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ABSTRACT
THE CONFIGURATION AND DEMONSTRATION OF A . ’
RAPID SCAN CORRELATION FOURIER TRANSFORM = *
-NUCLEAR MAGNETIC RESONANCE SPECTROMETER

-
‘

Geoffrey John Nesbitt

A nuclear magnetic resonénce correlation spectro&eter
has been constructed, and shown to be a useful complemeﬁt
to the magnetic resonance facilities alreaéy present in
thi§ Department. This thesis first,deSCﬁibes the theory
behind the principles of the spectrometer operation, which
then support the décisions necessary to configure the
complete instrumental hardware and software systems. The
ﬁpeQFrometer capabilities are demonstrated, under a variety
of conditions, culminatinglin its application to a problem
whose solution would be very difficult, if not unobtainable,
by any other method. finally, future appiicatiggs are *
suggested, and cqnclqsions drawn upon the text. /
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Chapter 1 /
‘ /
- INTRODUCTION

?
The field of Nuclear Magnetic Resonance (NMR) has
seen phengmenally fast growth from conception to the ‘state
at which,technology now stands. )

1 and Purce112 first demonstrated NMR in

When Bloch
bulk samp‘lés, the experiment‘was simply the observation of‘ a
nuclear 'resc;nance and the determination of its’magnetic
moment . The observation” of the chemical shift3 ushered the
technique into the role of an analytical tool, finding em- P
ployment‘ in 'structure elucidation. :t this time, the stand-
ard method to obtain high-reso‘iution spectra was the con-
tinuous wave (CW) experiment. This procedure requires the
continuous excitation to be slowly swept throi}gh the res-
onance condition in order to approximate the steady state

solutions to the Bloch equat;ions.u Under these circum-

stances the sweep rate.is of the order . e

1 Hz/sec  (often < 1 Hz/sec). ) \/\J
2 X7 * 1'2 '

where T2 =spin-spin relaxation time

Very little power is introduced to the sample, he’nce the
system is perturbed only slightly a})d a weak signal procured
as a result.

In 1966, Ernst and Anderson5 capitalized on ground work

l 8

laid previously by 'I‘orrey6, Hahn', and Fourier~, to establ-

ish that the Fourier tréhsformation(FT) of the free induction.
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decay observed upon irradiation, with a short intense raodio
frequency (RF) pulse, could yield high resolutign NMR spec-
tra also. Further, the entire spectrum can Be obtained with
:en single pulse, on a timé order of 3"T2 (after which tife

FID is‘ reduced to £€5%), and the magnetization vector is tip-

ped from the equilibrium value (for -a 90° pulse) yielding ;(ri)

increase in sensitivity (relative to the CW experiment).
To a large degree the quickly developing computer indus-

try and the elucidation of the "fast Fourier transform" by

9

Cooley and Tukey’ have been responsible for the Pulse FT -

- method becoming the-most popular and convenient mbde to ob-

tain high resolui‘,ion NMR spectra.
One significant difference between the CW and pulse FT

methods lies in the execution of the experiment. The pulse

technique requirés the entire spectrum to b\e excited during
each scan, while the’ CW mode allows selection of any specific
part-of the spectrum, This becomes important when there is a
particularly large solvent 'peak in the sample, which would
cause dynanmic range problems in the pulse experiment ﬁbut
could be skirted in the CW mode by not scanning that portion

’

of the spectrum,

-
[ I~

An alternative approgdh to the above techniques is found

0 similar to the CW

in the rapid passage (RP) experiment
method the spectrometer is simply swept through the resonance

under fast passage conditions. This results in magnetization

being left in the x-y plane (see later), which produces a

b e rerean e e bk o
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-rimging wiggle beat pattern that persists a time 3"1‘2

Y

after resonance.

"This is useful only if the ringing artifact can be ;
removed in order té obtain' the high resolution spectrum d!gﬁ;
ea. It has been shown {hat the cross-correlation of this
distorted fast passage response with a function representiné
either a reference line recorded undeq fast passage condit-

11

ions or a theoretical calculated lineshape12 Wwill result, in

an artifactefree spectrum. The method necess;taies the use of
Fourier transformations and ha; thus been coined Rapid Scan
FT Spectroscopy. This offers a mode.of operation cobparable
to pulse téghniques in many ways:
-approximately equivalent'signpl to noise- (S/N) ratio.
-comparable resolution depending on the T2 of\~amp1e.
aapprbg}pately the same time requ?red for a single fcan.
-contr61 6%w£hé sweep rate allows regulation,off the power
input and hence gﬁe‘éiﬁyéhglexggwthe bulk magnetization
vector, which in turn affeéts the sensitivity.
-}ynamic‘}ange probléms can be §kifted by simply not excit-
ing that bortion of the spectrum containing the unwanted
(problem) line. " Y
This technique has seen furtper enhancement with the
additign of solvent suppression‘methodsl3, wing processing1u,
and has been demonstrated measuring spin-lattice relaxation

15,16 16,17 -

times, and applications in biological systems
>3
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. The purpose of this thesis is to demonstrate the resur=-

ection of an aging CW instruﬁent in the form of a Rapid

Passage Correlation NMRJipectrometer, and the successful

-‘~\\\\\application of itg unique capalilities to a chemical problem.

.This will be accomplished within the text by first pre-

senting a discourse on the theoretical background of the exp-

eriment and the computational methods critical to the project.

¢ - o

The hardware arrangementwwill then be discussed and explained

~

as a consequence of the theoretical requirements of the exper-

iment. The software configuration follows in detail with an

i

operational.flowehart Hemonstrating the step-by step. process-
ing of the data. The?experimenfal chapter will substantiate
the previous performance claims and illusgrate the fungpion-
al applicatlon of the spectrometer over a range ‘of ope’atlng
)condinions. F1na1iy, conclusions will be drawn from the text
‘and possible future .development/evolution of the instrumeﬁt

suggested. ' : A . *
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. Nuclear magnetic resonance is possible because Some

ﬁdglei act as though they possess the properties of spin
and angular momentum. The property of spin confers upon
the nuclei a magnetic moment which is proportional to the

N ‘ ;
magnitude of the spin and may be described as shown in
v

equation 2.1. )

+

(2.1) -Unz g, t B, * I, where

°

- o 8, = nuclear g-factor .
B, = Nuclear magneton e h
2MC
I, = Nuclear spin quantum number i

hY
The properties-of\the nuclear magneton do not change, e and
) .
M ‘are the charge and~mass of the proton respeéctively, C, the

speed of light and h Planck$ constant over 2. g, is'a

)

dimensionless constant whose contribution ‘depends upbn the

o

nuclei under observation. Hence, 6n1y - and In change

to modify the éqﬂation to fit the charactéristics of any

nuclei. Quaﬁhum mechanics predicts the valué of I, being a _

characteristic of the isotope in question and a consequence
of its atomic mass and number.

_If the Mcled éfe placed in a magnetic fielé, the int-
eraction between the magnetic moment and the field produces

a torque which may be described classiéally as the Qpctor

.producH®™f the two, and pictured in Figure 2.1.

+

5
Chapter 2 . '
Section 1° ' ¢ (
. THEORY OF NUCLEI IN A MAGNETIC. FIELD /F*’)x
. \ Vo .

2

-
4‘.’_’»'9‘/
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FIGURE 2.1

-

T=0p * H -

such %hat the energy of the
interaction is the Hamiltonian

”= -Un * ﬁo ' (2.2)

a

By substituting equations 2.1 into 2.2 we generate a

}Hamiltonian equation which models the coupling 'of the

moment with the field, which will#provide an explicit sol-
ution enabling the measurement of the nuclei energy. !
) -

(2.3) Hs=-g B H I, .

Quaﬁtum mechanics predicts multiple spin states
through the variable Iz in equation 2.3, each with pecul-
iar energy levels. Classically, Newton's law dictates that
this coupling is also equal to the rate of change of tHe
angular momentum (Un)' Un has only one degree of freedom

within the constraints impésed by equation 2.3, the rate of

precession about Ho. The result is that the magnetic moment

vector precesses about the fi®ld direction with a character-

“istic frequency, known as the Larmor frequency, w. where

o]

E—

ek B e b v oA < it Bk il b P Bt ar . her A orie e e o ke ko < Avimme x
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(2.4) ‘Iwol TV, -

"
n

where Vo(Hz) is the frequency of precession of the magnetic

moment about Ho.

—_— N . Y

Bringing equation 2.3 under closer scrutipy it should
be obvious that fof any nuclei with I#0, the aﬁplicatfbn of 3 i
the static field through Ho will effect a separation of |
the spin states observable in the Hamiltonian. In order to
detect the presence of these eneréy~levels, a tool is needed
to perturb the system to enable transitions between the
levels, which may then be measured. This materializes in the
form of a circulafly polarized radio frequency energy, usual-
ly applied glong the x axis of the classical picture, illus-‘
trated in Figure 2.2a. The two péssible stateé for Un
defined by ;z are shown in line with H1, the per;urbing
field. If H1 is varied through w, the resonance is ob-
served. The equivalent quantum mechanical piecture is por- -
trayed in Figure 2.2b. .
Examining equation 2.5, it is apparent that in a given
magnetic fileld, the resonance condition requires a unique
preé@ssjon frequency for each distinect nucleus. If the f
magnetic moment is, thought of as a top, then in a spin ;
I=1/2 system the top may have two orienpations when placed
in the field,vanni or parallel to the field direction.
This is realized quantum mechanically in the form of
the two energy levels shown in Figure 2.2b. A transition

can occur at the resonance condition if the top'reéeives

: v - [
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E hv=gngvH=AE . (25)
) mi=+4
a 1
0 Hy
Figure 22 a
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the unique amount of energy hv dictated by Planck$s law?
The transition will happen only when this condition is met
exactly; this provides the exclusive nature of the magnetic
resonance experiment, By varying either V or H1 in:

equation 2.5, a transition can be caused peculiar to a par-
w - .

" ticular nucleus, as an exact solution to equation 2.5.

~
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Section 2

| .
BOLTZMANN AND THE RESONANCE PHENOMENON

, »
Until this point the discussion has considered only

the behavior of a single isolatég nucleus, while in practicé’
the N.M.R experiment measures the ﬁean behavior of a bulk
Sample in a very complicated magnetic environment. Boltzmann
theory predicts that, left to its own devices, the populat-
ions of" each energy level will approach an equillbrium deriv-
ed from all the forces which affect the magnetic environment
of ﬁhe sample, shown in Figure 2.3. Given a two spin system,

the Boltzmann equation (2.6) can be used to describe the pop-

ulation distribution at equilibrium.

' n, AE -U Hy
(2.6) — equi_]ibrium = expk_'r = exp

n_ KT
The transitional probability .from each state is equal
in both directions. Uponyirradiation with H,, the applied

field, a forced equilibrium can be reached which results in

saturation of the population levels. No detection of trans-

itions would occur at this point if it were not for the
presence of natural relaxation mechanisms which allow the
system to dis;ipate the energy. ,

These processes can be characterized in the form of

two measurable relaxation rates which represent the two most

important pathways, shown in Figure 2.4,




w—

~ Figure 2.3

< ke € = e———— R~ 1
[

‘electrons

nuclear
spin
J

nuclear
spin -
[A

phonons

Two spin .system

1. = Zeeman interaction
2. = Direct sﬁ;n-spin interaéfion
3. - = Nuclear spin-electron interaction
4, = Direct spin-lattice coupling
1/4.-5.= Indirect‘spin—}attice via electrons N
3.-6.= Sh1e1d1ng and polarization via electrons

4.-7.= Coupling of nuclear spins to sound fields

11




| I

12 ..

-

N

. /’ . .
L

> \ .

The isochromats above illustrate a classical picture

of the effect of the two doﬁ#qggﬁmye1axation pathways
T, and T,, on the vectors of t agnetic momments.

A.:T] causes the distribution of the nuclear moments
along the z axis.

B. Tz causes a dephasing of the spins in the x-y e.

- a
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x Yy
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wpen describing the bulk samplé it is necessary to
introduce a bulk magnetizapion vector M which represents
the‘méan of the individual nuclear vectors. In Figure 2.4
equations 2;7 and 2.8 model the two dom::;nt reigxation v
pathways, T{ is deri¢e;.in térms of probability since the
rate of return to eqbilibriu yia the ;pin lattice is direct-
ly related to the original population condition under‘the'éx-
periment and the transitional \probability of these populat-
ions .changing. Té can be thought of most easily as a dephas-
ing of thelnuélear vectors v‘a sﬁin-spin interactions and
field inhomogeneities. The NMR experiment works because,when
the R.F. energy that is used to perturb the system forces the
bopqlation levels from their naturql equilibruim, these path-
ways act as a lever to }estore the Boltzmann distribution. At

room temperature the distribution is weighted éuch that ‘
greater number of vectors (actually nuclei) reside in the

lower enefgy level.

/

THE BLOCH EQUATIONS

The relaxation times, T{ and T, are predicted by a set
of equations postulated by Bloch which describe the behavior
of the bulk magnetizaéidn vector, M, in the presence of an
applied R.F. field. The approach used was to first model the

effect of the applied field upon the bulk magnetic moment.

1 . _ , 13
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Figure 2,5" )
//'l
P equilibrium - resoyance
Q’ 42 u
NMR
Relaxation
} v
N,
The Figure above illustrates the states possible for
the spin vectors representing the nuclei in the bulk
sample. -

The' terms used in equatjons 2,10, 2.11, 2.12, can be
be visualized clearly, showing example C&Ptributions.
»
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(2.9) dM = ¥ M * H

'This may be expanded to _account for each separate com-
ponent of M, Ti,M*wMy, where the field components
Hz,Hx,Hy, would by copventi?n be~£he fixed ( H;:H;‘)
and rotafing fields respectively. In order.tp account for
relaxation mechanisms the following assumptions were made:

1. M, would decay to M_ (equilibrium) by entifely first
' order processe$ with a time constant T,-

2. M ,M, would decay to zero by the first order

y
time donstant T2.

The result is the quaéions presented below:

(2.10) M, = ; ( MyH, + MzH131? we ) - M,

dt T, |
(2.11) dM, = & ( M Hicos wt - M,H ) - My

2

(2.12) dM, = -¥ (M H,sin wtd+ M H cos wt)

dt ‘ '

- (M, = M)
al «
T

3 ar e — -

= SR

- .
Bt s e e = e
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" Section 3

Chapter 2

1]
’

EXCITATION AND MEASURING TECHNIQUE

In the classic CW experiment, the field or frequency

is swept slowly through the spectrum such that the station-

ary solution of the Bloch equations yields analytical solut-

ions, under cef&ain limiting conditions. The criteria are
that the applied field H1 is small, and .the sweep rate is.
slow enough to establish a steady state where the time

derivatives\of the equations are zeré. Accordingly, we, get

equation 2.13 as a result.

(2,13 dM, = aM, = aM, = O

dt dt - dt ' g

Since the spectrometer measures the frequency compon=
ent of the magnetization, the magnetic flux through the re-
ceéiver coil induces an alternating potential which it can B& ™
shown ylelds pwo signals in the x,&“plane.18

1.Absorption signal, 90* out of phase with Hy,

S proportional to the V component of Mxy.

2.Dispersion signal, in phase with H;,
‘proportiopal to the U componenﬁ of Mxy.

The signal components, U and V represent the eleqtromag-
netic_radiation as two rotating vectors out of phase with
each other, this will be covered in more detail in Chapter 3.

Both the phase and magnitude are important, and each

signal can be.obtained separately by means of an radio-

4 -
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- will be

. must be satisfied in order for the .spectrometer passage to

) '-’ |
AT . ¥I.
®
fregugncy phase-sensitive detector as @he:gpectrometér is ‘L
swept through the resonance condition. This affords us a
measuring technique and is iflustrated vectorally by the ) }
isochromats in Figure 2.6.19 ' . . . 1

If the experimental arrangement is such that a receiver -

~ . . )
coil is placed along the x axis then the detected signal

i

(2.14) S = A igx o
’ ~, . "

) ° ' .
and the absorbance maximumeiII be _ ’ B

(2.15) S & H, =

2, 2
““JK .

Some important conclusions caﬁxbe drawyn from this*

&
1.Under adiabatic slow passage conditions (eqn.«éﬁ16),
as the”berturping excitation reaches resonance the . )
system at that point must absorb all the energy intro-
’ H
duced by the excitation. ¢ J

KX

2.In order to avoid saturation the powver level of the

: ¢
excitation must be carefully balarfced.

3.The bulk magnetization vector is pushed only‘slightly

frg? equilibrium and a weak signal results.

From the adiabatic theorem we know that equatiqn'2.16

20 =~ .

Be considered "adiabatic.

y
A s ve e i o UM A SAAM . UM .
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2
(2.16) dH, <« ¥ H,

dt

In liquids, the ratio of the spectrum width to the line width
is very large, meaﬁing the relétive time spent searching a
line is short with respect to the total sgan timg.'The result
is that in an unpopulated sample the entire spectrum must be
scanned, and at'a power level which will not saturate the
populated parts of the spectrum.

When this requisite is ignored th; BAoch/éﬁﬁagions no
longer accurately describe the system. In practice,, this
resulfs in a non-Lorentzian line shape with spurious ringiqg)
caused by excess magnetization left in the x-y plane ;fﬂer
resonqnce.83 Figure 2.7 illustrates the artifact, but the
explanation is best delivered using Figure 2.6.

AS the resonance condition in 2.6b is reached, Hy is

rotati2§ in the x-y plane at the Larmor frequency W,

. Immediately after resonance the Larmor frequency has changed

as a’result of the sweeping excitation and H1 now finds
itself béating‘against Mxy,(as shown in Figure 2.6c. This is
the cause of the wiggle observedlaftqf the peak.

