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1.

Een voorbeeld van het verkeerd toepassen van de lineaire systeem theorie
voor kernspinresonantie geeft D. Shaw als hij beweert dat in het geval
van ontkoppelen, een 1003 gemoduleerde draaggolf opgevat kon worden als
een aantal continue ingestraalde frequenties.
D. Shaw, Fourier transform HMR spectroscopy, Elsevier, Amsterdam,
1976

Het definiëren van een aantal begrippen in een kernspinresonantie meetreeks, door er van uit te gaan dat in de meetreeksen een of m e e r h e f
pulsen voorkomen, maakt het gebruik van deze begrippen veel te beperkt.
Annual Book of ASTM Standards. Designation: £ 386-76

3.

Er zijn geen argumenten waarom in een NMR-spectrometer de lek van zendnaar ontvangkanaal lager, en zeker niet zeer veel lager, moet zijn dan
de Johnson ruis, zoals beweerd door Hoult en Richards.
D.I. Hoult and R.E. Richards, Proc. R. Soc. Lond. A.,3M>, 311 (1975)

h.

De door Void, Void en Simon gespecificeerde eis ten aanzien van een maximaal toegestane afwijking van de veld/frequentie verhouding voor het verkrijgen van een nsjwkeurige T2-meting volgens de Carr-Purcell-MeiboomGill methode is principieel onjuist.
R.L. Void, R.R. Void and H.E. Simon, J. Magn. Res., JJ_, 283 (1973)

5.

De computer als cp"-line rekenapparaat en de computer als geïntegreerd
onderdeel van een installatie zijn twee geheel verschillende instrumenten.
Het als gereedschap kunnen gebruiken van het laatste instrument is voor
vele ingenieurs minstens even belangrijk als het kunnen rekenen op een
computer.

6.

De thans bij het hoger onderwijs gehanteerde numerus fixus dient vervangen te worden door een algemene toelatingsprocedure die gebaseerd is
op het aantal te verwachten arbeidsplaatsen in het betreffende vakgebied.

7.

Een verschil in doorberekening van kosten en/of verantwoording ten aanzien van rekentijd en van apparatuur kan gemakkelijk tot verkeerde bestedingen leiden.

8.

Moderne spectrometers bestaan veelal uit analoge hardware-, digitale
hardware- en software delen. Onvoldoende kennis van zaken aangaande de
gebruikte onderzoektechniek en de drie genoemde delen leidt gemakkelijk
tot een onevenwichtig ontwerp en/of een onjuist gebruik van deze spectrometers. Met name de opleiding in de technische natuurkunde is geschikt
voor het geven van een overzicht van de genoemde gebieden en hun onderlinge verbanden ter voorkoming van deze fouten.

9.

Het woord meting ter aanduiding van een berekening aan een op een
computer gesimuleerd model is op zuiver formele gronden te rechtvaardigen. Een meer expliciete aanduiding van het genoemde begrip met b.v.
simmet (gesimuleerde meting) zal echter veel misverstanden voorkomen.

10.

Een actief universitair innovatie beleid is onder meer het stimuleren
van het bij de wet toegestane promoveren op een werkstuk.
Wetgeving wetenschappelijk onderwijs, Zwolle, 1976, art. 221 lid 1

11.

Mede gelet op de resultaten van de helft van alle wereldkampioenschappen voetbal, dient de finale plaats te vinden in de vorm van twee wedstrijden die worden gespeeld in de landen van de beide finalisten.
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Concise list of s:/mbols and abbreviations

A

instrumental constant

B

bandwidth

D

noise power density

E,

exp (T/Ta)

E2

exp (T/T2)

G

voltage gain

H

Hamilton operator

Ho

static magnetic field strength

Hj

rotating magnetic field component for observation purposes

H2

rotating magnetic field component exclusively for multiple
resonance purposes

Heff

effective magnetic field' in the rotating frame

h

Planck's constant

ft

h/27T

I

nuclear spin quantum number

J

spin coupling constant

k

Boltzmann's constant

L

angular momentum

M

magnetization vector per unit volume

N

number of sampled points

H

sampling frequency

P

radio frequency power incident to the transmitter circuit

Ps

available signal power

Qu

unloaded quality

q

voltage increment corresponding to one count

R

number of time averagings

Pj

input resistance of pre-amplifier

S

signal amplitude

T

(:) temperature
(il) time distance between tvo successive responses

Tj

spin lattice or longitudinal relaxation time

T2

spin-spin or transversal relaxation time

T

spin lattice relaxation time in the rotating frame
'n

T .

inhomogeneity contribution to the dephasing time

T2*

dephasing time due to inhomogeneity and spin-spin relaxation

Vc

coil volume

Vc

effective coil volume

eff

'•

a

rotation angle

i.

Y

magnetogyric ratio

'/

6

chemical shift

fi

&p

duty cycle receiver

%

ST

duty cycle transmitter

'.:

f

r|

word length

5

I

->

g

u

i
magnetic moment

f

^

|
Po

permeability of free space

1

V

frequency

;|

line width at half height

I

vn
2

5

Vt

total spectrum, width

a

(i) screening factor
(ii) effective noise amplitude

T

time distances

to

angular frequency

^

ADC

analog to digital converter

AF

audio frequency

AT

acquisition time

CPMG

Carr-Purcell-Meiboom-Gill

CPTG

computer programmable timing generator

CPU

central processing unit

DAC

digital to analog converter

DEFT

driven equilibrium fourier transform

DI

data-acquisition instructions

DMA

direct memory access

SOS

disc operating system

DW

default words

FID

free induction decay

FT

Fourier transformsition

FW

fixed words

HB

high resolution

IF

intermediate frequency

IFT

inverse fourier transformation

INDOR

internuclear double resonance

I/O

input/output

LI

lock-in detector

Mult

multiplier

HMR

nuclear magnetic resonance

NOE

nuclear Overhauser effect

PAPS

phase alternating pulse sequence

PD

pulse delay

PIF

permanent information file

RAM

random access memory

RF

radio frequency-

ROM

read only memory

SFT

selective population transfer

SW

stretch words

VCO

voltage controlled oscillator

WCS

writable control store

WEFT

water eliminating fourier transforai

Sector

The time during which all the settings of the spectrometer are
kept constant.

Stretch

The time during which the spectrometer operates autonomously
and thus without an interference of the computer.

The flow chart symbols are according to the IJ9I edition
GC20-8152-1.

The definition of the magnetic moment is according to the Sl-syste
of Kennelly.

THTRODUCTIOJJ
Between 19^5, when the groups of Bloch e.a.') and Purcell o.a.' )
simultaneously discovered resonant absorption in bulk matter, and
year in which Ernst and Anderson^) introduced the nuclear magnetic resonance
(NMR) fourier spectroscopy, NMR did already become a powerful tool to get
information about the structure of molecules. However, because of reasons of
sensitivity the investigations were mostly limited to protor.s. Another
restriction was, that the applicable parameters measured in high resolution
nuclear magnetic resonance (HR—HMR) spectroscopy vere only the relative line
intensities and the line positions, from which in general the chemical shifts
and coupling constants car. be determined.
Although the various pulse response techniques, the first introduced liy
Hahn^), in principle give the opportunity to measure the relaxation tin<=s, the
application of these methods was until the beginning of this decennium mostly
restricted to spectra with one single line.

The introduction of the HMR-fourier spectroscopy^) gave such an increase 5r>
sensitivity, especially for HR—NMR spectra, that nov a lot of other nuclei,
including the important '3c nucleus, can also be investigated. Another
important advantage of the pulse fourier transform technique is the enlarged
capability of the selective study of irradiation effects in time depending
processes.
From the several techniques which are developed to measure the separate
relaxation times in multi line spectra, the introduction in 1068 of the
fourier technique in relaxation time experiments {R.L. Void e.a.->') is the
most important one. By this technique the study of overall and internal
molecular motion by measuring the relaxation times became applicable in a
large field.
Other important developments in HR-WMR spectroscopy are the application of
superconducting magnets and the implementation of coupled frequency
synthesizers.
The main advantages of the higher magnetic fif-ld s'rjnc'hs, achieved by the
superconducting magnets, are the further increase' in the sensitivity and thc
increase in the line distances due to chemical shifts, which is especially
important in biological applications and which gives also more first order
spectra.

The introduction of coupled synthesizers gives the opportunity to create
stabilized field-frequency ratios for those nucleis which give signal to noise
ratios insufficient for stabilization purposes.
The developments, described above, have caused the introduction of a large
|

variety of measuring methods and processing methods, mainly based on the

I

integration of mini computers in NMR-spectrometers. The main goals of these

f

methods can roughly be distinguished into two categories.

I

X-

|

-'

1. Getting more information about investigated systems.

|
f
%
I'
t.
p
t'
f

Nevertheless the developments are still going on so fast, that in geteral it
will take less than 5 years before a spectrometer is followed up bjr a new
generation with new capabilities.

<-

The two goals of the magnetic resonance group of the department of applied

i

physics of the technical university of Delft are:

-

1. Research in experimental magnetic resonance (MR) methods and design and

I-

T.
\
>

2. Evading the technological problems, which are of course often introduced
by the new techniques.
The result of this is that a HH-NMR spectrometer which combines the
capabilities described above is a rather complex and very expensive apparatus.

development of MR-spectrometers.
2. The magnetic resonance research, concentrated on relaxation phenomena by
means of spectrometers which are home built to a large extend.

;

In both kinds of research the training of students plays an important role,

>

This rather unique combination is a result of the fact, that for students

t

in technical physics it can be a goal in itself to specify, develop and

|

design physical apparatus.

5

Within this scope the MR-group has designed and realized a HR-KMR spectro-

jj

meter, which combines all the developments and techniques, mentioned thus far.

t

Except the magnet and the general purpose HP 21M20 computer almost all the rest

|

of the hardware and software is home built.

|

Moreover, another important design goal was to try to make the implementation

|

of novel techniques and the switch to other application fields as easy as

I

possible. In order to achieve this goal, the following has been realized:

I

1. A frequency range between 20 and 300 M H E ,

I

2. Five transmitter channels and two receiver channels.
3. Control and acquisition functions mainly on software base.
U. Flexible overall system.

5. Modular hardware- and software parts.
6. Large and fast background storage as virtual main memory.
7. On line data acquisition and reduction on background storage.
8. Simple overall software system.
9. All spectrometer-timings synchronized with master reference oscillator.
10. Special software packages for randan measuring sequence and random
processing chain.
For routine experiments the conversation with the spectrometer is done in an
extensive, HMR-oriented user friendly language by way of a cathode ray tube
(CRT)-terminal. The main reason that the operation of the spectrometer is kept
simple, although it is a home built spectrometer, is because in general the
people who use the spectrometers are not the same as those who design and
develop them.
In this thesis the measuring methods and the consequential technical
requirements are described. The system- and subsystem designs and design
considerations are treated and the present specifications are given. The
different hardware- and software parts are not treated into details and
practically no attention is paid to the applications.

The NMR-theory, given in this thesis, is primarily meant for workers who are
interested in apparatus design and have only a little knowledge of RHR.
Those who are interested in additional information about the new techniques
are referred to Farrar and Becker") and Shaw"^). In spite of all the new
developments, Abragam^) is still an excellent guide for a general description
of-flMR.
References
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Chapter 1. A SHORT INTRODUCTION INTO NMR

Nuclear magnetic resonance is possible because a number of nuclei act as
though they are spinning and possess angular momentum L, which is
in units of h, where h is Planck's constant divided by 2ir- For the maximum
observable component L of the angular momentum, we may write
(1.1)

L = Ih

I is the nuclear spin quantum number, which may take on integer or half
integer values and is a charateristic number of the isotope considered. All
nuclei that have 1 ^ 0 , possess a magnetic dipole moment, or a magnetic moment,
li. The magnetic moment jti is given by

where y, the magnetogyric ratio, is different for different nuclei.
If a magnetic moment ft interacts with a magnetic field H o

the torque T

is given by

Hn

(1.3)

with

dt "

l

(I.fc)

- y H o x jif

(1.5)

follows

dt

This equation means, that the magnetic moment, considered here in a classical
way, precesses around the magnetic field with a circular frequency w o given by

-Y!

