CCPLOT(SX, SY.NUM.QHJDIN,O 0)
CALL CENEXT ‘
NFILE=NFILE+]
IF{ WARN{TIME) ) 401, 60, 4Ol
398 WRITE (3,10) : :

GOTO 60
399 WRITE (3,9) FX1.FX2
S G070 60
C TERMINATION PROCEDURE

400 IF{ NEOF.LE.3 ) GO TO 403
IF (IGRINDJNELC) CALL CCEND
WRITE (3,17) NFILEL :

401 STOP : S
403 IF( NFILE2 .EQ. NFILEL + 1 ) GO TO 405 .
' GO To 71

405  WRITE( 3, 19°) NFILEL .
NFILE2 = NFILE2 - 1
60.TO 71
END - -
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]SUBROUT[NE SMODTH?
v2. ORDER SMDOTHING AND INTERPOLATION OF Y VALUES ACCDRDING

"ORDER SMOOTHED AND CHECKED X-VALUES

COMMON/FSPEC/SX(ZOOO)oSY(ZOOO)

COMMON/FPAR/ISA NUM,MM,MN,KP, FDIF, EMIN, EMAX.SH

" COMMON/ASPEC/ NSPEC
DATA (J=0) o
I=19-KP .
IM=MM+20-KP -

LIF (Jl.GT.0) uOTO 2

 DEFINE SMOOTHING -COEFFICIENTS

FAC=2.%KP#1..
AQ=((KP+1)%KP) /3,
A3=1./((4.6KP+6,)%KP~3,)
Al= ((9.*KP*9.)*KP 3.)*A3
‘A2=-15.%A3

A3==A2/A0"

. EDIF=(EMAX= EMlN)/(MMoNN)

GAP=10.%*£DIF
EDIF=SW*EDIF

 FF=EMIN*FAC

11

20

21

.30

IF (SW.LT.0.) FF=EMAX®*FAC
DEL=FDIF*FAC" .

IF {ISA) 10¢20,30

TAKE CARE DF GAPS IN DATA
IM=MM+ 20

DO 11 N=1,20
N1=N+IM

O SX(Nl)= SX(IM)+NSEDIF

SX(N1+300)=SX{IM+300)

IF (J«NE.O) GUTO 30

DO 21 N=1,20
SSX{N)=SX(21)-EDIF*(21-N)

SX{N+300)=SX(321) "
IF (ISA.EQ.0) ISA=1-.
1=20 :
T1=1+1

T=SX(1)

D0 35 N=I1,IM

IF (ABS(SXIN)- T) LT.GAP) GOTO 34

L=l

31

33

"IF (ABS{SX(N#L)-T).LT. (L+1)¢GAP)
L=L+1

S 1F (LeLE+3) GOTO 31
32

DIF=(SXIN+L)-T)/(L+1) .
00 33 M=1,L
SX{N+M=1)=T+M#DIF -

S T=SX(N+L)

34

.40

N=N+L
GOTO 35
T=SXIN)
CONTINUE"
Lt=1-KP
M=1+KP

" §=0.

DO 41 N=LoM

GOTD 32

T0
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41 S=S+SX{N)
- T=S§ '
GOTD 101 -
SET UP FOR A CHANNEL PODINT
100 "IF {(1.GE.IM) GOTD 110
) T=S . :
T I=1+1
. S=S+SX{I+KP)-SX(I-KP=-1)
101 IF (SW({S-FF)) 100,103,102
102 IF (SWX(S+T~- 2.*FF) LE. 0.) GOTO 103
: 'l I-1
. - S=T
103 J=J+1
IF (J.GT.NUM) GOTO 130

J INDICATES THE CHANNEL . I POINTS TO NEAR CENTER OF CHANNEL

COMPUTE THE CHANNEL POINT
104 L=1-KP
M= [+KP

DO 105 K=LM
N=K~-1
Q=Q+N*xSX(K)
U=SX{K+300)
R=R+U
U=N*U
V=Vl
105 W=WeN*U
o0 Q=(S=FF)/Q
QUADRATIC INTERPOLATION OF Y WITH X FRDM L INEAR
106 SY(J)—R*A1+N#A2 Q*V+(Q*A0)**2*(R*A2*V#A3)
FF=FF+DEL
G070 101 ) .
110 IF (ISA.LT.0) 5070 103
120 DO 121 N=1,20
~ N1=N+MM
SX{N)=SX(N1)} . .
121'SX(N0300)‘SX(N1+300)
- RETURN
130 J4=0
- 1SA=-1
RETURN
END

INTERPOLATION,



u
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ASCENTF SUBROUTINE IBITS(IIolZ.X) . '
ASSZ 1 "«THIS ROUTINE SELECTS BII'S 11 7TO 12 (INCLU-

BSSZ 1 _«SIVE) OF X, AND STORES THEM (RIGHT ADJUSTED
BSSZ 1 _ «WITH ZERD FILL) IMN IBITS. _
BSSZ 1 o «BITS ARE 1 T0 60 LEFT TO RIGHT
BSSZ 1 o .
RET BSSZ 1 _ - : DCS46/722766

SAl eL : .11=(x1) '
SBL= X1-1 -
SA2 B2 o el2= (xz)
IX2= X2-X1 : '
SB4= X2-59. . .N NUMBER OF BITS=12- 11+1 (Ba) 60
SA3 B3 C e X={X3)
LX6= Blex3" «LEFT SHIFT (X3), 11-1»01rs

" EQ  BOyB4 RET  .DONE IF N=60 _
LXé6 '84;X6 - «RIGHT SHIFT TO END OF WORD
MXO I ' o
S84 B4+l : -

. LXO Ha,X0 . <FORM 60~N BIT MASK

. BX6= =-X0%X6 v g
EQ  BO,BO RET = C/EST FINI .

. END .
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2" FITESR
| FFITESR*:pgrférmsié‘least sQuaie; fit.of Lorentz 1ine§ha§es_to ;,

experiméﬁtallEPR épécfra using thé‘pfocéduré déécfibed in Appendix i,
It is sﬁitabié for'spectra withlévsecoﬁd'order spiﬁ Hamiltonian and
different widths for the hyperfine:compoﬁenfé'(offl hucleaé); ‘Tt can
,célcﬁiaté_tﬁé rélétive-abundance of up.tov5 siﬁilaf compoundé.present
_in.a mixtﬁre.'.Thé:spéctra are assumed to be-éﬁored as derivates of the
gbsofpt;oh"linés on a'magﬁetic tape produced: by SUMTAP3. |

Thé program opéfatés in the fqllowingkmanhef. It starts from a
givén_d fhvordér guess of fhe relevant paraﬁetefs fér the spectrum_ahd.
itératifély'caléulates better parameters until the sums of the squares
of the déviétions'bétﬁeén the obéerved and calculated épectral points '
reﬁaihshcoﬁstant, or until‘the iteratidn diverges.. The parameters and
" their corréctions in succeséive steps, includihg a baseline offset and
drift, a?e ﬁrinted out. The'program prints the_finallpér;ﬁeters and
plots’thé'obserQed and calculated épectrum based”bh these_parameters
vtogethér wifh.enlarged curves of the errors between these speétfa;

.The program ﬁay oﬁefate in one of two modes. In the first mode,
’thé'spédtfum is considered to be-éomposed'of ﬁp to 12 individual Lorentz'.
linés ﬁifh differént intéhsities, linewidths, and.1ine-centers. In the
sécond ﬁédé; thé spéCtrﬁm is considered to be comvosed of hyperfine
ccmponénfs of oné nucléus with the line centers determined by a second
oraér'SPin ﬁamiltonian, with the same infensities far all hyperfine
compoﬁents, but with different linewidths. The maximum nﬁmber of

parameters is 38.

¥ . ' :
Originally written by Dr. Alfred Bauder (Bauder_and Myers, 1968),
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INPUT_DATAf
Card l.n (F§rmat 8AiO)
NAME . .Thé.name of the_tape‘vith_thé’ﬁe&Sured.sPeCtré which was given
inFSUMTAPB."Any:lO alphanﬁmeric>symbbis (blanks coUﬁt).' This
 yariable is used for filé protection and causes the job to
 _ab5rt if'itvdoes not agfééfwithsthe namejfoﬁnd.bn the tapeg

COMMENT" Any arbitrary comment to be -printed for identification

Card 2. (Format UI5, 2£10.0, bA10)

NFILE1  the number of the file to be analyzed (in order of increasing
'_'magnitudé)
IFIT -'-=0findividﬁa1”lihes according to first assignment of parameters

?Q_théﬁuﬂber of coﬁpounds with éécbnd'ofdér Hamiltonian
(second mode of bpefatiOn)
~If IFIT is'd,_thé first mode of opération is éelected; other-
 wise, iFIT‘is tﬁe number of compbunds to be fit with_a{secbn&
- order Hamiltonian |
NLINE_Hihithé‘numbér §f hyperfine épmpbnénts. If IFIT=0, thenbNLINE is\
. the number of individual lines to be fit.
KFIELD =0 USé‘abrifrary'fiéld'calibration without nonlinearify correctiop;
.YSO uée afbitrai&'caliﬁration with.nénlinearity correction
<0 uée the HCALIB field calibration subroutine.
This is a historicélly‘prQVided éption. Usually KFiELD is
. negative and the HCALIB éubrautine is used to'caiibrate the

magnetic field.



HSTART

HSTOP

COMMENT

_136_

TLower limit of the field sweep in gauss

Upper limit of the field sweep in gauss.

" If KFIELD is negative, the HCALIB routine is useéd, and HSTART .

: and HSTOP are not used. théy'are.only'used‘if KFIELD is zero

or positive.

Any comment to be printed and plotted to identify the job.

Card 3.;'and'fbllowihg cards (Format‘BElo.O)

XtJ)

" if IFIT> 0; for each compound separately, in the following order;’

" the 0 th order estimates of the pﬁrameteréﬁ

'if:IFIT;O;vfirst, all the line cénters, second all the intensities

and last all the linewidths of the NLINE individual absorption

" lines in the same order.

;first,'the Hoifield, second, the hYperfine coupling constant, .

' ~ third, the integrated inténsiﬁy,;and last all the linewidths of v

‘the’hyperfine'componénts,ordefed according to ascending azimuthal

"quantuﬁ_nUmbef.

In both cases, the last two parameters-are the baseline offset

and baselineydrift.

Cardé ére repeated from;CardVZ tovahalyze additional speétra. A

blank card at the end terminates the program executibn.,

SUBROUTINES

HCALIB (K,N,F) calibrates the N points in the array F according to the

calibration SPécified by K (see listing)

MATINV (A,N,B,M, DETERM) solves the matrix equation AX=B for X. A is an

WXN matrix. M is the number of column vectors in B and should
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‘be-one DETERM contalns the determlnant of A after the equatlons

have. been solved. The solution X 1svreturned in B, and the inverse.

of A ie returned in'A.
NOTE ' ' -

If the data for the spectrum is to be input from cards rather than
_from magnetlc tape, the PROGRAM card must be altered so that the TAPEL

spec1f1cation is- changed to TAPEh-INPUT ' The data cards for the spectra

must be placed.after card 2.. The format of the data can’ be obtalned from -

an examination of the program listings.
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PROGRAM FITESR(INPUT OUTPUT,T\PEZ—[NPUT TAPE3=0UTPUT, TAPEér»
1 - TAPE98,PLOT,TAPE9I=PLOT } ;
DATA - (LOOP= n),(Pl—.63661977?367581)
DIMENSION 5(38)'X(38)'FX(IOOO).FY(lOOO)yFl(lOOO)yH(38 33)
 DIMENS[ON COMMENT(7),AR(5),6R(38),SP(33),1C(33)
DIMENSION FC{33), C(33).D(33)pDD(33)'DS(33)
DIMENSION G1(38) '
DIMENSION ‘FW{1000)
EQUIVALENCE (HyFW):
COMMDN/CCPDDL/XMIN.XMAX,YMIN,YMAX,CCXMIN CCXMAX.CCYMIN CCYMAX
COMNON/CCFACT/FACTOR '
1 FORMAT(8AL10)::
2 FORMAT(1LH1, 1OX'7A10/121Xo37H*** LEAST SQUARES FIT OF ESR SPECTRA '
* 3H*%%//20X,28HSPECTRA ON TAPE4, LAB&LED *%,A10, ZH**///)
3 FORMAT(415,2E10.0,4A10)
4 FORMAT(///5H FlLE;I3.10X117HESR SPtCTRUM NlTH 13'»

* . 28H INDIVIDUAL LORENTZIAN LINES//)

5 FORMAT(///SH FILE,13,10Xy 15HESR=-SPECTRUM OF, l?'l3H SUBSTANCES. '
* : 25HWHICH ARE EACH SPLIT INTO,13,19H CJMPONENTS DUE TO »
* : ZQHSECOND ORDER HAMILTONIAN//)

6 FORMAT(18X,30HNUMBER OF FITTING PARAMETERS (9]21,

& 17H) OR SUBSTANCES {(,12,2H)
x 26HEXCEEDS AVAILABLE 'APACITY//)

7 FORMAT(A10,215,E20.13)
8 FORMAT (18X,4HFILE,13,13H NOT GN TAPF oAlO//)
9. FDRMAT(IOX.ZIHINCURPECT FILE LABEL oAlO)
10 FORMAT (4£20.13) '
ll FORMAT (20X, 144 20H DATA POINTS ON FlLEv13 5Ky 12:"
* 19H FITTING PARAMETERS///)
12 FORMAT (8E10.0)
"13 FORMAT(SHTAPE ,AlQ, SX.QHFILF 13)
14 FORMAT(10X133HFINAL VALUES OF LEAST SQUARES FIT,
36H (STANDARD DEVIATION IN PARENTHESIS)//10X,
1OHTOTAL AREA,SXyBHMEASURED £E15.7,5X, 10HCALCULATEDE15.7//
10X, 1SHRBASELINE (A4BX) p 12Xy LHAZELS.T92H (4EL15.T91H) 49X,
IHE 3 E15.792H (9E154741H)/)
15 FORMAT(IOX 9HC3MPONENTo10X.llHLINb CENTFR 18X, 9HlNTrVSITY:21Xo
* - QHHALFWIDTH/)
16 FORMAT(IBX [2sF18.492H (9yFB8e4elH) sE17.592H (4E12.591H),
* F15.492H (sFB.441H)) ’ . v
17 FORMAT(IOX 25HSPECTRUM MEASURED RETWEEN, F12 3,10H GAUSS AND,

PR

* © T Fl24346H GAUSS///25H ARSOLUTE VALUES IN GAUSS//).

18 FORMAT(3X,3HND.7Xy14HREL. INTENSITY,8X,17THHG-FIELD (CENTER),
* 9X, IBHSPLITTING CONSTANT, 5X15HCDMP.,10X'IOHLINE WIDTH,
$ . 9Xs L1HLINE CENTER/)

19 FORMAT(3X,12,F13.492H (oF6. 4y1H) 4 2(F15. 1 ZH (9F8e391H)) 18,

* ' F15.342H (,F8. 3,1H),F15 3/(79X'18,F15 3,2“ {9F8e341H),
$ F15.3)) '

"20 FORMAT{10X,34H%%% FATAL ERROR TERMINATES JOB *%%)

21 FORMAT(///34H RELATIVE VALUES REFERRING TO PLOT//) e
22 FORMAT(/20Xs 14HITERATION STEP,12¢5X,2HF=,E20.1295X,2HX=/{10£13.4))

23 FORMAT(/ZOX'IQHITERATION STEP,12,9H DIVERGED) ' :
24 FORMAT(//7)

25 FORMAT(?OX,11HCORRECTIONS:5X 2HG= /(10513 4))

26 FORMAT (20X, 2H%% ,4A10,2H%%//)

27 FORMAT(4AIC)



C

120

28
29"

30

101

103

110

111

112

130

140
141

150

151.
152

153
154

155
156
160

170

171

A%-

FORMAT (8HERRORS % ,F8.3)

FORMAT (20X, LLHTIME LIMIT.) = .
FORMAT( 1HO, 1BHERROR EXPANSION * ., F8.3 )
INITIALIZATION AND EINPUT SECTION: ‘
M1=0
IFIN=0
REWIND 4 -

"INPUT PARAMETERS:

READ . (2,1) NAMEI'(COMMENT(J).J 1,7) -

WRITE (3 2)- (C)MMFNT(J).J ly7)'NAMtl

LCOP=1:

READ (2,3) NFlLEl.IF[T,NLth,KFIELD HSTART'HSTOP,(CﬂMMENI(J)o
: J=1y94)

IF (NFILEL) - 40144014112

IF (IFIT) 141,120,130

WRITE (3,4) NFILELl,NLINE -

WRITE (3,26) (COMMENT(J)d=1,4)

 NVAR=3%#NLINE+2
GOTO 140

WRITE (3,5} NFILEL,IFIT,NLINE

WRITE (3,26) (COMMENT(J),J 1,4)
NVAR=IFIT#(NLINE+3)+2 . :

IF { (NVARJLEL38).AND. (IFIT.LEL5)) GNTO 150
WRITE (346) NVAR,IFLIT - : L :
READ (Z'IZ)V(X(J)yJ=1.NVAR)

GOTO - 110

READ SECTION OF lNPUT TAPE4
READ (4,7) NAME,NFILE,NUM,AREA
IF (EOF,4) 1524153 - ' ’
WRITE (3;8) NFILELl, NAMEL

GOTD 400 ’

CHE»K FOR PROPER TAPE

1F (NAME.EQ.NAME1l) GOYOD 155

WRITE (3,9) NAME

GOTO 400 _
READ (4,10) (FX(J)sFY{J)gJ=1,NUM)
IF (NFILE.NE.NFILE1) GOTO 150
WRITE (3,11) NUMyNFILE,NVAR
INITIALIZATION

SPIN={NLINE-1)/2.
SPIN2=SPIN*{SPIN+1.)