From the Bloéh équations we know tQat Mxy decays with
the characteristic time T2. In principal the enﬁglope
sh&uld contain information with respéct to this decay.82
Unfortunately, field inhomogenelties cause nuclei in the bulk
sample to experience slightly different values of‘Ho and
their vectors QQickly‘deﬁhase.oausing relaxation: In fact, .

this envelope 1s @ better estimate of field homogeneity than
. T
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Figure 2.7

A. Fast passage scan of a formyl proton showing
residual ringing. ~50 Hz/sec

. )
B. Slow passage run of same.~ 2 Hz/sec
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anything else, and it is common procedure to shim up t@e <
field against a single line wiggle beat pattern. . ,ﬁ/'
In order to drive the system into the‘fast passage

region, equation 2.17 must be satisf%ed experimentally.

(2.17) bt > 1. where b' = Sweep rate (Hz sec)
2
2 1 T2 T2

natural decay time

Concurrently, to minimize the system saturation, which
should then yield the greatest peak height for the given

sweep §ate, equation 2.18 must be optimized.10

2
op (&H1) T1T2 =1+ 3.01#b"+T,T,

At its upper limit S = 3.01‘5*%1*T2
fo} an infinite power input.

The "sweep rate, b, must be optimized in qccordance with
the last two-equations. This is difficult unless the opeéator
hﬁg.a priori intuition concerning the relaxation values for

the system under investigation, but certainly these values

can be guessed at. If the expectations are that a natural

line width of 1 Hz is desirable, then the minimum value for

b would be only 20 Hz by equation 2.17 iwhile equation 2.18
would only be limited by the available transmitter power,

P
13
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In general, it can be stated that the pulse method
usually yields '‘a better S/N ratio, with the difference clos-
ing as the sweep rate in the rapid scan experiment increases,2

' ¢

but the sensitivitieq“aretbompqrable. If equation 2.19 des-

cribes the time between scans63, then

(2.19) + T = ¥, + 3T, where V' = sweep rate

v v

t sweep width

*
3

therefore the time éived'by Vt/v, is necessary to sweep the
entire spectrum vwhile 3*T2 accounts for the time required
for.the last liﬂe'scanned to decay. From this it is possible
to conclude that at low T, values the 3*T2 term lowers

the sensitivity, while at high T1's the Eontribﬁtion would
be negligible and the rapid scan has approximately equal
sensitivity to pulse methods.
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Chapter 2
Section 4

THE FOURIER TRANSFORM

* The Fourier transform (FT) finds wide application
among problems involving vibrations or ose;llations. In
oré;r to describe a harmonic process it is necessary to
employ a mathematical series which can precise;y represent
all the components present in the system. The Fourier éer-
ies is particularly well suited to this case since, simply
Stated,-it is a series whose terms are composed of periodic'
functions., By definition, at the limit of the sum the Fourier
series.may be replaced by an integral of the sa@e name.

This integral may undergo transformation between two
domains where the f&nction is preserved coherently and
exact}y in both domains, but defined in different units,
related directly through the transform. The transform may
take different forms depending upon the nature of the
system, but will be composed of a number (perhaps’ infinite)
of (co-)sinusoidal components at various frequénc1;>, each
with a given amplitude and initial phase, as illu;ﬂ@ated in
Figure 2.8. The purpose of Figure 2.8 is to show an exam-
ple‘component and the relationship possible between the

- «x

two domains. By inspection, in Figure 2.8@, the real and

Y

imaginary vectors are 90° out of phase with each other,
A

leading t6 the observation that a combination of sin and

cos terms can describe the whole function.

~
4
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A. Example sinusoidal component A cos ( 27 ft+¢ )
-both period and phase shift along x axis.

B. Function in A. decomposed as sum of two contra-
rotating vectors. -Only real component of vectors
add, by inspection imaginary parts always cancel.

C. Three dimensional spectrum of part of function.
The time for one rotation of a vector equals one ,

period, all at the same freéquency. §9u1va1ence of
representation 1s obvious: ., cos@e %(e1¢+ e-1¢)

.~




P ]

= 2

s ————

A A . i~

25"

Both Fourier sine and cosine transforms are symmetrical
about t=0, lhe cosine being an” even function, the sine odd.
These transforms alome allow the d%scription of systems
with either purely even or odd symmetry, a seriogs limiting
condition. |

The linear combination of the two transforms generates
a new transform which will model all fun;tions of qrbitrary
symmetry. This equation may.be expressed by a Taylor expan-

sion’'in exponential notation, as shown in Figure 2.9.

FIGURE 2.9

Sin(x) = x-- 53 + 3? LRI /

3! 51
Cos(x) = 1 = _2 + 54 + oieenn

21 4 ,

p (
Exp(x) = 1 + x + 32 + 53 + teene
21 3!
vev. exp(id) = cos(@) + (sin( @).°!

by Euler

! The special properties of i accommodate the symmetry
and preservé'the orthogonality of the siq;’and cosine fun-

ctions. Finally a notation can be ventured which represents

22

the Fourier transform,

fh(t) ( cos 20ft “isin 20ft ) dt

-0

(2.20) Jh(t) exp (421ft) dt =

»

N
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The transform pair may now be presente{, depicting the re-

- lationship between the two domainsd. ,
' !

e

H(f) i.[ h(t)’e&p(-iant) dt

(2.21) :
h(t) = az—]——JH(f) exp(_i2nft) dt

< )

oy e e e e

The practical advantages of the Fourier transform are
realized in the algorithm of the fast Fourier_}:ransf‘orm.9 ’
(fFt) This is.an especially time efficient method of’pro-
cessing the discrete Fourier trqnsfd}m.(dFT)

The particu;ar'strategy employed in the program used
in this thesis is a decimation in time algorithm, for;the’
special case where N, the number of: points in the array to
be processed, is a power of two;23 The effectiveness of
this algorithm is achieved by the reduction of the number
of complex operations (multiplication or addition) neces-

sary to perform the transform. The form of the @iscrete

digital expression for the FT is shown in equation 2.22.

N-1 '
H(F) =S h(t) w:f for £ = 0,1,.. N1

(2.22) e
where W = exp'(iﬁln

Intrinsically, it must take N operations to find the value
of one H., hence G operations to find all N*H, values.
Using the Cooley-Tukey proceduﬁe, the array is split

into two sums, one for n even, another. for n odd points.

R 4
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Nj-1 W-1
f 2t+1)f ol
(2.23)  H(A) =S hy W e S h (D)

' t+0 10 , )
The total N-point dFT may be found by combining.the|two
N/2 point dFT's accprding‘§o the relationship, Eg

' A
-1 -1 l
tf f tf
- s H(f) =§:h W + W &h L}
. . Y T
since wn/2 = wn
- f

-

To process the two N/2 point arrays requires only .
24 If the two N/2 peint arrays |
are further divided into N/u point arrays, and so on until
each sub-array contains only one point, the transform of
which is itself, the complex ar}thmétic required is only that
necessary to recombine the sub-divisions of the array. This
is how the N log2 N relationship is derived which dic=-

tates the number of calculations required to perform a fFT

using the Cpoley-Tukey algorithm,.
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" product of the two functions.
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Chapter 2 ' ¢
Section 5 -
CORRELATION
The dFT adheres to the same principal relationships
25

between Fourier transform pairs as does the continuous FT.

In partic¢ular, one of these properties is very useful with
, 2

respect to our intent, for it states that the convolution of

the FT's of two functions is proportional to the FT of the
26

8 .

Thus if H(f)-->h(t) and G(f)=-->g(t) are both FT pairs
then ' |
HOE) ® G(Hox 1 ( h(t) * g(t) » -
21
where ® defines the operation of convolution.

This theorem allows fhe arduous task of é conventional
discrete convolution product27 to be replaced by the direct
multiplication of the two functions in the Fourier domain.
Of further significance is the generalizationrof the prop-
erties of the convolution theorem to generate an equivalent
supposition for the correlation operation.28

‘ The consequence of this becomes important in light of

the fact that the time domain measurement of an NMR signal

(the free induction decay) and the frequency domain equival=-

ent (absorption mode) are Fourier transform pairs.29 The

resulf is an elegant data manipulation which allows access

to a huge array of digital processing techniques.30
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If the.data gathereJ from éhe experiment, F(w), is in
the frequency domain, then upon FT tﬁe array is now describ-
ed as a function of time, f(t). En the time domain our fun-
étion models a naturally decaying exponential, and may be
treated digitallyoas such. .

At this stage the signal can undergo exponential mult-

iplication, convolution,31’32’38 eross correlation,33
trigonometric multiplication,3u digital smoothing,35 and

filtering3®

or any other operation acting coherently on an
exponential function.

The correlation multiplication yields fhe important
components, h(t), without preserving the wiggle beat ring-
ing, and upon retransformation back to the frequency ‘domain
we have the signal of interest, H(w). This is illustrated

graphically in Figure 2.10.
J FIGURE 2.10 ‘

F(w) ® G(w) ====>  H(w) frequency domain
’
FT iFT o
f(t) * g(t) ---=> h(t) time domain
|
The processing algorithm employed has come under close 7

sorutiny37 and several options are theoretically available.
For reasons that will be made evident in latter discussion

the physical restraints of the hardware at hand impose

criteria for making the decision determining which method to

employ.
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The derivation will be presénted here at a level where these’

restrictions play no role.
The linear response of a spin system can be written as
a Fourier transform pair.‘z-9

FIGURE 2.11

. F(w)

fiy

1 JF(W) eiwt dw ==ea==d

£(t)
o1

it

’
In NMR convention', F(w) would be the result obtained from

a slow passage experiment while f(t) could represent a typ-—.
ical response from ?,\%zlse spectrometer.

The correlation operation may be justified treating
the system classically or quantum mechanically, the linear -
reponse method will be ‘presented here.12 In order to show
};he\ analytical proof of the correlation operation within
the cmtext of the NMR experiment it will first be neces-
sary to describe the spin system, F(w).

The response of the .sample to an arbitrary excitation,o

¥

E(t), can be modeled by

(2.26) R(t)= jﬂ(«) E(t-2) dt

where @(4)=0 for ¥<0 (causality condition)

[PPSR




"Thé excitation can be further deséribed as39

31

t. ” 2
(2.27)  E(t)= eld Wedt o ibt
. 5
where w zb*¢ for a linear rf field swept at b F¢
4. 2
sec

Substituting into equation 2.26 we get,

[ ] ? 2 .
(2.28) R(t) = Jﬂ'(t) elb (=) 4y
2

The detected component of the response, R(t), must be in

phase and at the same frequency.as the applied rf field
ibt

et

4o 2

(H,). This is obtained by multiplying R(t) by exp”
¢ -

and is anaiogous to phase sensitive detection.

A 3

This gives us . ( -

: o2 ,
(2.29)  F(w) = R{t) # e~1bt

o ‘ 2
which upon substitution by equation 2.28 and factoring,
ylelds, . . ‘

p 2 2t o .

(2.30) - F(w) = fﬂ(t) ¥t ¥ ')

» 2

. Now“taking the forward transform of F(w) we have an’ express-

ion of the system in the time domain. ”

-~

o

(2.31)  f(t) ='1__Ju;(w) el¥t dw, ‘
. o ' o

2 s

> B
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Substituting equation. 2.30 into 2.31 and knowing. w,zb®t- :
we' get equation 2.32.
. ' 2 . .- :
- . 1b(4-2u%)  iw, . L
(2.32) f(t)"zw_‘__Hﬂ(t) ¢ i e dtde, s.
24

After factoring and rearranging'ﬁpis can be written as eq-

uvation 2.33: K | ' ‘
) ' o - . 2
1 (2.33)  f(t) = L{eiwt(t't) . Igsw). el™ du, 4

21 2 . : .
& -fs . . i

‘ \
‘“ﬂdﬁf;’/zln equation 2.33 the definition for the fnverfe FT for the

t

Dirac impulsé function is underlined. bnce ;ecognized,uo

it brpvidég us with a tool to simplify .the equation since

by definiti_bnu2 the transform of the product of a function
P . multiplied with an impulse function,. is the function ngelf.qB
‘;§ubstithing the Dirac function into equation. 2.33 we,gkve )
. . ' . . wa ))(".\
| ' - 1be? - |
(2.34) f(t) = Iﬂ(‘é) e_B__ * S(t-¥) ax
‘ b 2 )
and finally, after multiplication, equation 2.35,
o ey ¢1pt? | - !
(2.35)  £(t) = g(t) eF |
2 ‘ S 11 ’ ' o
, - R )
. By: inspection, it is obvious ‘that multiplying equation
\ bt ' ‘
) 2.35 by the term exp'}f& » in this case the funotion we have
- ) 2 - N

is retrisved to

s/

' , .
-
t
Y .
' y

.
' - A
- N 0 0
Ly, Cavae® 4 2 o k. A e ' PN S 3 ¢ i,

.~ designated g(t), ‘the original time response
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yield the free induction decay signal ﬂYt) ThlS is the°
justification of tAL multiplication of our mbddled time

response by the complex conjugate of the theoretical line

shape.

' L2 2 :
£(t) ® g(t) = p(t) eiPt™ # o-ibt >

“ 2 2

1 h(t)

e e e

(2.36)  h(t) = p(t)

.

To obtain the final slow passage spectrum it is only

necessary to find the inverse FT of Z(t) in equation 2.36.

(2.37) * H(w) =“I h(t) e ¥ gt

¢

which yields the approximation to the slow passagg'spectrum.
Glancing back at Figure 2.10 it is now possible to write
down the first rudiments of a flow chart dictating the steps

required to perform the actual correlation operation:

-

1. Start with the frequency data L F(w)

® 2. Perform forward FT to get ' f(t) i i
4 2 ‘

3. Multiply by g(t) (exp i0t") to get h(t) |

2 |

{

, 4. Perform, inverse, FT to get H(w) /”/J/

This will be expanded in chapter 4.

‘.a

!
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Chapter 3
INTRODUCTION

The most basic instrumentation required to perform a
modern CW NMR experiment using a crossed coil probe is
shown schematically in Figure 3.1. ]

The theoretical background has already been treated in

. Chapter 2, the purpose of this chapter is to substantiate

the implementation of the experiment with the actual elec-
tronic components necessary to meet the criferia established
in Chapter 2. A summary is given followed by an explicit
description of the system employed in this thesis.

The spectrometer‘hardware is used to first perturb,
then measure the electromagnetic transitions.of a populat-
ion of nuclei (bulk sample), between stationary energy
states, The energy leQe&s in the NMR experiment are a conge- '
quence of the permanent magnetic field furnished by the
magnet pole faces. The stability of the magnet is largely
a funétion of the magnetic power supply and associgted mon-
itoring circuitry(magnetic flux stabilizer and t;mperatuce
controller). The excitation is stimulated by an RF oscill-
ation supplied by the transmitter of Figure 3.1 through a
transmiyter coil aligned along the x axis. Therdetection
and quantitative measurement of the induced gignél is per-
formed by a phase sensitive detector connected to a coil
placed on the y axis. Both coils are housed in a probe which

sits between the pole faces.of the magnet and holds the

P Wb et mUbeetahidhd it LGNS LA t ek
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sample under investigation. At the point of detection

both the transmitter and the receiver are tuned to the
Larmof frequency, completing the rehuirements for the
resonance condition, and reaching a maximum according to

thé Bloch equations. The last component to be mentioned,
;hown in Figure 3.1, is the signal recorder. The recorder
‘receives information derived frbm two sources, shown clearly
in the Figure. Conventionally, the potential from the sweep
cqils is used to dfive an analog motor which moves a bridge
proportionally to the x gxis. A separate motor drives a
slide wire mounted on the bridge', with a pen attached to

it. This is driven b; the amplified signal from the rec-
eiver and draws the y axis absorption plot.

This concludes the ggneral description of an NMR spect-
trometer, the specific configuration of the instrument used
ig this thesis will now be discussed. The modified arrange-
mené of an HA-100. spectrometer is shown in‘Figure 3.2. Each
component will be discbssed to specify itssrole -in the op-

eration of the entire system. **




Figure 3.2
HA-100 Ccn‘igquration
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Chapter 3 , '
Section 1 - . '

po—

The Magnet ., . :

A 100 MHZz (2.348 Tesla; water cooled electromagnet is
employed in this spectrometer along with the original power
supply and V3520A temperature controller. The physical di-
mensions and mechanical criteria conform to the manufact-
urers specifications6u and have been covered in detail in . i
other te;ts.65 The magnetic field must be both stable and
homogeneous since, by the Larmor equation, a fluctuation of
Ho by an order of 10'9 yields a change in the resonant fre-
quency of .1Hz at 100 MHz, which is significant in a high

resolution experiment. When the line broadening governed

+ by the spin-spin'and spin-lattice relaxation is less than

‘that caused by the inconsistencies of the magnetic field h

then the spectrometer contribution is at the limit of resol-
ution. The stability and homogeneity requirements are met
by several actions detailed pelow: ¢

Field Stabilization

The following list comprises the techniques employed

in this spectrometer to achieve a stable magnetic field.

1. Insulation and temperature control are provided by

a double wall casing and‘the V3520A temperature controller

[ 4
respectively. The V3520A is solenoid controlled to react to
a thermistor resident in a reservoir tank where the water

‘:om the magnet cooling coils is continuously cycled.

'
f

/

o A Lel e % e ot ko A e e o a ko REET L



o ¥ S e e

3

A large amount of heat is generated\from an electromagnet
since a high'intensity'electricai current is routed through
two main field coils which are wound around the circuit
éonnecteq to the pole faces.

2. The ohtput from the main transformer stages going
into the magnet is rectified and‘féltered by current stabil
ization circuits present in the power supply itself.