(1.6)

The energy of interaction between a magnetic moment and an applied field,
11

appears in the Hamiltonian H,

H = -I . lo

(1.7)

By substituting from equations 1.1 and 1.2, we get

(1.8)

H = _Y h H o . I

where I must be interpreted as an operator. Solving the time-independent
Schrodinger equation for the Hamiltonian (1.8) results into:

(U9)

= - y h m Ho

for the energy levels Ejn. The quantum number m may assume the values

- I , -1+1,....1-1, I

which gives 21 + 1 energy levels. The important case of I = ] (1H, 1 3c,
31p) gives just two energy levels with a difference of energy AE

AE = 2 j« H o

(1.10)

Until now we considered the behaviour of a single isolated nuclear spin.
However, in practice we study the mean 'behaviour of an ensemble consisting of
a large number of similar nuclei. The tendency of nuclei to align with the
magnetic field and thus to drop into the lowest energy level is opposed by
thermal motions, which tend to equalize the populations in the 21+1 levels.
The resultant equilibrium distribution is the compromise predicted by the
Boltzmann equation. For simplicity we shall consider nuclei with I = I, with
n+ the number of spins in the lower level and n_ the number of spins in the
upper level. The ratio between n+ and n_ in the equilibrium state is
prophesied by the Boltmann equation:

!

=

exp (^)

.

(1.11)

As shall be pointed out later on, the observation of the NMR phenomenon is
12

always done by the irradiation of RF fields. The transition probability
induced by those fields is equal for transitions in both directions. Because
of this equal transition probability, n+ will equalize n_ after a certain
irradiation time and then the system is saturated. However, the spin system
has relaxation time which opposes the saturation. If W + is the probability
for a nucleus to undergo a transition from the lower to the upper level as a
result of an interaction with the evironment (lattice), and W_ the analogous
probability for the downward transition, the following equation can be derived:

W_) (n - n e q )

(1.13)

where n = n_ - n+ and n e q is the difference in pupulation in the equilibirum
situation. If we define the spin-lattice

relaxation time Tj

1
W+ + W_

l

and integrate, we obtain

ne(l

(n - n e q ) t = o exp (-

(1.15)

The existence of spin-lattice relaxation implies that the UMR line must
have a width at least as large as can be estimated from the Uncertainty
Principle
6E .

(1.16)

Thus the width of the line must be at least of the order of

/T . There are,

however, other processes which can increase line widths substanHally over the
value expected from spin-lattice relaxation. In order to describe the line
width in terms of relaxation times a spin-spin relaxation time T

is defined.

If the line has a Lorentzian shape, as in general is the case in liquids, then
the line shape function f(v) is given by
f(v)

ir T 2

(2TTAVT 2 ) 2 '

34

(1.17)

where A\) is the shift with respect to the line centre in Hz. By introducing
Vi as the line width at half height we derive
13

T, =

(1.16)

wv1

The behaviour of the magnetization vector M per unit volume can be described,
analogous to relation (1.5), with

f

(t.19)

The magnetization vector M and its components H x , My and M z are shown in
figure 1.1
The influence of the spin-lattice relaxation
time Tj on the longitudinal component M z can be
expressed according to the equations (1.13) and

dMz
dt

-(Mz-Hp)
=

(1.20) ,

T,

Figure 1.I The components
of M in the laboratoryframe.

where M o is the magnetization in equilibrium. The spin-spin relaxation time T 2
causes the transverse magnetization to decay at a rate which can be represented
by the equations

(1.21)

and

dt
dMy

My

dt~

T,

(1.22)

The equations (1.20), (1.21) and (1.22) are only valid if there is only one Tj
and one T 2 , which is not always true. T1 is often called the longitudinal
relaxation time and T 2 the transversal relaxation time. According to the above
the relation (1.19) must be extended to

ds

(1.23)

dt

where l 1 , j' and k1 are the unit vectors in the laboratory frame of reference.

For the observation of the behaviour of the magnetization an excitation with
a RF magnetic field is necessary. To study the influence of such a field we
transform the laboratory frame into a frame which rotates around the z-axis
with a frequency W/2IT. This transformation introduces an extra field u/y along
the z-axis, by which equation 1.23 will become

§at = M x

(1.2*)

where l, j and k = k1 are the unit vectors of the rotating frair.e and M x and M y
the magnetization components in the rotating frame.
The applied RF field is usually a linearly polarized field along the xaxis with a magnetic component Hx=2Hj cos uit. This field can be splitted into
two counter rotating fields with amplitudes Hj and precession frequencies 0)/27r
and -u)/2ir. In general only the component which has the same precessing
direction as the nuclear spins does affect the magnetization. If the precession
frequency of the rotating frame and the frequency of the applied RF field are
equal, the effect of the latter component (Hj) is expressed in the following
equation

)k+H ?}*

(1.25)

This equation, which is called the Bloch equation in the rotating frame, shows
that the effective field (H e ff), experienced by the spins in the rotating
frame, is given by

(1.26)

Heff =

Figure 1.II illustrates this field in the rotating frame, for a u with a
sign opposite to H o and a positive y. If we ignore the influence of Tt and T2
the equilibrium magnetization M o precesses around H e ff with a precessing
frequency (_£££).

2ir
15

(1.27)

Figure 1.II reveals that only if Hj is ir. the order of
H O + T ; or larger, the magnetization will get positions
unequal to equilibrium.

H.ff

H

If ~ W / Y is equal to H o , Mj, is effected in the strongest
way, which gives the resonant condition:

Hi
(1.28)

u = -YH O
Figure 1.II. H e f f
in the rotating

an equation equal to (1.6).

frame.

So far we dealt with a situation-where for ea ih isotope, which possesses a
magnetic moment, there was only one precessing frequency. A screening produced
by the surrounding electrons causes that the nuclei feel a field slight
deviating from the applied magnetic field. The field seen by the nuclei,
H(nucleus), is proportional to and in general lower than the applied field. It
is given by:

H(nucleus)=Ho-aH0=Ho(1-a)

(1.29)

where a is the screening factor. Depending on the electron environment, this
screening factor can be different for a certain isotope in the different
molecular groups. The resonance frequency is, what is called, chemically
shifted by the electron screening. This chemical shift is expressed in
relation with a reference line. If the resonance frequencies (v) of sample and
reference are

v

s = ^

H O (1-0 S )

and

(1.30)

Vr =

than the chemical shift on the dimensionless scale, which has usually the
symbol 6, is defined by
•106

• I

16

(1.31)

Another effect, which is mostly called the spin-spin coupling, introduced
by spin-spin and spin-orbit interactions may split the individual chemical
shifted lines into multiplets. This splitting can be caused by nuclei from the
observed isotope as veil as from other isotopes. Bringing the chemical shift
and the spin-spin coupling into the Hamiltonian (1.8) results in:

H=IYh Ho( 1-0i).T+hUj;I£.I

(1.32)

where Jjj is the spin coupling constant. Solving the time independent
Schrodinger equation for the Hamiltonian (1.32) will give energy levels with
corresponding resonance frequencies (vjj) for the important case of 1=1 given

r
it
(1.33)
where K^: is determined by Jj? and 0"£ only.
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Chapter 2. HR-HMR TECHNIQUES
Introduction
The goal of the HR-NMR techniques is to investigate and to identify molecular
systems of liquids. These techniques can be roughly subdivided into spectrum
measuring techniques and relaxation time measuring techniques. Both techniques
can be applied as single resonance techniques or double- (and even multiple-)
resonance techniques. During the last decennium an enormous number of more or
less different techniques has been developed.
In this chapter the in my opinion most important techniques are shortly
treated from the viewpoint of the spectrometer designer. The goals of this
chapter are to make a link between all these techniques and the spectrometer
design, which was the most difficult part of the described work, and to give
an introduction of NMR-methods to those people who are interested in spectrometer design but who are not very familiar with nuclear magnetic resonance.
2.1 Spectrum measuring techniques
The purpose of the spectrum measuring techniques is to obtain the resonance
frequencies, predicted by equation 1.33, and the relative amplitudes of the
spectrum lines of a certain isotope.
Until the introduction of the pulse response fourier transform technique
by Ernst and Anderson 1 ), the generally applied spectrum measuring method was
a slow passage experiment. In this method the frequency or the field is swept
so slow that the stationary solutions of the Bloch equation (1.25) can almost
be detected. These solutions are achieved by setting
dM

dM

dM

dt

dt

dt

z

(2.1)

= 0

which gives for the three components of the magnetization vector in the
rotating frame
M

M,

(2-2)

(T 2 Au) 2
YH,T 2
Mo
(T2A(o)
18

(2.3)

1 +

Mo

(T 2 A(o) 2

(2.1.)

where &sa is 2TT times the difference of the frequency of the applied RF-field
and the resonance frequency. The components M x and My in the laboratory frane
can be calculated from Mx and My with

iMy)e

iMy

iblt
(2.5)

which gives
M

M__
y

(2.6)

= M cosut - M sinwt

xx

y

M^sinwt +

V

cosut

-(2.7)

where « is 2TT times the precessing frequency of the laboratory frame with
regard to the rotating frame.
If a receiver coil is placed along the x-axis and the induced signal is
multiplied by cos at in a lock in-detector a signal S' will be measured given
by

dM

~

ft—-= coswt = A{|UJM

dt

y

_

(2.8)

+ JuM c o s 2 u t - JuM s i n 2oit}

y

x

where A is an instrumental constant. After filtering out the frequencies

W

/TT,

the remaining signal (S) will be

(2.9)

By quadrature detection, where in two lock-in detectors the signal is
multiplied by cos tot and by sin art, a signal proportional to My and a signal
proportional to MJJ will be detected. The signals proportional to My and to Hj.
are called the absorption- and the despersion signal respectively.
In contrast with linear systems where the signals would be proportional to
Hj, equation (2.3) tells us that the maximum of the absorption signal is
proportional to
Hi

S a

(2.10)
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In liquids the ratio of the spectrum width v^ predicted b;/ the maximum
chemical shift 6 m a x (see equation (1.31)) and the line width Vi predicted fcy T ?
(see equation (1.18)) will be very large and can for some isotopes be in the
order of 10s at high fields. This means that in a slow passage experiment the
time spended on a certain line is very short compared with the total scan
time for the complete spectrum. This fact and the nonlinearity of the SMRsystem expressed in equation (2.10) makes other measuring methods much more
sensitive.
This was clearly understood by Ernst and Anderson ') who in 1966
introduced the pulse response fourier transform technique. They irradiated the
spin system with a short RF pulse, which turns the magnetization over an angle
of a degrees around Heff given by

*

YH

(2.11)

effTP

Where T p is the pulsewidth of the irradiation pulse. (The effects of Tj and T ?
are ignored during T p .) If the field strength of the pulse (H,) satisfies
certain conditions (see section 2.1.2), the magnetization of all the spectrum
lines of a certain isotope can be turned over an angle of e.g. 90° degrees,
which gives a maximum My (see figure 1.II). After the pulse the decaying VL.
components of all the spectrum lines of the isotope can be observed in the
described way

From electronic system theory2) it is well known that for

linear systems the fourier transform of the pulse response gives the frequency
response. Lowe and Norberg3) showed that within certain restrictions this also
applies for the non linear MMR-system.
In contrast with linear systems however, the maximum obtainable signal to
noise ratio for NMR-systems is, in a fixed measuring time, in general much
higher for the pulse response fourier transform technique than for th$
frequency response method. The reason for this is that in linear systems the
maximum input signal is restricted by the limits of e.g. the electronics. By
this the output signal of a line shall be much larger in a frequency response
experiment than in a pulse response experiment, at the same input powers,
where the limited input power must be distributed over the entire spectrum.
This larger output signal in a linear system compensates the effect jf the
observation of all the spectrum lines at the same time in a pulse experiment.
In NMR-systems however, the maximum output signal is not limited by the
maximum input signal, as can be seen by differentiating equation (2.10), which
gives for the maximum output signal, in the slow passage method, a Hj
20

determined by

Y HI2TIT? * 1

(2.12)

Because of this s«jtliration phenomenon, in general it is possible to produce
sufficient pulse power to generate the maximum response signal for all lines
at the same time. As is veil 'known from electronic system theory the maximum
signal to noise ratio obtainable in frequency response experiments is

\

proportional with the root of the scan time. It is therefore not surprising
that the .ratio of the signal to noise ratios of pulse response- and frequency
response experiments is in the order of v t/v, (Ernst

1

»^).