FA=1.E300
M2=0

M3=0

-LO0P=2

CALL CCGR[D(S:Z:bHNOLBLS'S)
0.0RDER SPECTRAL PARAMETERS
READ (2412) {X(J)syJI=14NVAR) °

‘FIELD CORRECTION UR CALIBRATION

IF (KFIELD.LT.0) GOTO 190

HS={HSTART+HSTOP-8500.)/2000.

HS=9.04-24.T2%HS~0,8*HS¥%2
HSTART=HSTART+HS '
HSTOP=HSTOP+HS
SWEEP=(1.E~%4)%{HSTOP-HSTART)
1F (SWEEP.EQ.D.) GDOTO 110



180

181

[aNeNeNel

(@]

182

190

200

201

202

210
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DISPL=HSTART/SHWEEP '

IF (KFIELD.EQ.O) GOTO 200

CORRECTION FOR SWEEP NONLINFARITY

N0 182 J=14NUM

FK=(FX(J)-5000.)*SWEEP/100. - : : _
FXUII=FX(J)-3,20%FK**%2 . : ' » B
GOTO: 200 ' : o

SUTILIZE USER PROVIDED FIELD CALIBRATION IF K IS NEGATIVE

CALL HCALIB(KFIELDNUM,FX)
SWEEP=1. _ o : : - | .

"DISPL=0.

HSTART=FX(1)

HSTOP=F X{NUM)

CLEARING OF ARRAYS USED FOR THC NORMAL EQUATIONS
F=0. -

DO 201 J= I'NVAR

G(J)=0.

‘DO 201 M=JyNVAR

H{JyM) =0,
CALCULATION OF THE PARAMETFRSo USED IN THE LtAST SQUARES FIT

FC CONTAINS THE CENTER FREQUENCIES

C CONTAINS THE . INTENSITIES
0. CONTAINS THE HALFWIDTHS
IF (IFIT) 215,2104215

IFIT = 0 . USE INDIVIDUAL LINES

DO 211 J=1+NLINE

. J1=2%NLINE+)
CFC{J)=X1J)

211

215.

216
217
219

220
221

222

CLJ)=X(J+NLINE) .
D(J)=X(J1)
GOTD 219

IFIT .NE. O USE 2ND ORDER HAMILTONIAN

J1=0

DO 217 I=1,IFIT
X1=X{J1+1)
X2=X(J1+2)

SC1=X(J1+3)/NLINE -
DO 216 J=14NLINE

K=(I-1)*NLINE+J

SPIN3=J-SPIN-1.
SP(J)=X2%%2%(SPIN2- SPIN?**Z)/Z. :
FC(K)=X1~- X2*SPIN3 SP(J)/(XI#DISPL)
CiKky=Cl1

DIKY=X(J+J1+3)
"J1=J1+NLINE+3

A=X{J1+1)

B=X{J1+2)

START OF LEAST SQUARES F[T ITERATIONS
DO 271 N=1yNUM

FZ(N)=A+B*FX(N)

CLEARING THE ARRAY FOR THE DERIVATIVES
DO 222 J=14NVAR ' )
GR(J)=0.

GR{NVAR-1)=1. : . v - :
GRINVAR)=FX(N) _ o _ o -

-J1=0
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230 DO 262 I=1,IFIT
240 DO 261 J=1,NLINE
C ~ CALCULATION OF INIERMEDIATE VALUES
» K=(I=1)*NLINE+J
$=FC(K)=FX(N)
© T=S%D(K)
R=SES+D(K) %2
P=R%*R :
R=P%R
P=PI%*T/P. : -
CQ=PI¥C(K)X(D(K)*%x3-3, *T*S)/R
R=PI®CAK)Y®(S:%3-3 ,%T#D(K))/R

C ' CALCULATION OF THE FUNCTION
241 FZ(N)=FZ{N)L+P%C(K)
c CALCULATION OF THE DERIVATIVES

242 IF (LFIT) 260G,2503260
250 J1=2%&NLINE+J
. GR{J)I=Q '
GR{J+NLINFE)=P
GR(J1)=R
GOTD 261 .
260 SPIN3=J-SPIN-1.
© W=X{J1+1)+DISPL
U=SP(J)/wW%x2+1.
V=2%SP(J)/W/X(J1+2)+SPIN3
D GR({J1+1)=GR{JL+1)+Q*U
CGRIJL+2)=GR{JL+2)-Q*V -
CGR(J1+3)=GR(J1+3)+P/NLINE
T GR{J+J1+3)=R
261 CONTINUE
L JLI=JL+NLINE+3
262 CONTINUE °

C  SUM OF RESIDUALS SCUARED
270 FD=FZAN)=FY(N)
F=F+FD%%2
c CALCULATION OF THE NORMAL EQUATION

DO 271 J=1,NVAR
GlLJI=GLJ)+FD*GR(J)
DC 271 M=J,NVAR
. HUJsM)=H(JsM) +GRIJ)*¥GR (M)
L2711 HIMyd) =H(JdsM)
. 272 WRITE (3,22) MLyFye(X(J)pJ=14NVAR) v
C'-~ SOLVE H#X=G ( X IS ACTUALLY SOLVED-INTO G )
280. CALL MATINV(HyNVAR,G41,DET)
g "WRITE (3525) (5(J)sJ=1,NVAR)
C - TERMINATION CRITERIA '
' IF {WARN(TIME)) 2894281,289
281 IF (M1.GE.19) GOTD 292
© 7 IF (FA-F.LT.F#1.E-3) GOTO 290 : :
o CALCULATION DF THE. NtXT ORDER PARAME TERS
M2=M1 ‘
282 DO 285 J=1,NVAR
IF (J.GE.NVAR-1) GOTO 284
CHECKIMG THE TMPROVEMENTS FOR THE PARAMETERS
ADJUST CORRECTION VECTORS TO HELP PREVENT. DIVERGENCE
IF (GUJI*%2.LT.F*H{JyJ)/NUM/10.) GOTD 284 .

OO0
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GA=ABS(G(J)) -

. GBs= =ABS(X(J))/S5..

IFf (M3.NE.1) GOTO- 283

GC= ABS(G[(J)) s

FAC=1l. -

IF (GA.GT.GC) FAC=2. ‘ :
IF (GLJ)*%2.GT. F*H(J.J)/(NUM ~NVAR) ) FAC=FAC*2.
IF (SIGN(GA,GL{J)).NE. G(J)) "FAC=FAC¥3.,

 G(J)=G(J)/FAC.

283
284
285

286
289

290

- 291

292
293

300

301

GA=ABS(G(J)) ‘ S .

IF (GA.GT.GB) G{J)=SIGNIGB,G(J))
CALCULATE NEXT SET OF PARAMETERS
X{J)=X{(I)V~-G(J) '
Gl1(JdI=G6LM

CONTINUE -

IF (M2.NE. Ml) ‘M3= 1

Ml=M1l+]

- FA=F

GOT0 200

IFIN=1 :

WRITE (3429}

GOT0 292 :

IF (FA-F) 291.292 292
PERMIT FIT TO DIVERGE ONLY THREE TIMES
WRITE (3,23) ML

IF (F-FAJLT. F/20.) GUTU 292

IF (M1-M2.LT.2) GOTO 282

IF (M2,EQ.0) GOTO 360 .

CALCULATION OF THE STANDARD DEV(ATIONS
D0 293 J=1,NVAR
G(J)—SQRT(F*H(J.J)/(NUM—NVAR))

OuUTPUT . AND PLUTTING SECTION

XMIN=0. ’

1F {(KFIELD. LT.O) XMIN= FX(l)
XMAX=10000.

IF (KFIELD.LT.0) XMAX= FX(NUM)

" WRITE (3,24)

WRITE (98413)  NAME,NFILE
"CALL CCLTR(204,300.91,2)
WRITE (98427) (COMMENTI(J),J=1, 4)
CALL CCLTR{1140.52004,152) '
SEARCH FOR THE LIMITS OF THE PLOT
YMIN = F2(1)
YMAX = FZ{1)}
YL=0.
"D0 301 J=1sNUM : :
IF (FZ{J)LT.YMIN) YMIN=FZ({J)

CIF (FY(J).LTLYMIN) YMIN=FY(J)

IF (FZ(J).GT.YMAX) YMAX=FZ(J)
IF (FY(J)GTLYMAX) YMAX=FY(J)
FWLII=FZIN-FY(J)

ZY=ABS (FW(J))

IF (ZY.GT.YL) YL=2Y

CONTINUE _
Y1=(YMAX-YMIN)/YL/8.

WRITE 198,28) Y1



310

311
312
313

320
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CALL CCLTR(70.23049002)

YMIN=(5,%YMIN-YMAX) /4.
CALL CCPLOT(FXsFZyNUM,4HIOIN,0,0)
CALL. CCPLDT(fXgFY NUM 6HNOJ0[N:23 3)

YMIN=-YL

YMAX=Q %YL

CALL CCPLOT(FX,FWyNUMy4HIOIN,C,0)

CALL CCNEXT

CHECKING OF THE INTEGRATED INTENSITIES
ARE=0.

DO 312 I= Ly IFIT

AR(T)=04

DO 311 J=1,NLINE

K={I-1)#NLINC+J

AR{T)=AR(I)+C(K)

ARE=ARE+AR(I)

321

340

341

350

Y=FX{NUM)-FX(1)

ARA=ARE+AXY%X2/2 +B*Y%23/6.

WRITE (3,14) AREA,ARA,A,G{NVAR-1), B,G(NVAR)
OUTPUT OF THE RESULTS

IF-(IFIT) 350,340,350

WRITE (3,21)

WRITE (3,15} .

DO 341 J=1,NLINE

CT=G(J+NLINE)

" DT=G{J+2%NLINE) -

WRITE (3,16) Jo FC(J)pG(J) CLJ),CT,DJ),DT
GOTC 360
WRITE (3,17) HSTART, HSTOP

. . WRITE (3,18}
-.J1=0

. DD 352 1= 1anIT

DO 351 J=1,NLINE

351

K=(E~1)%NLINE+J
IC(K)}=4
DOD(K)=D(K)*SWEEP
SP{K)=G(J+J1+3)
DS(KY=G(JI+J1+3) %SWEEP
CIK)=FC(K)*SWEEP+HSTART
K=(I-1)*NLINE+1
K1=K+NLINF-~1

FH=HSTART+X(J1+1)*SWEEP

FG=X{J1+2)%SWEEP

"FS=G(JL+1)%SHEEP

FT=G{J1+2)*SWEEP
AR(I)=AR(I)/ARE

CGR(II=G(J1+3)/ARE

&
352 J1=J1+NLINE+3

IF (KFIELD.LT.D) GOTO 352
WRITE (3419) 1+AR(I),GR{L)yFHeFS,FGy FT.(lC(J).OD(J)'DS(J),C(J)v
J=KeK1) .

- IF (KFIELD.LT.0) GOTO 353

WRITE (3,21)

WRITE (3,18)
353 J1=0

DO 354 I=1,IFIT



*

354 J1=JL+NLINE+3

S <1kh-

K={1- 1)*NLINE+1
K1=K+NLINE-1

WRITE (3,19) I,AR(]), GR(I),X(JL*I)'G(Jl*l),X(JI*Z’oG(Jl+2)'(IC(J)o'

U(J)gSP(J)-FC(J)vJ KeKL)

360 M1=0 .

400
401

WRITE( 34 30 ) V1
WRITE (3,24)

IF {IFIN) 401.110.401

 PROGRAM .TERMINATIUN

WRITE (3,20) o

I£ (LOOP.EQ. 2) CALL CCEND -
stop o
END -
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“SUBROUTINE HCALIB ( K, N.-F’)-
“DIMENSION F(1000) .- o

SAMPLE CALTBRATION RDUTINE _ :
CALIBRATE .THE VALUES IN F° ', N PDINIS

OR CONVERT FROM ONE UNIT.TO ANOTHER UNIT

FOR EXAMPLE If' F. CDNTAINS NMR FRFOULNCIES

D010 J = 1y N v
FLd) = FLJ). / 425775 ' '
FOR FIELDIAL CALIBRATION . wer COEFFICIENTS FROM PROGRAM rauss
DO 10 J=1,N .

TFGJ) = A+BRF(JI+CSE(S 882

IF DATA REQUIRE SEVERAL DIFFERENT CALIHRATIONS
X MAY BE USED TO SELECT CALIRRATION

“IK=

60 10 ( Le2, 3, ceeETCeana) K 1: S o
DO 10 Jy=1, N . : o

CF(J) = 2834, 7580+( 1.0366706E-01 -2.2958270E~0T%F (4] ) *F(J)
RETURN | P R
END
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' FORTRAN IV‘SUBROUTINE MATINV(A‘N.B M, DETERM)

10
15

30

MATRIX IVVtRSION WITH ACCOMPANYING SDLUTION OF LINEAR - EQUAT!ONS

DIMENSIDN IPIVJT(38):A(38 38)pB(38cl)pINDEX(38'Z)yPlVOT(38)
EQUIVALENCE (TROW,JROW)y (ICILUM,JCOLUM),» (AMAX, T, SWAP)

INITIALIZATION

DETERM=1.0

DO.20 J=1,N
IPIVOT(J) =0
DO S50 [=1,N

.. SEARCH FDR P{vnj ELEMENT

' SEARCH FOR PIVOT ELEMENT

. 40

45
50

60’

70
80
85
90
95
100
105

110

130
140
150
160
170
200

205.

21C
220
230
250
260
270
310
320

AMAX=0.0
DO 105 J=1,N :

IF (IPIVOT(JI-1) 60s 105, 60

DO 100 K=1,N :

TIF (IPIVOT(K)-1) ‘80, 100, 740

IF. (ABS(AMAX)-ARS(A(J,K))) 85, 100. 100
IRIN=J .
1COLUM=K

AMAX=A{ JoK)

CONTINUE

CONTINUE

IF({AMAX) 110,800,110
[PIVOT(ICOLUM) = IPIVOT({ICOLUM) +]

INTERCHANGE ROWS TO PUT PIVOT ELEMENT. ON DIAGONAL

IF (IRON-ICDLUM) 140, 260' 140

DETERM=-DETERM

DO 200 L=1,N
SWAP=A(IROW,L)
A(IRDW,L)=A(ICOLUM,L)
A(ICOLUM, L)=SWAP
IF(M) 260, 260, 210
DO 250 t=1, M .
SWAP=R([ROW,L)
BUIROW,L)=B(ICOLUM,L)

BUICOLUM,L)=SWAP

INDEX(I,L1)={ROW
INDEX([,2)=1COLUM
PIVOT(I)=A{ICOLUM, ICOLUM)
DETERM=DE TERM&*PIVOT(I)

" DIVIDE PIVOT ROW BY PIVOT ELEMENT

330

340

350

A(ICOLUM, ICOLUM)=1.0
DO 350 L=1,N
A(ICOLUM,L)-A(ICDLUM.L)/PIVOT(I)

F4020003
F4020004 |

ANF40201
F4020002 :

F4020007
F4020008
F4020009
F4020010
F4020011 .
F4020012
F4020013
F4020014
F4020015
F4020016
F4020017

.F4020015

F4020016
F4020017

F4020018

F4020019

F4020020

F4020021
F4020022:

"F4020024

F4020025
F4020026°
F4020027
F4020028
F4O2REV.
F4020029
F4020030

F4020031 . .

F4020032
F4020033
F4020034
F¢020035
F4020036
£4020037
£4020038
F4020039
F4020040

F4020041°

F4020042
F4020043

F4020044

F4020045
F4020046
F4020047
F4020048
F4020049
F4020050
F4020051
F4220052
F4020053
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355 IF(M) 380, 380, 360 ' : ' ' F4020054

360 .00 370 L=14M S . . F4020055
370 B(ICOLUM,L)= B(ICOLUM.L)/PIVOT(I) ' S S . F4020056
e o : - F4020057
 REDUCE NON-PIVOT ROWS : . , ' F4020058
- g o : } F4020059
380 DO 550 Ll=1+N : S - . .F4020260
390 IF(LL-ICOLUM) 400, 550, 400 - - - : 4020061
400 T=A(L1,ICOLUM) - e B .- F4020062
420 A(L1,I1COLUM}=0.0 ' o P F4020063
430 DO 450 L=1,4N : ' ‘ o F4020064
450 A{L1,L)=A(L1,L)-ALTCOLUM,L}*T , . F4020065
455 IF(M) 550, 550, 460 _ : © . F4020066
460 DO 500 L=1,M e . F4020067
500 B(L1lsL)=BlLL,L)- B([COLUM.L)*T S o » ) i F4020068
550 CONTINUE | : o : F4020069
, ' S o - : . ~F40Q20070
INTERCHANGE CDLUMNS . o . F4020071
e L , : ’ ; F4020072
. 600 DO.710 I=1,N o - F4020073"
610 L=N+1-1 R L ' . Fa4020074
- 620 IF (INDEX{Ls1)-INDEX(L,2)) 630. 710, 630 o : F4020075
630 JROW=INDEX{L,1) o : T F4020076
640 JCILUM=INDEX(L2). ' - o . F4020077
650 DO 705 K=1,N : ' . F4020078 -
660 SWAP=A{K,JROW) ' ’ : S ' ‘'F4020079 -
670 ALKy JRUW)=A(K,JCOLUM) L © - F&020080
700 A{K,JCOLUM)=SWAP - - S - © F4020081
705 CONTINUE ' . ‘ AR o ' 4020082
710 CONTINUE - _ - ‘ E ' : F4020083
740 RETURN . _ _ L : ‘ F4020084
© 800 DETERM = 0. = .- , T S . F402REV.
RETURN R o A F402REV.
_END : : : :
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3. -  GAUSS

| nWﬁen tﬁé digiﬁalvdatéiagéuisitioﬁ system is'ﬁSed with.fhe-Varian
‘spectidmétgr-s&étem; a NMthrackiﬁg System.is ﬁof ndrmélly'employed.
In fhi$.c;se thé recdfdér‘x4axis;drive voltagéﬂfrOm thé'Fieldial is
applied‘fo & Vidar voltagé—tdéfréénénby conﬁef£er and this_frequency is
measufedaés the magnetic field coordinate.  In;order>f§r-the least squales
'fitfing.programs to work in units of gaus§, é'calibration of the Vidar
frequencies in termé'of magnetic field must bé pérformed. The GAUSS
pfbgramfrelates the Vidar frequéncies'tprfhe magnetic fiéld.

o A.series‘dfzmeaSUréménts of the maghetié field (using proton NMR)
is made over-the ehtire_fangé*Of the 3weép. This.produces a set of -
paired measuremeﬁts of the ﬁaéhetic'field‘(NMR.frequenCY) and of the Vidar -
frequency;‘fA quadfaficveQuatibﬁ | |

Y = A+BrX + C * X#¥*D

if fit to theSe'pbints_to prbdﬁce ﬁhe.coefficientsiA,'B, C.'.Theh, given.
a Vidaf frequén§yv(X),thé magnetié field (Y) may be computed. These
coefficienﬁs are:ﬁSed'to ﬁfitg'ﬁhé.subroutine HCALIB which is used by
FITESR,“Théiinput to the program is the measurémentsiX(I),vthe Vidar
frengnéy;vand'Z(I), the érofon frgquéncy corréspondingvto ?(I)'the'.