3. Magnetic flux stabilization is supplied by the flux
stabilizer which compensates for rapid changes in the mag-
netic field. This is accomplished by supplying a correct-
ion signal to the current stabilizer as a result of monitor
ing the magnetic flux through stabilizer p{ck up coils moun
ted on the pole faces and by supplying a current to the
buck-out coils . v

4, A field ﬁomonuclear lock is used by the V435U4A con-
troller with a separate channel provided for the lock méd-
ulation. _For our purposes, the lock channel was operated
at 2500 Hz, the VU354A having a dedicated potentiometer to
control the power modulating the lock. The dispersion sig-
nal of the chosen reference side band (TMS, DSS, or HZO)
is monitored and current applied to the appropriate stabil-
izer coil to correct for the shift in magnetic field. See
Figure 3.3 for explanation of channel ?requency allocation.

Homogeneity

The homogeneity of the magnetic field“varies as a re-

sult of sample state, sample tube quality, and o?\codrsé, t

9

- )
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N
main field inhomogeneities. . Attached to each pole face are

shim coils arranged in pairs which apply supplementary fields
of conciselZ.regulated strength and geomgtry controlled by
potentiometers housed in the V3531B unit.

Under normal operating procedures, the field homogen-
eity is shimmed empirically by observing the ringing of an
intense singlet.(mqptioned in Chépter 2, section 3) This
is done before locldng such that the signal is,maximized to
provide the largest possible'lock and the most resolved
signal possible. Spinning the sample in the probe also
increases homogeneity since the magnetic field:. experienced

by any npcleus in the x-y plane will be averaged. /

The Sweep System

In order to detect the sigﬁgl, some method is required
to move the resonance condition past the detector. This
ma§ be done, as pointed out in Chapter 2, by either
sweeping the frequency or the field. The pro's and con's
of the two altérnatives has recently been questioned in the
literature, with the'cpnclusion that both methods are equal-~

ly sensitive being drawn.66

In our case, the lock frequency
is held constant, modulated on a separate channel, while

a weak ac is supblied to the sweep coils mounted in the
probe, from the linear sweep module, originating from the

V3530 sweep oscillator. This is represented diagramatically

in Figure 3.4. The V3530 houses the Wavetek oscillator which

[N JEUPETE A% TP . Rk o R A A Sy i
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résponds to a voltage ramp output from the HP-1000 computer
(O,to 10 volts) and is initialized by the operator calibrat-
ing trim potentiometers on the unit face while observing the
V4315 frequency counter. This is the point where the freq-
uency sweep is put under software control. The linear volte
age ramsspushes the V3530 output between any two minimum

and maximum settings dialed in by the operator viewing the
the frequency counter, in response to the polling codButer
program, This allows discrete digital ‘control of the freq-.

uency linear sweep and replaces the usual CW analog driveg

_}”“-
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Transmitter, Receivér, Probe.

The ﬂA-1OO is a crossed coil 'spectrometer, where the
receiver %nd transmitter coils are agrpendicular to each
other, mounted on the x and y axis, respectively. They are

-

. .
housed in the probe body, a single piece of harmonically

stable aluﬁinium, this prevents interference from phonons,
o [ '

mentioned in Chapter 2, section 3. Also aligned in the

probe are the sweep c&ils and the receiver preamplifier.

The close proximity of the pwo coils and locél magn-

etic eddy currents make it necessary to balance the trans-

mitter power with the emf produced in the receiver coil such
that a zero potential is passing out of the probe from the
receiver coil., This is accomplished with two sets of double

paddles, coarse and fine, which tune the coils by changing

" the inductance of the probe.

‘Experimentally, the tra;smitter excitation is caused
by applying plane polarized electromagnetic radiation in
such a way that a component of the radiation rotates in
the same diféction as the spin precession,‘qnd induces a
transition.67 The quartz oscillators in the V4311 unit
supgly the iock,,analytical and transmitter channels with )

the appropriate amplified and attenuated RF energy.

The receiver detection signal is an induced emf pot-
tential in the coil which undergoes preémplification in the
probe. Once out of the probe, the signal is further ampli- \

fied and passed into a phase sensitive detector. The abs-




\

‘orption (v) or dispersion (u)'signal, botg préséht in the
outPut, may then be obtained by the judicious adjustment of
the phase angie by rotating a capagdtive copper platg e~
tween the face of the detector, mounted/on a calnbraée

dial, displayed on the V4311 unit front panel. The output
of the phase detector depends upon thg phase of the input
signal relative to that of the refe;ence signal and the slope
of the line. It is well documented that the resistance of
the tined circuit is the absorption (real) mode, while th

reactance yields the dispersion (imaginary) mode of data, 8

and this is electrically how the signal is separated.
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Chapter 3,
" *

A

-

Any }pectrometer using FT techniques requires a com-
puter to'process thé data digitally. There are many options

open to the NMR spectroscopist considering putting a spectr-

ometer under computer control.eg’ 70, 71 ’In the config-

uration presented here, there are three obvious functions

the computer must pérform:

" 1. Output controlsgignals to run the experiment.
2. Input data from the experiment and output haf&eqpy.
3. Interface with the operator. '
The operating parameters of the computer control net-
work are a function of both.the hardware and software in-

e

volved. The intention her

is to discuss the aspects of

‘ . . .
the computer components which affect the performance of the

instrument. The programs are covered in.detaiI’in Chapter y,
and that is the most obvious point to discuss the .attributes
of the entire coordinated gystem.

HP=-1000

« The'HP-1000 is a Héwlett-Packard minicomputér running
under a HP-21MX-E‘proc ssor with 32K of 16=bit word‘memory.
An HP-THOOA dise drivé provides 4.9 M bytes of hard copy
through one fixed, apd one.removable disc. Ancillary input-

output (I1/0) devices include a HP-2645A terminal, Digital
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LA-120 terminal(employed as a printer), and a Nicolet Zeta
1553 digital plotter. The I/0 between the HP-1000, and the
Zeta plotter, or LA-120, is done through aq\RS-232C inter-
face which is switchable, to allow remote ope:ation from '
different liAes hard wired to various rooms in the qézart-
ment.

The HP-1000 runs on the HP RTE-2 operating system, and'

will run Fortran IV and Assembler languages.

©

AIM-65

The Aim-65 is a §ingle board R-6502 based microproces- .
sor with 4K 8-bit memory. The Aim-65 has an on board dot-
matrix‘thermal printer, a 22 character light emitting diode
(LED) display, and a full tfpewriter Style keyboard.

The R6502 centiral precessor unit runs a memory mapped '

I/0 through an 8-bit parallel data bus. Because of the sim-

. plicity of the monitor program resident in the Aim, a sep-

arate assembly language program was written accessable thr:,
ough'a functisn key on the keyboard. This program, shown
in figure 3.5, sets the microprocessor in a polling loop.
This loop monitqrs the keyboarq and the designated data
lines on éhe J=3 expénsion port, searching for incoming

data. In this configuration the Aim act§ as a remote ter=-

minal, receiving data in both directions. The characters

sent by éhe HP-1000 ‘are input and displayed on the display,

while the keyboard data is output on the chip-selected lines..

L 4

I ———




Figure 3.5 AIM-65 Assembler Program and Flow Chart

& START >

INITIALIZE.
STATUS
REGISTERS

GET I/0
STATUS REGISTER
CONTENTS

GET KEY
STATUS

KEY

GET
CONTENTS

DOWN??

Sy

GET KEY

OUTPUT TO
DISPLAY

0300
0301
0304
0306
0309
0308
030E
0311
0313
0315
0318
0319
031B
031E
0321
0322
0325
0327
0329
032A

032D
0330,

0333
0336

78 SEI
8D STA 8000
A9 LDA #38

8D STA 8003
A9 LDA #8B

8D STA 8002
AD LDA 8001
29 AND #08

DO BNE 0330
20 JSR ECEF
88 DEY

30 BMI 030F
20 JSR EC82
20 JSR EF05
48 PHA

AD LDA 8001
29 AND. #10

FO BEQ 0322
68 PLA

8D STA 8000
4C IMP 030E
AD LDA 8000
20 JSR E97A
4C JMP 030F
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INTERFACE : )
It is now possible to review the oriéinal three func-

tions deemed necessary for computer control. The first two,
;experimental monitor duties, are accomplished by providing

a ramp from 0 to 10 volts dc to"the Wavetek in the V3530

unit. . This allows discrete digital control of the frequency

sweep through the experiment with an aécuracy imposed by the

timer internal to the HP-1000. To a certain degree, thg

! 13

&
limitations are controlled by the programming efficiency, but

the NMR experimental time frame is many orders of magnitude

Y
‘.

slower than the speed approachable by an optimized assembly

l4nguage program . - |

The input signal ente}s the HP-1000 through the Ra;;heoh
14-bit analog to'digital converter(ADC), via a 16-bit duplex
register. The output signals exit through two dual 12-b1F

digital to analog converters(DAC). One DAC line provides

the spectrometer sweep and scope x-axis, while the other -

W

has the scope y-axis.

The last function, operator interface, is performed
through the Aim-65, using/the program in Figure 3.5 and
the circuitry shown in Figure 3;6. The R6551 is an asyn-
chronoué communication interface adapter(ACIA). It is comy
pletely programmable, with three internal registers which
control the parity, interrupt status, baud rate, and other
pertinent handshake parameters which ensure easy interface

with a variety of host computers.

PN RS SO
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, i

;\'\. . Figure 36 RS-232 Communication Interface .

Aim-65 J-3 port L R6551 chip configuration . ,
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The three functions of the computer control system
have been discussed with respect to the hardware components
used to implement the net-work. The limiting ‘step is the

software, and that is discussed next.
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CHAPTER 4

- SOFTWARE .

Control of the entire correlation process has been
divided into three separate programs, each of which is
compiled and run distinctly from the others. This is
necessary because of the restrictive size of the host
computer, but fol;ows a natural separation present in
the exclusive nature of each job.

Each program shall be explained presenting the oper-
ating algorithm and illustrations of the actual results.
The duties of each are summarized here to enable an under-
standing of how the division of labor is accomplished be-

tween them.

1. NMRUN=-=Actually tﬁo programs, a Fortran routine for user
interface and calculations, and an assembly language routine
which actually runs the spectrometer during the experiment.
This program in its entirety allows the user to run the ex-

periment and write the data gathered as a disc file.

i .

/

2. NMRAN--One large routine which performs all dafa manip-
ulations necessary for coherent treatment of an NMR data

file. This pro;ram reads a disc-file (presumably the result
of NMRUN), allows processing, and writes the post operative

file without affecting the original spectra file.
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3. NMPLT-~This program reads a disc file and plots the
data on the digital Zeta plotter. The routine is }n
Fortran and uﬁilizes Nicolet Zeta subroutines. The orig-
inal file is preserved with no additional files created.

The usual sequence of operation is in the order that
the routines have been presented. Because of the remote
access to the spectrometer, only the programs NMRAN and )
NMPLT are run local to the HP-1700 and Zeta plotter. This is
not inconvenient, since these two routines are run exclusiv-

!
ely post manipulative to the experiment itself. 4

The programs themselves are presented in Appendix 1

for consultation. .
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Chapter 4
Section 1 : ’
NMRUN \

This program runs the spectrometer, and creates a disc
file to hold the Fata recovered from the experiment. There "
are really two major parts to this code, the controlling
Fortran routine gnd the slave assembler code. Each will
be treated separately, taking the lead from their mode.of
interaction.

It would be most helpful to consult Figure 4.1 for this
discourse< The calculation of the running parameters is
done to fit the requirements of the assembly language sweep
program. The operator is polled for data, of which three
responses must be accurate: the two readings off the freg-
uency counter indicating the Wavetek settings, and the num-
bér of scans required. All other entries are taken to be
estimates, with the real value reghltant from the internal
calculations returned at the end of the set-up loop. The
operator then has the alternative of changing any variéble.
Because of the hardware configuration,lonly the acquisition
time and the number of sweeps can be altered without repeat-
ing the entire set-up routine, . ¢

Onée the sweep routine has been selected, the keyboard
is loéked out until the experiment is cowpleted. The assem-
blsr routine returns to the calling routine where the aquis-
ition parametérs may be immediately changed if the operator

was dissatisfied with the original result.
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PRESENT .

MENU T* - 1

SET-UP??

ZERO ARRAY OF NTER . FIELD
LENGTH N INTEREST (ppm)

]

PERFORM WAVETEK
CALCULATION - .S

ETURN WAVETEK ‘ .
SETTINGS (Hz) |~ . :

NTER EXACT .
AVETEK VALUEY

s 2L i g S Y <

RECALCULATE "
CALIBRATION o

AQ.
ONLY??

ENTER AQ.
TIME

ENTER # OF |
. ’ SCANS WISHED : ’

”

COMPUTE FINAL
DP. PARAMETERS

o

PRESENT MENU UTPUT VALUES
CHANGE VALUES OR INSPECTIO

]




o e s ——— o i o TE——

-
F"""‘“@_ INITIALTZE
VARIABLES |,

SET INTERRUPT
AND COUNTERS

PRINT
# OF SCANS

—

RETURN TO

OUTPUT
"OVERFLOW"

(HECK IF # OF

C§= FINIS
N

2

A
SET-URTTY
TO READ

SET DAC
TO START

ALLING PROGRAM S15
\————r—/

HECK SWITCH REG.
VERFLOW??

SWITCH ON ADC

OUTPUT SCAN#
0 SWITCH REG

WAIT ON |
INTERRUPT

b B i Al s e 7




}l

DISPLAY T0 DAG

INCRE MENT
ADDRESS

PUT DAC T0 O

WAIT.

YTPUT SCA
MINAL??

OUTPUT ASCII
CODE TO TERM.

DIVIDE
ARRAY

VERFLOW LYKELY |
AT SCAN?? 'y
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'

R The assembly language code has three Fortran calls
frotn NMRUN which access df?ferent subroutines. The

three subroutines are responsible for calgpqétion of the

. V-3530 Wavetek ( RMIN,RMAX ), and runninghthe experimeﬁt‘on

, -
the HA-100 ( SWEEP ). ’

'The experiment is run by providing a sweep ramp' from
0 to 10 volts'in 4096 steps, with data collection at each

step. The ramp is calibrated by separaﬁe calls to RMIN(OV)

and RMAX(10V) which are summoned by NMRUN to coincide with

e

the Wavetek adjustment performed by the operator.

- The SWEEP code call passes the pertinent values to
the asSembly routine to run the system clock and count '
the number of scans. All %the calculations ar; performed
in the NMRUN calling rdutine, the values are simply loaded

into- the variables with the call, no error checking is done

after the call, inside the assembler routine.

-

ri
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Chapter 4 = =

"Section 2

NMRAN

Thé algorithm is discussed by secbion, since each pro-
cessing function operates indepen@ently of the others and
may be accessed in Eny sequence, The one assumptign which

the programmer is-responsible for, is that the operator un-

s derstands what order the different functions should be applied

.to yield' a coherent result. An error checking monitor at this

level. would be quite complicated unless every step of the
processing was put under program control. This would génrel-
ativgly siﬁp1e~bu£ would restrict the freedom of the operator
to experiment with new procedureé./ There are also hardware

memory limitations to be considered.

The actual use of NMRAN is demonstrated in Figure 4.3,

which is an illustration of the steps taken typically

through the processing of a raw spectrum file to yield the

fihq@,cbrreiated, ghased,.s}dw passage spectrum. No digi-"'

tal‘massaging was done, so‘that the final slow passage spec-
tfu; of orthodiaglorobenzene would be cémparable to the

fast passage result. Only the sweep rate differs between
spgcfa E and F in Figure 4,3. Obviously, the resolution in
the cgrfeléted result 1s,pot equivalent to that oflthg

slow passage spectrum, but this is simply a quéstion of

exgeSsive sweep rate causing line broadening and this case

-

 is examined with éa’example in the experimental Chapter 5.
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9

The purpose here is to illugtrate the state of the
array values at various steps through the processing pro-
cedure. fhe following hispogram steps through the exercise
typical in correlaiing a raw spectrum file, the appropriate

diagram is indicated-Tor each step alphabetically.

wr
o s s oS i T S A ot P s A o

1. read a disc file into the’array.

2. Scale the array===ec-cecccocccccaa=- me—————— > A

03. perform a forward real transform ) .

4. scale the array---3 ---------------------- > Bﬁ

- 5. perforﬁ correfation multiplication-ec=ec—ea > C . :

6. perform an inverse comples transform q %

7. scale the afrayql---------f--é%---zj ----- >D y %

8. perform phase adjustment _ . . ) ) !

q; paek-plot the result------- ‘-;;;f -------- >~§ s | %k
-1:‘ 10. comparable slow péséage Ploteececceccanax > F ‘

The flow chart is shown in Figure u:u. 'ng\cpn-
vention is to always present the operator with a menu
of alternatives sucﬁ that the options are piainly before -
him or her at all timeq.'An unavailable or unintelligible

response always returns the menu.

-
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PRESENT
~ MENU.

'READ -FILE
LENGTH N

WRITE FILE
LENGTH N

© STOP??
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PRESENT MENU

i

PERFORM

PERFORM
EXPONENTIAL

MULT.

|PERFORM

 FOURIER
TRANSFORM

JPERFORM PHASE |

CORRECTION.

——

SCALE DATA

OUTPUT ARRAY

TO TERMINAL
\\__,//”’

ZERO AND/OR

PACK ARRAY

PUT ARRAY

. 'TO VALUE 1

CHANGE SIZE

OF ARRAY (N)

+  RETURN ,

AN
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CORRELATION

.-The correlation calculation expects the array to be in

first half real - second half imaginary order. The term

" which represents the theoretical line is not applied direct-
ly, but is redficed to a form simpler to implement in the
calculation; ‘

From Chapter 2, section 5, it is remembered that

g(t) = exp (-ibT?) where b = sweep rate rad o
2 ' ‘sec
and T = running time

variable.