As can be expected, the pulse response fourier transform technique which
gives such an enormous gain in sensitivity has also disadvantages. The most
important disadvantage is the dynamic range problem. This problem is
introduced because in pulse response experiments the signals of all the
spectrum lines are generated at the same time. Now the large lines can

,

introduce extra noise which is also present at the frequencies of the small
lines (see appendix I ) . In biochemical applications where the signal to signal
ratio of the spectral lines can be enormous 5) this problem is very severe. A
lot of techniques ",7,8,9,10,11) a r e introduced to decrease the dynamic range
problems (see appendix I ) . The rapid passage technique, introduced by Dadok 11 )
is in my opinion the most general applicable and will be treated in section
2.1.3.
Many other techniques have been developed, some of these attack other
disadvantages of the pulse response technique and some techniques will even
give higher signal to noise ratios as the ordinary pulse response fourier
transform technique. Some of these techniques are shortly described in section
2.3. The three important basic techniques for HF-MMR spectrum measurements are
described in the sections 2.1.1, 2.1.2 and 2.1.3. These descriptions are given
from the viewpoint of the electronic system designer with the convolution
formalisme. Although this formalism can only be used for linear systems, which
does not correspond to the physical reality of BHR, it appears to be an
excellent approximation, in many cases.

2.1.1. Slow passage
In this technique the system input frequency is swept so slow that the
stationary frequency response of the system can almost be measured. The
,. --
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response of the system can be calculated on the base of figure 2.1. The input
signal f(t) is given by
(2.13)

f(t)

I f L (t)

where o>t * at with a is a constant. b(t) is

Fig. 2.1. Block diagram,
that illustrates the slow

the response of the system on a delta
function. LI

is the lock-in detector and

fT(t) is the reference of the lock-in

passage experiment.

detector which is equal to f(t) (quadrature
detection) .
Now

g't can be calculated with the convolution integral:

g'(t) =

/h(x)f(t-T)dT = exp(iat2/2),/e'xp(iaT2/2)h(T) exp{-i(at)x}dT (2.Hi,

If a is such low, that the condition
ax 2 / 2 * 0

for

h(f) # 0

is almost fulfilled, and thus
g'(t) = exp(iat2/2)H(at)

(2.15)

where H(at) is the frequency response of the system. The function of the lockin detector can be described by

g(t) = g'(t).fL*(t)

(2.16)

where f^ (t) is the complex conjugate of the reference signal. Thus

(2-IT)

g(t) = H(at)

Due to the quadrature detection, H(at) contains the absorption as well as the
dispersion signal.
The maximum signal to noise ratio in the case where the natural line width
is much broader than the magnet
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inhomogeneity is given by Ernst 1 ):

Mo, 2 A
(S/N)
sp

(2.18)

67T

where M o is t n e magnetization of the j
spectral line, T t is the total scan
j
time over the spectral width v^., D is the noise power density, Tj_ the
longitudinal relaxation time of the j** 1 6 line

and A a constant determined by

the receiver coil circuit. For the maximum *Vu ratio the Hj component is
determined by
Y 2 H, 2 T,T 2 = 2

(2.J 9 )

The difference in the conditions for maximum b /H ratio and for maximum signal
amplitude (2.12) is caused by the fact that an increase in H

results in an

increase in the linewidth. By which the bandwidth of the audio amplifier can
be lowered. If the magnet inhomogeneity determines the line width the * V K to
noise ratio is given by: (Mehlkopf
(S/N)
sp

It D

(2.20)

* v.T i.'
t J

where T 2 . is the decay time exclusively determined by the inhomogeneity of the
magnet, which is supposed to be lorentzian.
2.1.2. Pul3e response fourier transform techniques
In this technique the system response is measured after a short intensive RF
pulse. Figure 2.II illustrates this method.
If the input signal f(t)
is a delta function 6(t), g'(t)
£(t)

h(t)

Li I * "'j p j |

F

' •>

T T
i«L(t)

can be calculated from:
g'(t) =

= h(t) (2.21)

u p <« F )

Figure 2.II. Block diagram, that
illustrates the pulse response fourier
transform experiment.

for

becomes (see (2.16)):
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g"(t) = h(t) expf-it^t)
(2.22)
The fourier transformation (FT) is done with the reference frequency
) . After the
fourier transformation, the frequency response
FF(u)p) = exp(iu>
exp(iu>Ftt).
t
function G((<)p) is equal to:

(2.23)

again contains the absorption and the dispersion signal of the li'-S
system.
Due to the different resonance frequencies of the several spectral lines,
the effective field strenght, during the exitation pulse, in the rotating
frame (Heff) (see figure 1.II) experienced by the nuclei of the different
molecular groups vill be different. Meakin and Jesson13) and Breeuwer^J
simulated pulse response and fourier transform experiments on a digital- and
a hybrid computer respectively to calculate the distortion effects due to the
inequality of the Heff's. They showed that for Hj >_ 6maxH

the distortions

are low enough for spectrum measuring purposes.
In contrast with a slow passage experiment, where the observing time, and
thus the signal to noise ratio, is determined by the sweep rate, in the pulse
experiment the observing time is determined by T 2 or the field inhomogeneity
(Ernst ^ ) ) . In many cases the signal to noise ratio after one single pulse is
too low. To overcome this problem, the responses of a lot of pulses can be
time averaged in a computer. This will give an improvement of the signal to
noise ratio equal to the square root of the number of responses if the noise
is stochastic.
Ernst gives the maximum signal to noise ratio for a pulse, which is
optimized for a certain offset frequency
(2.214)

IBM)pr
where Ij. in the total observing time, T is the distance batween two successive
m

pulses and Ei = exp( /Pj.). A disadvantage of the pulse which gives the
maximum

/ H ratio for a specific line is a large relative distortion of the

spectral lines as a function of the offset frequency, A pulse which turns the
magnetization over the so called Ernst angle (a^), given by
2I4

cos

(2.25)

does not have this disadvantage. For this pulse the signal to noise ratio is
given by: (Mehlkopf
Mo. A

12

))
T.

1-Ei

(2.26)

where E 2 = exp(-T/T2 ). For T 2 = T j , equation (2.26) gives a maximum signal to
noise ratio for T/Tj.= 1,256 and shows for shorter T's a saturation behaviour
like the slow passage experiment. In many practical applications, T 2 is much
shorter than Tj. and T/T2. >_ 3. For those cases equation (2.26) is equal to
J
J
equation (2.27), which does not have a saturation behaviour.
2.1.3. Rapid passage
In this technique the system response is measured during the excitation time
of a fast sweeping frequency. Figure 2.Ill illustrates this method which has

Figure 2.III. Block diagram, that illustrates the rapid passage
experiment.
been introduced by Dadok 1 ^).
The input signal (f(t)) and the reference signal of the lock-in detector
are both exp(-iat2/2). Thus the output of the lock-in detector (g"(t)) is given by
g"(t) = expfiat2/2) .Th(T) exp{ia(t-T)z/2}dT

(2.27)

with fj(T) = expfi(at)T), g"' is given by
exp(iaT2/2)dT

/?xp{iat(T-T)}d{at)

(2.28)

Using the definition of a delta function:
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_x)/exp{iat(T-T)}d(at) = 6 ( T - T )

(2.29)

equation (2.28) changes in

g«,(T)

'-

x ^i exp(iaT2/2)h(T)

-

.

?2

-30)

In the multiplier g " 1 is multiplied by f M (T), by which G((dp) becomes:

(2.31)

27r exp(iaT 2 / 2 ) and

with

= exp(-i«FT), G(uF) i s given by

again contains the absorption as well as the dispersion signal of the
NMR system.
The maximum signal to noise ratio is given by: (Gupta, Ferreti and
Becker 15 ))
M0.2A

T

1-E,
(2.33)

This equation, which applies to the situation where E 2 = 0, is completely equal
to equation (2.2l»). In general however, the distance between two successive
scans (T) will be longer in a rapid passage experiment than in a pulse
response experiment. In a rapid passage experiment T is given by

+ 3T,

where v' is the sweep rate.
The time v t/ v t is necessary to sweep the complete spectrum, and 3T 2 is
necessary to give the last scanned spectral line the opportunity to decay. In
the case of low Tj's the extra term of 3T 2 gives the rapid passage method a
lower sensitivity. At long Tj's the rapid passage sensitivity is almost equal
to the pulse response sensitivity.
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2.I.U. Comparison of J>;he spectrum measuring techniques
The comparison of the techniques, described in the 3 preceding sections, is
restricted to the 3 following criteria.
A. Sensitivity
B. Dynamic range
C. Distortions.

A. Sensitivity
For reasons of simplicity we assume that T 2 «

T 2 - and that E 2 is

negligible, which is often the case. The equations (2.18) and (2.2U) give
for the ratio of the sensitivities of the pulse response experiment and the
slow passage experiment:
(2.35)

The enormous advantage of the pulse response is expressed by vt /vi which
can be in the order of several thousands, while the other factors are in
the order of 1.
As mentioned in the preceding section, the sensitivity of the rapid
passage experiment is in general only a little lower as the pulse response
experiment.
B. Eynamic range
In techniques, where many spectrum lines are observed at the same time we
can encounter dynamic range problems. As described in appendix I, large
spectral lines can introduce extra noise over the complete spectrum, and
even false lines can be generated by large lines. With the rapid passage
method we can overcome this problem by avoiding scanning through the large
spectral line(s).
C. Distortions
The distortions in uncoupled and strongly coupled homonuclear spin systems
are discussed by Ernst and Morgan 1 "). I will only shortly discuss the
distortions which can occur in uncoupled spin systems. An amplitude
distortion (intensity.anomaly) and a dispersion mixing (phase anomaly) can
be introduced in an absorption spectrum. Finite pulse powers, different
relaxation times and the difference in offset frequencies can generate
distortions. In slow passage experiments only the difference in relaxation
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times will inroduce distortions. The slow passage signal of the j t i l e
spectral line (S

) can be found by substituting equation (2.3) into (2.9)
AW.YH1T2.

Mo.

Sp

(T2.Aa))2

The surface under this spectral line is given by:

/S
"

dAw =

sp

2trA(O.YHiMo,
J
"
1
(1 +Y 2 Hi 2 T,.T 2 .)

(2.37)

Equation (2.37) tells us that if the irradiation power is low enough
(Y2H,2T,T2 •* 0), the surface of the spectral lines are proportional to M •,
which gives an undistored spectrum. If for sensitivity reasons, yifl12'5!1'?2
cannot be made low enough, equation (2.37) shows that the surfaces of the
spectral lines are no longer proportional to MojThe transverse magnetization component Myj(t) in the rotating frame in a
repetitive pulse experiment is given by: (Ernst and Morgan1"))
(1-E1) sin a
exp(-t/T2 .) cos(w.-u)t
M (t) = M o . -r-1 :
y.i
J ~
J
J

for 0 < t < T
Pi

It has been assumed that the transverse magnetization does decay to zero
during the pulse interval time. After substituting this equation into (2.9)
and after fourier transformation we find the frequency domain signal given by

sin
pr

1 + (AuT 2 .)

2

- T2_.
2(1 - Eicos a)

where Ato = (toj-w-Wpip), with tOpT the reference frequency in the fourier
transformation operation, Tpp is the time accros which the fourier
transformation is done and Ep«p=exp(- FT/IJ_.)•
J
If E F T goes to zero and a is small enough, equation (2.39) will become

S
(AcoTj.)2 ~2
J

(2.1*0^

Equation (2.1K)) represents an undistorted spectrum. (Compare with equation
(2.36) for Y Z H 1 z T j T 2 •* 0 ) .
If for sensitivity reasons T is made very short, in order to get many
responses during the complete measuring time, and a not sufficiently low,
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equation (2.39) will change to:

s

Pr

=—
1

u

—"~-

(Au)T 2 .) z

cotg(ot/2){1 Ti.