' magnétié fiéld in gaﬁss:_'Thé protoﬁ'NMR“freqﬁehcy iS‘converted;to gauss
by the-progrém, -Thé oﬁtput Cohsists,Of the coefficiéntsrA, B, and C anq  1
a- comparison of fhe eXperiméntalffield.with the theorétical’field'fof a

given Vidar value.
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INPUT DATA

Card 1 (Format IS5, TA10)

N number of pairs of Points used in the calibration (minimum of
three)
‘ TITLE . any identification information

Card -2 (Format 8E1070)

X(I)v f Vidarvfeading’in_terms“of«tehs‘Of cjclés (ﬁecacyélés)"
Z(i) o Proton NMR7fréquency in kilocyéles

'x(z)‘  ete. antil X(§), Z(N)

7(2) | |

.Thefe are.aé‘many of Card QJgs needed to éoﬁtaih N points, U points
u>aéﬁﬁ. N - B | e |

vif sever31 caiibr@tioﬁsfare to be performéd af once, continued
 with dété‘from dard l,'étc. A biank card-ét the end of. the datévwili
terminate processing;- | . .

Thé GAUSS program réquirés the subroutiﬁe'MATINV which is déécribed

in the discussion of FITESR.
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PRSGRAM GAUSS(INPUT.DUTPUT)
PROGRAM ‘FOR LEAST SQUARES FIT- TD A + B&X + C*(X**Z) =Y
VERSION. TO SEPT. 1, 1969. JAMES J. CHANG.
DIMENSION. X(25), Y{25), 2(25),.-DIF(25), PRED(25)
. DIMENS[ON A{20, 10) , B{20), SIGMA(1Q), TITLE(T7)
C ' INPUT SECTION : ' - '
1 ‘READ-100e Ny ( TITLE(I) 4 I= 1,7 ) .
IF(N) 80,80, 3 o ' : ' ’
-3 CONTINUE ‘ _
READ- 101y ( X{I)y Z{1)y I= 14N )
C X{I) 1S VIDAR FREQUENCY IN TENS OF -CYCLES
c Z(1) IS PROTON NMR FREQUENCY IN KC. -
PRINT: 102. { TITLECIL) 4o I = 1,7 )

[N e

SPRINT 103
: PRINT - 120
o vSECTXON TO0 CLEAR STORAGE

T XSUM. = 0.0

XSUMSQ = 0.0 .

XSUMC = 0.0 -

XSUM4 = 0.0

YSUM = 0.0

XYSUM = 0.0
.. X2YSUM = 0.0
(¥ SECTION TO COMPUTE MATRIX ELEMENTS

DO 20 I = 1,
c CONVERSION 10 MAGVFT[C FIELD.
10 - Y(I) = Z(I) % 0.234875
X SUM 2 XSUM + X(1) .
XSUMSQ = XSUMSQ + X(I) * X(I})

“XSUMC = XSUMC + X(I) # X(I) * X(I) -
XSUM4 = XSUM4 + ( XUI) & XUI)' # X(I) & X(1) )
YSUM = YSUM + Y(I) : .
XYSUM = XYSUM + X{I) * Y(I) :

 X2YSUM = X2YSUM + X(I) * X(I) % Y(I)
© 20 CONTINUE.
C SET UP MATRIX OF NORMAL EQUATIONS

nou

All,1) = N
CA(1,2) = XSUM
Al1,3) = XSUMSQ
A(242) = XSUMSQ
A(2,3) = XSUMC
 A(3,3) = XSUM4
“LA(2,1) = XSUM
A(3,1) = XSUMSQ
Al3,2) = XSUMC
B(1) = YSUM
Bl2) = XYSUM
B(3) = X2YSUM
PRINT 109

DG 40 I = 143 '
40 PRINT 110 5, ( AlIsddy J = 143 ) » b(l)
CALL MATINV{ A,3,8,14DETERM) -
-~ PRINT 152, DETERM
c SECTION TO COMPUTE PREDICTED VALUES AND DIFFPR[NCES
F = 0.0 o
‘DB SO I = 14 N



C

55

80

" 100

101
102
103

. 109

110
120
121
122
125
130
150

151

152
155

~151-.

PRED(1)

) o= BOL) 4+ B(2) % X(I) + R(3) & ( xCtr) * %X(I[) )
DIF(I) = .Y(1) = PRED(I) ' ‘ .
F.= F +« DIF({1) %= DIF(I)
C”NTINUE
AN N _
SQRT( F/(AN=3,0 ) ).
'PRINT 121 -

PRINT ~122, (vX(l): l(I): Y([), bRED((). DIF(I)y I= 14N )

SECTION TO COMPUTE STAMDARD ‘DEVIATIONS. OF PARAMETERS

DO-S55 1 = 1,3 .

SIGMALTI) = S * SQRT( A(lrl)-

CONTINUVE

PRINT 125, Fy S

- PRINT 130

PRINT 150 o .

PRINT 151, -{ B(I) , SIGMA(I) , I=1, 3 )

PRINT 155, B(1l), 8B(2), B{3) : :

GO 10 .1

CALL EXIT

FORMAT (15, TA10)

FORMAT( BEL1O.5 )

FORMAT{ 1H1, 20X, 7A10 )

FORMAT(1HO.5X,*VIDAR FIELD CALIBRATIDV SEPT lv1969 VERS[ON* ’7)

FORMAT (. 1HOy 20H NORMAL EQUATIONS = )

FORMAT( 10X, 3E16.7, 15X 4 E16.7}) . _ ' .
FORMAT(1HO, 45H INPUT POINTS, CUVVFRSION FACTOR = 0,234875 7/}

 FORMAT (20Xy LHXy19X9LHZ¢19Xs1HY, 16X,4HPRED,18X, 3HDIF . )
FORMAT( 10Xy 5( Fl6e3 o 4X ) ) o

FORMAT( 1HOy LOH RESIDUALS 4 Fl6.7y 5Xy 6HSIGMA -, E16.7 )
FORMAT( 1HO, 20Xs 30H FIT TO Y = A + BaX + C*(X**Z) /7)
FORMAT (1HO, 20H COEFFICIENTS ARE ' ) :

FORMAT( 1HO, 5X, 2HA=, E1l6.7, 2H ( ,E1l3. 7.1“)./ 6X,ZHB-,E16 Ty

1 "2H (4EL3.7y LH) 9/ 6X92HC=9E16e792H (4EL3LT41H) /7 )

FORMAT( 20X, 15H DETERMINANT v F16.777)
FORMAT{ 1HO, 6X, 6HF(J)= 5 F10e%y 4H ¢+ ( o El4.7, 1lH+,
1 El4.7, 15H *F(J) ) * F(J) ) .

END -
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| 3;~-Simﬁiati¢anrogra¢s_

1. IMITATE |

The’iMITATE program’ie used tovsimulate.isotropic EPR spectra for
both trans1t10n metals and organic. radlcals The 11ne‘pos1t10ns are
determlned by asg valuevand the coupllng constantskaccordlng to Eq A—ll;
The llneshapes are produced by Eq A-12 Whlch is expanded to account for
more than one species. The program.is at presentjcapable of.s1mulat1ng{
a epectfuu containing_as many as four separete epectra each of which ié
chefactériéed bylg”values and A values. The progrem ig well suited for
31mulat1ng spectra of a system contalnlng several 1sotop1cbspec1e_.v

In operatlon, the program first computes the resonance flelcs for
eech.of,the lines in the spectrum. Because of the storage limitations
thedﬁrogia@ is limited to a maximum of 1600 lines. This may be changed
by-chaugiué,the.DIMENSIONfstetemeuts. The intensity-ratios of the 11nes
befe cOmputed by SUBROUTINE RATIO. ' ‘Again because of d1men31on 11m1tat10ns' :
a_given coupling constant should‘not'produce more‘than 25 lines. |
INPUT DATA - |
Card 1 (Format 2I5, 30X, 4A10)
NSPECY The number of species to be simulated. Mdkimum value of L.

Ir NSPEQY;O, the job is terminated.

NUM vi‘The number of points‘to be computed_in the spectrum

COMMENT(J).Any comment information

vCard 2 (Format 101I5)
NCOUP(J)d The mumber of coupling_conétante forfeach species.;*Forfone
| specieS-there is_NCOUP (l);_for two, there'ereuNCOﬁP (1)Iand'
_NCOUP.(2). NCCUP (1)=1 for one’coupliug coustant; =21for two

constants, etc. -
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Card 3.  (Formét 5(I5, F10.5))

) NEQ(Jl,J)'_Thé number of equivalent nﬁclei corresponding to avpérticuldr

i coupling constant (which is given‘latef), for_the Jth species;
All of the,NEQ(Jl,J) fof-the same species are on the same card.

S(J1,J) . The nuclear spin for thé NEQ nuclei. For two protons NEQ=2;5=0.5.

Theré‘are‘asvééﬁy of bard 3 as-thefe are species. Note that if tﬁere

~are moré:than 5 sets §f equivalent nuclei for a éiven_spééies, the date.

must bé.bﬁ & second card 3(maximum of 10 sets pbssible). |

Card k. (Fofmatv8F10.5}

HSTART‘Y. The_starting field for'fhé simulatioﬁ

HSTOP _Thé ending-field.fof the simulation. The spectra are cOmputéd'

- from HSTART to HSTOP |

ALPHA = Baseline offset

BETA - Baseline drift. Normally ALPHA and.BETAjafé Zero.

.Card 5. (Format 8F10.5)

FINT(J)L: The intensity’éf the Jth spé¢ies; ‘This'is an arbitrary nutber
but the relativéivalués of FINT éhould correspond to ihe rélativé;
intensities of the different species.

HZERO(J) . The resbnance center for the Jth spacies. This_Shpﬁld be computed
from the g valﬁe énd thevmicrowavé frequency. .

A(J1,3) The cbuplingiconstanté”corresponding_to the NEQ(J1,J) of card_3...
for the Jth épecies. More than 6 canstants are continued cn -

the next card.

Card 6. (Format 8FlO.5)*f4
FIAG =0 read the widths of all of the lines
#0 all thevlines have the same_widthf

I
|
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Card 7. (Format 8F10.5)
w(K) Thé lihewidth, If'FLAG=O, the widths for all the-lineé,must’be
_ provided on as ﬁahy of card 7T as required. TFor thé,purpose N

. of identifyihg a givén-line, each line is identified by a K

value in addition to its identification by the m_ values. The

I

value of K is detérmined:by the mI values and by the order in

which the spins were presented on card 3. K=1 occurs when all
the mp have their lowesﬁ values. When the first my (corré-
sponing to the first S on card‘B)_has the second from lowest

~value, with all other mI at their lowést'Value; then K=2. If

the second my is at its second from lowest value, with all

“other m, at their lowest values, then K=28,+2 where S

 maximum value of the first S on card 3. If FLAG#O, only one

l_ls the

width is provided (requires only 1 card).

There are as many of cards 5, 6, and T as there are spécies., Note

that the cdrds 5, 6, T must come together. For two species the order s’
“card S;-card 6, card 7, card 5, card 6, card T.

If more than one spectrum is to be simulated, the data are continued
from card 1. A blank card at the end of the deta will terminate process-
ing. 'The folldwing>is a sample data set which could be used to simula%e -
hexaquocopper (II).

Col.5 - ~10 20 _30 . , o
1 500 : ~ SAMPLE COPPER SPECTRUM
1 , . . , .
1 1.5

- 2750.0 3250.0° 0.0 0.0 -

100.. - 3000.0 -3k4.L
0.0
60.0
- (bldnk card)

58.0 56.0 56.0
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: PROGRAM IMIIATF(INPUI QUTPUT , TAPEOB, PLOT , TAPEG9= PLOT)

C PRUOGRAM FUK SIMULATING MANY SPECIES EPR SPECTRA | -
COMMON/SPINS/NCOUP (10),NEQ{10,4) 4510, 4),sMI(10.4).SM(10).NL1NE(4)
"COMMON/FSPLC/NUM,AREAFX(2000), FZ(2000). +NSPECY
COMMON/STOREL/ZATLOD,4) sFINT(4) 4H{1600) yR{16001 yHI1600),JS,
"COMMON/CCZPODL/ XMIN,XMAX,YMIN, YMAX,CCXMIN CCXMAX, LCYNIN.CCYMAX
COMMON/CCFACTY/FACTOR

DIMENSION COMMENT(4) HZERD (4)
DATA( TWOPI = .636619772367581 )
5 CONTINUE

C SECTIDM £O0OR INPUT OF SPECTRUM PARAMEI?RS L

: READ 401, NSPECY , NUM, { CIMMENTI(J) o J = 144 )

C =~ TERMINATLION TEST : ‘ o

" TEL NSPECY ) 99, 99, 10
10 . CONTINUE o o
RLAD 402, [ NCOUP(J) o, 4 = 14 NSPECY )

: DO 20 J = 1, NSPECY v ‘

c . READ NUO. OF NUCLEL AND SPIN

JX = NCOUP(J) '

READ 404, (NLQ(J[ J).S(JI'J).JL 1,4X )

NUINELJ) =
DO 20 41 = 1, IX .
NLINE(J) = (2%NEQ(JL,J1%S(J1,J) +1 ) * NLINE(J)

20 CONTINUE ,
DO 15 J= 1, NSPECY
KP = KP + NLINE (J)
IF ( KP .GT. 1600.) GO TO 4
. 607015
4 PRINT 421, KP
GJ.T0 5
15 CONTINUE:
READ 405, HSTART, HSTOP,; ALPHA, BETA
KP =0 '
[»]s] 25 J = I, NSPECY
KP = KP + 1
JX = NCOUP(J) .
READ 405, FlNT(J):HZERO(J)'(A(Jl J).Jl = 194X )
J2 = NLINb(J) ' :
- © READ 405, FLAG ' '
c FLAG = 0 IMPLIES READ WIDTHS FOR ALL LINES
N FLAG..NC.O ALLL LINES HAVE SAME WIDTH
C IFC FLAG ) 21, 24, 21
21 READ 405, W(KP)
CO 22 J1 =1, J2

KP=KP + 1
- WIKP) = W(KP-1 )
22 CONT I NUE

.G TO 25
24 CONTI NUE

KPPl = KP '+ J2
READ 405, ( W{J1), Jl= KP, KP1l )
KP = kPl '
25 “CONT.INUE .
PRINT 41C, NSPECY, NUM v S
PRINT 411, ALPHA, BETA, HSTART, HSTOP
PRINT 420, ( COMMENT(J) 4 J = 1y 4.)

S
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110
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120

40

130

140

150
Cres

60

Csss
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AR = 0.0 .
DO 30 J = 1, NSPECY
AR = FINT(J) + AR
CONTINUE
CALL RATIO -
DO 60 J = 1, NSPECY
"X = NCOUP. ( J )
KP = 1 + NLINFtJ) = (
FACT = 1.0 /7 R(KP )
RINT = FINT(J) / AR
PRINT 412 . L
PRINT 413, J,FINT(J), RINT,
SEILed) 5 Jl= 1, JX )
START OF LARGE NESTED LOOP
ARRIVING AT A PROPER K VAL
LODOP: INITIALIZATION
PRINT 415 :
K =0
LODOP = JX
SM{LOUP) =

J-1

—~SMI(LDOPydJ )
EQ. 1 ) GO TO 12

LoOP = LOOP = 1

GO TC 100

START OF LOOP WORK
CONTINUE-

START LINE COUNT -
K = K+ 1 :

" FIRST =.0.0

'SECOND = 0.0
'COMPUTE THE RESONANCE F[ELD
DO 40 KL = 1, JX :

CFIRST +SM{K1)* A(KI1

FIRST

SPIN = SMI(Kl, Jiyx [ SMI({K1
SECOND= SECOND+(

CONTINUE

KP = K + NLINE(J) * ( J~- 1
H{KP) = HZERO(J) ~ FIRST -
REL = R{KP) * FACT

PRINT 416, Ko WIKP),

ENDING OF LARGE NESTED LOOP
INNER LOOP COUNTROL

HZERO(J),(A(JI,J)'NEQ(JI J)t

~ FOR COUVTING
UE

0

S

+ J)
'J) + 1.0

A(KL,J)*A{K1,J)/(2.0%HZERD(J) )

)
SECOND

H(KP).REL.(sv(l).x-t.