37

from Ozawa and Arata we know that '

i

(4.1) &t = 1 2™ where &t= the change in time.

Naf NbAt N = number of points.
( ' Af = change in frequency.
| . b = sweep rate.
, At = time increment
by definition in my program b =2 TSW
AQ
where SW = sweep width.
AQ = aquisition time.
and 4t = TCON = AQ
N

substituting these into equation 4,1 we get

(4,2) &t = 2.1 .
N-2-0-SW AQ \

AQ N




pleted in N + 3N log,(N) multiplica*ions.’2

66

From Ozawa and Aratad! we also know that exp b (k ‘&t)2

(4.3) N i
is equivalent to exp b-T2 1
, 2 ‘

. We can now substitute for b and &t into equation 4.3 and get

2-T-SW 2 2
— —_—
AQ N-2-T SW AQ ;
(4.4) AQ ¥
2
# ’ 2 . ’
whic® reduces to T k where k # index of array
SWXAQ SW = sweep width

AQ = aquisition time
It iS also much simpler to use Euler's theorem to calculate
the value of the exponential term. Thus the operational

definition of correlation is realized as:

exp ( -1 Tk% ) = cos ( k2 )+ i sin ( T kS ) (4.4)
SW*AQ SW*AQ SW¥AQ

and is implemented as

R

n R, cos ( ) - I, sin ( )

>

I, =R, sin ( ) o+ I, cos « )

where Rn represents the real values of the array, and
v, In represents the imaginary values of the array.

This allows the new correlated values to be computed in
place without increasing the memory space requ}red. This

!

also allows the total fFT/correlation oper;}ion to be com-

}

X

o




FAST FOURIER TRANSFORM (fFT)

The actual implementation of the Fourier transform is

4y

accomplished with a program published by Cooper. This

routine is the result of much opt:imizationus’u6

and is-

géneral in its application. There are many alternatives
when searching for an FT algorithm to fit an application,
all based on the original work-‘by Cooley—T‘ukey,9 varying

from general improvementsu7 to specialized algorithms
48

2

enhanced specifically for accuracy rather than speed.
This program has seen u;e in an NMR environmentu9 and
hence required few changes to fit turnkey—like-intb our
system.

The program itself is written in Fortran and setup
as a subroutine of NMRAN, responding to the menu solicit-
athn for FT. There are three major subroutines internal
to the FT code which process the array in three distinect
steps and whose order of use determines theltype of FT

I'4
performed by the call. The internal subroutines act sep-

arately from each other and do no error checking to super-

vise the order of deployment, but this is a decision made
by the programmer and not the operator. In this case there
are only two possible FT calls available to the operator,

a real foward FT, and a complex inverse FT, even though

the code has the capability to perform all possible variat-

ions of calls.

S Y T




T~ i s e+ e e,
.

~4

\y&-;/, ‘68

‘The three subroutines, FFT, POST, and SHUFFL, will be
discussed in general, but the bulk of this 'section must con-
centrate on the combined effect of all éhree as they operate
on the array. The subroutine is available in the adpenéix
for reference, for further detail the original source is

recommended.uu

FFT Subroutine A

This piece of code agtually performs the transformat-
ion, the other two being ancillary operations concerned
basically with indexing (SHUFFL) and the special treatment
of real numbers(POST). The signal flow graph shown in
Figure 4.5 illustrates the steps required for an amray of
N = 8. The array is first put into bit-inverted order such
that the final sequence is uniform from 0 to 7. This bit-
inversion is an artifact of.the calculation regimen and
is' simply an index rearrangement.

In general there will be & passes required for an
array of size N = 2&. Each pasS constitutes a recombin;
ation of points and.is indicated on the signal flow graph

by each'vertical column of dots. During each pass the new

value is the result of the following arithmetic:

Xty = Xq + X, W where W = exp (=2Ti)
N
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Figured5




70
The calculati®h symmetry can also be used to advantage where

X'2 = X1 + X2 W

. A1y ‘
which allows the operation to be done a pair of points at a

Qupli-

time, and therefore éalculated_in placeﬁgfs opposed_}o
cating the array space in memory. .

As was done in the correlation method, the exponential
term is implemented using Euler's rule. This also aliows an
elegané way of controlling the direction of the transform,
forward or inverse, by changing the state of the variable

INV, which simply changes the sign of the trigonometriec
addition, shown in Figure 4.6.

\\q . LY
FIGURE 4.6
elY 2 cos (y ) + 1 sin ( y ) for INV = 1
(uos) A . N ~
elY = cos (y) -1 sin ( y) for INV = =1

giving WY = cos ( -2y ) + 1 sin ( =27y ) for INV = 1
N \\ N

where y is the superscript of W as shown: in Figure 4.5,

SHUFFL Subroutine ’

?

This subroutine does exactly what the title suggests,
it SHUFFLes the array into two different oréers depending
upon the state of the variable INV. This is illustrated
graphically in Figure 4.7, showing the two possible array '
oonfigurations after SHUFFL processing in A and B for the
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N\ Figure 4.7 Action of “"Shuffl" -
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"POST Subroutine ..
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variable INV = 1 and -1, respectively. ‘The significance of
this has important implications since the FfT routine ex-
pects the data to be in a "first half real, second half

imaginary" sequence and generates a complex result accord-

ingly. 1

*

&

<8

This routine is embloyed in a‘POST-processing function
in order to complete the 1ast-stepcqf a forward“Feal trans-
form: Again, depending on the‘sign éf iNv; it may be used-
as a pre-procéssing\routine in'an&inyerse real transform,

S
but this format is superfluous to our needs. ”

-
- -

The process is a one pass‘recombi@?torial operation
which corrects for the fact that’the F%T routine acts en-
tirely as if the array were cgmplex.so"Thqs ghe real
points are calculated by trigonometfically 5é;ombining the

complex points according to the relationship: : ‘

[

.'xr(n) = Rp + cos(_Tn ") Ip - sin( 1n ) Rp
(4.6) N o N
Xy(n) = I+ sin(_In) I, - cbg(“ﬂgg) Rp
N N

where n = 0,1,2,...N4§ and m = N/2

.
o

R = Rn + Rm_n ‘ ) -
- IP = In + Im_n
Rp = Ry - Rpen . )

=4
.oon
-
]
—t
S
-

¢ VA amdmd e A e g
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¢ | ? '
';It is now possible to present the FT routine in its
entirety. In the final state we have need to perform a
forward réal FT and an/inverse complex FT. The calling
sequence for these peqmahatrons is V
v .
call fFT ( INV=1) foward real
» . call POST R1R2R3Ru1112131u , >
call fFT *( INV = =1) ° inverse complex - ‘[’ v
RaRaRaRy Ty IpI30,
. .PHASE code :

The final ouiput from the 1nverse‘comp1éx transform
}gavea the array in the " first half real, second half imag-
"inary " order. The bhasé corr;ction subroutine expects this,
and performs a first order phﬁse correction accordinglx. \
The operator is only required. to make d visual appraisal
of thé anse angle (in degreesf ad justment hhét 1§fis estie
' matedoﬁill result’in a perfectly phased spectrum upon- app-
lication. The‘qugtion used to calculate tﬁe adjustment is.

"

‘of the form:

" ) . ' A > © 0
B . - ‘ ' R . ' i
Rn = qps ( arg ) \wﬁn * sinﬂ( arg }. In, . ¢ .
(u'o") & ) ¢ ’ l * A \
L 3 v * .
» [y . . .
- N 8 I . .
Ip = -8in ( arg »* Ry « cos (arg ) * I ¢ Iy
- 2 . . ° ]
!, ( \ . ’ !
. * l ¢ { . { RO
u * ' \: :‘o * y \
q ! )
! L ] , . . ' s .
‘. .'~t' . “l.l \ ; R a
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) where arg = phz * 1

estimate 1anegrees.,

n= t,2,...N2

180
phz = operator entered
Rn t the real points of the atray.
In = the imaginary points of array.

ity as shown in that\venué.

EXPonential Multiplication

-
B

Vs_

'As stated’earlier in' the theory section, the function

' which described the array in the Fourier (timg) domain is an

» . 4 N
exponentially decaying free induction decay (fid), and is °

equivalent to that which would be gathered in a pulse ex-

periment.53 Coﬁsequently, the array may undergo the same

iencing the same trade off between

S The

‘manigglativé techniques employed in pulse FT methods, exper-

Eesoluti&n and sensitiv-

operational Qifficult-

ies of exponenfial multiplication can be stated simply:

S —

1. emphasize‘nhe start of the fid

’

2.'emphasize the(bail of the fid

¢ oo

-=> optimum S/N
-=-> sacrifice resolution
--> optimum resolution

~-=> expense of S/N

b

This translates into line widﬁh estimates, which are

" the required inputvﬁy the operator,

The equation used to

model the exponential function is shown in equation'u.B,

<

of all line broadening applied agai
book-keeping aid. '

ﬁhe‘calculation itself is done in place. A running tbtal

nst a fid is kept as a

\

»
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2%sw

n=I,"exp-~ ((n-1)' ELB>
2%SW

where n

|
r ELB

n=R,%expg ((n-l)' ELé>

-
t

index of array

operator entered line width

F
SCALE code

This routine allows scaling of the dapa array to a
’maximum value entered by \he pperator.\ This gugrds against
overflow problems, but is used mainly'before a disc file
write command is exercised. This ensures that the value of
the array falls within the maximum range possible to be en-
_.: cod?d for any one value on a disc file(32767).

»

The operation is a simple search for the largest abso-

lute value in the arrdy, followed by dividing it into the
scaling value :;fjred by the operator. This is then mult-
iplied into ea array point to yield the scaled array. -

LOOKC code

[} This is essentially a debugging routine which gllows
.the operator to view the array as it is printed out'bp_yhe
terminal. Each vélue;is dispiaxﬂd with the oorréspond{ng‘

poldt numper;




ZEPAK code

ZEPAK is a manipulgfive routine which allows any por-
tjén Sf the array to be zeroed to facilitate £heﬂoperation
of zero filling. The packing option fits a spectrum file
into one half the original array size. Thie was originall
done to enable the~imp1e;entation of a processing algorith
published by Ozawa.37 However there was a 1085 of resol-

ution by 1/2 because of the missing points, and this was n

longer pursued.

Py ONES code
L

] ‘ Anotﬁer piece of debugging code which simply sets

the entire array to the value T.k This is gﬁeful ﬁhep in-

vestigating the nature of any of the multi¥lying functions

and searching for artifacts against a repréduction of thé

function itself.

FIDL code

This routine lets the operator change.the size of the
array to facilitate debugging and to allow processing of

' spectra files of an unusual length.

;his concludes the description of NMRAN. As E:)viously

stated, the programs are presented 'in the agpendix for con

¥

\ sultation if desired. .
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Chapter 4
Section 3

NMPLT PROGRAM

This program is straight forward, the only complexity
‘being hidden in the cryptic format of th? leta plottﬁr
software comménds, and to this end the source is referen-
ced.?! The PAKPLOT option allows the real data to be
plotted with out the symmetrical imaginary points. The
flow chart is shown in Figure 4.8.
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Chapter 5

EXPERIMENTAL

The purpose of this Chapter is to present actual spectra
obtained from the instrument configured as detailed in tpe
preceding Chapters, which illustrate operation under a var-
iety of conditions. All Figures shown were taken directly
from their Zeta-plots after being scaled to 1000.00, and all
plotting dimensions are equivalent within any Figuré to
ensure an acéurate comparison. A summary follows.

The effect of 'sweep rate on the signal-to-noise rapio
and saturation parameter was .previously mentioned in Chap-
ter 2. This artifact will be investigated using the 0.D.C.B.
sample employed in Chapter 4 to illustrate the operational
flow chart presented there. ' l

Example spectra of some simple organic molecules
commonly used for spectrometer calibration'will be discus-
sed to demonstrate the system operation when locked on
T.M.S.

JAqueous samples will then be explored with the spec-
trometer locked on both D.S.S. and water. This section
clearly demonstrates the advantages of this configuration
when investigating systems with strong solvent lines.

Finally, a study of a sparingly soluble thiazolium
salt will be presented which exemplifies the type of prob-
lem where the unique capabilities of a Correlation Spectro-

meter find particularly useful applications.
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In each case where the fast and slow passage spectra
are presented on the same page, the following precautions
were taken to allaw rigo}ous comparison:

1. The same sample was used in each case.

2. Instrumentql settings were equivalent,.

3. Digital processing was-.equal except where phase
correction was not required. )

4, For each Figure, the fast passage spectrum was run
immédiately following the slow passage experiment,
wiih no homogenelty adjustmgnts in between. Hence if
the field was to degrade over the course of the run
the fast passage spectrum would represent the "worst-

case" result and consequently the broadest lines.

THE EFFECT OF SWEEP RATE ABERRATIONS L

—

L

The follohinﬁﬂshorﬁ discourse should illustrate the
principles originally discussed in Chapter 2 cohcerning
the optimization of the S/N ratio and sensitivity, and the
relationship between these parameters and the sweep rate;
The 0.D.C.B. spectrum has already been presented in Chap-
ter 4., It was noted there that the resolution was nSt ex-
actly equivalent to that of the slow passage spectrum, al-
though the S/N ratio was slightly better. . |

The following series of Figureé, 5.1 through 5.4 have‘

equivalent scan parameters with the exception of the sweep
£ '

rate, which decreases as the Figures proceed. If Figure 5.3 ,

is compared with the slow passage spectrum in Fiéure 5.5 a

Pode o dn s W P U TP 1 0y <t bty e
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- much better correlation is perceived, with assignments

becoming distinct.
The measurements were done in reverse order of.pres-

entation, Figure 5.4 being the first. Assuming a-constant

a .

homogeneity colntr‘ibution, there is an obvious trend with

regards to resolution enhancement which nicely illustrates

-

the line broadening effect of excessive sweep rates.
This supports the conclusion that the lowest convenient
sweep rate should be chosen within t,h.e limit of equation 3

of Chapter 2, to yield the greatest sensitivity for the

system under investigation. ’

ORGANIC MOLECULES ‘ )

b

The following sample c‘ompo‘mds have tybically been

used in organic N.M.R. spectroscopy as caljbration stand-

ards to establish resolution and sensitiv_ity“performanc‘e

' expectations. In all cases the spectrometer is locked on

CTo

T.M.S. at&%’joo Hz, with the actual pri#t-out stating the

scan parameters displayed in each Figure. The abcissa is

calibrated by the program and output with the other spect-
L4)

ral values.

3 ' . .
The intention of this section is to illustrate the. ‘/ _—

normal operation of.the instrument using organic solvents.,

The results are comparable to dw spectra, and demonstrate

the time saving inherent i,n‘the rapid passage e:t&pbriment.l

e
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ETHYL BENZENE

— The first system under scrutiny is that of a 5% ethyl

benzene, 10% T.M.S.,'in CDC13. Figure 5.6 Bresehts the spec-
trum of what might be an 1nitia1’schn of the .expected area
of interes%. The assignments are trivial,'but if greater
digital res&lution is desired 1t\is,a'simple task to adjust

the spectral scan width to increase the numbé? of points~

‘defining a unit Hz. This is shown in Figure’5.7, the defin-

ition of the absorbance is significantly enhanced. The wig-
gle in the baseline observed as the sweep approaches O ppm
is caused by high lock modﬁlation beating agaibst the anal-

ytical channel as the spectrometer approaches‘T.M.S.u

CROTONALDEHYDE(trans)

Y

figures 5.8 and 5.9 illustrate phe absorbance
spectra of tréns-crotonaldehyge shown in the same format
as ethyl benzene. In Figure 5.8 the methyl‘grOup signal
has been truncated, presum;bly by‘the A.D.C. Interest-
ingly, thfg demonstrates the fact that éhe information coher-

ent to the fin> structure, dormally apseni in the RP spec-

‘trum, must be contained in the oscillation following the main

peak. Otherwise restoration by correlation multiplication
would be impossible. In this case the only feature affected

by the truncation is possibly the peak heikht. Ffgure 5.9

has a shorter spectral width allowing beéter definition of

o

the down-field peaks.
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ETHYL TOLUEﬁE(meta) N oL ‘ ) .

~

A sampbe of 10% ethyl toluen;,,10; T.M.S., in‘CDC13 is
efémined in Figures 5.10 and 5.11. The specﬁrum has- enough
resolution to enable easy assiﬁnmen€ of the a11phat1c region, !
and the splitting of the aromatic protons is evident.
ORTHODTCHLOROBENZENE '

&
The spectrum o‘iQ,D.C.B. should now be famiﬁiar.
-Figure 5.12 exhibit; the original scan of the entire field
to cohtrast the'inqreased digital resolution available in
Figure 5.13. As previously discussed in this Chapter, better
sensitivity could be obtained béiﬁgwering the sweep rate.