FT '

i J

j

S l n

FT

This expression shows that the signal amplitudes are proportional to
T , ~ for E__, -»• 0 and proportional to Mp.T,.
±v± i*__ ->
• 1,
•, and
<n.u T
± - J.™,,
for
0 j j
^
J 0
TT
FT
which results in distorted spectra. In the above we showed that difference in
M_.T.

Tj and T 2 of the several spectral lines can introduce severe intensity
anomalies.
The difference in offset frequency of the spectral lines can introduce
intensity errors as well as phase errors (Freeman and Hill '))• These errors
only occur if the pulse interval time T is not long compared with the
transversal relaxation times T 2 . In those cases there will still be a
transversal component at the beginning of the excitation pulse. The position
of this component in the rotating frame depends on the offset frequency. By
this the amplitude and the phase of the magnetization do also depend on the
offset frequency. These errors are minimized by the choice of the Ernst angle
(aji), and more effectively suppressed by the pseudo random pulse interval time
introduced by Freeman and Hill ' ) . The PAPS-technique, introduced by Bruker,
also minimizes these errors. The DEFT-experiment, introduced by Becker and
Ferretti

) and analysed by others19>20,21) minimizes also these phase and

intensity anomalies. Moreover if the T i/T 2 ratio of the several spectral lines
is constant, the intensity errors due to different relaxation times are also
lowered by the DEFT-technique. The DEFT-technique is only effective if the T 2 i
due to the magnet inhomogeneity is much smaller than the natural line width T 2
(Shoup e.a. 2 1 )). Under these circumstances this technique will also give an
improvement in signal to noise ratio if an excellent phase stability (see
section 2.5) is available. Most of the errors in the rapid passage experiment
are of the same kind as in the pulse response experiment.
2.2. Techniques for measuring relaxation times
An important goal in our research group is the study of overall and internal
motions of molecules. For this study the knowledge of the spin lattice - (T )
and spin - spin relaxation time (T2) is necessary. A great help for this study
is the knowledge of T and T at more than one resonance frequency.
A home-built 75 MHz spectrometer only suited for protons, is available for
29

selective T t and T2•measurements (Augusteyn e.a.22)). The spectrometer
described in this thesis, which has a proton resonance frequency of 300 !5Hz,
and which can also be used for relaxation studies of other nuclei, extends the
research possibilities enormous. The rotating frame resonance technique (see
section 2.2.3), with which the spin lattice relaxation time in the rotating
frame (T,

) can be measured, gives Tj values for low fields.

In the following three sections the T , T

and T

techniques, and their

critical, instrumental requirements are described shortly.

2.2.1. Techniques for measuring the spin lattice relaxation time
In the case that a line has one spin lattice relaxation time, the change of
the longitudinal magnetization (Mz) is given by
dM z
dt

- (Mz -

(1.20)

Thus the magnetization of Tj means a determination of M z as a function of time.
The inversion recovery sequence in combination with the fourier transform
technique (Void e.a.23)) i s still one of the most attractive Tj techniques. In
this technique the equilibrium magnetization (Mz = M o , M x = My = 0) is turned
over an angle of 180° to M z = -MQ. After a certain time (x) the M z component
is rotated to the transversal plane by a 90° pulse after which the
magnetization can be detected. By chosing appropriate x's, Tj can now be
calculated from

- 2exp(-T/T!)}

(2.42)

Application of equation 2.U2 requires that the magnetization of all the
spectral lines has to be - M o . after the 180° pulse. To satisfy this condition,
all the spins have to feel the same Hj field (the RF field must be homogenious)
the pulse width must be turned to exact 18O°, the maximum offset must be small
compared with H, and the time before a 180° pulse must be long enough to give
the magnetizations of the several lines the opportunity to go to equilibrium.
G.C. Levy and I.R. Peat

) have reviewed and demonstrated by means of

experiments these requirements. If the spin lattice relaxation times are
calculated by exponentional fitting (M. Sass and D. Ziessoi^5 ))from the
equation:
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A + B exp(- T /T,)

(2.1.3)

the requirements for the 18O° pulse is much less severe. We use the
exponential fitting procedure (A.J. Kuik

)) instead of the widespread semi

logarithmic version, in which ln[M(°°) - M ( T ) { is plotted against T, because
the latter method is very sensitive to the knowledge of M(°°) and the detector
noise contribution in plotted points for large T values is enormous in the
semi logarithmic procedure. Systematic errors in the Tj determination can also
occur due to the interference with the decaying transversal magnetization or
with the refocussed transversal magnetization. Only if T } is in the order of
T 2 * or in the order of T 2 these errors occur. D.E. Demco e.a. 2 O and J.D.
Cutnell e.a.

) have introduced phase shift procedures by which these errors

can be eliminated.
As is shortly pointed out in the above,the instrumental requirements for
Tj measurements can be lowered by using the appropriate excitation sequence
and the S/TS ratio requirements can be lowered by using the appropriate data
processing procedure.
The instrumental requirements for the spin lattice ralaxation time
measurements are lower than for the spin - spin relaxation time measurements
as will be shown in the next section.

2.2.2. Techniques for measuring the spin - spin relaxation time
In the case that a line has one single spin - spin relaxation time, the change
of the two components of the transversal magnetization (M^ and My) is given by

^
dt

= _ *
T

and

(1.21)

(1.22)

dt
As can be seen from equation (2.3) the T 2 can simply be determined from the
line width at half height (v-i) of an unsaturated ( Y 2 H J 2 T X T 2 «

1) absorption

spectrum, using the relation

(2.U)
31

Unfortunately this only applies if the contribution of the magnet
inhomogeneity to the natural spectral line widths is negligible. In practice,
the NMR line widths in liquids are mostly determined by the magnet
inhomogeneity. In the pulse method, the spins in the transversal plane are
extra dephased by the magnet inhomogeneity which makes the decay time shorter
than T 2 .
In the Carr Purcell^9) pulse sequence a set of 180° pulses is generated
after the first 90° pulse. These 18O° pulses refocus the spins, which are
dephased by the magnet inhomogeneity after each 18O° pulse (see figure 2.TV).
Meiboom and Gill^0) modified that
program in such a way that the
phase of the RF in the i80° pulses
is shifted 90° with respect to the
EF phase of the 90° pulse. This
Carr Purcell Meiboom Gill (CfflG)
program eliminates the imperfections
of the 180° pulses, which can have
Figure 2.IV. Echo train in a Carr

a great influence on the measured

Purcell experiment.

T 2 's, to a certain amount^1>32,33).
Nevertheless, the accurate

measurement of long T 's demands probably the highest instrumental
requirements. The reason for this is that the phase stability between the
precessing spins and the excitation frequency and reference frequencies must be
within a few degrees during several decades of seconds 3s* > 35,36). This makes
a fast stabilizing system necessary (see section 2.6). Another reascn is that
in spite of the Meiboom Gill trick, the errors in the 180° pulses are partly
cumulative33). Because of this we need a homogeneous RF field37) (transmitter
coil large compared with the receiver coil), an accurate setting of the pulse
width (continuous setting with a mono stable multivibrator), a Hjfield 5 a 10
times larger than the offset33) and a small phase glitch (avoid selective
circuits or tune them to exact resonance3°j39). An accurate setting of pulse
distances and sampling is also necessary for accurate T 2 measurements. If the
T2's of broad spectra (e.g. 15 kHz) are investigated, a data acquisition
system is needed which allows on line time averaging on a large mass storage.
It is practically impossible to give satisfaction to the Hj requirement if
broad spectra (e.g.

13

C) at high fields must be measured. With quadrature

detection ^°»3o) -this p ro blem can be overcome by measuring the relaxation
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1

times in several experiments at different offset frequencies.
The selective determination of spin - spin relaxation times with the Carr
Purcell sequence can be done in several ways. Void e.a.2^} u s e the fourier
'
|

transformation of the individual echoes, Freeman and HillS1*) use the fourier
transform of the spin echo maxima, the application of weak selective pulses is
described by R. Freeman and S. 'tfittekoek^1) and the selective anplification of
individual spectral lines is done by Augusteyn e.a.22).

2.2.3. Technique for measuring the rotating frame relaxation time
Another method for eliminating the effects of the magnet infaomogeneity is the
forced transitory precession introduced by Solomon^*-?). In this technique a
continuous RF field is applied immediately after an initiating 90° pulse. The
phase of the RF oi the continuous field is shifted by 90° with respect to the
phase of the pulse. Since the magnetization after the pulse is collinear with
the Hj component of the continuous field, in the rotating frame no torque is
exerted on the magnetization, and this magnetization remains directed along H,.
If H 1 is switched off the magnetization will decay because of the T 2 process
and because of the inhomogeneity. The time constant with which the transversal
magnetization decays during the on time of the continuous Hj field is called
Tj . This Tj

can be measured for the individual lines by the fourier

transformation of the decay's during the off time of Hj for different on times
of H,.
The Tj

experiment can be done if the spectrometer has a continuous RF

field of which the phase can be set 90° shifted to the phase of the field of
the pulse amplifier.

2.3. Modified measuring techniques
With many of the techniques described before now the responses of all or a
large part of the spectral lines of a certain isotope can be measured
simultaneously. The main advantage of those techniques is a high S/N ratio. As
could be expected these techniques have also disadvantages.
The main disadvantages are:
A. Low dynamic range.
B. High peak power requirements.
C. Phase and intensity errors.
A lot of techniques that reduce these disadvantages have been developed. Some
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of these techniques introduce new or higher instrumental requirements and other
techniques are not generally applicable but only on certain samples.
Nevertheless, it was a goal of our spectrometer design to get the possibility
to apply all these techniques. We shall nov mention the most important
modified techniques which more or less prevent the disadvantages A, B and C.
A. Lov dynamic range
The dynamic range problem has already been mentioned in section 2.1 and is
treated in more detail in appendix I. The rapid scan technique (Dadok 11 )),
the synthesized excitation technique (Tomlinson and Hill^O)) and the low Hj
field technique**) are techniques in vhich the strong spectral line(s) are
irradiated in a much less effective way as the other spectral lines. The
water elimination fourier transform (WEFT)8) technique can be used if the
large spectral line has a spin lattice relaxation time quite different from
the other Tj's. Saturating a line, by means of the homonuclear double
resonance technique (see section 2.It) can also be used to lower the
intensity of the strong Iine9).
B. High peak power requirements.
These requirements can be lowered by the rapid scan-

) , the synthesized

excitation- 10 ), the stochastic excitation-1^}t the shirp-1*'*) and the
quadrature detection technique^"«3o), y^e fi rs t four techniques have lower
peak power requirements because in these methods the spin system is
irradiated during a longer time

as in the ordinary pulse mode. In the

quadrature detection technique back folding of lines after lock-in
detection can be avoided by which the irradiation can take place in the
middle of the spectrum which lowers the peak power requirement four times.
C. Phase and intensity errors.
These errors can be reduced by the DEFT1") technique, the FID technique
with pseudo random pulse delay^T), the quadriga fourier technique*5) and
the phase alternating pulse sequence (PAPS) technique, which has been
introduced by Bruker. As mentioned in section 2.1.1*. the DEFT technique can
also give an extra gain in sensitivity if the natural line width is much
smaller than the line width introduced by the magnet inhomogeneity. The
spin echo fcurier tranform (SEFT) technique^") gives also a gain in
sensitivity if the magnet inhomogeneity determines the line width.

The relaxation time measuring techniques are also modified in a number of ways.
The reduction of systhematic errors due to apparatus instabilities is the goal
3U

of the modification introduced by Freeman and Hill**) and L e v y " ) . The
progressive saturation technique^'), the saturation recovery tschnique^") and
to
the method introduced by Dijkstra and Kaptein 7) are examples of techniques
where the measuring time is shortened by avoiding the necessity of the long
waiting times for equilibrium. All these modifications concern the spin lattice
relaxation tine methods.
In the interrupted Carr Pitrcell method' ) the echo is acquired after a set
of 180° pulses. T 2 can now be determined from a set of Carr Purcell trains
with different numbers Of 180° pulses. This method avoids the necessity of
sampling all the echo's between the 18O° pulses, but pays with a low
sensitivity.