-SM(LOCP) = SM(LCOP) + 1.0 :
IF { SM(LOOP) .LE. SMI(LOOP,J) ) GO.TO 12C
MOVING LOOP CONTROL
LOOP = LOOP + 1

. MAIN LODP TERM[NATION TEST
IFL LOOP «6T.- ) GO TO 150
SM(LOOP) = SM(LOOP),+ 1.0 ,

IF ( SM(LOOP) GT. SMI(LDOP,J) ) GO TO 140

LOOP = LOOP - 1

GO0 TO 100

CONTINUE

LOOP IS ENDED
CONT INUE

THROUuH_M sus 1

)= SMIKL)#SMIKL)

) * SPIN

X )

AND

)
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c SECTION TO GENERATE FlELnS
‘ ANUM = NUM
FOIF = ( HSTOP - HSTART ) / ANUM
FX(1) = HSTARTY
D3 61 N = 2, NUM:
AN = N E
FX{N) = HSTART + ‘AN * FDIF
61 CONTINUE : _
C  SECTION FOR COMPUTING THE LINESHAPE
DO 80 N= 1, NUM » '
FZIN) = 0.6
' 0B 75 J = 1,
JN = NLINE ( J).
TSHAPE = 0.0 - -
© DB 70 K =1, JN
KP = K + JN % (J-1 )
FIELD = HIKP) - FX(N)
FIELD2 = FICLD * FIELD
TAU2 = W(KP) * W(KP)
"DENOM1 = FIELD2 + TAU2
DENOM2 = DENOM1 # DENOM]
SHAPE = FIELD * W(KP) / DENOM2
: TSHAPE = R{KP) * SHAPE + TSHAPE
70 . CONTINUE - ‘ _
. .FL(N) = TWOPI * FINT{J) * TSHAPE + FZ(N)
75 'CONTINUE :
- FZ(N) = FZ(N) + ALPHA + BETA * FX(N)
80  CONTINUE = '
c . .SET THE PLOT SIZE
CCXMAX = 1070. : S
IF{ NUM .GT. 1000 ) CCXMAX = 2070.
CALL CCGRID(Sy2,6HNDLBLS,5)
- XLTR = 1140. v v
© IF( NUM .GT, 1000 ) XLTR = 2140.
82 CONTINUE _
WRITE (98,201) (COMMENT(J) 9J=1,4)
CALL CCLTR( XLTR 4 200. ¢ 1, 2.)

'NSPECY

c SEARCH FOR THE LIMITS OF THE PLODT
XMIN = FX(1)
XMAX = FX{NUM)
YMIN = FZ{(1)
YMAX = FZ(1)

DO 85 N = 1, NUM
IF( FZIN) «LT. YMIN) YMIN = FZ(N)
IF( FZIN) .GT. YMAX ) YMAX = FZI(N)
85 CONTINUE - '
CALL CCPLOT(FX,FZ4NUMy4HJOIN,0,0)
CALL CCNEXT '
: GO YO 5
99 ‘CALL CCEND
CALL EXIT
201 FORMAT(4AL0)
401 FORMAT( 215, 30X, 4A10 )
402 FORMAT ( 1015 ) . .
. 404 FORMATL 5 { IS5, F10.5 1} )
405 - FORMAT( 8Fl0.5 )



410

411

412

%413

420

421

1

1

1
2

1
415
1 .
. 416

FORMAT(

1H1,

Xy *ALPHA ¥ ,E16.5,% BETA %, El6 55 5X, * HSTART &,

";138_ "

34H SIHULAT[UN OF "EPR SPFCTRUM HITH - ; l5y" 

FORMAT(Xs12,)5X,F10s3y LOXsF7.3,
‘FSel/7 ( 65X5F1043, 10Xy 15, S5X,y

FORMAT ( LHO,
14H LINE CENTER

LOH COMPONENT  ,1X,

)

FORMAT(X,15,F10.3,5X, F10. 3.F8
30Xy 4A10, // )

FORMAT I
FORMAT (-

" END

1HO,

1HO,

O Y

32H EXCEEDS NO.

5X, LOHINTENSITY ,10X, 10H gELAtlve T

9H SPECIES +5X;15, 8H POINTS ")
FORMAT(
F12.3, 2X, * HSTOP % , F12.3 )
FORMAT.C 1HO, 3HNO.,
TXs 3HHO ,15X, 20H COUPLING CONSTANT
22Xy 5H NEQ ~ , SXy 4H ST . )

" 5XeF1043, L15XsF10.3410X,15, SX[

FS.1 ) )
12H LINENIDTH T ey

1’10( 2XyFb, l')v)

OF POSSIALE LINES )

C oA
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SUBROUTINE RATIO
SUBROUTINE RATIO CALCULATES THE [NTENSITY RATIO OF THE HYPERFIVE
COMPONENTS
COMMON/SPINS/NCOUP (10) 4NEQ(1044),S(10,4),SMI(10, 4).SM(10)'NLlNk(4)
COMMON/FSPEC/NUM, AREA,FX(2000), FZ(2700) 4NSPECY :
COMMON/STOREI/A(lO,é).FXNT(é).W(1600).R(1600)'H(1600).JS
DIMENSION ID(25,25)
DIMENSIOV F(400)
" EQUIVALENCE ( FX, 1D )
EQUIVALENCE ( F, FZ )
DO 4 JS = 1y NSPECY
LIN=1
'NEQ2 = NCOUP( Js$ )y - . .
KP = 1 + NLINE(JS) % ( JS-1 )
CRIKP) = 1.0 -
DO 4 [ = 1, NEQ2
J1= 2 %« St I, JS )
J2.= NEQU I, JS )
N1=J1%J2+1
IF N1 .GT. 25 ) GO YO S
SMI( Iy JS) = S(I, JS) * J2
FAC=1. " . . »
FC=1l./(J1+1)
I0(1)=1
DO.1 J=2,25
1.ID(J)=0
DO 2 J=14J2
REENES B
'FAC=FAC*FC
DO 2 K=1,25
Ja=K=J1 -
TF (J4.LEL0) J4=1
ID(K,J3)=0
DO 2 L=J4,K
2-10(K.J3)-10(K.J3)+10(L.J)
L=1
DO 3 J=14N1
DO 3 K=1,LIN
KP = K + NLINE{JS) * ( JS-1 )
FIL) = R(KP) % [D(J,J3) * FAC
3 L=L+1 ' C '
LIN=L-1
DO 4 J=1,LIN :
KP = J + NLINE( JS) #* ( JS-1 )
RIKPY = F(J) '

RETURN’
5 LIN=1 _ _
PRINT 10, N1, NEQ( 1,JS)ys S( I,J4S)
RETURN
10 FORMAT (20X, 24H%%% NUMBER. OF COMPONENTS,I3,4H FOR, 3,

* : 28H EQUIVALENT NUCLEI WITH SPINyF4.1,18H EXCEL—DS LIMIT #%x)
END v
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2. VAESR*

VAESR is used to simulate polyerystalline er glass Spectra for
tran51t10n metal’ complexes w1th spln 1/2 and an ax1al spln Hamiltonlae.
The method used is due to Vanngard and Aasa (1962), The input essentlally
consists efjihe microﬁave frequency, and_the spin Ham;ltonlan parameters.
The maiﬁloﬁﬁeut is a compﬁter,dfeﬁniplof of the spectfum.

Method '

:The liheshape'used is given by .

_ R | é o

_I(H) =8 BT é ;-S'(HfH')[(gw/g) + ll dz
-where z=cos 0, 0 is thegangle eetween thejmoleeular axis eed ﬁhe applied . .
magnetic fields, S'va-shepe.function.- For e-LOrentz lineshape, the

shape functlon is given by

vs’(x) = %Jf?lg-’ X [l + (W) ]-2,'a ( /072)
W3

where AH is the peak-to-peak derlvatlve width The resonance field is
glven by

H = o - 00 /e8 - (1/40) (g8)7 82 fu) €2 (1(14) - m %)

~;’ (/2 8;) (53)-2'(AHQ‘A1?) K-a éugigig g™ 22 (1-22) mI2

2 5 o2 22 2 2.2 5 2., 2
& =g vty K =gt e g )

.

Ho = hv/gB _ S . L o -

-

A variebleelinewidth isvpermitted for each hypeffine component, and the
lineshape is summed over the hyperfine components. The integral is-

evaluated-using Simpson's rule..

+ :
The original version of thls program was supplied by W. Burton Lew1s.

The program has been considerably altered
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INPUT DATA
Card 1 (ﬁofmap 15, 6A10)
MCI R the numbér'ﬁf hyﬁerfine cdmponen{sf(ﬁéximum of 8)
LABEL  any title iﬁformation for the plot
Card 2 (Format 8FL0.0) | |
xM(T) thé»mIvvalués for thé hypérfiné.components'(%n'érder) 7
Card 3 (Fbrmat;I5,¢3F10}O) _ |
‘N | ) Thé number of péinté over which thé Simpson'syRule integfation
ié'to be.pérformed; mﬁét be odd.
DZ ~ The éize'of the intérval for thé integration.‘ May range from
| 0 to 1.0 (DZ = cosB). For N=2§i; DZ = .005.
HT The 1dwést point in-thé magnetic field for thé éalcﬁlation and
plotting of the spectrum.

HFNAL ~  The highest point in the magnetic field. -

Card 4 (Format 8F10.0)

A } ,Aﬁ in gauss
B N Ai'in g#uss
C | léave blank (not uééd)
L : .g”' |
GPR | g | o
XI VV_I, the nuéléarfspin'(ég; for I=3723,ki=1;5>.: , 
SH | nv/B(for v=9¥15 Gﬁz, SH=6537.565) o
cMp " The vaiue_by vwhich the magnetic field is to be stepped:fof_

célculations. The intensity of thé spectrum is calcﬁlated
at each point,n, where the value of the field at the nth point

" is HT#n*CMP.
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Card 5 (Format 8F10.0) |

DH(:-I)> " The linewidths '}fq'r each of t-he'.hyperf.iné; coﬁzéonenis

Card 6 (Format 8F10.0) . o -

‘ZERO Yertiéél distance.in inchéé.froﬁ the bottom'of the plot'fd.the.

| ..baééliﬁe. May be from 0 fo 10 inches. .Thisldefiﬁes the | |

'lbééeline for'fhe plot} o | ‘

SIZE Lemgth of the largest pesk in inches frqm- the baseline (ZERO).
'.‘théf 'if'the péak is nég&tivé‘going;_ﬁhen SIZE.ié negativé.;“- ‘

-C&fdé'are répéatéd'frpm dard 1 tbﬁgimﬁlété.addiﬁionglispéctié. A

blank card:a£ the end of thé data is used to terminate the program.
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'PROGRAM VAESR( INPUT, OUTPUT TAPESS, PLOT. TAPE99=PLOT )

c

C ESR- SPECTRUM FITTIVG PRGGRAM

C
COMMUN/CCPUUL/XM[N XMAX.YMIV,YMAX.CCXMIN CCXMAX,CCYMIN, CCYMAX
COMMON/CCFACT/FACTOR
-DIMENSION HZ(201), ZS(ZO[).;T3(201). G(201), -XKM(ZOI:B)
DIMENSION XMS(B), XM(8), DH(8), D11{(8), D12(8)s H(201,8)
DIMENSION HAT(1002), HAV(1002), HAV2(1002)s LABELL(T)

C . ) :
PRINT 117
PRINT 118

118 FORMAT (% VERSION AS OF 8/8/70 JeJoCo * )
C.SET COORDINATES FOR CALCOMP v :
~ CCXMIN = 70.0
CCXMAX =:15T70.0

C DATA SECTION INPUT S
50  READ 115, MCI, ( LABEL(I)y I = 1, 7 )
52 READ 101, { XM(I) , I = 1, MCI )
1 . READ 100, N, DZ, HT, HFNAL, TPT .
READ 101, A, B, Cy» GPL, GPR, XI, SH, CMP
"READ 101, { DH{I) 4 I = L, MCI ) =
READ 101, ZERD, SIZE .
PRINT 119, ( LABEL(I) o I = 1y 7))
PRINT 111, N, -DZ, HT, HFNAL :
PRINT 106, XIsy SHy GPLy GPR, A, B
PRINT 112, ( XM{I) , I = 1y MCI )
PRINTL1l6, { DH(I) o I = 1, MCI )
CALL CCGRID(5,6HNOLALS 41
~ REWIND 98 .
 WRITE(98,120) ( LABEL(I) 4 I = 1,7 )
CALL CCLTR  70. 5 65« 9 0y 2 )
100 FORMAT{ IS, 8F10.0 , Il )
101 . FORMAT ( B8F10.0 ) : ,
102 - FORMAT(1H1,2146H = FIELD : [(H) ~ NORMALIZED 1
103 FORMAT( 1X, 6E16.7 )
104 FIRMAT ( 1HL ) - .
106 FORMAT(1HO, 10X, 4H I= ,F5.2, 5X, 10H HNU/BETA s F11.5, 4X,

1 SH GPL= ,F10.5¢5Xy 5H GPR= , F10.5 /- .
2 SOX' SH APL= o FIO.S,SX, SH APR= , F10.5 /77 )

111 FORMAT(1HOy 3H N=,15,4H DZ=4F10.5¢%H HT=4F10.347H HFNAL=,F10.3)
112 . FORMAT( 10H M .CAP [I= 8F10.2 ) :
115 . FORMAT( IS5, 7A10 )

116  FORMAT{ 10H. DELH I = 8Fl0.2 )
117 FORMAT( 1H1, 20X,32H EPR GLASS SIMULATION PROGRAM )
119 FORMAT{1HO , 16H IDENTIFICATIDN 43X, 7A10 )
120 . .. FORMAT( 1H , 7Al0.

131 _FORMAT( 20X, [5, 4X, F10e3, 16X, F10.3 ) - '
130 FORMAT( 1HO, 10X, 16HRESONANCE FIELDS , 4X, 8HPARALLEL, 12X,
1. 14HPERPENDICULAR / 29X, F10.3, 16X, F10.3 // )

o ' :

C THIS SECTION CALCULATES COEFFICIENTS
HA=HT '

2 D= A%A #GPL * GPL

D1= B*B*GPR * GPR
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..D2= D*D1

D3= (D-D1) * (0-D1)
D4= GPL®* GPL = -
DS= GPR*GPR

D6= D*D4

D7= D1%DS"

D8= D4-D5

D9= D3#D4*DS

010= XI#({ XI + 1.0)
: DO 15 1-= 1, MCI =~
Il XMS(I) = XM{I) * xM(I)

D11(I) = D.86602%4 & DH{I) . -
15 DL2(I) = ( (- DLLCI) ) ®x (=3))% 0.63661977
. D13 = DS /.( 8.0 %:( 2,0 * XI +-1.o,)-)
C o : o '
PRINT 251
: PRINT 252+ DsDL»D2,D3+D49yD5406,07,08,09,010, 013
251 FORMAT( 1HO , LOH. D .TO D13 )
252 FIRMAT( LHO , TE16.7 )
c
c FIELD CALCULATION SECTION

C CALCULATES RESONANCE FIELD FOR FACH HYPFRFINE
C FUNCTION OF AMGLLC

c
: DI= 000 .
DO 3 I= 14N
. 1= Dl*DZ
S 2S(1) = 1*Z7 ' N
C DO SOME' SPEED DPTIMIZING FOR Lnnp :
-BIG= ZS(I) :
SINSQ = 1.0 - BIG"
GS = D5 ¢ .08 * BIG -
G(I) = SQRT { GS ) - —
XK = ( D6 * BIG ~+ D7 * SINSQ -
HZ(1) = SH 7 G(I) ' B
T = 1.0/ ( GS-* XK % 2.0 % HZ(I) )
TL = T % (. 0.5 % ( D2 + DL * XK ) )
T2 = 71 * D10 : s
‘T =T %09 * ( 1.0 / ( GS % 5S ) ) * PIG
"TEM = SQRT ( XK ) 7/ GU I )y S
T3(I) = ( D4 / GS' ) + 1.0
D0 4 J = 1, MCI
XKM ( [,J ) = TEM * XM e
H(Isd) = HZ(I) = XKMUI4J)Y =0 T2 = TL#XMS(J)
4 CONTINUE - 3 S
© DI =1
"3 CONTINUE :
PRINT 130, HZ(N) , HZ(1) :
- PRINT'IBI.'( Js HU NyJ ) g H(Ly J) » J =
c
o lNTEGRATIDM SECTION
C | SIMPSON S RULE INTEGRATION
c INTEGRATE OVER N ANGLES AT EVERY POINT
o “AND SUM OVER HYPERFINE COMPONENTS
c B :

M = N-1

COMPONENT AS

/ GS

#  SINSQ

s

) = T* XMS(J) )

MCIL )
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= 6.0
20 DO 21 L= 1,1002
ABT = L :
SMKS = 0.0
SMJS = 0.0

Do 23 J= I:MCX
: X = HA-H{ 1,J) :
-C USE FSIZE FOR TEMPORARY. FOR SPE&D
‘ FSIZE = D11 (J7) -
Y = ( (-X/FSIZE) %%2 ) + 1,0
c2. 1e 0/ (YRY) 3 :
TEMP = D12 ( J ) R :
SMINT = T3(1) * TEMP # X * Yy =
TEM = 4.0 : - . {
DO 24 1= 2.,M
X z2:HA = H{I,J) _
Y= { (- X/FSIZE) #%2 ) +:1.0
Y = 1.0/ (Y%Y)
SUM = T3 (1) * TEMP .& X *.Y
SMINT = SMINT + SUM*TEM
: TEM = CON - TEM
- 24 CONTINUE
X = HA = HINyJ) ,
v ='( { X/FSIZE) *%2 ) 4 1.0
“1.07 {YRY) S
SUM = T3 ( N) % TEMP & X * Y
"SMINT = ( SMINT + SUM ) * DZ2/3.0
SMJS = SMJS + SMINT o

23 CONTINUE :
SMKS = SMKS + SMJS
22 CONTINUE :

HAV(L) = SMKS* D13
C START TO FIND MAXIMUM FOR SCALING
TEMP = ABS [ HAV- (L ) )

IF( TEMP - BIG ) 30, 30, 32
32 - BIG = TEMP : -
30 ‘CONTINUE .
HAT(L) = HA
HA-= HT + CMP¥*ABC
© IF( HA=HFNAL ) 21, 21, 9
21 CONTINUE : .