CHLOROFORM - T . ‘ .
: Finally, the trivial spectrum of chloroform is shown

L] ' 4 Cal

in Figure 5.14, the spinning side bands clearly present. - '
The two spikes just poking out of the baseline are caused

by trace ethanol added as a stabilizer at 0.7%. They "are not

resolved by the correlation multiplication’because the ring-

ing is hidden in the noise of t&e baseline. °

~ -7 ~
I have been particularly brief here because the sample “

. L
compounds under’ scrutiny are all well studied and warrant

little interest other than that inherent in their presenta-

tion, as evidence of the spectrometer operation. "
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Water has always presented a problem in the realm of
o

proton N.M.R. spectroscopy. Where it is present as the C

priric}pal solvent, it has a number of .undesirable charactér—

y -

istich which cause problems:

1. High al')undancve of H,0 protons:
.. 2. Wide 1line width relative to most absorbances.

‘3. &hemical shift is pH dependent,

The first poiﬁnt nominates water as a useful spectral'
.fea‘ture to lock the s;;gc\:trometer onto. U'nf‘ortunately p‘éintﬁs
t;wo\ and three oppose ‘this since a wide 'line width allows the
lock \mnec—hanism to drift somewhdat, gf‘fecting_ field stability.
The depend;nce of the cl’{emical' shift on pH means that the
lock placément cannot be precalibrated in the proé'ram unless
the. pH of the sample was to be‘ standafdized . This is toota
‘stringent a réstrictio‘n to place on sample preparation to be
useful , hence D.S.S. must always be present in the sample tube
for calibration purbops, if shift assignment is necessar;’.

In thekf‘ollowing spect;ra, no digital massaging was done
other than phase correction wherve required. All samplles were'
run ,with a 20 Hz hardware filter in place. Since the exact
po.sition c;f‘ the water resonance cannot be bredicted a p;-iori,
the chemical shif‘t scales are calculated after the experi-
ment using D.S.S. asﬂ a reference, where the .spectrometer

{ [

was locked on th; water signal.

'l
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cel ETHANOL« IN WATER

Ziﬂ The first example\presented is a spectrum of 5% ethanol
\.\ > -

in water with 5% D.S.S. added to calibrate the abézgsak, "J‘

Fi&kré 5.15 is organized such that the RP response along
with scan paraméte}s is shown on top, followed by the corr- \
: e : :

elated‘result. The slow passage spectrum is given at the -

bottom for comparisdn. Again, instrumental settings were

equal, the rapid passage eiperiment run“i?pediately after j
¢ ”
- the slow pasgsage run.

s

4

In both-'final ébectra the well known triplet/quartet
features are easily identifiable, Contrasting the results,

the S/N ratio is significantly better in the correlated ‘

spectrum, but the line width is perHaps narrower i

SP example. In the rapid passage result the quartet

. The time required for each scan is also gétaﬁle
the rapid passage spectrum'was gathered in only’¢2.79 :
"while the slow passaje experiment took 2hrs 13min. This is
a significant saving realized and is what makes the technique
superior to pulse methods when the dynamic range prob;em
| avoided is taken into account.

3

-PROLINE AND IMIDAZOLE

i

-

The object of the next series of spectra‘is to demon-
strate tGE usefulness of a cofrelation spectrometer in bie;
chemical applications., One molar solutions of proline and

imidazole were studied in D,0 and H,0 Wwith 10% D.S.S. .

L4 ' .
' : L)
~ L '
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' proline in D20 are compared,,The presence of the D.S.S.

104

present for calibration. In D20 the spédctrometer can easily
be locked on'the D.S.S. signal, the residual water is small
enough’ not to knock the lock box off the D.S.S. at 10%.

In Figure 5.16, the slow and rapid passage spectra of

cbmplicates the example a little by overlapping with the

proline lines, the proton sit%ing on the nitrogen has ex- e,
changed with DZO'and is nqt seen. The slow péssage resqlt
exhibits better resolution But the S/N ratio is not equal

to that of the correlated spectrum.

The fast passage spectrum run in water, presented in
Figure 5.17, has better resolution. This is probably a
consequence of the slower sweep rate and resulting opimiza-
tion of the saturation parameter. The time difference
betweeﬂ the two sweep rates indicates a substantial savipg,
with the rapid passage taking only 25 sec while the equiv-
alent Slow péssage expériment required 7 minutes.

The gpectrum of imidazole was run in 520 with the
rgsoluﬁion‘easiiy,comparablé between the slow and rapid
passage results. Spinning side bigds are observed inlboth

spectra, the slpw passage result exhibits a siight ringing

v
even at 4 Hz/sec. The time difference for the two is sim-
ilar to the proline result.

4
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STUDY OF A THIAZOLE =

Pl

The labile exchange of the C-2 proton in the thiazolium
ion has been shown to be requisite to thp‘catalytic ability
of thiamin.?? The soluble thiazole (III) has been isol-

ated as the result of cleavage of thiamin (I) in the pres-

ence of 3305.56(Fizure 5.22) ‘ . )
Figure 5.22 .
NH, 1
CHy § -
© CH; CH{ H,CH,OH I
NH,
T ) H,S0;

The mechanism of this reaction has received attention
kinetically®! and corroborative evidence has been fufpish-
ed by N.MN.R..58 The study of the mechanism of the base
oétaiyzed Open}ng of the thiazole ring in thiamin has

_previously been studied using stopped-flow N.M.R. &t 60 MHz

‘on a C.W. instrument.59
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Work progressing in this department was yé;olved in

the investigation of the kinetic properties #} the isolable
' v

thiazolium ring (III). This study deals with the applicat=-

. P
ion of correlatiz: N.M.R. as a corroborative tool to supply

evidence supporting a previous mechanistic hypothesis.

60

Figure 5.19 illustrates comparable fast and slow pas$-

age Spectra‘run 1n,D20 of the iodide salt of .the ring(III).
¥

Nothing is observed to low field of HOD& the proton Ha is
assumed exchang with the solvent D20.

Figure 5.40 is a spectrum J! the same salt (IV), this

|
time run in water. The Ha proton is clearly visible at

9.8 ppm unexchanged. The contribution from the non=-bonding

electrons on the nitrogen atom has shifted the peak signif-

icantly downfield, as exbected.61

'. ..

Figure 5.21 gives positive evidenc; that the base °

catalyzed ring opening does, in fact, end in the structure <;\

shown(V). The form&l proton, H

g2 -

expect an equivalent system <, at 8.1 ppm.

a'

Figure 5.23

is found where we would

[ P - ‘ [ PR Ty oy ¥ -3

P O A T LI s, T - TR WL L O UV SR W1 OT TIVE T IS

b A o 2




[PpemT——

2 e e emmne T ke An S AR e TRy & S

The Experimental “section has demonstrated that the !

ihstrument does in fact function in a variety of operating.

conditions and has furnished useful results that would not
have been possible by pulse methbds because of the severe

dynamige range-proﬁlems caused by the solvent,/ﬁater.
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Chapter 6 ®

FUTURE APPLICATIONS AND CONCLUSIONS

It has taken the duration of this thesis to bring this
project to the pginp where it is a viable research grade
spectrometer in‘lhe\chosen configuratibn. The more inter-
esting potential ofdsystem'deyelopment and evoluti;; has
Just become realizable. The areas of development lie ‘in

two obvious sectors: o

n

1. General enhancement of instrument capabilities on
existing features.

2: Extensidn of facility to new experiments.

Under the first heading there are a .number of publish-

ed qévanced software programs which would benefit the system.

Coopey has publishedaa peak-picking routine,52 and there

has been continuqus development in the literature of digita%
methods for handling‘dynamic range problems,72’73 correlat-"
ion development,7u and‘trunpation artifacts.’®> The

entire range of trad;t;ongl pulse data massaging techniqdes
such as Gaussian multiplication53 and trigonometric multi-
plication3u are available, Eurthgr, a wing processing

-
method enabling extraction of data out of the shoulder of

the water signal has been published gpecifically for a cor-

relation system.76 “ The software at hand currently has no

baseline correction routine, this should warrant attention.
' ’
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Unfortunately, before any further software development
should proéress to any extent, serious thought should be
given to increasing the HP1$OOO memory capabilities. The

existing software runs as three separate programs by neces-

sity because of memory protect érrors issued when attempting

to load too large a program. One alternative 'is the rather

'complicated proceaure of writing overlays whiph alloh an

extremely efficient use of memory and disc.

With regards to new experiments, it should be plain that
the forté of this spectrometer configuration ¥s in the study
of aqueous ;ystems. To this end, it compliments the pulse
spectrometer already resident in the Department in providing
a more extensiv; range of capabilities to the users. /

Specifically, the study of chemical exchange by rapid
scan FT NMR has already been dealt with theoretically in
the literature.!? :Flow,78 and stopped-flow NMR79 have NI
beeﬁ well demonstrated as perfectly viable as corroborative
evidence and in kinetic studies as well. . As of yet, fhe ad-
vantages 6f Rapid Scan Correlation FT NMR have not been
bro:ght to bear .on kinetic)problems iﬁ aqueou; systems, a
perfectly viable and possibly superior method of'investiga-
tion. Less obvious is the development of already existing
variable temperature cqp;bilities to run non-isopherﬁal

4

kineticsfso Spin lattice relaxation measurements have

~

also been demonstrated, with potential advantages over pulse

techniques.81 . K

-
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CONCLUSION ' f

r

In conclusion the following statements can safely be

‘made’z}fh respect to the objectives of this thesis:

M

1. The configuration detailed in this text does funct-
ion successfully as a Rapid Scan Correlation FT NMR spectro-

meter, - . .
&!\ Q‘r t
2. The instrument operation has been demonstrated in
\} : ’
a variety of ‘experimental conditions and -returned respectable «

results.
~ -

3. %he syStem has prov?n useful in élueidating the
solution to a problem unobtain yg‘or’diffiqu1£ to obtain
by pulse techniques. “
4, The spectrometer has very promising prospects wigh

'regardS\to further developments and provides an important

v,

complimegﬁ to the NMR facilities of the department.

5. What has for most universities becomgxscrap metalsu ,
v ' < /

has been transformed here into a viable research spectro- “,/

¢

meter.

b
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C
109  FORMAT("ZERO, SET-UP, SWEEP, OR EXIT ?7")

© Al

/ _

NAAA 2222 RS S 222 2222222222222 2222222222322 22222222 X

PROGRAM NMRUN .
CHERN B AR NN R RN NRRRRRAU R R RN R R RN ARB R RRRRRRA RN RRRARR R AR RN RN RRER NN RN

SOURCE FILE IS GRUN::11

BINARY FILE IS RRUN .

PROGRAM COMES UP ON RU,NMRUN.

PROGRAM LOADS ON TR,TRUN , -
BINARY FILE IS RRUN A
THIS PROGRAM RESPONDS AT TERMINAL #7 (REMOTE)

THISH§§_§K€JMAIN PROGRAM FOR CONTROL OF THE HA-100 -
IN T ONFIGURATION THE .INSTRUMENT IS RUN AS A .
RAPID PASSAGE ADIABATIC CONTINUOUS WAVE SPECTROMETER.

THE WAVETEK IS DRIVEN BY THE SWEEP SUBROUTINE

INITIALIZE THE VARIABLES

OO0 0O000a000

COMMON XDATA(2048), NN ‘
COMMON SW, AQ, SWPRT
EQUIVALENCE (XDATA(1),IDATA(1)) ~
INTEGER IDATA(4096) .
ISTRT=0
KLOK=0
IRATE=1 .
NSCAN=10 o
. NN=2048
DO U4 I=1,4096
IDATA(I)=0
y CONTINUE
WDOH=10.00
WDOL=2 .00 \
C THE ARRAY HAS BEEN ZEROED!!!! .
C 13
C DECIDE WHICH OF THREE MAIN FUNCTIONS TO PERFORM
cl*l**'l!iill*lll**'lillllli*llﬂlll*llﬁ!llll‘&l'*lll
C .
1 WRITE(7,100)
100  FORMAT("READ,WRITE,RUN, OR STOP??")
, READ(7,101)IRES
101 FORMAT(A2)
IF (IRES.EQ.2HRU) GO TO 108
IF (IRES.EQ.2HWR) GO TO 550
IF (IRES.EQ.2HRE) GO TO 500 .
IF (IRES.EQ.2HST) STOP “ )
GO TO 1 . ' :
c

C FIRST FUNCTION IS RUNNING THE EXPERIMENT .
CHUMMIMMNIN IR RN NN RRR RN RRRRRRARRRARRERNRRRRRRANNRN -

108  WRITE(T7,109)
y READ(7,110) IREP

P P . » ki PR TP |
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C

A2

*IF(IREP.EQ.2HSE) GO 'TO 120

IF(IREP.EQ.2HSW) GO TO 170 '
IF(IREP.EQ.2HZE) GO TO 180

IF(IREP.EQ.2HEX) GO TO 1 ,

GO TO 108 6

Cllllllll.illl{*

120
121
122

123

124
125

126
127

139
128

129

WRITE(7,121)

FORMAT("ENTER SPECTRAL RANGE OF INTEREST")
WRITE(T7,122) !
FORMAT("ENTER DESIRED HIGH FIELD LIMIT IN PPM")

READ(T,*)WDOH

WRITE(T,123) ,

FORMAT("ENTER DESIRED LOW FIELD LIMIT IN PPM") y
READ(7,%*)WpoL

DOH= (WDOH#100.0)+2500.00 :

DOL=(WDOL*100.,0)+2500.,00 /

'WRITE(7,124)DOH

FORMAT("SET WAVETEK MAX. TO " ,F7.2," HZ")
WRITE(T7,125) e
FORMAT ( "ENTER Ex/gx/VALus IN HZ, OFF FREQ. CNTR")

CALL RMIN . i

READ(7 ,*)DOH .
WRITE(7 126)DOL N
FORMAT("SET WAVETEK MIN. TO ",FT7.2," HZ"),
WRITE(7,127)

FORMAT("ENIEB‘E§§CT VALUE IN HZ, OFF FREQ. CNTR")

~

CALL RMAX

READ(7,*)DOL

CALL RMIN®

WRITE(T7,128)

FORMAT ("ENTER EST. AQUISITION TIMEM)

READ(7,*)AQEST

WRITE(7,129) ;
FORMAT ("ENTER THE NUMBER OF SCANS WISHED") !
READ(7,*)NSCAN

WDOL=(DOL-2500.00)/100.00

WDOH= (DOH-2500.00)/100.00

SW= ABS(DOL=-DOH)

RES= 2048.00 /SW
DWLEST=AQEST/2048.00
RATE=DWLEST/0.000100
IRATE=IFIX(RATE) _ ' -
IF(IRATE.LT.1) GO TO 137 . :
DWELL=FLOAT(IRATE)*0.000100 .
AQ=DWELL*2048.00 ‘ N
SWPRT=SW/AQ "

WRITE(7,130)SWPRT

“
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/

A3

WRITE(7,131)RES ‘
131 FORMAT("DIGITAL RESOLUTION = ",F7.2," PTS/HZ")
. WRITE(7,132)AQ
132" FORMAT("TRUE AQUISITION TIME IS ",FT. 2," SEC")
. WRITE(T,133)WDOH,WDOL
133~ FORMAT(WSPECTR. SWEEPS FROM ",F7.2," T0 ",FT.2," PPM")
c
134 WRITE(7,135) ¢ .
135  FORMAT("CHANGE PARAMETERS??,:YES,NO, OR JUST AQ. TIME?")
READ(7,136)IHRU
136  FORMAT(A2)
IF (IHRU.EQ.2HYE) GO TO 120
IF (IHRU.EQ.2HNO) GO TO 108
IF (IHRU.EQ.2HAQ) GO TO 139 ‘
GO TO 134 -
137 WRITE(7,138)
138 FORMAT("ERROR -/DWELL TIME TOO SMALL/")
GO TO 134
g'lﬂl!*ll!lill**ll*!ll‘!llllll!lllll!ll!li!li*ll
C
170 DO 171 I=1,4096
IDATA(I)=0 .
171 CONTINUE i
ISTRT=0
NON=2047
c
O\, SWEEP SUBROUTINE IN ASSEMBLER
CH I 32X X222 REXIZSE RSS2SR 22 24

CALL SWEEP(ISTRT,NON ,KLOK,IRATE,NSCAN)
C**ll‘l*!*‘ll.!**l’l*ll****l*l!’l‘**.'l**'*'**.ﬂ*** »
C I
C FLOAT IS DONE ON PREMISE THAT IDATA IS PACKED USING
C EVERY SECOND DATA LOCATION VIA THE ASSMBLR ROUTINE SWEEP
C 5
WRITE(7,173) .
173 FORMAT("SWEEP DATA FLOATING") i
J=1 ' 1
DO 172 I=1,2048
XDATA(I)=FLOAT(IDATA(J)) -
J=J+2
172 CONTINUE
GO TO 134.~
c
C ZERO ARRAY
180 DO 181 I=1,4096
' IDATA(I)=0
181 CONTINUE
GO TO 108

C
q:l-ilIllllllllll*llllllllll'l

500  CALL DSCRD o . .
GO :

2 | )
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C
RETURN
END
cllllliil!l!l&ll!l!ill!llll*li!lllllll!I!llllllllllilllll&ﬂ!
C
SUBROUTINE DSCRT
DIMENSION IDCB(1HN), IBUF(1), NAME(3) '
COMMON IDATA(20N8), NN '
. COMMON SW, AQ, SWPRT .
. REAL IDATA ~
C N 1
WRITE(T7,555) N

‘C§ilili§lililll!Illlllllllll!

¢ i
550 CALL DSCRT N
GO TO 1
END " !
C, L
C

Cﬁ*l*ili“l!l*litllli*!ilf!ll!!lllll!l**l!llIlll!lllllllll!lllllllll
c .

c
SUBROUTINE DSCRD . ’
DIMENSION IDCB(144), IBUF(1), NAME(3)
COMMON XDATA(2048), NN
COMMON SW, AQ, SWPRT -

C N 1)

WRITE(7,505)
505 FORMAT(“ENTER NAME OF FILE YOU WISH TO BE READ")
READ(7,510)NAME

510  FORMAT(3A2) . (,

C
CALL OPEN(IDCB, IERR, NAME, 0, O, 0)

IF (IERR.LT.0) GO TO 540 -
c .
CALL READF(IDCB, IERR, IBUF, 1)
IF- (IERR.LT.0) GO TO 540 '

C :
NN=IBUF(1) \
MN=2#NN

C . .