2.k. Double resonance techniques
The discussion of HR-NMR thus far has dealt with the situation in which the
sample is subjected to only one radio-frequency field, namely that needed to
observe the resonance. We now will consider techniques where two (or more) RF
fields at different frequencies are applied, one used to observe resonance and
the other(s) to perturb a part of the nuclear spin system. This procedure is
generally called nuclear magnetic double resonance, or more generally,
multiple resonance if two or more perturbing fields are employed.
The double resonance techniques are subdivided in the following "techniques:
decoupling and spin tickling, nuclear Overhauser effects (ROE), internuclear
double resonance (INDOR) and selective population transfer (SPT). The effects
and the instrumental requirements are different for the varijus techniques.
If the observing frequency Vj and the perturbing frequency v 2 are bott
near the resonance frequency of one type of isotope ve speak of homonuclear
double resonance (or homonuclear decoupling etc.). If Vj and v 2 are near th*.
resonance frequencies of two different nuclei, then we speak of heteronuclear
double resonance.

The double resonance techniques will be shortly discussed in the next 3
sections with respect to the instrumental design. For the basic double
resonance theory the reader is referred to Hoffman and Forse'n-' ) . Freeman*2) and
Gunther53) discuss the capabilities of the double resonance techniques in
combination with the pulse fourier methods.
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2.1».1. Decoupling and spin tickling.
The exclusive application of decoupling and spin tickling is restricted to
measuring methods where the extra perturbing field can be applied only during
the observation time of the response and not before or during the excitation
with the observation field. By this, decoupling- and spin tickling is strictly
spoken not possible in slow passage experiments, where the irradiation of the
observing field and the detection of the response takes place at the same tine.
In general the study of time depending processes can be studied separately in
pulse mode techniques in contrast with slow passage techniques, which is a
great advantage of the fourier techniques.
By considering a CH group in which the carbon 13 nuclei are coupled with
the protons the decoupling effects will be explained in a not exact but easy
way. The

13

C spins will feel the'H-spins in two positions, either parallel or

antiparallel with the external H o field. By this the

13

C resonance line of the

CH group is splitted into a doublet. This gives two resonance frequencies in
the pulse response of the

13

C nuclei. If the rotating frame has the same

frequency as one of the two doublet lines, the pulse responses of the two
lines in the rotating frame are given by figure 2.V.a. A strong perturbing
field on the proton line
will give a high
transition probability
between the two states of
the H-spins. A transition
probability much higher
than the difference
frequency of the two

13

C

lines, will interchange
the two frequencies many
times during one period of
Fig. 2.V. The decoupling effect in the time
domain.
a. Sum of two doublet lines without
decoupling.
b. The complete decoupled doublet line.

the difference frequency.
The result of this
interchange will be one
single frequency in the
middle of the two
doublet frequencies (fig.

2.V.b.). Thus after fourier transformation the decoupled doublet will remain
as one single line with twice the intensity of the do"ublet lines.
•I:'
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The irradiation of the decoupling field(s) during the observation time
will introduce receiver saturation problems, if the irradiation frequencies
are near the frequencies which must be observed. These problems will occur if
homonuclear decoupling is applied or if heteronuclear decoupling is done on
the same nucleus as on which the field frequency ratio is stabilized (see
section 2.6). Although the transition probability will fall down immediately
after the irradiation field is switched off, the decoupling effect can be
maintained if the switch off time is very short compared with the reciprocal
of the coupling constant in Hz. It is obvious that the dephasing of the two
doublet lines is very small during one off period of the decoupling field. A
study of the effect of a repeated switch off time will reveal that the total
dephasing after many off times can be kept small, even if the total off time
is an important part of the measuring time. Thus for decoupling and spin
tickling experiments, where the detection circuits are disturbed by the
irradiation fields, this field can be switched on and off if the switch off
time is short enough.
The amplitude modulation of the irradiation field introduces sidebands at
frequencies v 2 _+ nv m , where v,,, is the modulation frequency and n = 1,2,3 etc.
In order to avoid an irradiation in another part of the spectrum v m must be
higher than the spectrum width of the irradiated nucleus. This requirement
gives a switch off time, which is always short enough compared with the
decoupling constant.
If the irradiation fields should not enter the receivers, these receivers
must of course be switched off during the irradiation time. This modulation
of the receiver gain will introduce sidebands of the detected signals. To
avoid strong aliasing effects of these sidebands, certain filter and sampling
requirements (see appendix I and section h.1.2.1.) must be satisfied.
The heteronuclear decoupling has to be done either selective or broadband.
In the latter case a large part of a spectrum or a complete spectrum can be
decoupled. For broadband decoupling, high powers will be required especially
if the gyromagnetic ratio is low and the spectrum width is broad. By this the
irradiation power has to be distributed accros the spectrum in an effective
way (see section h. 1.1.2).
The effects in the spin tickling experiment are very sensitive to the
precise irradiation frequency (W.A. Anderson and R. Freeman^),

which makes

stable and fine adjustable frequency sources for homonuclear- and heteronuclear
irradiation necessary.
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2.1*.2. Nuclear Overhauser effect
The nuclear Overhauser effect (NOE) is due to the fact that the observed spins
at the beginning of e.g. an observing pulse are not at equilibrium if an
irradiation field has been applied on the spin system. If the equilibrium spin
distribution of e.g. the proton spins is disturbed by an applied field, which
introduces transitions in the proton spectrum, this disturbed state can change
the distribution of e.g. the

l3

C spins. Depending on the kind of coupling

between the spins, the signals in a NOE experiment can be larger, smaller or
even of opposite sign compared with the signals in a single resonance
experiment.
These effects make NOE an excellent tool for the study of molecular motion.
The exclusive application of NOE is possible in pulse response experiments, if
a saturation field H 2 is applied only before the observing pulse and not
during the observing time. The non equilibrium state of the spins will remain
during a time in the order of T j , which makes the observation of the NOE
possible during a tiue where no saturation power is applied.
In general the power needed for NOE is less than the decoupling power.
Thus, in order to minimize warming up problems in the probe, it is of advantage
to apply two different power levels if both NOE and decoupling should be
applied.
Noggle and Schirmer55) have written a book which is completely devoted to
NOE.

2.1*.3. Internuclear double resonance and selective population transfer
The internuclear double resonance (INDOR) technique, originally proposed by
Baker5°), is a method where the intensity of a line is continuously monitored
while a second low power field is swept through the spectrum of interest. The
intensity of the monitor line will change, whenever V 2 corresponds to the
frequency of a line that has an energy level in common with the monitor
transition at frequency Vj. By this a spectrum with a low intensity can
indirectly be observed on a spectrum with a high sensitivity as far as
coupling between the two kinds of nuclei exists. This was very important
before the introduction of the fourier transform techniques. As is clear from
the above this experiment is only possible with slow passage excitation.
A pulse analogon of the frequency swept INDOR is the double resonance
difference spectroscopy (DRDS) (J. Feeney and P. Partington^T)). In this
technique two fourier transform spectra are recorded and subtracted from each
38

other. One spectra is recorded while the resonance line that would Tie
monitored in the slow passage INDOR experiment is weekly irradiated and the
other spectra is recorded without this irradiation. The frequency and sign of
these transitions are identical to those obtained by frequency swept INDOR.
The application of homonuclear- and heteronuclear INDOR, requires
synthesizers for homonuclear- and heteronuclear irradiation, which can be
swept.
A technique by which relaxation paths between energy levels can be studied,
and thus which can give information about molecular motion, is the selective
population transfer (SPT) technique5°). with a selective pulse a homonuclear
or heteronuclear single line or multiplet is e.g. inverted before the
observing pulse. The Hj field and the pulse duration must be such that the E1
field is low enough to achieve selective irradiation and the pulse duration
must be short compared with the T,'s.

2.5. Multi-dimensional spectroscopy
The discussion of HR-MMR spectrum measuring techniques thus far has dealt with
the situation in which we only can distinguish at most two time periods,
namely the preparation period and the detection period. Taking a FID-experiment
as an example, the signal acquisition time is the detection period and the
rest of the time serves as the preparation period. During this preparation
period, building up the equilibrium, Overhauser polarisation or selective
population transfer, can take place followed by a RF-pulse to generate the
transverse magnetization which will be sampled during the detection period.
During this period, decoupling and spin tickling can take place also. The
frequency domain signal in the FID-experiment is generated by fourier
transformation the time domain signal during the detection period. In slow
passage experiments the preparation- and detection period will of course not
really be separated.

Jeener^9) suggested an experiment with a third time period, namely the
evolution period, which after double fourier transformation will generate a
second frequency axis.
An example of a 2D-experiment, namely the amplitude modulation experiment,
which separates the chemical shift and proton spin coupling effects in carbon13 spectroscopy (W.P. Aue, E. Bartholdi and R.R. Ernst 1976)6°) is illustrated
in figure 2.VI. In this method the pulse is generated at the end of the
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Preparation

I

I
I

Evolution

l

•
I

Detection
period

Figure 2.VI. Illustration of the periods, the excitation fields and the
response of a heteronuclear 2D-J and 5 resolved amplitude modulation
experiment.

preparation period, which generates a response from the

I3

C nuclei. During the

detection period the proton spectrum is decoupled. By this a proton decoupled
13

C response is generated during the detection period. The amplitude of the

envelope of this response is modulated. This modulation depends on the spinspin coupling constant and the length of the evolution period.
The term two-dimensional (2D)- or multi-dimensional spectroscopy will now
be restricted to those cases, which will give a final result with two or more
frequency axis. With this definition, Tj and T 2 experiments, in which also
several responses are generated as a function of an evolution period are no
multi-dimensional experiments.
During the last two years several 2D-experiments have been suggested and
performed by the groups of Ernst"0) and Freeman"1).

It appears that for realistic chemical applications many different evolution
times (e.g. 1000) are necessary, with a high timing accuracy. Of course for
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convenience of the operator all these different times should automatically be
generated in a complete sequence.
Another problem of 2D-spectroscopy is the enormous number of data points
(in the order of 1 million) which can be generated in a 2D-experiment. A fast
mass storage device will be necessary to solve this problem. If online data

r

acquisition and time averaging can be done on the mass storage, a gain in
measuring time and thus in signal to noise ratio can be achieved. A fast mass
storage will be of great help too in order to minimize the data processing
time of 2-D signals.