-9 M = ABC ' '
- C SECTIOV TO 'SCALL SPECTRUM FOR PLOTT[NG
: XMIN= HT

XMAX= HFNAL

YMIN= -1000. T :

YMAX = 1000. * ( 1.0 - ZERO / 10. ) * (10. / ZERO )
S IF( SIZE ) 40 4 40 4 41 1 : o
4D FSIZE = ( SIZL / ZERD ) * YMIN

: GO TO 42 .

41 ESIZF = { SILE / ( 10.G - ZERQ ) ) * YMAX
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42

- 35

3L

57

PRINTING .
REMOVE C

SIZE -t FSlZE / BIG N

DO 35 l‘- 1y
THAV2(T)

. CALL - CCPLOT(HATv
CF SPCCTRUM IS SUPPRESSFOD
S T0 RESTORE PRINT[NG

PRINT 102
PRINT 103,

READ 115y MCI,:
-IF(MCI) 57,
"CALL CCNEXT
PRINT 104 :
GO TO 52

CALL CCEND
_ CALL EXIT
CEND

 LABEL(I), I

57,

o { HAT(I)
TEST FOR MORE PLOTS,

51

HAV(I) * SIZE
HAV2,

166

M, ‘OHJOXN’O 0 )

CHAV(I),

.’l'

HAVZ (1),

1)

l:

1y

My

L
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“C.’ gi-Analysis ?rogrém~-:LOGLINEQ

The‘LOGilNE pfogréﬁ was-ﬁritfeﬁ to operaté.in connectidh with thé
BASIC AVERAGER prograﬁbéuppliéaiby‘tﬁe.ﬁigitai Equipmént Corp. with the
vLAE-B/I computer system. It is'uséd‘to analyze the'éxponential recovery
cur?gs oﬁt&inea in pulse—Saturation-feépverylexperiments; If can, however,
analyzé éﬁy;exponehtial récoveiy'curve; The LOGLINE program can pﬁnch
:thengpérimental data'acquifed by thé‘BASIC AVERAGER on the high épeed:' -
punch;'feéd in'préviously punched_data for ahalysis; display thejdata‘onva
.storagéfdiéplay scope; or analyié the recovery curve for the time constant -
The'pfograﬁ'operafes-under thevcontrolvfrOm ﬁhe teletype; the analysis
is_pérférméd‘intéractivély; on—line,‘with’fhé oberator using the teletype
to control the anaiysis,ﬁahd tHe displa# oscilloscope tO‘obsérve.the

results.

LOADING - -
'_-Thé followingrprogram'tapeé must be 1§édéd in order using the

BINDARY LOADER : |
1. Lab-8 Basic Control Tapé DEC-LB-_TelA-PB
k2. Laﬁ—8 Basic Averagér . DEC-LB—UQlA-?E
3. LOGLINE progrgm tapé |
L;: Eloafing'Pointkag; #3 DEC-OS-YQBA;PB without EAE or .

| | | | DIGTTAL-8-25-F-BIN with EAE

v At the»eﬁd'of-ihébiéading,operation the Control tape and'tﬁe
Basié Avéragér'afé.in.Fiéld O. The main pért of thé'LOGLINEiprogrémv
and thé floating point packagé aré in Field 1. Noté that the bperatién

of these programs iequires a PDP-8/1 equipped with 8K of memory, a high
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speed paper tape reader and'punch,_a DF32 disk, and an AX08 laboratory
peripheral;i' |
OPERATION R o -

The programs are first loaded w1th the blnary loader._ The program

is started at address 07603 The ba31c averager is used to acquire a v

8°
recovery curve (The operatlon of the Bas1c Averager 1s dlscussed in the_
DEC manual DEC—LB—TEOA—B). The inputs to the AXOS’should-be adjusted

S0 that the recovery curve is all negatlve that 1s, the recovery curve .

_grows from minus 1nfinity to zero. The reason.ior-thls 1s that the data = -

is convertedvto an exponential decay curve for'the’purpose of the logari-
|
thmic analy51s 51mply bv making all the data p051t1ve |
| After the data has been acqulred theIOGLINF program is entered from
the basic averager by typlng CTRL/P LOGLINE types "R to request_the
sample rate. The sample rate should be typed in some approprlate unit
such as mllliseconds. The sample rate is the tlme between data points '
and defines the time scale for the: experlment After the . sample rate"
is typed the user may e1ther punch the data or proceed to analyze thev
data. If the data is to be punched, CTRL/N is typed. LOGLINE will ask
FIRST and LAST and the.starting‘and ending channel to be punched should
‘be provided;: Note that the high’speed punch should.now be turned on.
The user'now typesKCTRL/P to'punch'the.data After the data 1s punched,
the punch 1s turned off and the user may proceed to analyze the data.
wThe flrst step in the.data analys1s:1s to'type the ALT MODE key.
Thls causes the Basic Averager to be stored on the disk, thus freeing

FIELD O for data manipulations. LOGLINE w1ll reply with the message..

CORE SWAPPED after the operation 1s completed, At this tlme the basellne
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should be 's_nbtracted. from the aata .l ”Type.cTRL/N ‘to_d'vred_e'fine FIRST and
LAST to the channels near the end.ofjphe recovery,:for‘exampleg FIRST=960
and LAST=9907 Now»tYpe CTRL/B to‘compute the basellne_from the average -
of the Adata from FIRST to LAST" LOGLINE will reply with the value of the
baSeline Now type CTRL/A to subtract the basellne New Values.of FIRST
and LAST are requested for the baseline subtraction V(Nofe::all operatione
on the data are performed.w1th FIRST and LAST as llmlts),'

At ﬁt'his_ time the data may be e)vcamined_on-"the disnia.{rlscop_e by
typing CTRL/D to display the data from FIRST to-LAST The logarlthm of
tnebdatauis'displayed By:CTRL/F The dlsplav may be exnanded or con-
tracted By tvping as nanys X's or C's as are required

The data are now analyzed for the time constants CTRL/NVis
typed and the llmlts are redefined for the next command ‘CTRL/V is
typed to'Command LOGLINE to fit,the logarithmic data fron;FIRST.to LAST
with a straight line. At the end of ‘thfi's. operation LOGLINE types the con-
stants of the etraight line and ty?es.fhe relaxation.time} (A is the
intercept and B is the slope of fhe'sfraight line). The tneoretical,
curve.can be compared with the experimental cnrve by typing CTRL/L to
dlsplav the theoretlcal logarlthm »If‘tne fit'islbad the limita should
be changed with CTRL/N and the fit performed again with CTRL/V v CTRL/N
may be used at any time to change limits of fitting or of displaYing data..v

If there are additional'time constants present in.ﬁne data;-the |
theoretical logarithm should now be .stripped from the data by typing CTRL/S.
The'analysie'can then proceed with a CTRL/N, CTRL/V combination as before..
These operations are repeated to eitract_all the time'constants; The

progress of the fit is checked at all times with the display commands. .
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- At fthév end of the prdéessiﬁg’ the BASIC AVERAGER is reeﬁtéred by.
typing CTﬁL/Q; .At this.pbint LQGLINE feads fhé basic ;véraéér intb:fiéid_
0 ffom'tﬁé disk>andbthenvjﬁﬁps to tié.baéic éveragéf."Note thaf if a
mistake hasfﬁeen madéiin analyzing.thé abOve'data, the data can be res£ored
by typing,CTﬁL/Q to rétﬁrn to thé aVéragér'and then CTRL/P tofreturn to |
LOGLINE'wiﬁh the original data.: Thé analysis may then be repeated from_"
the.bégihniﬁg; | . B | |

| To énélyze.datavwhich'ﬁas béen prévibusly bunéhéd, the LOGLINE v
program_ié'firsﬁ éhtéféd'ffbm thé évéragér'with CTRL)P. ‘fhe data tape n
is placed in the high speed reader and CTRL/R is typed. .LOG#INE will -
réadvthé.aétavtépe;- The:aﬁaleis maybnqw.proéeedvgs if:ﬁOGLINE had Juéf

‘been entered from with averager with data.



CTRL/A™

CTRL/B
CTRL/D

 CTRL/E

" CTRL/F

CTRL/H
CTRL/L
CTRL/N

CTRL/P

CTRL/Q

CTRL/R .

CTRL/S -

CTRL/T

CTRL/V
- ALT MODE

X
- C
CTRL/K

CTRE/W
C1RL/U

17—

W

LOGLINE COMMANDS .

‘strip baseline from date between FIRST and -LAST

compute baselineffrom’betweeh”FIRST and LAST

dlsplay data from FIRST to LAST

examine the data in the channel indicated by FIRST LOGLINE will
type the contents of the (FIRST) channel The user nov has 3

‘ optlons

space: . after typlng a space the user can tyne ‘a new value for
) the channel.

'_:line_feed * typing the line feed- causes FIRST to be changed to

FIRST+1 and this channel is typed

- return: +typing a carrlage return terminates the CTRL/E command

dlsplay the logarlthm of the data from FIRST to LAST

halt current operation. Only operates durlng-a CTRL/N or during
a' CTRL/P operation.. Note that a CTRL/N occurs during a CTRL/A and

‘a CTRL/S operation as part of their function. This command permits
‘some mistakes during operatlon to be corrected. :

_dlsplay theoretlcal Jogarithm from FIRST to. LAST In the special
‘case of a CTRL/T command this command is used to termlnate the

CTRL/T command

h define new values of FIRST and LAST. The CTRL/N operation may be

halted by CTRL/H. - The values of FIRST and LAST after CTRL/H_are

-uncertain.

pumch dats from FIRST to LAST on high»sﬁeed punch. Mustdbe used
before the ALT MODE command. : ’

. quit. feturn from LOGLINE to the basic averager.

read cvpreviously“punched data tape. Must be used before ALT MODE.

strip the theoretical logarithm from the data from FIRST to LAST.

“title. A1 information tyned is echoed and ignored until

CTRL/L is typed. This command is useful to prov1de descriptive

‘1nformat10n on the output dur1ng processing.

" Fit a straight llne to the logarlthm of the data from FIRST to
"LAST, .

swep the basic averager from field 0 to the disk; make the data
positive and convert it from integer format to floating point.

" expand the display by factor of two
contract the dlsplay by factor of two

»Theae commands are not presently deflned They ere'pfovided for
‘Tuture expansion of the program. :



7560
7561
7562
7563
1564
7565
7566

7567v

2005

 o0os

10

2211
ea12
2013
2014
2315

2316

2020

o021
0022
0023
@024
2025
2026
2027
2030
0031

0032
2033

34
0335
0236
2237

7300
6002
69026
6046
6211

6212

5767
0200

7400

7200

2000

2000
0000
0200
2900
0000
2000

2060

oo

2000
2000
2000
0000

2000
2000 -

0000

2166

2212
0240
7766
0000

2000

6030

CNANNNYTANNNNNNNNNN N
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- LOGLINE
28, 1970 JAMES J CHANG

PROGRAM OVERLAY TO BASIC AVERAGER
DEC~ LB-U21A-PB

USES A WEIGHTED LOGARITHMIC LEAST SQUAHES
TO ANALYZE EXPONENTIAL CURVES :
OVERLAYS THE CTRL/P COMMAND TO CALL

THIS ROUTINE -~

PROGRAM RUNS IN FIELD 1

ASSUMES 1000 CHAN. AVERAGE

PATCH FIELD @ TO ALTER CTRL/P COMMAND

FIELD 0
*7560

CLA CLL

10F /MAKE SURE INTERRUPT OFF
PLS ZINITIALIZE

TLS

CDF 10

CIF 1@ /GET TO FIELD 1}

JMP 1 ++1

2200

7/ FIELD 1 SECTION OF PROGRAM

/ ‘PAGE ZERO CONSTANTS AND POINTERS

POINT,
POINT!»
POINT4»

SWITCH»
7/

-SHFR,

TEMP,
ARITHL,
ARITHZ2,
ARITH4,
DISC»
FIRST>»
LAST.»
SCL»
BLK.,»
K240,
KMl12,
PT1,
COUNT,
KMD 1K,

FIELD l
*5

. 7400 /FPP INPUT

720@  /FPP OUTPUT

*10

0o ./AUTO INDEX

[} .

)

0

]

] - L

) 7170 INDICATOk =1 FOR PUNCH

*20

) " JHIGH DATA PT. STOR. FOR SHIFTS
o /L.0W : : :
e

0

2

0 _ : ,

0 /INDICATOR =1 IF FIELD @ ON DISK
p : _

e

166 /POINTER TO SCALE LOCATION

2212  /START OF DATA-1

240 /SPACE :

-12 /=10

e /PO INTER

p PC

-1750 /-1000




2062
V063
10064
“ 9065
0066

. @o67

0270

- 0a71

o722
‘@973
ed74
9075
2876
‘0277
0100
8101
- ele2
" e103
© o104

. 8105
0106

oie7
A TRY

BI11
aiie
o113
o114
o115
8116
0117
2120

L atel

.el1z2
" 8123
- o124
6125
0126
ul127
0136

o131

- @132
9133
0134
2135
‘@136
0137
0140
8141
olaz
8143
ol44
2145
8l4a6
8147
2150
< 8151

- 9152

6200
3717

1714 -
2001’

37717
7774
2207
30717
7776
0000
6000
0009

0000
0o00

0onoe
0000

peae-
0000

pooe
0000
0000
0000
2000
(311"
9000
0000

0000
0coo .

2009
0200
0000
2000

0000

0000
0009
20002
2900
oeeo
oeeo

2400
2420
0450
2616
0600
p500
0243

0213

8754
0177
1613
1000

0552

1125
1324

1407

8670
2720

-173;

ONEf
WO,

HUND.,

A

B,

SIGMA,

Ns

S1GA,

SIGBs

BASE»

ko

X

Y,

ouT.,
CLF»

TNSINS
" SH1FT.

GET,
MES.,
WHATP,

"LISTNP,

BRP»
SPEC,
INITP,
ENDT.,
DACP,
THP.,
DEVP.,
LSP,
IFIXP»

NEWCP,

*62

FLTG 1.0

FLTG 2.0 LT e

FLTG 100.0

FLTG 0.

FLTG 2.8

FL1G 8.0

FLTG 0.0

FLTG 0.0

FLTG 0.9

FLTG 0.0

FLTG 0.0

FLTG 0.0

OCTAL
OUTPUT
CRLF
NOUT
SHFTS
GETP

- MESAGE

WHAT
LISTEN
BRAN
177
INIT
ENDTST
DAC
TH

DEV
Ls@out
IFIX

"NEWC

"FLTG @.8

/TYPE OF PUNCH -

/GET DOUBLE PRECs DATA
/PRINT MESSAGE o
/ECHO 7

/BRANCH ON AC MATCH -
/DATA~1 : o

/GET DATA FhOM F@ TO FAC
/COMPUTE Y=A+B*X :
/COMPUTE 'PARAMETER STD. DEV.
/0UTPUT LSTs 5Qe PARAMETERS
/FIX FAC - L
/GET NEW FIKRST AND LAST



0153

0154

2155
2156
2157

2160

2161

8162
9163 .

0164
9165
2166
8167
2170

2200

o201

0202

8203

9204

0205

2206
2287
e210
2211
@212
2213
2214

0215

2216
@217
0220
p221
g222
0223
. 9224
@225
2226
@227
8230
8231
2232
@233
@234
2235
2236
2237
0240

T e241

. 9242

0243

0244
9245
0246

2565
2656

1200

1216,

1247
@253
8344

1516 .

@324
2123
2144
2163
1741

0352

7300
6046

6026

4532

4536
2240

0000
8405
4407
6120

0000

7300

3016

4253
4541

1136

5700

5701 .