CALL READF(IDCB, IERR,’XDATA, MN)
IF (IERR.LT.0) GO TO 540

S )

c
CALL CLOSE(IDCB, IERR)

IF (IERR.GE.O) GO TO 545

c

-540 ' WRITE(T7,541)

541 FORMAT("ERROR IN FILE HANDLING(IERR)!")

545 WRITE(? 546)
546 FORMAT(“FILE READ COMPLETED") -

555 FORMAT("ENTER NAME OF FILE TO BE WRITTEN ")

s
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560
c

c
590
591
C
595
596

cl!l!'il!llll!lil.l'II!ﬂl'Iillllll!llﬂlillll!iilllI!!Illl'lllililll!

c

. A5

FORMAT(3A2)

- r 4
ISIZE=-1
ITYPE=3
IERR=0
ICR=11
CALL CREAT( IDCB, IERR, NAME, ISIZE, ITYPE 0, ICR)
IF (IERR.LT.O) GO TO 590 .
IL=1
IBUF(1)=NN -
CALL OPEN(IDCB,IERR,NAME) -
IF (IERR.LT.O) GO TO 590
CALL WRITF(IDCB, IERR, IBUF, IL)
IF (IERR.LT.O) GO TO 590
IL=2%NN
CALL WRITF(IDCB, IERR, IDATA, IL)
”IF (IERR LT. 0) GO TO 590 -
IL 2
CALL WRITF(IDCB, IERR, AQ, IL)
IF(IERR.LT.0) GO TO 590 . .
CALL WRITF(IDCB, IERR, SW, IL) ,
IF(IERR.LT.0) GO TO 590 L
CALL LOCF(IDCB,IERR,IREC,IRB,IOFF,JSEC) .
IF (IERR.LT.0) GO TO 590 v ’

ITRUN=JSEC/2-IRB=1

CALL CLOSE(IDCB, IERR, ITRUN)
IF (IERR.GE.O) GO TO 595

WRITE(7,591) o ' ‘
FORMAT("FILE HANDLING ERROR(IERR) ™) ) - ‘

WRITE(7,596)

FORMAT("FILE WRITE COMPLETED!!")
RETURN :

END

END$
THAT'S ALL FOLKS!!!!!!I!!!!lll!!!!lll!!l!!!!!!!!!!!ll{l!!l!l!!
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Clllllll*llll!Illli!ll.l*lillﬂlhill*l*lil*Qll*!l!!l*ll!ill*ll!ﬂlilIli

. PROGRAM NMRAN
Cllll!!&l!!lllill!lll!lllll!lililllilllllllil!l!*l!!llii*li%&&!i!il!i

SOURCE FILE IS GRAN::11

BINARY FILE IS RRAN

PROGRAM COMES UP ON RU,NMRAN A :
PROGRAM LOADS ON TR,TRAN ‘ ;
THXS PROGRAM RESPONDS AT TERMINAL #6 (REMOTE) - -

THE DSCRT AND DSCRD ROUTINES PROVIDE HARD COPY

STORAGE AND RETREVAL FOR THE SPEC. FILES ON THE
REMOVABLE DISC. - -
THE DSHAP SUBROUTINE PERFORMS THE CORRELATION MULTI- -
PLICATION AND ACCESS TO THE FOURIER TRANSFORM ROUTINE
AND ALL OTHER DATA MANIPULATION ROUTINES.

INITIALIZE THE VARIABLES

COMMON XDATA (20483, NN
COMMON SW, AQ, SWPRT
EQUIVALENCE (XDATA(1) IDATA(1))
INTEGER IDATA(4096)
NN=2048 Al
TLB=0,00:
DO 4 I=1,4096
IDATA(I)=0

y CONTINUE .o
WDOH=10.00 :

 WDOL=2.00

AQs0.0
SW=0.0

* c
C DECIDE WHICH OF THREE MAIN FUNCTIONS TO PERFORM }
CHERAEERNNRER RN R RN NN RE RN RN RN AR AR RN RN RN RR R R RN R RN 1

c - e,
1 WRITE(6,100)
100 FORMAT ("READ,WRITE,SHAPE, OR STOP??")
READ(6,101)IRES -
101 FORMAT (A2)
. IF (IRES.EQ.2HSH) GO TO 200
IF (IRES.EQ.2HWR) GO TO 550
"IF (IRES.EQ.2HRE), GO TO 500
IF (IRES.EQ.2HST) STOP
GO TO 1 .
c | . ' !
C_ FIRST FUNCTION ‘IS RUNNING THE EXPERIMENT
Cl.lt..ll'*llll*‘*".’.lll‘...li'lﬁ'.l‘..lIl."llll"'.ll

E3

.~
C SHAPE SUBROUTINE CALL
Cﬂﬂﬂ.lIlllillﬂﬂlllllﬁiﬂil‘
c
200  CALL DSHAP

- GO TO 1

N
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Cllill!llllll(‘!!l!ll!;lll!ll
C
500  CALL DSCRD v
GO TO 1 ,
C " . F4
AL 2 EZILIE 222222 222222 222 )
C
550 CALL DSCRT ]
GO TO 1 | .
END : .
C
c ' ’

C!Il!ll*iil%!l*lll&illllﬁllllill*lliillljll!lllll!!lill!ii
C . : h

SUBROUTINE DSHAP

COMMON IDATA(2048), NN

COMMON SW, AQ, SWPRT

REAL IDATA,ISRG, ICRG

INTEGER HWDO

RDTN=0.00
PHZ=90.00
C
CHMMARRERERE R R RRN NN AR N R R RN R R RRNRR R RN R RRRRRR R AR RN
C PRESENT THE MAIN MENU
C

201 WRITE(6, 202)

202  FORMAT("CORX,EXPX,FT,PHASE ,SCALE ,LOOKC, ZEPK , ONES, FIDL,QUIT?")
READ(6,203)IRAP
203  FORMAT(A2) : .
IF (IRAP.EQ.2HPH) GO TO 210
IF (IRAP.EQ.2HCO) GO TO 220
IF (IRAP.EQ.2HON)'GO TO 230
" IF (IRAP.EQ.2HEX) GO TO 240
IF (IRAP.EQ.2HZE) GO TO 250
IF (IRAP.EQ.2HFT) GO TO 260
IF (IRAP.E@.2HSC) GO TO 270
IF (IRAP.EQ.2HLO) GO TO 280
IF (IRAP.EQ.2HFI) GO TO 290
IF (IRAP.EQ.2HQU) GO TO 299

GO TO 201
¢ C ?
CHMNERBBARANRRRRRR RN ERRR RN R RRNR RN RN RN
C - PHASE ADJUSTMENT AND RECONSTRUCTION //’

"

C -

210 WRITE(6,211)PHZ

211 FORMAT("CURRENT PHASE ANGLE = ",F7.2," DEG. ENTER NEW VALUE")
READ(6,*) PHZ . :

NO2=NN/2
RG=(PHZ/180,00)%3, 1“1592654
CRG=COS(RG) ’

SRG=SIN(RG)

J=NO2+1
/" po 212 1=1,N02

P T T -




212
. 213
C

229
c

~ JbX=No2+1

ISRG=SRG*IDATA(J)
RSRG=SRG*IDATA(I) .
ICRG=CRG*IDATA(J) %

_ IDATA(I)=RCRG+ISRG,

IDATA(J)=-RSRG+ICRS}

J=Jd+1

CONTINUE

WRITE (6,213 )PHZ

FORMAT("FINISHED PHASE ADJUST TO ",F7.2," DEG. ")
GO TO 201

CRERBRRRERRRRARRRRERRBHRERRRRBREEN I BRRN BT 2000000320 3000

. CORRELATION MULTIPLICATION

EXPECTS ARRAY IN FORM RRRR/ITIII

CONTINUE

NO2=NN/2
WRITE (6,222 )SW,AQ
FORMAT("SW= ",F7.3," HZ. AQ= ",F7.3," SEC.")

AR=3 . 141592654/ ( AQ¥*SW)
IDATA(1)=0.00
IDATA(JDX)=0.00 ;

DO 229 IDX=1,NO2

RDX=FLOAT( IDX)

ARG= AR¥®RDX % %2 .

ARGC=CO0S(ARG)

ARGS=SIN(ARG)

HOLDI=IDATA(IDX)

HOLDJ=IDATA (JDX)
IDATA(IDX)=(HOLDI®*ARGC)-(HOLDJ*ARGS)

JIDATA(JDX)=(HOLDI*ARGS ) +(HOLDJ*ARGC)

JDX=JDX+1
CONT INUE

GOQ 201 }

CHRRBERERERERERRRRARRR RN RARRRBRRARRRRERRR R AR R RRRR

240

c
c

241

CONT INUE

EXPOTENTIAL MULTIPLICATION
ELB= 0,00

NO2=NN/2 \

J=NO2+1

WRITE(6,241)TLB |

FORMAT("TOTAL LB IS ",F7.2," -ENTER ADDITIONAL LB")
READ(6,*)ELB

TLB=TLE+EL B

DO 242 1=1, NN

BRKT= -((I=1)*ELB)/(2*SHW)

PNT= EXP(BRKT) '

2 kel e it s B
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¥ o IDATA(J)=IDATA(J)*PNT
« J=J41, |
242 CONTINUE |
WRITE(6,243) TLB
243 FORMAT("FID HAS TOTAL OF ",F7.2," HZ LB BY EXP #")

GO TO 201 __
c" . *
K N Cl'_ll'ull!lliillﬁ.l!lllll!!ll.l!illllillll!llll!!!llliiiiil //’/
c JUMP TO FOURIER TRANSFORM SUBROUTINE
c
260 CONTINUE
CALL FFTN
GO TO 201
Clll&lli*lll**l'!*i*llll&illlil!llili!**Il&!*llli!l!lﬂlll* ,
; 1 C
‘ 230 CONTINUE '
WRITE(6,231) '
231  FORMAT("THE ARRAY HAS BEEN 11111111'D")

R DO 232 I=1, NN |
| IDATA(I)=1.0 . e

i
. 232 CONTINUE . !
. GO TO 201 - :
' c . 3
Cll,lll!lﬂlil*lll*l*!ill*lilll!*iil'lll!lliﬂ&!**llli*i!l!&*l 3
c ' : .y
Cc ROUTINE ZEROS WINDOW IN ARRAY ;
250  CONTINUE .
' LWDO0=0
HWDO=NN . .
- ISKP=1
/7  WRITE(6,256) - |
256  FORMAT("ZERO, PACK OR QUIT??") _ :
READ(6,257)IREP . !
257  FORMAT(A2) y ' P
. IF(IREP .EQ.2HZE) GO- TO 258 |
IF(IREP.EQ.2HPA) GO TO 259 ' ‘ _ : |
IF(IREP .EQ.2HQU) GO TO 201 <
GO TO 250 : - |
258  CONTINUE o ’)
WRITE(6,251)

251  FORMAT("ENTER THE ZEROING WINDOW PARAMETERS BY POINT NUMBER")
WRITE(6,252)LWDO
, 252 'FORMAT("THE LOWER WINDOW IS POINT NUMBER ", I5).
v READ(6 , #)LWDO
‘ WRITE(6 ,253) HWDO
253  FORMAT("THE HIGH WINDOW IS POINT NUMBER ",I5)
; READ(6 , *)HWDO .
g : WRITE(6 ,263) ISKP ‘

/263 ° FORMAT("ZERO BY EVERY ",I5," PTS??") _
f READ(6 , # ) ISKP o
§ DO 254 I=LWDO, HWDO , ‘1SKP
l : "IDATA(I)=0 ,

254 CONTINUE.

C t
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g

255
c

259

261
262

C'lli!ll.!llllll'llll'!lllllllilllll li!'ll!lllllllll!lll! N

270
C

C
Ce.
c

' J3
Y

274

275

280
¢
c

C¢\

281
¢

c
c

282

2831

gﬂl!l!llll!lllll!llll!lll!l"l!illllll!‘l'I'!!Il.l!lélfl!
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FORMAT("ARRAY HAS BEEN ZEROED FROM ",I5," 'TO ",I5," BY ",I5)

GO TO 201
CONTINUE

.NO2=NN/2

J=2 ¢ ’

DO 261 I=1,NO2 =~ - .
IDATA(I)= IDATA(J)

J=J+2

CONTINUE

WRITE(6,262)

FORMAT("ARRAY PACKED: RRRR/GBGE")
GO TO 250

CONTINUE
THIS R NE DOES A SCALING FUNCTION

SORT FOR THE MAX VALUE OF THE ARRAY

YMAX =ABS (IDATA(1))

DO 271 I=1,. NN :

VABS=ABS(IDATA(I)) :

IF (YMAX. GﬁﬁNABS) GO TO 2{1

YMAX=ABS(IDATA(I))

CONTINUE

WRITE(6,272)YMAX

FORMAT("THE MAX. VALUE OF THE ARRAY IS ",FT.2) .
WRITE(6,273) gn .

‘FORMAT("ENTER SCALING VALUE(32767 IS MAX)"

READ(6,#) SKL
SCALE THE ARRAY

DO 274 I=1; NN - S ®
IDATA(1)=(IDATAUI)/YMAX)*SKL : (
CONTINUE

WRITE(6, 275.) SKL

FORMAT("THE ARRAY HAS BEEN SCALED TO ",FT7.2). .

GO TO 201 ° . . .

LY

CONTINUE

' ~
! 3
e

v

WRITE(6,281)NN
FORMAT{"CURRENT # OF PTS IN ARRAY= ",I5)

WRITE THE ARRAY

DO 283 I=1 NN

WRITE(6, 282) I IDATA(I)

FORMAT ("PT NMBR " ,I5," HAS THE VALUE ",FT7.2)
CONTINUE ‘

”

.




v
.

PR SN

o rm——— e S am— — rin e

Al

WRITE(6,284)
284  FORMAT("THE END gr THE ARRAY")
C.
GO TO 201 1
Cc ) ,
C!!l!i*llllI»llﬁl'ili!llll!illrllllllilIlllillll!!ililiiii
c
290  CONTINUE
WRITE(6,291)NN -
291  FORMAT("CURRENT #0F ¥TS = !,I5," -ENTER NEW VALUE!™)
READ(6,*)NN:
WRITE(6,292) NN
292  FORMAT("ARRAY NOW CONTAINS ",I5," PT3I")
GO TO 201
o
Cillllllllilllllllillllllllll!illiiilll!l!!li!i!iillil*i! ’
c ,
299  CONTINUE
RETURN
END .

c .
CHRNMERBNNNRNANRER MR RN R R RN RN RN R R annnnnnnnnnnrPenny
C -
’ SUBROUTINE DSCRD ‘ =
* DIMENSION IDCB(144), IBUF(1), NAME(3)
COMMON XDATA(2048), NN
COMMON SW, AQ, SWPRT

WRITE(6 505)
505 FORMAT("ENTER NAME OF FILE YOU WISH TO BE READ")
- . READ(6,510)NAME

510 = FORMAT(3A2)

C .
CALL OPEN(IDCB, IERR, NAME, 0, 0, 0)
IF (IERR.LT.O0) GO TO 540
C ’
CALL READF(IDCB, IERR, IBUF, 1)
IF (IERR.LT.0) GO TO 540
c- .
NN=IBUF(1) .
‘ =2#NN B
C READ TOTAL # OF PTS' NN IS # OF REAL PTS!
C
CALL READF(IDCB, IERR, XDATA, MN)
IF (IERR.LT.O) GO TO 5M0 . .
C }
. MN=2 {
CALE READF(IDCB, IERR, AQ, MN) . -
IF (IERR.LT.O) GO TO 540
CALL READF(IDCB, IERR, SW, MN) .
IF (IERR.LT.O0) GO TO 540
c >
Cc

CALL CLOSE(IDCB, IERR)




540
541

545
546

(223

Al2

WRITE(6,541)
FORMAT("ERROR IN FILE HANDLING(IERR)I")

WRITE(6,546) |
FORMAT("FILE READ COMPLETED")

RETURN
END

CEERREERERERRERBERRRERRRR R RN RERER AR BB RN RRRRRRRRRRRRRRR N

¢

SWﬁROUTINE DSCRT . ¢
DIMENSION IDCB(144), IBUF(1), NAME(3)

COMMON IDATA(2048), ~ .
COMMON SW, AQ, SWPRT N
REAL IDATA :

WRITE(6,555) '

FORMAT ("ENTER NAME OF FILE TO BE WRITEN (REMOVABLE DISC)")
READ(6,560)NAME

FORMAT(3A2)

ISIZE=-1
ITYPE=3
IERR=0
ICR=11

CALL CREAT( IDCB, IERR, NAME, ISIZE, ITYPE, O, ICR)
IF (IERR.LT.O) GO TO 590

IL=1 \ 7%
IBUF(1)‘NN

CALL OPEN(IDCB IERR, NAME)
IF (IERR.LT.O0) GO TO 590

CALL WRITF(IDCB IERR, IBUF, IL) ) . -

IF (IERR.LT.O) GO TO 590

IL=2%NN
CALL WRITF(IDCB, IERR, IDATA, IL)
IF (IERR.LT.0) GO TO 590

IL=2

CALL WRITF(IDCB, IERR, AQ, IL)

IF (IERR.LT.O) GO TO 590 )
CALL WRITF(IDCB, IERR, Sw, IL) . »
IF (IERR.LT.O) GO TO 590

CALL LOCF(IDCB,IERR,IREC,IRB,IOFF,JSEC) ' .
IF (IERR.LT.0) GO TO 590 '

ITRUN=JSEC/2-IRB-1 : P

\
N iR
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c
590
591
C
595
596

. —
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IF (IERR.GE.O) GO TO 595 -

WRITE(6,591) —
FORMAT("FILE HANDLING EhROR(IERR)“)

WRITE(6,596)

FORMAT ("FILE WRITE COMPLETED!!")
RETURN

END -

Cll!l!ill!lli!!!!.lIli!i.lﬂl'l!*!***lllil'!il!ili!!lllllll

c
106

THIS PROGRAM PERFORMS A FAST FOURIER TRANSFORM
hIMILAR TO THE COOLEY-TOOKEY ALGORITHM.