2.6 Field versus frequency stabilization
In the HR-NMR techniques we have not only to deal with the absolute field or
frequency stability and the field/frequency ratio stability, but also with a
phase stability.
A. The absolute field or frequency stability.
If we only take into account the effects of the gyromagnetic ratio and
the chemical shift, there is no requirement for the absolute field or
frequency stability, since each linj remains in exact resonance as long as
the field/frequency ratio is stable. This can be simply understood from
equation (1.30)

(1.30)

Only spin-spin couplings, which give frequency changes which are not
proportional to the magnetic field introduce absolute stability
requirements (see equation (1.33)). Because of the small maximum magnitude
of the spin-spin couplings (a few hundreds of Hertz), an absolute stability
of 10"° is more than sufficient.
B. The field/frequency ratio stability.
This stability has to be better than the magnet inhomogeneity (s10~ 9 ),
because otherwise the line widths in spectrum measuring techniques are no
longer determined by the inhomogeneity but by the relative field/frequency
stability.
C. Phase stability.
The phase stability is by far the most severe requirements. If we consider
a simple in resonance FID-experiment, performed on a single line spectrum,

it is obvious that the detected signal after the lock-in detector is only
proportional to the transversal magnetization if the phase difference
between the preeessing spins and the reference frequency of the lock-in
detector remains constant. In e.g. a CPMG T2-experiment the transversal
magnetization can be detected during a time of e.g. 1(T2. If during this
time, which can exceed one minute, the previously mentioned phase difference
changes more than 10 degrees, an inaccurate T 2 measurement can be the
result, because of among other things a bad working of the Meiboom Gill
trick .
Because of the above we will concentrate ourselves on the phase
stability problem. At first sight the conclusion can be made that we do not
need a field/frequency stabilization but a phase stabilization. We will
show that if the regulation time of a field/frequency stabilization is short
compared with T 2 , the field/frequency stabilization acts as a phase
stabilization.
The magnetic field is controled by error signals in the direction of
the dipersion signal at exact resonance in the steady state condition. This
means that there is a magnetization vector in the rotating frame,
perpendicular to the reference axis of the lock-in detector of the
stabilizing receiver (see chapter 2 ) . If now the field frequency ratio will
be disturbed, this magnetization vector will no longer remain perpendicular
to the reference axis and an error voltage will regulate the magnetic field.
If this regulation is fast enough this magnetization vector will again be
almost perpendicular before an annoying new magnetization can be built up.
The described principle can also be understood by realizing oneself that
the change in phase of the magnetization which is present in the transversal
plane during the complete time of the field disturbance is proportional to
the time integral of that field disturbance.
The phase of the magnetization which was along the longitudinal axis during
a part of that time does not have this property. In fact we now have an
integrating frequency stabilization, because only a small phase deviation
(depending on the regulation factor) will remain. In our opinion the best
test for the phase stability is the inspection of the zero signal after the
last 90° pulse in a DEFT-sequence.
In our spectrometer the time share mode is applied for the stabilization. The
main reasons for this choise are the following disadvantages of the other modes:
a. A pulse mode stabilization has, because of its decaying response,a time
depending stabilization factor and thus in principle also a time
1*2

depending field/frequency ratio.
b. If a field modulation is used for stabilizing purposes, this modulation
is also felt by the other nuclei.
Because of the severe requirements of the T 2 experiments, and the available
space, we use an internal lock. The main disadvantage of an external lock is
that

a

change in field difference between the stabilization sample and the

sample which is investigated will change the precessing frequencies of the
investigated sample.
We can use either a homonuclear or heteronuclear lock. The homonuclear lock
is particularly convenient in slow- and rapid passage experiments.
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Chapter 3. SYSTEM- AND SUBSYSTEM REQUIDEMEHTS

Introduction
The design and the development of the spectrometer system, vhich has to
perform more or less well defined tasks, contains the following two main jobs:
1• The design of the overall system. This results in blockdiagrams of the
hardware and system flow charts of the software.
2. The design and the development of the subsystems. This results in
electronic circuits of the hardware and flow charts of the software.

The most important points, which determine the design of the overall system
are:
A. The types of experiments, which have to be performed on the spectrometer
system.
B. The way in which the spectrometer has to be operated.
C. The desired modification- and extension capabilities.
D. A minimization of the effort for the constructions, modification and
extension of the spectrometer system.
E. The actual capabilities of hardware and software.

The subsystem requirements are mainly determined by:
A. The chosen system design.
B. The desired application area of the experiments.
C. The desired accuracy of the measured results.

The system requirements are shortly discussed in section 3.1. In section 3.2
is treated how is coped with the subsystem requirements in this thesis.

3.1. System requirements
The consequences of the system requirements A through E of the preceding
section are:
A. (The types of experiments, which have to be performed on the spectrometer
system).
A.a. The performance of the techniques mentioned in chapter 2 must be
possible on all nuclei which possess a magnetic moment.
A.b. The performance of an experiment, which is not implemented in the
software, must ~be possible without writing new software, of co-arse
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within the limits of the hardware.
B. (The way in which the spectrometer has to be operated.) This point is
mainly determined by the fact that our spectrometer must be suited for the
development of new techniques, for research experiments and for routine
experiments. It has to be possible that the last two types of experiments
can be carried out by experimentalists who have a very short training on
the system and are not familiar with the details of the measuring methods.
B.a. The operation of the spectrometer and the processing of HMR-signals
for experiments which are implemented in the software, has to be as
simple as possible. The conversation between the operator and the
computer has to be done in a language, matched to the IJMRexperimentator.
B.b. Parameters which need different settings in one or more experiments,
and of which it is of advantage if their values in some other
experiments can be determined in a fast interactive way, should have
the capability of computer and manual setting.
B.C. A change of nucleus must be possible with a little and easy change of
hardware.
B.d. The performance of slow passage experiments, without the usage of the
computer, should be possible. This has the advantage that if the
computer is out of order, or because of another reason can not control
the spectrometer, some measurements can still be executed.
B.e. The surface of the front panel and the number of knobs must be
minimized. The grouping of the front panel controls must be logical.
C. (The desired modification- and extension capabilities.)
C.a. Hardware as well as software has to be modular.
C.b. It should be possible to take out that part of the hardware, which is
not really necessary if the spectrometer operates in the non computer
controled slow passage mode. Now a lot of modification- or extension
work can be done while the spectrometer still operates in that mode.
D. (A minimization of the effort for the construction, modification and
extension of the spectrometer system.)
D.a. An overall system which makes the hardware of the subsystems as simple
and as small as possible.
D.b. A balanced ratio between software and hardware. The modification
and extension requirements make in general a realization on software
bases more favourable than a hardware realization.

D.c. A system as simple as possible. This point especially applies to the
software part, where several generations of students have to work with.
E. (The actual capabilities of hardware and software.)
The design and the development of the spectrometer system is done, without
the application of the micro processors. The main reasons for this are:
1. The capabilities of the microprocessors were rather low when the
described system was designed.
2. Some of the timing accuracy requirements make a direct spectrometer
control by a micro processor impossible.

The realisation of the requirements mentioned under A can be found in chapter
It. The requirements mentioned under B are treated in the chapters U and 5. The
way of realization of the requirements mentioned under C and D are discussed
in the chapters k and 6.

3.2 Subsystem requirements
In this section the separate subsystem requirements will not be discussed.
Only the way on which we cope with these requirements is decribed.
The subsystem requirement for the described spectrometer can be
distinguished into two groups.
A. Requirements, which if they can not be fulfilled or if they have to be
changed later on, make changes in the subsystem as well as in the overall
system necessary.
B. Requirements, which if they will be satisfied or if they have to be changed
later on, make only changes in the subsystem necessary.

It is clear that, before one starts with the realization of the spectrometer
the consequences of the requirements of group A must be analyzed. This can be
done with the aid of calculations, computer simulations or measurements on
another spectrometer if this one has sufficient capabilities to measure the
instrumental consequences of a particular requirement.
The technical consequences of the requirements of group B can be analyzed
in the same way as those of group A. Moreover sometimes it can be of benefit
to determine the consequences of a certain requirement of group B by way of a
measurement on the spectrometer which is under development. This can be done via
a measurement on a model sample if the spectrometer is in the latest stage of
development. After this, the modification or the extension of the subsystem
1*8

can be done in the most responsible way.
The subsystem requirements are treated in the corresponding sections of
chapter h.

4--

Chapter U. SPECTROMETER DrSIGN

The organization between the computer with the software system and the hardware system (see figure h.j) mainly depends on the answer to the following
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Figure U.I. The overall spectrometer system.

question. Which tasks, during the measuring time, have to be performed by the
computer and what has to be done by the dedicated hardware?
The two tasks which can be performed during this time either by software or
by hardware are:
1) The control of the spectrometer settings.
2) The acquisition and reduction of the signal data.
We first limit ourselves to the control function.
For this task three different solutions can roughly be distinguished:
A. During the complete measuring time the spectrometer is controlled by an
autonomous dedicated control system1>2>3). We do not make a distinction
between a manual setting of that control system or a setting by computer
before the experiment will be executed.
B. The computer directly controls the radio- and audio frequency spectrometer
system**).
C. Solutions which are a combination of A and B. This combination can be of
a different kind.
C.a. Time critical adjustments are controlled by the dedicated hardware and
less time critical settings are performed by the computer.
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C.b. During a certain time of the measuring sequence, which is called a
stretch, the spectrometer is autonomously controlled by the dedicated
control system. The data needed by the control system for the next
stretch are transferred from the computer at a non time critical moment
during the current stretch. As far as the dedicated control system
permits, two successive stretches can be completely different?,6).

The main advantages of solution A are the capability of generating measuring
sequences with very short time intervals without occupation of the computer
with this control task. Because of the first advantage this system is often
used for solid state spectrometers. The disadvantages are the large amount
of dedicated hardware (think of e.g. multiple resonance techniques), which is
necessary and the rather limited flexibility.
Solution B requires a minimum on dedicated hardware but gives timing
problems for time critical intervals and occupies the computer during the
measuring time.
The main disadvantage of system C.a. is that although it needs a true
small dedicated timing part, a lot of timings are inaccurate, which as later
on can turn out will be insufficient for novel techniques. In system C.b. the
computer can perform the control task during a time in which the computer is
not occupied with the data acquisition and -reduction task. This system is
more flexible than system A. All the spectrometer timings are now determined
by the dedicated control system, which is synchronized with a master reference
oscillator. The dedicated hardware must be large enough to generate a stretch
time long enough to give the computer the opportunity to transfer the control
data for the next stretch.

As is clear from the above the solution for the control task and the amount of
needed dedicated hardware also depends on the data acquisition and -reduction
task. This task is rather difficult in HR-HMR.
The reasons for this are:
1. The large amount of data points generated in one or more responses.
2. The on line time averaging of these data points.
3. The rather high sampling rate.
As will be pointed out in the sections h. 1.2.1 and 1».2.2.2, the number of data
points in a FID-experiment can exceed 10 s , a direct time averaging will give
the best ^/N ratio and the sampling rate can exceed 30.103 Hz. Because of the
I-
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large number of data points, and the requirements, which concern the data
acquisition and reduction flexibility (see section U.2.2.2) no dedicated
hardware solution is chosen for the data acquisition. To satisfy the data
acquisition and reduction requirements, in a computer with a work storage
smaller than the number of data points (limited financial resources), the
acquisition and reduction has tc be done on a fast mass storage (e.g. a fast
movable head disc). As is pointed out in section U.2.2.2 the acquisition and
reduction task results in a complete occupation of the computer during the
signal sampling time.

Because of this reason and the flexibility requirements A.a. and A.b. of
section 3.1 solution C.b. has been developed.
Moreover, to be able to perform the techniques, described in chapter 2, the
following requirements with respect to data acquisition and -reduction apply:
1. Time averaging by addition or substraction should be possible in each
stretch.
2. The number of data points can be different in different stretches.
3. The area of the mass storage on which the time averaged data are stored can
be equal or different for the several stretches.

A timing diagram of an arbitrary measuring sequence by the principle of the
stretch is shown in figure U.II. This sequence consists out of 3 stretches.

sequence n - 1 _

measuring sequence n
stretch 1 .stretch 2
stretch 3

"AT, D§JV "DS^

sw, sw2

AT,

_ i_sequence n

ffl

DS3\
SW3

Figure h. II. The n t h measuring sequence of an arbitrary NMR-experiment.
AT X : Time during which the data acquisition and -reduction of
the x t h stretch takes place.
DS^: Time during which the control words and and the data
acquisition and -reduction for the (x + 1)th stretch are
defined.

SWV

Time during which the control words for the (x + 1)
stretch are transferred to the interface.
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Data acquisition takes only place during the stretches 1 and 3. Only the
control words which are different in the next stretch have to be transferred
to the interface.

As is shown in the figure of the overall spectrometer system (U.I.) the
communication from the operator to the computer can be done through the keyboard and through front panel controls. The front panel controls consists of
a potentiometer and a UxU array of push buttons which assign the function of
the potentiometer, according to a method cfJeol^). The display units are a CRTscreen (HP 261*0), a teletype, a storage scope (HP 120B), a plotter and numeric
leds. The latter three display units can display information from the hardware
as well as data from the computer.

The hardware system, shown in figure U.I., is described in the sections U.1 U.1.3.2, and the computer and software system is described in the sections
U.2 - U.2.2.U.

U.1. Hardware system
A block diagram of the hardware system is shown in figure U.I.I. It can be
basically divided into three parts:
A. The magnet and the radio- and audio frequency system.
B. The hardware control system.
C. The interface.

|comp.

hardwara control

•

agnat, ra

Figure U.I.I. The hardware system.