5702
5703
5251

S704

57085
5706
5707
5710
5265

S263
5711

5712
5713
5714

5716
5717

7300
1250
4531

" 4532

. 8715 .-

-17h-

/PUT FAC INTO F@ .
/FLOAT AC INTO FAC

/CLEAR LST SQ«

“

/OPERATION STOP TEST.
/COMPUTE WEIGHT,RETURN LOG

STOKE, FACD
FLOATP, FLOAT
/
CLEARP, CLEAR
SUMSP, SUMS
CONSP» CONS
KEYP, KEY
DTSTP» DTST
LINP, LINEL °
RDRP» RDR ’
STP, STD
CNVRTP» CNVRT
NUMTSP», NUMTST
HLTP, HALT .
WLOGP, WLOG
/
/
/
*200
CLA CLL
TLS ’
PLS _
JMS 1 CLF
JMS I MES
TEXT "R
”
JMS 1 5°
JgMS 1 7
FPUT R
FEXT
"LISTEN, CLA CLL
" DCA SWITCH
JMS KEY .
JMS 1 BRP
TABLE .
JMP 1 D+0@0
- JMP 1 D+01
‘JMP I D+@2
JMP 1 D+023
JMP N2
+JMP 1 D+04
JMP 1 D+0S
JMP I D+26
JMP 1 D+07
JMP 1 D+10
"JMP Cl1+2
JMP C1
JMP 1 D+11
JMP 1 D+12
JMP I D+13
JMP 1 D+14
JMP 1 D+15
JMP I D+16
S "JMP I D+17
2 o :
WHAT» CLA CLL
_ TAD WHAT+S
_JMS 1 OuT
JMS 1 CLF

7C

. /ECHO

/ PROGRAM CONTROL AND INITIALIZATION

/INITIALIZE

/GET TIME RATE

/INSURE TTY OUTPUT
~_/GET COMMAND
/SEARCH EXECUTION LIST

/CTHL V
/CTRL S
/CTRL B
/CTRL A
/CTRL N
/CTRL D
/CTRL L
/CTRL F
- /ALTs+ MODE
/CTRL P
’x

/CTRL
/CTRL
/CTRL
/CTRL.
/CTRL
/CTRL
/CTRL

FOR EXPANSION

-

CEXmDOMm

)



»
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@247 5213 " JMP LISTEN

" 9258 0277 0277
0251 4552 N2, JMS 1 NEWCP /GET NEW FIRST AND LAST
P252 5213 ’ JMP LISTEN.: ' ‘ v
R - / ' _ .
"9253 - 0000 KEY» "@ .©  /LISTEN. TO KEYBOARD
2254 7300 CLA CLL o o
2255 6831 C KSF-  /WAIT-
9256 5255 JMP o=l
8257 . 6036 " KRB _ -
2260 4531 ©'JMs. I ouT /ECHO
2261 1822 TAD TEMP :
0262 5653 JMP. 1 KEY
. 7 : o o
9263 7240 Cls  .CLACMA - = /CONTRACT
9264. 7410 SKP- _ o '
@265 - 7201 ' CLA iAC . /EXPAND
2266 1671 ©  TAD I <43
267 . 3671 . " DCA 1 .+2
@273 5213 JMP LISTEN
@271 - 2275 . vsw
/ DISPATCH TABLE
/
.. %380 . o
@303 02320 D, LINE  /FIT TO LOG .
2301 1347 _ STRIP /STRIP LOG FROM pATA
2302 1052 BASL  /COMPUTE BASELINE -~
2303 1105 BSUB. /SUBTRACT BASELINE
2304 2235 L _DATDIS /DISPLAY DATA
28385 2222 . THDIS /DISPLAY TH. LOG
0306 2207 LOGDIS /DISPLAY LOG OF DATA
0307 2000 . SWAP  /S5WAP FIELD ® ONTO DISK
2310 1600 _ 'PNCH. /PUNCH OUT DATA ‘
@311 1551 " -EXAM  /LOOK AT DATACFIRST)
S @312 2042 . "~ RESTOR /RESTORE FIELD @
. @313 1652 "INPT  /CTRL R READ DATA
@314 8336 . . TTL /CTRL T GET HEADER(TITLE) INFC
2315 @243 _ WHAT  /CTRL K FOR FUTURE EXPANSION
2316 9243 WHAT  /CTRL W
@317 @243 WHAT /USER PROG.  NOT YET DEFINED
. / _ v v _ .
.'@3280 4561 LINE, JMS 1 ‘DTSTP /TEST FOR DATA
. @321 4562 . JMS I LINP /F1T THE LINE
‘@322 4559 : JMS I LSP /PRINT ‘CONSTANTS
2323 5540 JMP I LISTNP ‘ -
/ _ v
/ ROUTINE TO READ PREVIOUSLY PUNCHED DATA
/ USES HIGH SPEED READER '
7 LOC. 15=sCHAR TEMPORARY CHARACTER BUFFER
v 0
@324 ©@OO® RDRs O .
2325 7300 . . CLA CLL
0326 60214 RFC
9327 6011 - " . RSF
9330 5327 o JMP o =1
2331 6012 : RRB .
29332 3015 - DCA 15

23331615 "TAD 15



2334

0335
2336

@337
2340

2341
2342

2343

@3a4
8345
8346
0347

8350 -

2351

2352

9353

2354
0355

2356 -

- @357

2360
2361
2362
28363

3400
0401
2402
. D4a3
G404

8406
0407
2410
ea11
G412
6413

vala

5724

7564
4560
1335
7640
5336
4532

5540

8000
7300
1026
7650
5537
5744

. 0000
4545

4407
6022
0001
6107
5022
0007
0000

5752

0000
3022
1916
7640
5212
1822

6041

5206
6046
5216
1922
6021
5213

o 176-

N

JMP 1 RDR
/
/ CTRL T
/ ACCEPT AND ECHO ALL INCOMING INFORMATION
/ THIS 1S FOR TITLING PURPOSES . o
/7 ALL INFORMATION TYPED IS IGNORED », BUT IS.TYPED
/ UNTIL A CTRL L IS RECEIVED.
7/ TH1S PERAMITS DOCUMENTATION OF THE PROGRESS
7/ OF EXPERIMENT ANALYSIS.
/
-214 /CTRL L
TTL» JMS 1 KEYP /GET INFO
“TAD TTL=-1 /CHECK FOR STOP SIGNAL
SZA CLA L . o
JMP TTL C ' /NO
JMS. 1 CLF /YES
. JMP I LISTNP
/ ) ’ :
'/ SUBROUTINE TO CHECK IF DATA IS PRESENT
/7 DISC=0 IF DATA NOT PRESENT
/ =1 IF DATA PRESENT
/ RETURN IF DATA PRESENT; ? 'IF NOT
/7 - ' , v v '
DTST, @ /CHECK FOR DATA
CLA CLL ; .
TAD DISC
SNA CLA .
JMP 1 WHATP
JMP I DTST
/ .
/ SUBROUTINE TO GET POINT: COMPUTE LEAST SQUARES UEIGHT
/ AND RETURN WITH LOG IN FAC
/ WEIGHT Y’2 IS STORED IN SIGA TEMPORARILY
/
WLOG., %] -
- JMS 1 DACP /GET A POINT
JMsS 1 7
FPUT TEMP
SQUARE /COMPUTE WEIGHT Yt2
FPUT SIGA “/SIGA 1S5 WEIGHT DURING SUM COMP.
FGET TEMP .
LOG '
FEXT
JMP I WLOG
/
/ OUTPUT SECTION
*409 .
OUTPUT: (%} . /SWITCH=0 TYPE
DCA TEMP / oNE.D PUNCH
TAD SWITCH .
SZA CLA -
JMP PUNCH
TAD TEMP
TSF ‘
JMP -’l,
TLS

JMP PUNCH+4

PUNCH, TAD TEMP

PSF
JMP -1

8



-

ea1s
2416
2417

8420

sa21

o422
2423

8424
8425
0426

8427

. 9430
8431’

0432
8433

9434

0435
8436
0437
0440

Q441

vaa2

8443
gasy
- @44s
- 8446
© 8447

2450

2451
2452

- 9453
8454
. @455

8456

84as7

8460
8461
2462

. 8463
8464

0465

. 8466
o467

2470
L2471

8472
8473
0474

- 6475

2476
8477

6026

7200
5600

0000
1226

4200

‘1227

4290
5620

2215

@212

2000

3023
3022
1025
3825
1025
1823
2922
7500
5234
7200

1247
1922

4531

5630
2257

2000
3025
1825
7710
1276
1033
4531
1025
7510
7041

3925.

1037
4230
1277
4230
1934
4230

7240
4230 °
1433
4531

5650

2015

c

K
K
/
/
/
/

o/

G

DIGIT» O

=177~

PLS
cLa
JMP 1 OUTPUT

RLF.» [} : )

) TAD K215
JMS OUTPUT
TAD K212
JMS -OUTPUT
JMP 1 CRLF

215, 215 . :

212, 212

RADIX DEFLATION TO GET DIGIT

# IN ARITH43 DEFLATION NO. IN AC

'DIGIT RETURNED IN AC

DCA ARITHI

DCA TEMP ~ /HOLDS FINAL DIGIT

TAD ARITH4

GLOOP»,  DCA ARITH4

TAD ARITH4
TAD AKITHI

SMA _
JMP. GLOOP
CLAa )

/SUBTRACT DEFLATION
1SZ TEMP /COUNT SUBTRACTIONS

TAD K257  /DIGIT 1S TEMP-1

TAD TEMP
JMS 1 OUT
JMP I GDIGIT

K257, 257

/
N

/

oUT, © /CHECK SIGN
. DCA ARITH4
TAD ARITH4

/FOK CONVERSION

SPA CLA ' /POS? -

-TAD K15 /NO -

- TAD K240 /PRINT MINUS OR BLANK

JMS 1 OUT
TAD ARITH4

CI1A  /MAKE POS.
- DCA ARITH4 - /SAVE NO.
" TAD KMDIK . o
JMS GDIGIT
TAD KMD10®
JMS GDIGIT
TAD KM12
JMS GDIGIT . .
CLA CMA /-1
JMS GDIGIT - ‘

FOR CONVERSION

TAD K240 /SPACE. AFTER NO.

JMS 1 OUT
JMP 1 NOUT .

/.
K15» 215

‘7634 KMD1O0, =144



0500

@501

2502

2503

2504
25@5
2506

0507

2510
@511

@512
2513
o514
2515

@516
2517
8520

2521
g522-

0523
0524
0525
2526
0527
2530
0531
@532
#9533
0534
2535

9536 -
2537

2549
2541
2542
2543

2544

. 8545
2546

2547

2550
2551

2552
2553

4

9000
7240

1300

3010

1410

3250
;1250

1012
7012

7012
4316

1250
4316

5304
2000
@344’

7450
5410
1345
7500
5327
1346
5342
1347

" T440

5334
1227
5342
1350

7440

5341
1226
5342

~ 1351
4200

5716

2077
7740
2340
7715
7776
0245

lgel 1

" 7200

~178-

7/ -MODIFIED VERSION OF
/DIGITAL 8-18-U
/MESSAGE TYPE-OUT

" /CALL WITH A JMS MESAGE

/W1TH DATA FOLLOWING

/RETURN FOLLOWING END OF MESSAGE

/CODE(90@®)

/ USES NOUT FOR TEMPORARY STORAGE :
/ CANNOT BE PRINTING NO. AT SAME TIME.

~ /PRINTING MESSAGE

/
MESAGE, @
CLA CMA
TAD MESAGE
DCA 10
TAD 1 18
DCA NOUT
TAD NOUT
RTR
RTR
RTR ,
_JMS TYPECH
TAD NOUT
JMS . TYPECH
JMP MESAGE+4
TYPECH, @ o

AND MASK77
SNA .
JMP 1 10
TAD M4@ -
sSMA
JMP «+3
‘TAD C340
JMP MTP
" TAD M3
SZA
JMP «+3
TAD K212
JMP MTP - -
TAD M2
SZA .
"JMP «+3
TAD K215
JMP MTP .
: _ TAD C245°
MTP» JMS OUTPUT
~ JMP 1 TYPECH
/CONSTANTS
MASK77» 77
M40, -40
C340, 340
M3, -3
M2, -2
C245, 245
/ -
./ GET FIELD v DATA INTO FAC
/
DAC, . 1%}

cLA

/SET CCAC)=~-1
/ADD LOCATION

© /AUTO-INDEX REGISTER

/FETCH FIRST WOKD

/SAVE IT

/ROTATE 6 BITS RIGHT

/TYPE lT

/GET DATA AGAIN

/TYPE RIGHT HALF
/CONTINUE

/TYPE CHARACTER IN CCAC)Y>6-11

/15 IT END OF MESSAGE?
/YES: EXIT

_ /SUBTRACT 402

/<407

/NO

/YESs ADD 309

/TO. CODES <40
/SUBTRACT 3

/15 IT ZERO?

/N0

/YES: CODE 43 1S
/LINE-FEED (212)
/SUBTRACT 2

715 1T ZERO?

/NO

/YES: CODE 45 IS
/CARRIAGE-KETURN (215)
/ADD 200 TO OTHERS >40@

/TYPE MESSAGE

K B



ry

. @554

@555
2556
2557

0560

2561
#3562
2563
2564

9565

2566

0567

@570

9571

2572
@573
2574

T 0575

0576
@577

0620
2601
%602

8603

2604

0605 -
2636.
2607
9610

2611
2612

2614

0615

9616

0617
2620

0621
@622

6201
1412
3044
1412

3845
1412

3046
6211

5752

0000

7200
6201
1044
3414
1045
3414
1046
3414
6211
5765

0000

7200
621
1411
3021
1411
3020
6211
7344
1013
7241
4534
1921
5600

2009
7100
7459
5616
7500

NN\ N

-9

CDF @ .

TAD 1 12 /712 1S PRESET POINTER
DCA 44 Lo s R © .
TAD I 12

DCA 45

TAD 112
" DCA 46

“CDF 10’ S L

JMP I DAC /# 1S IN FAC
/ .
/ PUT FAC INTO FIELD @ DATA BLOCK:
/ .
FACDs» O '

CLA

CDF 9

TAD 44

DCA I. 14 . . /14 IS PRESET POINTER
TAD 45 o

DCA I 14

TAD 46

DCA I t4

CDF 1@

JMP I FACD

"PAGE 3

%600 : R : :
SUBSECTION TO GET A DOUBLE PRECe DATA PTe.
ASSUMES'POINTl PRESET TO ARRAY
LEAVES POINT1 SET TO NEXT POINT

NN NN\

ETP, 2
' cLa ,
CDF @ /POINTS 'IN FIELD @
TAD 1 POINTI1 /REVERSE LO AND HIGH ORDER .~

DCA SHFR+1
TAD I POINTI
DCA SHFR.
CDF 10
CLA CLL CMA RAL " /MINUS TWO
TAD POINT4 /GET SCALE FACTOR
CMA 1AC - ' /SET FOR RIGHT SHIFT
JMS I SHIFT /SCALE POINT .
TAD SHFR+1 /RETURN WITH POINT
- JMP 1 GETP /IN AC '
/ S : .
/SHIFTING SUBROUTIN SEE DEC LISTINGS

/ OF BASIC AVERAGER B
/DOUB. PREC. SHIFT OF HIGH AND LOW

/CALL TAD. KXXX . NEGs FOR KIGHT SHIFT
/7 SHFT : ‘ - .
. RETURN
./ SHFR» SHFR+1 FOR SHIFT WORDS
p . _ . .
SHFTS, @
CLL
- SNA - /DONE IF COUNT=@
. JMP 1. SHFTS o

 sMA /RIGHT OR LEFT

o



@623
0624

0625
0626

8627
- 9638
2631
2632
2633

2634

- @635
2636
2637
2640
‘9641
2642
2643
B644
2645
9646
0647
2650
- 9651
0652
0653
2654
9655

2656

0657
8660
2661
0662
2663
2664
2665
© 9666
0667

- 2670
2671
8672

0673
2674
2675
. 0676

677

o700
o101

. aree
87103 -

g724
0705
o706
o707

7061
3255
7430
5243
1020
7510
7820

7010

3020
1921
7010
3021
7100
2355

' 5227

5616
1021

7104

3021
1020
7004
3020

7100

2255
5243
5616
0000

' P008

3045
3046
1267
3044
4407

7000 .

0000
5656
2013

2000
7200
1844

7540 .

5277
7200
5316
1317
7450
5670
7500
5670
3044
7100
1045S
7510

SHRIT» -

SHLEFT,

-180-

CML CMA IAC . /LEFT
DCA SHCNT ..

szZL /RIGHT? -

JMP SHLEFT “/NO
TAD SHFR

SPA  /SET L=l IF NEG

DCA SHFR
TAD SHFR+1

DCA SHFR+1.

ISZ SHCNT

JMP SHRIT

JMP 1 SHFTS

TAD ‘SHFR+1

CLL RAL
DCA SHFR+1

- TAD SHFR

. DCA SHFR

ISZ SHCNT
JMP SHLEFT

_ JMP 1 SHFTS . B

SHCNT,
/

/ .
/7 FLOAT
/.
FLOAT,

Ci3,
/ N

/ L

] /TEMP TO HOLD SHIFT COUNT

THE # IN THE AC INTO FAC

] / @<#<2047

FEXT .
JMP 1 FLOAT
0013

/7 FIX NO. IN FAC

IFIX,

IFIX1,

o
CLA

TAD 44 /GET EXP S
SZA SMA ' . /CHECK FOR <1
JMP 43

CLA /YES: MAKE ZERO

JMP IFIX2+1} ' : :

TAD M13 . ~/NO

‘SNA

JMP 1 IFIX i

sMma /CHECK IF TOO LARGE )
JMP 1 IFIX . /YES: IGNORE IT
DCA 44 :

CLL

TAD 45 /GET MANTISSA

SPA /CHECK FOR <@




arie
2711

o712
@713

2714

- @1LS

2716
en7

@120
7721

ara2

2723
@724

@725
2726

o727

0730
@731
@732
@733
@734

0735

2736
. 0137
. 9740
g741
@142
2743
o744

2745
o146
o147

a750
2751
2752

0754
2755
2756
2757

0760

@761
o162

@763
g764.

2765

@766

767
770

7020
7010
3045

2044

5305

1045

5670

7765

2000

7300

4532 -
4536

2611
2223
24409
4000
1027
4533

. 4405

1857
4567
4551
3027

- 4536

1421

2324

4040

4000°

1830

4533
4405

1057
4567
4551

. 3830
8753

5720

0000

. 3023
1754
3024 .

1424
7500

7041
2354

1023

. 7650

5754

1424
2024

-181-

CML ~ /YES
RAR
DCA 45
1Sz 44
. JMP IFIX1
IFIX2, TAD 45 /ANSWER IN AC
JMP 1 IFIX
M13, -13 /=11
/ _
/ SUBROUTINE TO GET NEW VALUES FOR
/  FIRST AND LAST -

7 ,
NEWC,» 2 :
: CcLA CLL ..
JMS 1 CLF /SPACE
_JMS I MES /ASK FOR FIRST
: TEXT *FI a
RS
T
" .
TAD FIRST , : L
JMS 1 NSIN /PRINT OLD FIRST
JMS I S /GET NEW FIRST -
TAD 57 /CHECK TERMINATOR FOR PANIC STOP
JMs 1 HLTP
JMS 1 IFIXP
DCA FIRST ‘ o
JMS 1 MES /ASK FOR LAST
: TEXT "“LA : '
ST '
TAD LAST
JMS I NSIN : '
JMS 1 S ' - /GET NEW LAST
TAD S7 /CHECK TERMINATOR FORt PANIC srop
JMS I HLTP
JMS I IFIXP
DCA LAST
. “JMP I NEWC
/
7/ SUBROUTINE TO BRANCH.ON MATCH OF AC WITH TABLE
/ CALL . BRAN -
/ TABLE
/7 vos JMP ENTRY
/ “TABLE ENDS WITH NEG -ENTRY
/ .
BRAN, ]
: DCA ARITHI1 /SAVE CODE :
TAD 1 BRAN /GET FIRST TABLE ENTKY
DCA_ARITH2 . /SAVE TABLE ADDRESS
BRLOOPs TAD I ARITHZ2  /GET ENTRY ’
sMaA /CHECK FOR NEG. , : '
CMA 1AC o o _
I1SZ BRAN . /INDEX RETURN ADDRESS
TAD ARITHI /CHECK FOR MATCH
-SNA CLA &
JMP I BRAN /YES

TAD 1 ARITH2 /NO-TEST FOR END
'15Z ARITHZ2 /INDEX ENTRY .POINTEK



@111
@772
@773

0774

1600

1001 -

1002

1063

1904

1805

1006
1207
1010
1211

1012

1013

1314

1815

1016

1817
1020

1021
1022 .