THE CODE WAS TRANSLATED INTO FORTRAN FROM -A =
PASCAL LISTING WRITTEN BY JAMES COOPER WITH v///;jﬁj;;{
SOME MODIFICATIONS =
THIS PROGRAM HAS THREE SUBROUTINES WITH IN IT, EACH

OF WHICH PERFORM AN ENTIRELY SEPERATE FUNCTION.
WHAT FOLLOWS IS A FLOW CHART OF THE INDEXING SYSTEM

USED FOR THIS APPLICATION TO CORRELATION PROCESSING.

REAL ARRAY-—=-- RRRRRRRR==c=e=aan FREQ. DOMAIN
RIRIRIRI

(REAL) SHUFL===== -

(FWD) 2 TO

(TRFRM) POST-=e=mem

COMPLEX ARRAY-- RRRRIIII======<-=TIME DOMAIN

(COMPLX)
(INV) FFT=mmmme-n TO
~ (TRFRM)
-

COMPLEX ARRAY-- RRRRIIII~=-eem=w- FREQ. DOMAIN

B3 00 000000 000 00 00 00 0000 00000 3 00 00 U 00 06 30 00 30 00 0 30 00 00 1 00 30 08 06 00 30 00 00 00 30 00 00 06 0 3000 00 3 00 30 06 00 00 B 0 0

SUBROUTINE FFTN

COMMON X(2048), N
COMMON SW, AQ, SWPRT
INTEGER CMBK .
DATA PI2/1.570796327/

TINV=1 ' -
WRITE(6,101) l S -

0 e e o e WL, RN A TN AR M T L LA AR .
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103

104

107

25

[N Ne R

15
105

QOOOO0O00O00
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READ(6 , 102 YEMBK _ -
FORMAT (A2)

IF (CMBK.EQ.2HF0) GO TO 104

IF (CMBK.EQ.2HIN) GO TO 103

IF (CMBK.EQ.2HST) GO TO 108

GO TO 106

INV=-1

CALL FFT (INV,PI2)
GO TO 107
CONTINUE

CALL SHUFL(INV)

CALL FFT ( INV, PI2 )

LCALL POST( NU, INV, PI2)
_WRITE(6,109) .

FORHAT("TRANSFORM COMPLETED")
. RETURN

END

SUBROUTINES BEGIN#HMREEERENARERURRNNRERRRRNARNRRNNNR D

FIRST A FUNCTION WHICH PERFORMS "BIT INVERSION"

FUNCTION IBITR (J,NU)
IB=0
DO 25 IN=1, NU ) \
J2=4/2 : :
IB=IB*2+(J-2%J2)
J=J2
% IBITR=IB
RETURN :
END : , '

NEXT SUBROUTINE IS DEBUG BRERERN RN RN NN

' OUTPUTS THE DATA ARRAY DURING PROGRAM DEVELOPMENT

SUBROUTINE DEBUG oo

COMMON X(2048), N

COMMON SW, AQ, SWPRT

DO 15 I3=1, N , !
WRITE(6,105) X(I3)

FORMAT ( F7.2 ) -

RETURN

END

NEXT SUBROUTINE IS POST lllllllllllllllllilll!lliillll

ACTION IS PENDANT ON THE STATE OF "INV"

IF INV=1 THEN DO POST PROCESSING FOR FORWARD REAL TRANSFORM
IF' INV=-1 THEN DO PRE PROCESSING FOR INVERSE REAL TRANSFORM
THIS SUBROUTINE WORK'S THROUGH THE ARRAY BY CUTTING IT IN
HALF AND PROCESSING FROM THE ENDS TO THE MIDDLE. .

THE INDEX I AND M WORK THE FIRST HALF OF THE ARRAY.

THE INDEX IPN2 AND MPN2 WORK THE 2ND HALF OF THE ARRAY.
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SUBROUTINE POST ( NU, INV ,PI2)
COMMON X(20u48), N
COMMON SW, AQ, SWPRT
REAL 1IPCOS, IPSIN, IC, IS1, IP, IM
NN2=N/2
NNU4=N/4 ‘ 4 .
DO 35 L=1,NNU
I=L+1
M=NN2-I+2 /,\
IPN2=I+NN2
MPN2=M +NN2
RP= X(I)+X(M)
RM= X(I)-X(M)
IP= X(IPN2)+ X(MPN2)
IM= X(IPN2)- X(MPN2)
TAKING COSINE OF PI/2N

' ARG= (PI2 / NNU)#(I-1)

- IC= COS (ARG)

THE COSINE WILL BE -VE IF DOING INV. FT. .
IF. (INV.EQ.-1) IC==IC 4
IS1= SIN(ARG) ’

IPCOS= IP*IC
IPSINz IP*IS1
RMSIN= RM*IS1
RMCOS= RM*IC .

PROCESSING REAL(R___) -AND IMAGINARY(I__ ) POINTS ™~
X(I)= RP + IPCOS - RMSIN
X(IPN2)= IM-IPSIN=-RMCOS
X(M)= RP- IPCOS+ RMSIN
X(MPN2)= -IM -IPSIN -RMCOS

CONTINUE
RETURN
END
NEXT SUBROUTINE IS SHUFFL lilil&!!llilill!!g&!li!llllll
RIRIRIRI
TO '
RRRRIIII I

IN PREPARATION F.OR FORWARD TRANSFORM, OTHERWISE REVERSE
THE DIRECTION OF SHUFFLE DEPENDS ON STATUS OF INV.

INV IS 1 THEN: LARGE CELLS AND WORK DOWN ARRAY
INV IS -1 THEN: SMALL CELLS AND WORK UP ARRAY.

SUBROUTINE SHUFL (INV)

COMMON X(2048), N

COMMON SW, AQ, SWPRT :
INTEGER CELNUM, CELDIS, PASS, PARNUM

IF (INV.EQ.-1) GOTO 43
CELDIS = N/2
CELNUM= 1 ‘




43

w7
C

GOTO ‘47

CONTINUE

CELDIS= 2

CELNUM= N/4 o
PARNUM=z 1

CONTINUE

C PERFORM THE FIRST PASS

c

41

45
C

I= 2

DO 45 J= 1, CELNUM
DO 41 K= 1, PARNUM
XTEMP= X(I)

IPCMi= I+ CELDIS -1
X(I)=X(IPCM1) -
X(IPCM1)=XTEMP
I=1+2

CONTINUE

I=I+ CELDIS
CONTINUE ’

L) C  CHANGE VALUES FOR 2ND PASS

C

42

uy

49

e X NP

50

IF (INV., EQ. -1) GOTO 42
CELDIS= CELDIS/2
CELNUM= CELNUM¥*2

-PARNUM= PARNUM/2

GOTO 44

CONTINUE

CELDIS= CELDIS*2
CELNUM= CELNUM/2
PARNUM= PARNUM®2
CONTINUE

A16

IF(( CELDIS.LT.2.AND.INV.EQ.1).OR.(CELNUM.EQ.0.AND.INV.EQ.~1:)

1 GOTO 49

GOTO 47
RETURN
END

SUBROUTINE FFT( IWV, PI2 )

COMMON X(2048), -N
COMMON SW, AQ, SWPRT

REAL I2C0SY, I2SINY, K1, K2

INTEGER CELNUM, CELDIS, PASS, PARNUM

NU=0
N1=N/2
N2=N1
CONTINUE
NU=NU+1
N1=N1/2

NEXT SUBROUTINE IS FET #USSSESuuumusnuuus euupunnnnis
THIS IS IT fti1Q1tQtpM

o/
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DO 51 I=1, N2
II=1-1
K=IBITR(II,NU) +1 A
IF (I.LE.K) GOTO|51 '
IPN2= I+ N2 \
KPN2= K+ N2
TR= X(K)
_TI= X(KPN2) \ ;
X(K)= X(I) ' :
X(KPN2)= X(IPN2)
X(I)= TR
© X(IPN2)= TI
51 CONTINUE
1=1 .
C THE FIRST PASS 1S DONE ALONE. : Pt
52 IF (I.GT.N2) GOTO 53 - i
K= I+ 1 .
KPN2= K + N2
IPN2= % ; N2 - : f
K1 = X(I) + X(K |
A XK = XD - XK | ' :
X(I) = K1 . j
K1 = X(IPN2) + X(KPN2) i
X(KPN2) = X(IPN2) - X(KPN2) '

X(IPN2) = K1 C
I =14+ 2 A , .
GOTO 52

53 CONTINUE
CELNUM = N2/4
PARNUM = 2 ;
CELDIS = 2 ;
PASS = 2
DELTAY=PI2 i

i

C EACH NEW CELL'STARTS HERE.

59 INDEX = 1
Y=0 i
DO 58 I2=1, PARNUM
IF (Y.EQ.0) GOTO 54
COSY = COS(Y) .

- SINY = INV¥#SIN(Y)

54 CONTINUE S '
DO 57 L = 1, CELNUM ' -
I = CELDIS # 2 % (L-1) + INDEX -
J = I + CELDIS
IPN2 = I + N2
JPN2 = J + N2
IF (Y.NE.O) GOTO 55
K1 = X(I) + X(I)
K2 = X(IPN2) + X(JPN2) ¢
X(J) = X(I)- X(J)

X(J = X(IPN2) = X(JPN2) : h .
Gofgﬂgg\‘ '

55  CONTINUE o
R2COSY = X(J)*COSY

.('ﬁ

w
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57

58

A18

. ’ ".\‘\‘

12C0SY = X(JPN2)*COSY

I2SINY = X(JPN2)*SINY

K1 = X(IY +R2COSY +I2SINY.

K2 = X(IPN2) - R2SINY +I2COSY

X(J) = X(I) -R2COSY - I2SINY

X(JPR2) = X(IPN2) + R2SINY - I2COSY

CONTINUE

X(I) = K1

X(IPN2) = K2 '

CONTINUE ) : :

Y = Y + DELTAY

INDEX = INDEX + 1

CONTINUE :

CELNUM=CELNUM/2 : ' y
PARNUM=PARNUM#*2 - ‘
CELDIS=CELDIS®2

"DELTAY=DELTAY/2

PASS =PASS+1

IF (CELNUM.NE.0) GO TO 59

RETURN : .
END* :

END$ , |

THAT'S ALL FOLKSIIIIUIRUR R0t taatarattaetitaeietneesnnens.

s




A9
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PROGRAM NMPLT

SOURCE FILE: GPLT
BINARY FILE: RPLT

THIS PROGRAM READS A DISC FILE (6 CHARACTERS)
AND PLOTS THE FILE ON THE ZETA PLOTTER.

THE COMMAND RU,NMPLT BRINGS THE PROGRAM UP.
THE TRANSFER FILE TR,TPLT LOADS THE PROGRAM.
THIS PROG. RUNS ON THE AXISM CALL FROM RZETA4.

LOADER REQUIRES BINARY ZETA PLOTTER FILES 'PLOTS', 'SYMBO',
'NUMBE', 'AXISM', 'PLOT', 'PON', AND 'ZZZZ'.

- /

THIS PROGRAM ALSO HAS THE CAP%g}&ITY OF bLOTTING
ABSORPTION AXIS WHEN LOOKING ‘A% TIME DOMAIN SPECTRA

AQaAOHOoOOOOQaOO0OOOaQOQOO0OO0

COMMON IZETA(1500)
COMMON IDATA(2048), NN
COMMON SW, AQ
, REAL IDATA

1 CONTINUE '
IERR=0
LEN=0

70 FREQL=0.0
P FREQH=10.0
TIKI=100.0
- XL=20.0

’ YL=15.0

. FINCX=1.0

FINCY=1.0

101"  WRITE(6,102)

102 FORMAT("READ, PLOT, PAKPLT, OR STOP??")
READ(6,103)IRES

103 FORMAT(A2)

400

250

300
500

IF (IRES.EQ.2HRE)
IF (IRES.EQ.2HPL)
IF (IRES.EQ.2HPA)
IF (IRES.EQ.2HST)
GO TO 101
CONTINUE

CALL RDSPC

GO TO 101
CONTINUE

NN=NN/2

CONTINUE
WRITE(6,500)XL
FORMAT ("LENGTH OF
READ(1,%)XL

GO TO 400
GO TO 300
GO TO 250
STOP

N
PLOT (CM) = ",FT7.2)

o A wdmons s e e
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WRITE(6 510) YL
510 FORMAT("PLOT HEIGHT (CM) = ",F7.2)
READ(1,%)YL
YLI=YL/2.54
C CALCULATE THE MAGNITUDE ‘OF THE SCALING FACTOR
c -
YYMAX=IDATA(1)
DO 301 I=1,NN
IF(YYMAX.GT.IDATA(I)) GO TO 301
YYMAX=IDATA(I)
301 CONTINUE
WRITE(6,888)YYMAX
888 FORMAT("MAX. Y VALUE = ",F7.2)

c
C CALCULATE THE INCREMENT ON THE X AXIS
C .

FINCX=(XLI)/FLOAT(NN)
c .
C CALCULATE THE INCREMENT ON THE Y AXIS
c

FINCY=YLI/(YYMAX*2)
: WRITE(6,889)FINCY
889  FORMAT("Y INC. = ",F10.3," IN/PT")

C PLOT THE AXIS

C . ~
X=0.0 |
Y=0.0

CALL PLOTS(53,0,=1)
CALL AXISM(0.0,0.0,XLI,1.0, 0.0,1.0,0.2)
C ==(YLI/2)
c CALL AXISM(0.0,Y,YLI,1.0,1.0,1.0,0.2)
C THE Y AXIS HAS BEEN REMOVED
CALL PLOT(0.0,0.5,3)
c
3

45 CONTINUE
~ WRITE(6,890)
890 FORMAT("TRANSFERING DATA TO ZETA PLOTTER“)
C '
C PLOT SPECTRUM
DO 28 I=1,NN
- SUM=FINCY®#*IDATA(I)
YY=SUM
XX=X
CALL PLOT(XX,YY,2) .
X=X+FINCX
28 CONTINUE
x:XLI/2 -0—3-0
Y=YLI+0.8
X=XLI+1.0
CALL PLOT(X,0.0,999)
GO TO 101
END
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SUBROUTINE RDSPC
DIMENSION IDCB(144), IBUF(1), NAME(3)
COMMON IZETA(1500)
COMMON IDATA(2048), NPTS
COMMON SW, AQ
REAL IDATA -
Cc.
WRITE(6,405) . .
405 FORMATY "ENTER NAME OF FILE YOU WRSH READ")
READ(6}410)NAME
410  FORMAT(3A2)
c
CALL OPEN(IDCB, IERR, NAME, .0, 0, 0) -
IF (IERR.LT.0) GO TO U440
C
CALL READF(IDCB, IERR, IBUF, 1)
IF (IERR.LT.0) GO TO 440
c
NPTS=IBUF(1)
NPT=2%#NPTS$
. C
' CALL READF(IDCB, IERR, IDATA, NPT)
IF (IERR.LT.O0) GO TO 440
c
MN=2
CALL READF(IDCB, IERR, AQ, MN)
IF (IERR.LT.O0) GO TO 440
CALL READF(IDCB, IERR, SW, MN)
IF (IERR.LT.0) GO TO 440
c
CALL CLOSE(IDCB, IERR)
IF (IERR.GE.O) GO TO 445
C
LUO  WRITE(6,441)
4417  FORMAT("ERROR RETURNED WHILE HANDLING FILE (IERR)™)
c ‘ .
445  WRITE(6,446)
446  FORMAT("DISC FILE READ COMPLETED!IM)
C .
RETURN !
END
C .
C _/'\m
C .
Cl!!llﬂl.ll!ﬂl!I!l!!.ll!l}lll!llllll!llillll!*!ll!lillll!l!!llllll!II

END$

v
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TBG
TTY

L2 A22

~ NAM SWEEP,7
7/ 6/83 ]
FORTRAN 2:LLABLE DATA ACQUISITION ROUTINE:

7

THE ROUTINE PROVIDES A SWEEP RAMP (H? TO 2048 STEPS), WITH DATA !
ACQUISITION AT EACH STEP.

DATA ARE STORED IN INTEGER FORM IN THE VECTOR "STOR". THE DIMENS:
OF "STOR" IS SET BY THE CALLING PROGRAM (<= 2048). B

N

FORTRAN CALLS: , C
“ ]
CALL RMIN
CALL RMAX

CALL SWEEP(ISTRT,NPTS,KLOK,IRATE,NSCAN)

ISTRT = RELATIVE START ADDRESS ON RAMP
NPTS = NUMBER OF POINTS ON RAMP ’ ’
(ISTRT + NPTS <= 2048)
KLOK = CLOCK (TIME BASE GENERATOR) PERIOD ‘ .
(0 = 100 MICROSEC, 1 = 1 MSEC, 2 = 10 MSBC, ETC)
IRATE = CLOCK TICK COUNTER
(I.E. MULTIPLES OF CLOCK PERIOD)
= NUMBER OF SCANS (SWEEPS) '

NSCAN
/ ¢

HP 21MX-E OPERATING UNDER RTE-II

MEMORY PROTECT IS DISABLED AT THE FIRST INTERRUPT
(FROM THE TBG OR THE ADC), & IS RESTORED

WHEN SWEEP EXITS, I.E. SWEEP OPERATES WITH

MEMORY PROTECT DISABEfD. .
THE SYSTEM CLOCK IS DISABLED DURING ACQUISITION OF DATA.
IT IS RESTORED WHEN PRIVILEGED INTERRUPTS ARE

NO LONGER PENDING.