In part A the synthesizers generate the excitation frequencies for the
transmitters and the reference frequencies for the receivers. The response of
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the probe on the transmitter signals is detected in the receivers. The outputs
of the receivers are an observing signal and a stabilization signal. The first
signal passes an ADC and is transferred to the interface. Tf the spectrometer
operates in the non computer controlled slow passage mode, this signal is
directly transferred to the plotter. The stabilization signal is conducted to
the magnet in order to correct the H o field. Part A is described in the
sections 4.1.1 - 4.1.1.5-

The control units of part B perform the control of part A. The inputs of the
control units are: the timing signals from the computer programmable timing
generator (CPTG); the load pulse from the CPTG; the setting and selection
data, from the interface and the knobs on the front panel. The CPTG generates
during a stretch all the timing signals for the spectrometer on the bases of
timing data stored in the work storages of the CPTG. At the end of a stretch
the load pulse loads the work storages of the CPTG and control units with
respectively the timing data and setting and selection data from the buffer
storages of the interface. At the same time the CPTG generates a hardware
status pulse, which tells the computer that new stretch words may be
transferred to the buffer storages in the interface. On the bases of the
timing signals, the selection- and setting data and the positions of the front
panel knobs, the control units generate all the control signals needed for
part A. So the hardware control system autonomously controls the spectrometer
during the stretch times. Part B is described in the sections U.I.2 - U.1.2.3.

The interface consists of input/output cards of the computer, demultiplexers
and the buffer storages. It is described in the sections 4.1.3, 4.1.3.1 and
4.1.3.2.

The keyboard and the display units, shown in figure 4.1, will not be
discussed in this chapter.

As mentioned in setion 3.2 the subsystem requirements are treated in the
corresponding subsystem sections. It is not alvays clear to which subsystem
a certain requirement belongs. In this thesis a requirement is treated there,
where the development is in a large way determined by that requirement.
All the following block diagrams of the hardware system are matched to
eachother. This means that the working of the hardware system can be deduced by
going from one block diagram to the other.
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Figure U.1.1.I. The radio- and audio frequency system.

*i.1.1. Radio- and audio frequency system and magnet
In order to have the possibility to apply the techniques mentioned in chapter
2, we need the following R?" magnetic fields. One field to observe the NHRsignal, one fie3d to stabilize the H o field/frequency ratio and two fields to
apply homonuclear and heteronuclear double resonance. With the last two

it

fields only irradiation takes place, without signal detection. After this we
mostly use the term irradiation instead of double resonance.
In order to avoid stabilization problems, it is not possible to do
homonuclear stabilization and homonuclear irradiation at the same time. The
disadvantage of this only applies for protons. Because of the large S/JJ ratio
of protons, a stabilization is not often necessary with a super conducting
magnet, which makes it admissable.

As stated above we need h different frequencies. One observing-, one
homonuclear irradiation/stabilization-, one heteroruclear irradiation- and
one heteronuclear stabilization frequency.
In many applications the stability of the ratio's of these frequencies
must be better than 1 part in 10 9 . For this reason, the four frequencies are
generated by four synthesizers and one master oscillater as a reference (see
figure 1.1.1.1). From each synthesizer one frequency is needed to generate the
RF fields for the probe. Two additional frequencies have to be generated by
the observing- as well as by the stabilization synthesizer as reference
frequencies for the respective receivers (see section It. I.I.It).
There are 5 transmitters. One high power observing transmitter, one low
power observing transmitter and 3 transmitters for the other 3 frequencies. In
the transmitters, the RF powers can be amplified, amplitude modulated and
phase modulated.
The probe output contains the observing- and the stabilizing signal. The
latter can be either homonuclear or heteronuclear. Figure It. 1.1,1 shows how
the input- and reference signals of the stabilization receiver are switched
from homo- to heteronuclear stabilization.

The requirements, the description and the specifications of the synthesizers,
the transmitters, the probe and the receivers respectively are given in the
next four sections. The specifications of the magnet are given in section
It. 1.1.5. To determine the requirements, only the currently used techniques
are reviewed, and then the techniques which have the most stringent
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requirements are reviewed, with no explanation as to why those techniques
have the highest requirements. The description of a systematic comparison of
the requirements of the different techniques is not done as this would be too
voluminous in this thesis. An attempt is made to describe all the requirements
The manufacturers, the application notes, internal reports or publications and
the critical factors of the critical components are given under the description
of the operation of the different units.
A comparison of the requirements and the current specifications reveals
that the specifications do not always satisfy the requirements. Improvement of
those specifications can mostly be done by a relatively small modification of
the subsystem (see also section 3.2).

b. 1.1.1. Synthesizers
As has been pointed out in the preceding section, four different synthesizers '
are needed. Each synthesizer consists of a constant frequency part and a
variable frequency part. The variable part generates a frequency which can be
swept in steps over a certain frequency range. In the constant part the
constant frequencies are generated and, if necessary, added

I
i

to the variable

frequency. In fact the constant frequency parts are dedicated to a certain
nucleus and the variable frequency parts are applicable for all nuclei (De
Feyter and Vroon ) ) . In consideration of exchangebility and universality of
construction, all synthesizers are equal, although the irradiation synthesizers
do not have to generate reference frequencies for the receivers.
For HMR applications the following requirements for the synthesizer frequencies
can be distinguished:
A. Basic frequencies.
The basic frequencies are determined by the resonance frequencies of the
nuclei.
B. Sweep range.
The rapid passage experiment, introduced by Dadok e.a.9), demands the
highest sweep range. A sweep range of twice the spectral width will give
almost the optimum signal to noise ratio (Gupta e.a. ) ) .
C. Step magnitudes.
Frequency sweep experiments and direct (non fourier transform) selective
relaxation experiments (Augusteyn e.a.11)) determine the minimum step
magnitude. For both applications h steps within the line width at half
4-," i
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height are sufficient.
D. Sweep speed.
The maximum sweep speed is needed for rapid passage experiments (Dadok°)).
A maximum step frequency of twice the spectrum width will give almost the
optimum signal to noise ratio (Gupta e.a. ) ) .
E. Long term stability.
For this requirements we distinguish

the following 2 situations:

1. A field/frequency lock is used.
The Carr Purcell T 2 experiment (see section 2.2.2) gives the highest
requirement. During a time of about !*T2 the stability of the phase ratio
of the observing- and stabilization frequency must be better than a few
degrees. If we ignore the second order effect due to the absolute spinspin coupling there is no requirement for the absolute long term
frequency stability (see section 2.6).
2. No field/frequency lock is used.
Ir; this case the absolute long term stability has to be better than the
magnetic field homogeneity or stability if the latter is worse than the
homogeneity.
F. Spectral purity.
The dominant factor which determines the dynamic range is the spectral
purity (see appendix I ) . Pulse experiments on protons demand the highest
requirements. The spectral purity has to be better than the best signal to
noise ratio. A requirement that can never be fulfilled at 300 MHz.

Description.
As mentioned previously each synthesizer generates 3 frequencies. One
transmitter frequency for the probe, one reference frequency for the mixer in
the receiver and one reference frequency for the lock-in detector in the
receiver. In order to overcome crosstalk problems, the first two frequencies
are multiplied by two and the last one is divided by two outside of the
synthesizers. Thus to determine the real influence of the transmitter
frequency on the MMR-spectrum, the frequencies mentioned in this section have
to be multiplied by two.

Variable frequency part.
This part generates a frequency from 1 MHz to 1.5 MHz in minimum steps of
0.005 Hz. The inputs of t h i s part are a 10 MHz master o s c i l l a t o r (HP1O5l<3B)
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Figure It. 1.1.1.1. The synthesizer
a. The variable frequency part.

b. The constant frequency part.
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and digital numbers from the control units to control the frequency. A control
code transformer is needed to convert these numbers in a code suitable for the
phase locked programmable counter loops. Figure k. 1.1.1.1 shows that each reference
frequency (v re f) for the counter loops of the variable frequency part is 50
kHz. On the tasis of these reference frequencies and a 100 different control
numbers, each counter loop generates 100 discrete frequencies at equal
distances between 10 and 15 MHz. If the frequency of the lowest counter loop
of the variable part is v, and the frequency generated by the upper 5 loops
is v2, the frequency which leaves this part is (vx + VjJ.JiO" 1 ). At a range
of 5 MHz of each loop, the smallest step generated by the lowest counter loop
is 5 kHz. As can easily be seen from figure U.I.1.1.I, the smallest step from
the highest counter loop is .005 Hz at the output of the variable frequency
part.

Constant frequency part.
The input of this part is the 10MHz master oscillator and the sweep frequency
from 1 to 1.5 MHz. The reference frequency of the phase locked counter loop
is 250 kHz. The frequency v 3 , generated by this loop, is the basic frequency
for a certain nucleus. This type of loops can generate frequencies between
10 and 150 MHz with a minimum distance of 250 kHz. Figure ^.1.1.1.1 shows
that the output frequency for the transmitters is v 3 + (Vj + V j K O O " 1 ) . The
reference frequency for the mixer in the receiver must have a constant
difference with the transmitter frequency, while the value of the reference
frequency for the lock-in detector must be this constant difference (see
section 4.1.1.U). Figure if.1.1.I.I shows how these two reference frequencies
are generated.
The observation/stabilizaiton switch changes N. By this the reference
frequency of the lock-in detector in the observing receiver can be made
different from the reference frequency for the stabilization receiver.

The two most important parts of the synthesizers are the counter loop and the
mixer loop. Figure U.1.1.1.II gives the block diagram of these two synthesizer
loops. The main principle on which the operation of these loops is based is
the following. As long as the phase difference of the two inputs of the phase
detector does not have a certain constant value, the voltage controlled
oscillator (VCO) will change its frequency until this condition is satisfied.
The pre-adjust signal from the D/A converter gives the loop a shorter

6o

phase locked pro£r«uble cowiter loop.

pbue locked sixer loop.

Figure k.1.1.1.II. The synthesizer loops.

frequency switching time. Because of this reason the D/A converter signals
are also led to other loops

after an attenuation of 100 (see figure 1). 1.1. I.I)

8

(Vroon )).
Figure k.1.1.1.II shows that the relation between the input frequencies
(v re f and v 2 ) and the output frequency (voiit) is given by

v

out

where m is the dividend of the programmable counter.

Some data of the important components of the loops are given below.
phase detector:
manufacturer: Motorola; type: MCUoMP; application note: AN535; critical
setting: phase difference of two inputs must never be zero,
mixer:
manufacturer: Mini-Circuits Laboratory (MCL); type: SRA1; application note:
data sheets
low frequency VCO:
critical factors: spectral purity, range and linearity; manufacturer:
Motorola; type: MC161»8P; application note: AN 535
high frequency VCO:
critical factor: spectral purity; home made; internal report: C.B. Dekker 12 )
low pass filter:
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home made; application note: AN535
band pass filter:
critical factor: band width; home made.

Speci fi cations.
General specifications
basic transmitter frequency:
10 MHz - 150 MHz in steps of .25 MHz

plus 1MHz - 1.5 MHz in steps of .005

Hz
basic mixer reference frequency:
basic transmitter frequency plus U.1+3 MHz (obs.) or 3.69 MHz (stab.)
basic lock-in det. reference frequency:
17,72 MHz (cbs.) or ih,76 MHz (stab.)
sweep speed:
switching time is less than 3 msec. (Frequency accuracy better than \% of
the step magnitude.)
long term stability:
<5.1O"8/ day and <1.5.10"7/ year
spectral purity of the mixer reference frequency of 15^.^3 MHz:
spurious signals: <-75dB; noise: <-90dB in 1Kz bandwidth at an offset of
1 kHz and <-120dB in 1Hz bandwidth at an offset of 100 kHz
spectral purity of the lock-in detector reference frequency of 17,72 MHz:
spurious signals <-70dB; noise: <-100dB in 1Hz bandwidth .it an offset of
100 Hz and <-100dB in 1Hz bandwidth at an offset of 10 kHz

Specification in the computer controlled mode,
sweep range:
12 Hz* - .5 MHz
step magnitude:
.005 - 250 Hz

with step ratios of 2,5 and 10

stepping rate:
0.12 Hz - 61 kHz

For suggestions about changes in the synthesizer subsystem see section 7.3.