1023
1024
1025
1926
1027
1030
1031
1032
1033
1034

1835

1836
1037
1040
1841

1042

1643
1044
1045

1046 .

1847

1050

7700

5360

2354
5754

" 0000

7200
4407
5123
1120
6123
2000
2036
5600

- 2200

5600

2000

7300 -

1027
7041

1930

7001
3022
1922
7041
3036
1822

14554

4407
6104
2000
7300

1e27

4554
4407
3120

. 6123

000a

7300 -

1227

- 7004
. 1027

1142
3012
1012
3014

=N NN NN

182

SMA CLA
JMP BRLOOP
1SZ: BRAN

, © JMP_ I BRAN

/ ,

7.

PAUSE

/

/ PAGE a4

: *1000
/ .

7 ROUTINE TO CHECK FOR
7/ A SECTION FROM FIRST
/
ENDTST» ©

~ CcLA _
JMS 17
FGET X
FADD R’
FPUT X
FEXT |
1SZ COUNT
JMP I ENDTST
1Sz ENDTST
JMP I ENDTST

ROUTINE TO INITIALIZ
SET N» COUNT, FIRST
N=LAST-FIRST+1.

NIT.» [

CLA CLL

TAD. FIRST
- Cla .

TAD. LAST

1AC

DCA TEMP

TAD TEMP

Cia .

DCA COUNT
TAD TEMP
-JMS 1 FLOATP
‘JMS 1 7

FPUT N

FEXT

CLA CLL

TAD FIRST
JMS 1 FLOATP
JMsS 17 .
FMPY R

FPUT X

FEXT

CLA CLL

TAD FIRST
RAL :

‘TAD FIRST
TAD SPEC

DCA 12

TAD 12

DCA 14

/NOT LAST=-CONTINUE
/FELL THROUGH TABLE
/RETURN: TO DEFAULT

END OF PROCESSING
TO LAST -

/ALSO INCREMENT X FOR NEXT POSITION
/RETURN TO CALL+2 IF DONE -

/ CALL+1" TO CONTINUE

E PROCESSING OF SECTION

X» POINTER 12, 14 TO DATA

/COMPUTE =N FOR COUNT

/SET COUNTER

/SET UP N

/SET FIRST X

/SET UP POINTERS

"/REQUIRE 3 LOC. PER POINT

/L0C-1 OF DATA .
/12= DATA TO FAC POINTER

/14=FAC TO DATA POINTER



1051

1052

1053

1054
1055
1056

1857

1860

1061

1862
1063
1064
1965
1066
1067
1070
1071
1072

1073
1074
1875
1076

1977
1100

1101
1102
1103
1104

1105

1186

1187

1110

IEEY
1112

1113
114
1115
1116
117
1120
1121

1122’

‘1123

1124

1125

‘1126

4127
1132

5613

4543

3115
3116
3117
4545
4407

1115

6115
0000
4544

5256
4407
5115
4104

6115
2000

4532

4536

. e201

2305
1411

1605

4075

T 4040

0200
4406
5540

4561
. 4552

4543
4545

4407

2115
0000

4553

4544

5310

4536
5502
2123

. @545
4300

5549

2800

7300 -
4407
5076

o \‘\\~\

/

_ -183-

JMP 1 INIT

/7 SUBROUTINE TO COMPUTE BASELINE BETWEEN
/ FIRST AND LAST -

/

"BASL.

Bl,

SE

NE

”

/.

JMS 1 INITP /INITIALIZE
DCA BASE /CLEAR BASE

DCA BASE+1 -

DCA BASE+2 .

JMS 1 DACP /GET A POINT
JMs 17 ' '
FADD BASE

FPUT BASE .

FEXT

JMS I ENDT /CHECK FOR DONE
“JMP Bl . B -

JMS 1 7
FGET BASE
FDIV N /COMPUTE AVERAGE
FPUT BASE
FEXT '

'JMS I CLF v .
JMS I MES /PRINT BASELINE

TEXT “BA

JMS 1 6
JMP 1 LISTNP

/ SUBSECTION TO SUBTRACT BASELINE BETUEEN
/ FIRST AND LAST

/
BSUB»

AS

H,

X IS

JMS 1 DTSTP /MAKE SUHRE DATA PRESENT
JMS 1 NEWCP /GET FIRST AND LAST
JMS I INITP ZINITIALIZE

JMS 1 DACP " /GET POINT

JmMs 1 7

.FSUB BASE

FEXT ' -
JMS I STORE /STORE CORRECTED POINT
JMS 1 ENDT o :

JMP o'_6 “

JMS 1 MES

TEXT "-B

JMP 1 LISTNP

SUBSECTION TO COMPUTE THEORETICAL Y=A+B*X
ALREADY SET ’

’CLA'CLL_

JMs 1 7
FGET B



1131

1132
1133
1134

1135

1161

162
1163

1164
1165
1166
1167

1200
1201
1202

1203 -
1204 -

1205
1206
1207

1210

3123

1973
6126
2000
5725

8226

08223

g2e2
0201

- g216

2204
0214

2206

8375
8220
2330

2383

2205

.8221

8222
0224
0213
p227
7553

P240
212
7563

o000
28255
0253

" 1540

o000
7300
3044
3045

3046

4407
6101
6302

" 6310

-18L-

FMPY X _
‘'FADD A E -
FPUT Y :
FEXT
o JMP I TH
/ -~
/ TABLE OF COMMAND CODES FOR BRAN ROUTINE i
7/ DISPATCH JUMPS IN PAGE 1 :
A4 . . .
TABLE, 226 -/CTRL v,jFlT'LOG ‘ _ .
223 /CTRL S STRIP LOG :
292 /CTRL B COMPUTE BASELINE. .
201 -/CTRL A STRIP BASELINE ~ .
216 /CTRL N GET NEW FIRST AND LAST
204 /CTRL D - DISPLAY DATA’
214 /CTAL L. DISPLAY THe LOG -
206 /CTRL F DISPLAY LOG DATA
375 /ALTe MODE SWAP CORE
220 /CTRL P PUNCH DATA
330 /X EXPAND DISPLAY
383 /C CONTRACT DISPLAY
205 /CTRL E EXAMINE DATACFIRST)
2e1. /CTRL @ QUIT RETURN TO AVERAGER
222 /CTRL R READ DATA
224 /CTRL"T TITLE INFO ,
213 /CTRL K EXPANSION COMMANDS
227 /CTRL W .
-225 /CTRL U 'USER ROUTINE
/
/ TABLE FOR CONTROL OF CTRL E OPERATIONS
/. : :
CTAB., 240 /SPACE CHANGE
212 = /LF OPEN NEXT
-215 /CR CLOSE AND EXIT
, > v v i

/- TABLE FOR CONTROL OF TAPE READING OPERATIONS
/ IDENTIFIES INPUT CHARACTERS FOR PROCESSING

7/
NTAB, = @ /BLANK TAPE
25% /=
253 VA
-240 /SPACE
7 .
.EXP=6
LOG=7
‘SQROOT=2
SQUARE=Q001 .
/
/ SUBROUTINES FOR PROCESSING LEAST SQUARES -
/ >
‘ *1200
CLEAR» o /CLEAR SUMS
' ~CLA CLL ’
DCA 44 /CLEAR FLOAT AC
DCA 45 ) v
DCA 46 ) : . o
JMS 1 7 - . .
FPUT SIGMA ' ] ) : ) . -
- FPUT SuMX2 . : o .
FPUT SUMXY




1211
1212"
1213 .
1214
1215
1216
1217

1229
1221

1222
1223’
1224,

1225
1226

1287
1230

1231
1232

1233
1234

1235

1236

1237
1240

1241
1242
1243

1244

1250

1251 "

1252

1253

1254

1255

1256
1257
1269
1261
1262
1263
1264

1265 -

1266
1267
1270
1271
1272
1273

1274
1275

1276
1277

13890

1301
1302
1383
1304

. 63085
6313

6316
0000
5600

- 0800
4407

5123

SUMS.,

3107.

1305
6305

5123"

0001

3107

1302
6302
5123

3126

3107

1310,

6310
5126
3107

1313
6313,
5107

1316

44 6316
1245
1246
1247

0000
S616
0000

4407’
5305

2001

6321 °

CONS»

53@2°

3316

asait
6321
5319
3305

6873 .

5313

3302

2073
4321
6873
5313
3305
6076

5310
3316
2076 .
4321
6076

2000
5647

F 0000

0000
0000

-SUMX2,"

FPUT
FPUT
FPUT

FEXT .

SUMX
SuMY
SuMY2

JMP 1 CLEAR

2

'/COMPUTE SUMS

JMs 1 7

FGET

FMPY .
FADD
“FPUT

FGET

SQUARE
FMPY-

FADD
FPUT
FGET

_ FMPY

FMPY
FADD
FPUT

FGET’

FMPY
FADD
FPUT
FGET
FADD

FPUT

FEXT

X / SUMX=SUMX+X -

'SIGA - /SUMX=SUM WX

SUMX
SUMX

X / SUMX2=SUMX2+X*X

SIGA . /SUMX2=SUM - WxxX12
suMx2

SUMX2 L

X / SUMXY=SUMXY+X¥Y ~

Y _
SIGA /SUMXY=SUM WHX*Y
SUMXY

SUMXY .

Y / SUMY=SUMY+Y

SIGA /SUMY= SUM WeY -
SUMY S
sSuMY

SiGa /50MY2=SUM W=SUM SIGA=SUMYZ2+Y*Y

suMy2
sumMY2

JMP 1 SUMS

a.

Jus 1 7

FGET

SQUARE

FPUT
FGET
FMPY
FSUB
FPUT

FGET .

FMPY
FPUT
FGET
FMPY
FSUB
FDIV
FPUT
FGET
FMPY
FPUT
FGET

-FMPY

FSUB
FDIV
FPUT

. FEXT

/COMPUTE LST SQUARES CONSTANTS
SUMX / DELTA=N*SUMX2-SUMX##2

DELTA ,

suMx2 -

sumMy2 /SUMY2¢N WITH WEIGHT
DELTA :
DELTA’

SUMXY / A=(SUMX2*SUMY-SUMKX*SUMXY)/DELTA

SUMX
A
sumy
suMXx2.
A

‘DELTA

A

SUMX
B
SUMXY
sumMy2

B

DELTA
B ’ .
/ FINALLY DONE

JMP 1  CONS

FLTG

D0

sumy / B=(N*SUMXY-SUMX*SUMY)/DELTA



1385
1306

13067

1310
1311

1312

1313
- 1314

1315

1316

1317
1320
1321

1322
1323

1324
1325
1326
1327
. 1330
1331
1332
1333

1334

1335
1336

1337

1340
1341
1342
1343
" 1344
1345

. 1346

1347 .

1350
1351
1352
1353
1354
1355
1356
1357
1360
1361
1362
1363
1364
1365
1366

2000
0000
2000
20090
2000

2000
0000
2000
0000

2002

0000
0000

2000
7300
44087
5104
2065
6022

5101

4022
6101
5191
4321
6022
3302
6107

5022

3104
6112
0000
5724

4561
4552
4543

4546

4407
5126
20096
6126
2000
4545
4407
2126
- 0000
4553
4544
535S

.

900:

0000
0000

SUMX., FLTG Q.0

'SUMXY» FLTG 040"

SUMY»  FLTG 0.0
SUMY2, FLTG 2.0

DELTA, FLTG 0.0

COMPUTE STANDARD DEVIATIONS

SIGA,»SIGB, SIGMA ACTUALLY ARE VARIANCES
$SIGA USED TEMPORARILY TO HOLD WEIGHTS
DURING FORMATION OF LEAST SQUARES SUMS

9N NN N NN

EV., e
cLAa CLL
JMS 1 7
FGET N
FSUB TWO
FPUT TEMP
FGET SIGMA
FDIV TEMP
FPUT SIGMA
FGET SIGMA
FDIV DELTA
FPUT TEMP /TEMP=SIGMA/DELTA
FMPY SUMX2 ' :
FPUT S1GA /51GA=TEMP*SUMXZ2
FGET TEMP : o . ’
FMPY N ‘ :
FPUT SIGB /SIGB=TEMP*N
FEXT '
JMP 1 DEV
/ : :
/ SUBROUTINE TO STRIP EXPONENTIAL FROM DATA
/ CTRL S '
/
STRIP», JMS 1 DTSTP . : . .
I NEWCP /GET FIRST AND LAST
JMS I INITP ZINITIALIZE
I THP /COMPUTE Y=A+B*X
I

FEXT :
JMS 1 DACP /GET A.POINT

JMS I 7 ‘

FSUB Y

FEXT Co

JMS I STORE ~ /STORE CORRECTED POINT
JMS 1 ENDT /TEST .FOR END .
JMP STRIP+6 /KEEP GOING



%4

1367
1370

1371
1372
1373
1374

1375
1376

1400
1401
1402
1403
1404
1495

1406

1407
1410
1411
412

1413

1414
1415
1416
1417
1420
1421
1422
1423
1424

1425

1426

1427

1430
1431

1432

1433
1434
1435
1436

1437
1440

1441
1442

1443

1444
1445

T 1446

1447
1450

1451
1452

1453

<1454
© 1455

4536
- 8530

2040
2325

8224

2245
4300
5540

0000

4536

4040
2405
2656
4000
5600

0000
7200
4532
3855

4536

2175
4000
4407
5973
2000
4406
4298
4407
5107
o002
2000
4406
4532
4536
9275
4000
4407
5876
3000

4406 .

4200
4407

s5lia..

0002
2000
4406
4532
4536
2417
2401
1440
2601
2211

2l16 .

-187-

JMS 1 MES
. TEXT "EX

JMP 1 LISTNP

OCTAL

/ PAGE
, ¥

DE

Ve

" .

/
L5Q0UT»

*1400
:

@  /ENTRY TO PRINT "DEV."
JMS 1 MES
TEXT *

JMP 11480

@ . /PRINT LST. SQUARES PARAMETERS
cLA . :

JMs I CLF

DCA SS /REMOVE CRLF

JMS 1 MES

TEXT *A=

JMS 1°7
FGET A
FEXT
JMS 1 6
JMS 1400
JMs 17
FGET SIGA
SQROOT
FEXT
JMS I 6
~JMS 1 CLF-
JMS I MES
TEXT "B=

JMS I 7
FGET B
FEXT

JMS I 6
JMS 1400
JMS 1 7
FGET SIGB
SQROOT
FEXT

JMS I 6
JMS I CLF

. JMS 1 MES : s

TA
vAa

AN

TEXT “TO



1456
1457
1460
1461
1462
1463
1464
1465
1466
1467
1470
1471
1472
1473

1474 .

1475

1476.

1477
1500
1501
1582
1583

-, 1504

1595
1526
1507
1510
1511
1512
1513
1514
1515

1516

. 1517

1520
1521
1522
1523
1524
1525

. 1526

1527

15309

1531
1532

11533 ¢

1534
1535
1536
1537
1540
1541
1542
1543

9305
4075
4000
4407
5101
2000
4406
4532
4532

4536

2461
408175

4000

4407
5062
4076
0000
4406
7240
3055
4200
4407
5876
0001
6022
5112
2002
4022
20800
4406
4532
5687

2099
4543

4555

4570
4407
6126
0000
4556
4544
5321
4557

4543 -

4546
4570

- 4407

2126
20031
3107
11021
6101
2009
4544

CE

/
/

=188+

JgMs 17 .
FGET SIGMA -
FEXT

JMs 1 6

JMS 1 CLF
JMS 1 CLF
JMS I MES
TEXT "T1

JMs 17
FGET ONE
FDIV B
FEXT

JMS I 6
CLA CmA

DCA 55 /RESTORE CRLF

“JMS 1400

JMS 1 7
FGET B
SQUARE
FPUT TEMP
FGET SIGB

/GET DEV. FOR T1

SQROOT /SIG(T1)=SIGB/B12

FD1V TEMP
FEXT
JMs 1 6
JMS I CLF

JMP I LSQOUT

/7 LEAST SQUARES SUBROUTINE
/ ORGANIZES FIT

/ DOES FIT TO LOGARITHM

/
LINEL,

LST»

- JMS

2 /ENTRY FOR LOG LST. SQUARES

JMS 1 INITP

JMS I CLEARP
JMS 1 WLOGP

JMs 1 7

"FPUT Y

FEXT
JMS 1 SUMSP
JMS 1 ENDT

JMP LINEL+3

JMS ‘1 CONSP
JMS I INITP
JMS I THP

1
JMs 1 7
FSUB Y
SQUARE
FMPY SIGA
FADD SIGMA
FPUT SIGMA
FEXT
JMS 1 ENDT

ULOGP

/INITIALIZE POINTERS
/CLEAR SUMS .
/GET LOG AND WEIGHT

/COMPYTE LST. -SQs SUMS
/MOVE AND CHECK FOR DONE
/CONTINUE :
/COMPUTE CONSTANTS
/RESTART TO GET SIGMA
/COMPUTE THEORY

/GET LOG AND WEIGHT

/MULTIPLY BY WEIGHT

w0

'S




s

1544
1545
1546

1547

155¢
1551
1552
1553

‘1554

1555
1556
1557
1560
1561

1562

1563
1564
1565
1566
1567

1570

1571
1572
1573
1574
1575

11576

1600

1601 .
1602

1603
1604
1685

11686

1607
1610
1611
1612
1613
1614

1615
"~ 1616

1617

1620

1621
1622
1623
1624

5332
4547
5716

2027°

4532
7300
1027

4533
4543

4545
3055

4406
7240

3055
4560

4541
1161
5371

5347
4532
5540

4561,

4543

4405

4553
1057

5363

7300

4532
1026

7640
5537

1832
3011

1030
4533

1030

7040
3036 - -

6201

1431

3e13

141t
6211
4533

4532

2016
1034

LOOP,» TAD -

.JMP
JMS
JMP

189~

LST .
1 DEVP
I LINEL

/COMPUTE DEVIATIONS

SUBSECTION TO HANDLE CTRL E EXAMINE_LOCATION'
PRINTS FIRST AND DATACFIRST)

THE DATA POINT;CR T0 CLOSE:LINE FEED TO

OPEN .NEXT

LFN, . 1SZ
JMS
EXAM, cLa

K, (M3

/ .
%1600

/ PAGE 6

/SUBSECTION

/

PNCH» cLAa
JMS
TAD

. SZA
JMP
TAD
DCA
TAD
JMS
TAD
CMA
DCA

. ‘CDF
_TAD
DCA
TAD
CDF
JMS
JMS
152

1

1

1

1
1 STORE
5

K-

POINT.