USES THE DUAL 12-BIT DAC. -
THE SCAN COUNT IS WRITTEN ON THE TERMINAL DISPLAY. )

THIS ROUTINE DOES NO ERROR CHECKING:.

ENT RMIN,RMAX,SWEEP '

EXT $CVT3 $LIBR $LIBX, EXEC #OPEN,#CLOS, #PRTK, #RINT

EXT .ENTR,MESSS

COM IZETA(1500) ' ' \
COM STOR(1)

EQU -11B
EQU 13B /

EQU 21B
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§KLOK EQU 15B

RMIN NOP

LDA RMIN,
STA RETRN
JSB #OPEN
LDA =B100
OTA DAC
CLA

“OTA DAC

JSB #CLOS
JMP RETRN

RMAX NOP

*

LDA RMAX,
STA RETRN
JSB #OPEN
LDA =B7T7
OTA DAC

LDA =B137
OTA DAC

JSB #CLOS
JMP RETRN

ISTRT BSS 1
NPTS BSS 1
IKLOK BSS 1
IRATE BSS 1

=§SCAN BSS 1

SWEEP NOP

JSB .ENTR

DEF ISTRT
JSB UNBUF
LDA ISTRT
ALS

ADA ASTOR
STA ASTRT
LDA IRATE
CMA;INA

STA,DCNTR'

LDX =D-10
CLA

STA NOVER
STA SCNT

STA MIN1

STA MAX1-
STA. SHFTS
STA SHFTS
STA SHFTS
JSB #OPEN

A23,

RAMP MINIMUM FOR CALIBRATION

I

00 -
X~-AXIS ZERO

Y-AXIS ZERO
I

RAMP MAXIMUM FOR CALIBRATION

1 - <

7 ’
Y-AXIS FULL SCALE

T7 ®

X=-AXIS FULL SCALE

1

SWEEP AND DIGITIZATION ROUTINE

RELATIVE START ADDRESS \
NUMBER OF POINTS ON RAMP :

CLOCK PERIOD , S
CLOCK TICK COUNTER, ‘ '
NUMBER OF SCANS .

ENTRY POINT
TRANSFER FORTRAN DUMMY ARGUMENTS

UNBUFFER TERMINAL
y 1 START INITIALIZATION®
~#4DOUBLE TO ALLOW FOR BLANK ENTRIES

ABSOLUTE START ADDRESS
1 .

CLOCK TICK COUNTER

. ’ !

+ .
’ LOWER MEMORY PROTECT FENCE & DISABLE INTERRUPT

!




'l

ot

e JMP

LDA
OTA

=B40000
ADC

LDAs INTBG

STA
LDA
STA
LDA
STA
CLA
STA

? OTA 1,C

TBG
INTTY
TTY
INADC
ADLC

SézT
1

® START SCAN

* START LDA
CPA

- JMP.

IsZ
JSB
LDA
OTA
STC
LDA

; OTA
’ CLA
OTA
LDA

- 0TA
STC

- SFS
JMP
CLC
LDA
OTA
LDY
LIA

. . ssA
JMP

CLC

SCNT
NSCAN,I
FINIS
SCNT
INIT
=B160000
TTY
TTY,C
=B10000
ISTRT,I
XVAL
DAC

DAC
=B30
TBG
TBG,C
TBG
®.1
TBG,C
IKLOK,I
TBG
DCNTR
1,C

OUT
SKLOK, C

STF O

STC

. STC
S ‘ LDB

O0TB

PROC CMA
SHFTS NOP

. ‘NOP
NOP

CLO

ADA

soC

TBG,C
ADC,C
SCNT

1,C

WAIT
INA

ADDR, I

ADC MODE
SET INTERRUPT CELL CONTENTS

g'CLOCK INTERRUPT
TTY INTERRUPT

ADC INTERRUPT

ZERO SCAN COUNTER
CLEAR SWITCH REGISTER.

CHECK NO. OF SCANS ’
EXIT IF FINISHED

A2l

INITIALIZE ADDRESS INDEX & POINT COUNTER

PREPARE TO READ TTY

ENABLE TTY INTERRUPT
. N———— ’

SET DAC X-AXIS TO START VALUE
AND OUTPUT TO DAC

SET DAC Y-AXIS TO ZERO

SET 0.1 SEC. DELAY .

- AND TURN ON TBG

TO ALLOW FOR SETTLING TIME-
<

DISABLE TBG

SET TBG PERIOD FOR SWEEPm

INITIALIZE TBG DELAY COUNTER
LOAD SWITCH REGISTER INTO" "A"
CHECK SWITCH REGISTER

EXIT IF 3515 SET

DISABLE SYSTEM CLOCKR °
ENABLE INTERRUPT SYSTEM

START TBG

SWITCH ON ADC

}ROCEED AFTER TBG INTERRUPT

LOCATIONS FOR "ARS" -~

‘

IS. THERE AN OVERFLOW ?

A4

" DISPLAY SCAN NO. IN SWITCH REGISTER

&)



5

STA

ARS,
ARS,

ADA
0TA
IsZ
152
I8z
LDA
OTA
ISZ
#

WAIT JMP
*

ADDR,I
ARS
ARS
=B1TT7
DAC
ADDR
ADDR
XVAL
XVAL
DAC
PCNT

Coe A25

NO, THEN STORE NEW SUM
DIVIDE INTENSITY TO FIT DAC

ADD 1/4 OF DAC RANGE

DISPLAY INTENSITY (Y-AXIS)
INCREMENT ADDRESS INDEX © g
#%#SKIP ONE ADDRESS

INCREMENT DAC INDEX /// .

STEP X-AXIS SWEEP:

"IS SCAN COMPLETE ?

NO, WAIT FOR TBG INTERRUPT

® PROCEED IF SCAN COMPLETED

CLF
CLC
CLC
JSB
LDA
O0TA
CLA

OTA
*

*  OUTPUT

ISX
JMP
LDX
JSB
JSB
JSB
LDA
OTA
LDA

+ OTA
STC
SFS
JMP
LDA
STA

NUMB LDA
ALF,
AND
OTA
STC
SFS
JMP
CLC
LDA
AND
OTA
STC
SFS
JMP

0

TBG, C
ADC,C
#PRTK
=B10000
DAC

DAC

YES, DISABLE INTERRUPT SYSTEM
DISABLE TBG

DISABLE ADC

RESTORE MEMORY PROTECT

X~-AXIS TO ZERO
Y-AXIS TO ZERO

SCAN NO. TO VIDEO TERMINAL

SKIP
:DL“O .
#CLOS
DECOD
#OPEN
=B120000
TTY
=B15
TTY
TTY,C
TTY

L
=D-3
CPCNT
CADDR, I
ALF
=B377
TTY
TTY,C
TTY
Bt -
TTY,C
CADDR, I
=B377
TTY
TTY,C
TTY

*.1

~dxuv N

SHOULD SCAN NO. BE OUTPUT ?

NO, SKIP o
YES, PREPARE TO OUTPUT EVERY 10TH SCAN COUNT
SCNT TO ASCII

o
PREPARE TO WRITE ON TERMINAL

CARRIAGE 'RETURN : '

ROTATE .BYTES
MASK . .
OUTPUT NUMERAL

MASK
OUTPUT NUMERAL




*
SKIP

IS
1Sz

JMP .
"NOP

STF

CADDR
CPCNT
NUMB

0 ENABLE INTERRUPT SYSTEM

® CHECK FOR POSSIBILITY OF OVER FLOW ON NEXT SCAN

LM

NEG,

NEXT

JSB

- CLA
- STA

STA
LDA
SSA
JMP
ADA
SSA
JMP
LDA
CMA,
STA
JMP
CMA,
ADA
SSA
P
LDA
STA
1SZ

182

182
JMP
LDA
CMA,
ADA
CLO

ALS,

ADA
S0S
JMP
JMP
LDA

CMA,

ADA
CLO
ALS,
ADA
S0S
JMP
ISz
CCA
ADA
LDB
SLA
LDB

INIT CHECK FOR OVERFLOW

MINZ2
MAX2
ADDR,I FIND MAXIMUM
IS NO. NEGATIVE ?
NEG YES :
MAX2 NO, 'ADD CURRENT +VE MAXIMUM

NEXT
ADDR, I

INA ..

MAX2
NEXT
INA

MIN2

NEXT

ADDR,I . :

MIN2' y
ADDR -

ADDR **Sffﬁ,ONE ADDRESS
PCNT ~

LM

MAX1

INA

MAX2

ALS
MAX2
C IS AN OVERFLOW LIKELY ?
k2 NO, PROCEED

OVER YES,: GO TO DIVIDE ROUTINE-
MIN1 . ‘
INA
MIN2

ALS . /
MIN2

C

02 ’

NOVER START DIVIDE ROUTINE

NOVER
ARSE ' N [
SKIP IF "A" EVEN
ARSES™.

A26




AT e o n
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\

01

02

#

* INTERRUPT ROUTINE

#
TTYR

TBGR

ADA
STB
JSB
LDA
ARS
STA
ISz
ISZ

ISZ

JMP
LDA
LDB
ARS
BRS
JMP
LDA
LDB
STB
STA
LDB
ADB
SSB

JMP

CLO
STC

* LDA

OTA
JSB
JSB
JSB
DEF
DEF
DEF
DEF
DEF
JMP

NOP
CLC

JSB

STA
LDA
OTA
LDA
JMP

CLF
ISY

SHFTA
0B,I~
INIT

ADDR, I

ADDR, I
ADDR
ADDR
PCNT
01
MAX2
MIN2

'+3
MAX?2
MIN2
MIN1
MAX1
NOVER
EXOV

START NEW SCAN

START

OVERFLOW LIMIT

SKLOK, C
=B120000
TTY
#RINT
REBUF
EXEC
'...5

.2

N

LIM

.8

TERM

TTY,C
#PRTK
SAVE
=B100000
1,C

SAVE
TTYR, I

TBG

4

A27

STORE INSTRUCTION IN ADDRESS IN "A“}.

- #%SKIP ONE ADDRESS

OLD MAXIMUM
OVERFLOW LIMIT REACHED ?
NO, START NEW SCAN

YES, STOP SCANNING
ENABLE SYSTEM CLOCK

PREPARE TO WRITE ON TTY
RESTORE INTERRUPT CELL CONTENTS

RE-BUFFER TERMINAL
MESSAGE TO TERMINAL

e

(OVERFLOW LIMIT)

TTY INTERRUPT

TBG INTERRUPT

e o 2+ v s
N
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* . /
LIA ADC -
- STC ADC,C . RE-START ADC
LDY DCNTR i
, JMP PROC
ADCR NOP ADC INTERRUPT
. CLC ADC,C
. JMP ADCR, I

BINARY TO DECIMAL CONVERSION ROUTINE

ECOD NOP-

i . JSB $LIBR

¥ NOP -

LDA SCNT

f . CCE

\ | JSB $CVT3

. STA CADDR o
JSB $LIBX o -
\ DEF DECOD, ‘ : .

N
- NORMAL EXIT
RINIS CLC TTY,C ,
: CLC ADC,C . :
CLC TBG,C .
‘ STC SKLOK,C  ENABLE SYSTEM CLOCK
, LDA %120000 PREPARE TO WRITE ON TERMINAL
OTA TTY ' ,
JSB #RINT . RESTORE RTE INTERRUPTS 1
JSB REBUF RE-BUFFER TERMINALS :
JSB EXEC , MESSAGE TO TERMINAL
DEF *45
DEF .2
DEF .7
DEF FIN (FINISHED)
DEF .5
JMP TERM

#*
 §
*
D

A SO

#
: OVERFLOW EXIT

Y. e SN KT, A L ms s i mien A + oy M AR IO e DY
-

} OVERF CLF 0 .

CLC TTY,C

CLC ADC,C

CLC TBG,C

STC SKLOK,C - ENABLE SYSTEM CLOCK

LDA =B120000 . PREPARE TO WRITE ON TERMINAL
OTA TTY

JSB #RINT

JSB REBUF RE-BUFFER TERMINAL

JSB EXEC MESSAGE TO TERMINAL- "
DEF ®45

DEF .2 ’

. - t ) 5
L]

!
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" DEF .4 . ’ f
. JMP SWEEP,I EXIT =
»
: ABORT EXIT

OUT  JSB #OPEN
CLC TBG,C
x : CLC ADC,C
CLC TTY,C
STC SKLOK,C :
LDA =B120000 PREPARE TO WRITE ON TERMINAL

OTA TTY
JSB #RINT RESTORE RTE INTERRUPTS
CCA |
: ADA SCNT . |
g STA SCNT o §
OTA .1,C : !
JSB REBUF REBUFFER TERMINAL
JSB EXEC
 DEF %45
«  DEF .2
; ' DEF .7
@ DEF ABORT (ABORTED)
‘ . DEF .5
JMP TEND EXIT
. '
]
* * MAXIMIZE ARRAY BEFORE EXITING
TERM  NOP
NLP1 JSB INIT
LDA PCNT
ALS .
STA PCNT POINT COUNT x 2.
CLO
; NLP2 LDA ADDR,I GET DATUM
b ADA ADDR,I DOUBLE IT
S0C IS THERE AN OVERFLOW ?
JMP NMAX YES, JUMP TO PROCESSING ROUTINE
STA "ADDR, I NO, SO STORE DOUBLED DATUM
ISZ ADDR SET NEXT ADDRESS
( . ISZ PCNT END OF THE ARRAY ? ‘
i JMP NLP2 NO, SO PROCESS NEXT NUMBER
, JMP NLP1 YES, START NEXT PASS
' NMAX LDA ADDR FIND ADDRESS
CMA', INA AT WHICH
: ADA ASTRT OVERFLOW OCCURRED
; o SZA,RSS AT FIRST POINT ?
. JMP TEND YES, SO EXIT
STA PCNT NO, SO STORE POINT NO.
LDA ASTRT SET START ADDRESS
STA ADDR OF ARRAY
| NLP3 LDA ADDR,I GET DATUM
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STA ADDR,I AND REPLACE
S ISZ ADDR NEXT ADDRESS
ISZ PCNT END OF PARTIAL ARRAY ?
JMP NLP3 , . .
TEND JSB DECOD _  DECODE NO. OF SCANS
LDA CADDR,I
\ STA ACNT
' ISZ CADDR
LDA CADDR,I .
STA ACNT+1 - _
ISZ CADDR ///////
LDA CADDR,I
STA ACNT+2 o
. JSB EXEC MESSAGE TO TERMINAL
DEF %45
DEF .2
DEF .7
DEF ACNT (NO. OF SCANS)
DEF .6 : ‘ -
JMP SWEEP,I

U

INITIALIZATION ROUTINE

o B I B 1

NIT NOP

LDA NPTS,I
> CMA, INA , E
STA PCNT . POINT COUNTER ‘ ;
LDA ASTRT . ‘ 4
STA ADDR ADDRESS INDEX | :
JMP INIT,I | -

.

* UNBUFFER CONSOLE & TERMINAL
UNBUF NOP ~
LDA UBUFR n '
STA UBUF1 :
LDA UBUFR+1
STA UBUF1+1
LDA UBUFR+2 o

STA UBUF1+2

LDA UBUFR+3 ' ;
STA UBUF1+3 S S
JSB MESSS

DEF %#+3

DEF UBUF1

DEF .9 ’

JSB MESSS .

DEF *+3 .

DEF UBUFT7

DEF .7

JMP UNBUF,I

e A T ¥ N it o e

Q
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REBUF NOP \
JSB MESSS
DEF #.4+3
DEF RBUF1-
DEF .9 ’
JSB MESSS
DEF %43 -
DEF RBUFT _
DEF .7
. JMP REBUF,1I
% INTERRUPT STATEMENTS \
* ‘ .
ORB .
INTBG JMP INT1,I
INT1 DEF TBGR
INADC JSB INT2,I
INT2 DEF ADCR -
INTTY JSB INT4,I . ’
INTY4 DEF TTYR :

ORR
*

[ )
* CONSTANTS
%

UBUFR ASC 5,EQ,2,0,UN _ :
UBUF1 BSS 6 - . . :
UBUFT ASC 4,EQ,3,UN
RBUF1 ASC 5,EQ,2,0,BU
RBUF7 ASC 4,EQ,3,BU _ -
FIN' OCT 6412 :
ASC 4 ,FINISHED
XOVER ASC 4 ,OVERFLOW
LIM OCT 6412
ASC 7,OVERFLOW LIMIT
ABORT OCT 6412 _
ASC 4, ABORTED ' : o
ACNT BSS 3
ASC 3, SCANS
ASTOR DEF STOR
SHFTA DEF SHFTS
ARSE . ARS
ARSES ARS,ARS
EXOV DEC -6
R DEC 1
.2 DEC 2
3  DEC 3
4 DEC 4
5 DEC 5
6 DEC 6
7
8
9

..DEC 7
‘DEC 8
DEC 9

—ae o ® o @
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: STORAGE

NOVER
RETRN
ASTRT
PCNT
DCNTR
MIN1
MIN2
_/ADDR
XVAL
MAX 1
MAX2
SAVE
SCNT
CPCNT
CADDR

BSS:
BSS
BSS
BSS
BSS
BSS
BSS
BSS
BSS
BSS
BSS
BSS
BSS
BSS
BSS
END
END$
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