FIRST

I CLF
CLL
FIRST
I NSIN . -
I INITP
I DACP

/

/

/

/ RESPONDING WITH SPACE GIVES OPTION OF CHANGING
7 v

/

/ ' . _ '
"/MOVE TO NEXT POINT

/PRINT FIRST

/SET POQINTER
/GET NO.

5% /CLEAR CRLF

16
cMAa

I KEYP

1" BRP

K /CHANGE

LFN

I CLF
LISTNP
DTSTP
INITP
5

/PRINT NO.

' 55 /RESTORE CRLF

/ASK FOR COMMAND
/IDENTIFY COMMAND

DATA
/0PEN NEXT

/FELL THROUGH TABLE -
/CHECK FOR DATA PRESENT

/INPUT NO.

/STORE IT

7 /GET TERMINATOR

6

/IDENTIFY'COMMAND

TO PUNCH DATA

CLL

1 CLF
DISC
CLA

I WHATP
BLK
POINTY
LAST

I NSIN
LAST

COUNT
0

I SCL |
POINT4

I POINTI

10
I NSIN
I CLF
SWITCH
KM12

/CHECK FOr AVERAGER
/AUEHAGEH NOT THERE i
' /SET POINTER TO AVEB.

/PRINT UPPER LIMIT

/GET SCALE

" /PRINT NOe. OF SWEEPS

" /SET FOR PUNCH

/SET POSITION COUNTER

BLOCK



1625

1626 .

1627

1630

1631
1632
1633
1634
1635
1636

1637
1640 .

1641
1642

165¢
1651
1652

1653 .

1654

1655 -
1656

1657

1660
1661

1662

1663
1664
1665
1666
1667
- 1670

1671

1672
1673
1674
1675
1676
1677

1700

1781
1702
1703
1704
1705
1706
1707
1710
1711

3024

4567
2036
7410
5240
4535
4533
2024
5226

‘4532

5224
4532
3916
5540

7300
3027

- 3030
1032

7001
3010

3017

3825

4563
4541
1164
5260
5270
5273

- 5273
. 5260

7240
3025

5275

7300

13025

4563

4566 .

53062

4565

5275
4564
2030
4563
4566
7610

5300 .

1215
4541

-190-

SCRAM, JMS

%1650

THIS SECTION READS DATA IN ON THE HIGH SPEED READER

ARITH2 : ,
1 HLTP /CHECK FOR PANIC STOP
COUNT :
SCRAM /DONE

1 GET /GET A POINT

I NSIN /0UTPUT THE POINT
ARITH2 = /CHECK POSITION
LOOP+2 /GET MORE

1 CLF /START A NEW LINE
LOOP /CONTINUE TILL. DONE

‘1 CLF ‘ ‘ '
SWITCH /RESET FOR TTY

I LISTNP '

Y VALUES ONLY EXPECTED

DATA 1S5 PLACED INTO THE BUFFEK AKEA .
MAINTAINED BY THE BASIC AVERAGER IN FIELD @

STILL BE SWAPPED TO GET AT THE DATA

CHAR=153 SIGN=ARITH43 NUM=17 TEMP USED HERE

/

/

/

/

/ CORE MUST
/

/

/ CTRL R
/
I

NPTs CLA
DCA
DCA
TAD
IAC

START, JMS

MINUS, CLA

PLUS, cLA

_DAT» JMS

FIN» JMS

cLL ZINITIALIZE

"FIRST. ' v

LAST

BLK - /GET THE BUFFER AREA
POINT /USED BY STD

17 /CLEAR NUMBER BUILDER

ARITH4 /CLEAR SIGN

I RDRP /SEARCH FOR START OF TAPE
I BRP ZIDENTIFY INPUT CHARACTER
START

MINUS /7# IS NEG.

PLUS /# 1S POSe

PLUS o :

START - © /NOT IN TABLE

cMA /SET - SIGN

ARITH4

DAT

CLL.

ARITH4 _

1 RDRP /PROCESS MAIN TAPE

I NUMTSP /TEST FOR NUMBERS
e*+3 . ’ -
1 CNVRTP /PERFOKM BCD TO BIN

DAT /GET REST OF #
1 STP /STORE # IN BUFFER
" LAST Z/COUNT IT ' _
1 RDRP- " /SEARCH FOR END OF TAPE -
1 NUMTSP ‘ ‘
‘CLA
DAT+3 A
1s /GET THE CHARACTER
1 BRP /1DENTIFY




'

4

1712
1713

1714
1715

1716

1717

1720

1721

1722

1723

1724
1725

1726
1727

173¢

1731
1732
1733
1734

1735
1736 -
1737 .

1740

1741

1742

1743

1744

1745

1746

1747
1750

1751
1752
1753

2000

2001 .
- 2902
2003
2004
2005

2006

2007
2010

211

2012 .

1164
5320
5270
5273

5273
5304

7300
4532
4536
1401

2324
4020.
17l
1624

4000
7240
1030
3038

1030

4533
4532
5540

7579

0060

7440

5347

6031

5741

6036
4541

1740
. 5540

7300
5741

7300

1026
7640

5537
4261
7201
- 3026 -

10932

7001
3011
1037
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' NTAB . R L
UMP .45 .. _ ./BLANK3 FINISHED
JMP MINUS ’ - C
JMP PLUS
JMP PLUS o -
JMP FIN ‘ /FELL THROUGH TABLE
" CLA CLL o :
JMS I CLF
JMS I MES
TEXT "LA
ST .

o1

”
. CLA CMA

TAD LAST

DCA LAST

TAD LAST

JJMS 1 NSIN

JMS I CLF

‘JMP 1 LISTNP  /RETURN
/ o _ . . S
/ SUBROUTINE TO DO EMERGENCY HALT IF CTRL/H TYPED

" /. PRESENTLY CALLED FROM NEWC -AND. PNCH ONLY

/ RETURNS TO. CALL IF NORMAL

/
-210 , /CTRL/H
"HALT» o :
. SZA . /USE AC FOR CHAR IF NONZERO
JMP o"“
KSF /CHECK FOR TTY
- JMP 1 HALT /NO; RETUR® -
KRB =~ /YES 3GET COMMAND
JMS I BRP
HALT=-1. /CHECK FOR CTRL/H
JMP 1 LISTNP /YES3 STOP
CLA CLL . /NO3 .1GNORE CHARACTEK
: JMP 1 HALT
/ . ’
*2000

/SUBSECTION TO DO THE DISK OPERATIONS

" /ROUTINE TO SWAP AVERAGER OUT TO DISK
" /AND CONVERT DATA TO FLOATING POINT

/ ) .
SWAP,  CLA CLL ‘ R
TAD DISC /CHECK IF. ALREADY THERE
SZA CLA = I
JMP I WHATP 71TS ALREADY THERE
. JMS WRITE /NO-WRITE IT OUT
" .CLA IAC « ' ' :
_DCA DISC . ~/SET INDICATOR -
s . :

/REARRANGE FIELD @ DATA TO FL. PT. NO.
7/ DATA ASSUMED NEGATIVE AND IS MADE POSs
/ o

TAD BLK /SET POINTERS
IAC ‘
DCA POINT1

TAD KMD1K



2013

2014

2015

2016

- 2017

020

- 2g2l’

2022
2023
2024

2025

2826
2027

2930
2031

2832
2033
2034
2835
3036
2037

2041,

2042
2043
2044
2045
2046
2047

2050

2051
2052

| 2053

2954
2055
2056
2057

2060
2061
2062
2063
2064
2065

© 2066

2067
- 2070
‘2071
2072
2073
2074
. 2875
2976

-192-

3036 : DCA COUNT

1142 TAD SPEC
3214 ' . DCA 14 ,
6201 : CDF @ /SET SCALE FOR GET
1431 TAD I SCL :
3213 DCA POINT4 -
6211 CDF 19
4535 F1, JMS 1 GET
7941 cra - ..
4554 ' JMS I FLOATP
4553 JMS 1 STORE
2936 1Sz count
5222 JMP F1
4536 JMS 1 MES
8317 TEXT *CO
2205 RE
4823 S
2721 WA
2020 PP
9584 ED
oo0e. :
4532 : JMS I CLF
5540 ' JMP 1 LISTNP -
p .

7 THIS SECTION RESTORES THE BASIC AVERAGER
/ AND RETURNS TO IT THROUGH A CTRL Q

/ N

7300 RESTOR», CLA CLL

1926 TAD DISC /1S IT ALKEADY PRESENT
- 7659 o SNA ‘CLA : : o
5259 JMP RET : :
4270 JMS READ . /NO~GET IT
3926 DCA DISC . /CLEAR INDICATOR
6332 RET» KCC. = . /CLEAR FLAGS
6042 - - TCF ' ,
6822 PCF .
6691 6601 /=DCMA
62021 - ' CDF © T
6202 CIF ©
5657 JMP 1 .+1
6506 : 6506  /BALIC AVERe. CTRL/Q
/
7/ DISC HANDLING SUBSECTION
/
6605 - 6605  /DMAW=WRITE
92300 WRITE, @
7300 CLA CLL
1260 TAD WRITE-1 /SET WRITE INSTR
a3z DCA INSTR
4276 JMs DISK
5661 UMP 1 WRITE
/ . _
6603 © 6683  /=DMAR=READ
2000. READ» 0 .
7300 . .CLA CLL
1267 . : TAD READ-1 . T
3312 - DCA INSTR /SET READ INSTR.
4276 - JMS DISK :
5670 _JMP' 1 READ

2023 DISK, 2

i

>'rl.




-

6

2077
2100

2101

2102
2103
2104
2105
2106

2107
2119
2111’
2112

2113

2114
2115 -
2116
2117
2120

2121

2122. 

2123
2124

2125

2126
2127

2130
2131
2132

. 2133

2134
2135
2136

2137
‘2140

2141

. 2142

2143

2144

2145
2146

2147
2159
2151
2152
2153
2154

1142
6201
3720
6211
1322
6201

3721
6211

1317
6615

7200

3000

6622

5313

6601
5676

0799

7751

7750
1600

20020

7300
1028

7700

5333
1017 -
7041

7410
1817
6201
3419
1925
3410
6211
3017
3e2s
5723

0000

7300

1817 -

7006
3022

1017

7004

“1ea2

1922

I

/
/
/
/
/
c
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TAD SPEC /MOVE LOC. 280-6377
‘CDF '@ ' o
DCA 1 CA
CDF 10
" TAD WCV
CDF 0
DCA I WC
CDF 10 . :
TAD TRACK ~  /USE LAST TW0 DISK TRACKS
6615 ' /=DEAL LOAD DISK EA .AND EMA
. CLA ~ /DISK ADDRESS IS @
NSTR» @ " /READ OR WKITE
6622 - /DFSC WAIT FOR COMPLETION
JMP o=
6601 /DCMA
JMP 1 DISK
RACK, 0700
a, 7751
C» 7750
CV» 1600

PROCESSING SUBROUTINES FOR CTRL R COMMAND

SUBROUTINE TO STORE THE SINGLE PRECe NO. READ

AS- A DOUBLE PREC. NO. IN THE BUFFEH AREA

IN. FIELD @

USES POINT AS A POINTER; SHOULD BE SET BEFORE CALL
IS SET TO NEXT POINT AFTER CALL

TD,» a
CLA CLL o
TAD ARITH4 /TEST SIGN
SMA CLA
JMP e+4 /P0S.
TAD 17 /GET NUMBER
‘CIA .
SKP
TAD 17
CDF @ .
DCA 1 POINT /STORE NOe.
TAD ARITHA4 /SAVE HIGH ORDER"
DCA I POINT : v
CDF 10
DCA 17 /CLEAR NO-.
DCA - ARITH4 /CLEAR SIGN
~JMP 1 STD = :

ROUTINE TO PERFORM BCD TO BINARY CONUERSION
BY MULTIPLE CALLS
ASCII NO.S EXPECTED

NURT: @
CLA CLL
TAD 17 /MULTIPLY PREVIOUS PART BY 19
" RTL
DCA TEMP
TAD 17
RAL
TAD TEMP
TAD TEMP



2155°
2156

2157

2160

2161

2163
2164

2165
2166

2167.

2170
2171
2172
2173
2174
2175

2176

2200

2201
2292

. 2283
- 2204

2205
2206

2207
2210
2211

2213..

2214

2215 .

2216
2217
2220
2221

o222
2223
2224
2225
2226
2227
2230
2231

‘3p22

1815
1376

1922
3017
2162

5744

@000
7300

1015

1376
7510
5763
1834
7700
5763

2363

5763
7520

4200

- 4545

4407
0007
3070
6126
0009
4246
4544
5210
S540

4200
4546
4407
5126
3870
6126
2000

4246

XINIT»

;19h-

DCA TEMP

. TAD 15 /GET THE INPUT DIGIT
TAD KM260 /REMOVE ASCII BIAS
TAD TEMP - /FORM NOe

DCA 17 /SAVE IT

JMP I CNVRT  /FOR NEXT CALL; OR DONE

/ ’ .
/ SUBROU
/ CHARAC
/
N

UMTST,

KM260.,
P

TINE TO TEST WHETHER THE INPUT

TER IS A NUMBER
2 /RETURN TO : e ' - T
CLA CLL 4 CALL+1 IF NO C ’
TAD 15 / CALL +2 IF YES
" TAD KM260 '
SPA o .
CJMP I NUMTST ~ /NO; <260
© TAD ‘KM12 '
SMA CLA _ .
JMP I NUMTST . /NO3 >271
1SZ NUMTST .
JMP 1 NUMTST /YES
-260
200

*2

/ DISPLAY HOUTINES

/ SUBROU
/

TINE TO SET UP DISPLAY

2

-CLA CLL

/
/DISPLAY
/ CTRL F
/
LOGDIS,

/
/DISPLAY
/

THDI1S,

JMS 1 INITP -
TAD FIRST - /USE FIRST FOR X ORIGIN
TAD XS : _ ‘ :

DCA XDIS .  ° /SET START X

JMP 1 XINIT S

LOG OF DATA

JMS XINIT

JMS 1 DACP /GET POINT
JMS 1 7 .

LOG '

- FMPY HUND /MULT. LOG BY 100 FOR'VISUAL_EFFECT

FPUT Y
FEXT

JMS DISP

JMS 1 ENDT /CHECK FOR DONE
JMP LOGDIS+1

JMP I LISTNP

THEORETICAL LOG CTRL-L

JMS XINIT

JMS I THP

JMS I 7 /MULT. LOG BY 108 ‘ : :
FGET Y /TO EXPAND FOR SCOPE DISPLAY : : . o - 4
FMPY HUND o .
FPUT Y
FEXT

JMS DISP

W'



e

e

¢

2232
233

2234

2235
2236
2237
240
2241

CLoeeq2’

2243
2244

2245

2246
2247

2250

2251
2252

2253

2254
2255
2256
2257
2260
2261
2262
2263
2264
2265
2266
2267
2270
2271
2272
2273

2274

275
2276
2277
2300
2301

4544

5223

5540

4200
4545
4407
6126

0008 -

4246
4544

5236
5540

2000
7300

1277

63023

1300
3277
44097
5126
o000
4551
3021
1821
7710
7040

3020,

1275
4534
1301
7041
1021
6317
7300
5646

P00
0000
2000
2021
2000

O NN NN N

.295-

JMS .1 ENDT
JMP THDIS+1
~JMP 1 LISTNP

wE

/ DISPLAY DATA ~ CTRL D.

/

DATDISs JMS XINIT :
JMS 1 DACP /GET DATA
JMS 17
FPUT Y
FEXT .

‘'JMS DISP
JMS 1 ENDT.

" .JMP DATDIS+1

JMP 1 LISTNP

DISPLAY SUBROUTINE
INCREMENTS. XDIS BY XDEL AT END

1sPs @

TAD XDIS
6303  /DXC DXL

TAD XDEL

DCA -XDIS

JMS 1 7

'FGET.Y /GET 'Y FOR DISPLAY
FEXT

JMS 1 IFIXP

DCA SHFR+1. :

TAD SHFR+1 /SET THE SIGN
SPA CLA - ' :

cMA

DCA SHFR
TAD USW

JMS I SHIFT /PERFORM SHIFT
TAD VSH /BIAS SCOPE DISPLAY

cia -
TAD SHFR+1 /GET Y
6317 /DYC DYL DIS
CLa CLL

JMP 1 DISP

RE TR /SHIFTING FACTOR .

XS, (7]
XDIS, "]
XDEL, 2001 . : S
VSH, 2 /Y BIAS FOK SCOPE

AND DISPLAYS SHIFTED VERSION OF Y

CLA CLL /SET X COORDINATE
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