*) The specifications marked with an asterist are determined by the control
units for the synthesizers.
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It.1.1.2. Transmitters
In principle the requirements for the 5 transmitter mentioned in section 14.1.1
are different. In the following attention is paid to the several spectrometer
parameters. With each parameter the requirements for those transmitters are
discussed as far as it applies.
Below you find the spectrometer parameters and their requirements, demanded
by the techniques described in chapter 2.
A. Maximum power.
Instead of the powers, we will give one of the rotating components of the
RF field (Hj). The relation between this component in the middle of the
coil (H l m ) and the power P is given by

A

PQU

UirvcyoVCeff

where v c is the resonance frequency and Q u is the unloaded quality
of the transmitter coil oscillating circuit. VCej.j. is the effective coil
volume. The ratio between VCej.j, and the geometric coil volume (V c ) is
k.5 in a tractable saddle coil (see the next section).
A.a. High power observing transmitter.
The maximum power requirement is given by
(Jt.2)
As is given in section 2.1.2., yH, = "SjnaxYHo is sufficient for spectrum
measurements. For relaxation time measurements (see sections 2.2.1 and
2.2.2) a higher H t is needed.
A.b. Low power observing transmitter.
The rapid passage experiment requires the highest power. Gupta e.a.
show that H

m

)

can be calculated from

where 6^, is the transmitter duty cycle.
A.c. Homonuclear irradiation/stabilization transmitter.
Anderson and Freeman'') show that for selective decoupling, which
-

;

•

-
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gives the highest requirements, the H 2 component can be derived from
Y« T H 2 = 2iT|v0 - V2IJ.JJ."1
if

yH2 »

(U.I*)

2TT(V O - V2) and yH 2 > 2irj

where H 2 and v 2 correspond to the irradiation field, J is the original
spin-spin splitting and J r the residual splitting.
A.d. Heteronuclear stabilization transmitter.
The maximum Hj must give the largest steepness of the dispersion
signal, which results in

<Y«TH1)2TIIninT2iBin

= 1

{k 3)

'

A.e. Heteronuclear irradiation transmitter.
The off resonance decoupling technique demands in this case the
highest requirement. Ernst'*) shows that the H 2 component can be
derived from

where Av is the decoupled spectral range. For many applications it is
extremely difficult to dissipate the powers in the probe required by
this technique. Therefore we restrict ourselves to the broadband noise
decoupling technique. The H 2 component is than given via (Ernst1^))
i

Y S T H 2 = I 8irJ 2 b r ~ l Av] s

(it.7)

where b r is the residual broadening.
B. Minimum power.
B.a. High power observing transmitter.
If the minimum high power equals the maximum power of the low power
observing transmitter, any desired Hj field can be generated,
B.b. Low power observing transmitter.
To avoid saturation in slow passage experiments the equation
1/5
•>•

gives a good value for the minimus: power.
B.C. Homonuclear irradiation/stabilization transmitter.
Oscillation of the field/frequency stabilization, due to saturation,
can occur. In order to avoid this, relation (U.8) must also be
satisfied for the homonuclear transmitter.
B.d. Heteronuclear stabilization transmitter.
Here the same consideration as under B.C. applies.
B.e. Heteronuclear irradiation transmitter.
The spin tickling technique requires the lowest power. Anderson and
Freeman ^) show that the minimum H 2 can be derived from

0.05

(4.9)

C. Zero power and zero noise.
For the zero power and the zero noise two common requirements apply for all
transmitters except for the heteronuclear irradiation transmitter. The zero
power (POff) must be so low that it causes a receiver offset lower than 10?
of the maximum ADC input ( V m a x ) * This condition leads to

(it.10)

where K is the coupling factor between transmitter and receiver coil, Kj
the input resistance of the pre-amplifier and G the receiver gain. Moreover,
the extra noise introduced by the low frequency changes in P o ff must be
smaller than the Johnson noise at the smallest bandwidth used. The zero
noise must not reduce the signal to noise ratio, which results in
K2Pn

(U.n)

where P n is the zero noise in 1 Hz bandwidth.
Besides, for the zero powers the following requirements are also valid.
C.a. High power observing transmitter.
A very small disturbance of the magnetization between the pulses may
occur by the zero power. This condition can be represented by

YH, < fjL
i../v. ""

65

where &vmin is the minimum difference frequency between the
transmitter frequency and the resonance frequencies of the spectral
lines.
C.b. Low power observing transmitter.
In the direct selective relaxation experiments (Augusteyn e.a.

))

only a very small disturbance of the magnetisation between the low
power pulses may occur. This condition can be represented by
1/100

(14.13)

C.c. Homonuclear irradiation/stabilization-, heteronuclear stabilizationand heteronuclear irradiation transmitter.
The zero power of these 3 transmitters may introduce a small
disturbance of the magnetization, which nearly gives
1/30

(U.1U)

In many applications the requirements for the zero powers can be
lowered by setting the corresponding transmitter frequencies outside
of the spectrum. In our spectrometer this is done with the default
settings (see section 4.2.2.2).
D. Frequency range and bandwidth.
Because of the requirement A.a. of section 3.1 the transmitters should
transmit frequencies for all nuclei which possess a magnetic moment. This
means a frequency range of 2.46 MHz - 320 MHz at a field strenght of 7.05
Tesla.
We chose a

frequency range of 20 MHz - 300 MHz. By this we miss some

isotopes at the low frequency side and tritium at the high frequency side.
Although measuring at the low frequencies cannot simply be achieved by
changing a subsystem it is possible to do these measurements after a
relatively simple change of the overall system. The powers, which are
necessary for the several nuclei, are quite different as a result of,
among other things, the different gyro magnetic ratios. (See equation 4.7)
Because of this the requirement for the flatness of the power over the
complete frequency range is very low. So, except for high powers it is
economically justified to make the transmitters suited for the complete
range (requirement B.c. of section 3.1). The last part of'the high pover
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(above e.g. UO Watts) transmitters

is a module suited for a particular

nucleus. There is a bandwidth requirement for these more or less selective
modules. The bandwidth of these high power amplifiers have to be broader
than the bandwidth of the transmitter coil circuits. These circuits, in
this case, still determine the switching time, and thus are the only
circuits which determine the phase glitch.
E. On/off ratios and switching times.
The requirements for the on/off ratios can be determined from the
requirements for maximum power, zero power and zero noise in this section.
The switching time has to be short compared with the relaxation time of
the transmitter coil circuits.

I

F. Phase settings.
F.a. High power observing transmitter.
For T 2 experiments (see section 2.2.2) in combination with signal
alternating (section 2.3 point C.) the phases 0°, 90°, 180° and 270°
are necessary. In the case of a selective Carr Purcell Meiboom Gill
experiment with many 180° pulses, the relative phase accuracy has to
be better than a few degrees (Void e.a. ' ) ) . Of course, this accuracy
is needed over the complete frequency range. For Tj

experiments (see

section 2.2.3) a phase difference of 90° between the high power
observing frequency and the low power observing frequency is needed.
A continuous phase shifter, with

a stability of a few degrees, is

sufficient for this purpose.
F.b. The broadband decoupling methode, described by Ernst

) , needs a phase

modulation of 0 and 180 degrees. To avoid extra power at the central
frequency an accuracy of a few degrees is sufficient.
G. Influence of the heteronuclear irradiation transmitter on the other nuclei
and the receivers.
In the case of broadband irradiation, a noisy power will be present at the
observing and stabilization frequencies. The Hj field at these frequencies,
due to the noisy power, has to satisfy the zero power conditions of this
section. The receiver input noise, due to the noisy power, must be lower
than kT in 1 Hz bandwidth at the relevant frequencies.

Description
Figure If. 1.1.2.1 shows the block diagram of the 5 transmitters. The RF
inputs enter from the corresponding synthesizers. The control signals for
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modulators, attenuators and phase-shifters enter from the corresponding control
units (see section b.1.2). Figure 4.1.1.2.1 shows that the heteronuclear
stabilization frequency can be put either on the observing coil or on the
heteronuclear irradiation coil. In general these coils are not tuned to
that stabilization frequency. This makes a correction of the power
requirements for the heteronuclear stabilization transmitter necessary. The
best method to increase the on/off ratio is an extra modulator behind the
frequency doubler.

Some data of the important components of the transmitters,
power splitter and power combiner:
critical factors: frequency range and loss; manufacturer: MCL, type:
PSC-2-1; application note: data sheets
modulater:
critical factors: on/off ratio, frequency range and loss; manufacturer:
MCL; type: SRA1; application note: data sheets
frequency doubler:
manufacturer: MCL; type RK2; application note: data sheets
programmable phase shifter:
critical factors: frequency range and accuracy; home made; litterature:
Ellet e.a. ) ; internal report: Sloof'°) (The programmable discontinuous
phase shifter is placed in the frequency up conversion part. The
continuous phase shifter of the observing transmitter is placed in the
frequency down conversion part.)
programmable attenuator of the low power observing transmitter:
critical factors: accuracy; manufacturer: Kay; type: l»U30 BHA
programmable attenuators of the other transmitters:
home built; internal report: Gerlofsma1^)
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Specifications of the transmitters.

Type of channel
Characteristic
parameters

High power
observing

Maximum power

0.03kW (300 MHz) 3 Watt
2.5 kW ( 75 MHz)

30 W (300 MHz)

on/off ratio

81» dB (300 MHz) 97 dB
197 dB ( 75 MHz)

81t dB (300 MHz)

off noise

•129dBm/Hz (300MHz
i67dBm/Hz(75MHz

Attenuation
range and
accuracyFrequency range
or band width

38MHz at 300MHz
5MHz at 75MHz

Pulse width

continues:
1-1000 psec
digital
0-127 psec
in steps of
-1 psec

Time share freq.
with duty cycle

Switching time
Phase settings
and accuracy

70 nsec
O°,9O°,18O°,27O°
+1° and 0°-90°

Low power obs.
and homonucl.
stab./irr.

Heteronuclear
irradiation

Heteronuclear
stabil.

This
channel
-157dBm/Hz
-99dBm/Hz
has
either
the
spec•s
59 dB
59 dB
in steps of 1 dB in steps of 1 dB of the
± 0.5 dB
± 0.5 dB
low
power
20 - 300 MHz
38MHz at 300MHz and homo
channel
or of
the
hetero
Lrrad.
channel.
Vhe
settings
are
Time share freq. Time share freq. independent
6 1 . M - 3 . 8 1 I kHz
6i.U-3.8U kHz
in factors of 2 in factors of 2
6 T : 2.5,5,10,20, 6 T :
ho and 80%
50 or 100*

<70 nsec

<70 nsec
0° and 180°

+ 10

*) The pulse widths and the time share frequencies and duty cycles are
determined by the control units for transmitters and receivers.
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h

Probe
The main parts of the probe are transmitter circuits to generate the RF field
and receiver circuits to detect the nagnetization of the sample. As easy can
be calculated (Clark

)), one of the rotating magnetic components in the

middle of the coil (H,m) is given by

where

is determined by the equation
2

dV

all
space

:

t;

A calculation of the available signal power from the receiver circuit (Ps)
gives:

Ceff
where V s »,. is a sample volume, which if it would be concentrated in the
middle of the coil, should give the same signal as the real sample and Mrp is
the transversal magnetization.

The following aspects have to be concerned for the probe requirements:
A. Sensitivity.
The sensitivity of the receiver coil circuit is determined by the term
v

Seff2^u^ceff~1 (see

('••IT)). At high frequencies the supply wires to the

coil contribute much to the total inductance of the coil. Because of this
reason it is difficult at high frequencies to keep V C e f f low and thus the
sensitivity high.
B. Intensity of the RF field.
Maximizing the RF field is, according to equation(U.1), maximizing the
term PQuVceff"1' ^

e

P roi3e dissipation limits the maximum power in the case

of a continuous irradiation. If pulse excitation is used, sparking
determines the maximum pulse power.

.«-*"»
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C. Homogeneity of the RF field.
Especially in T 2 experiments (see section 2.2.2) a homogenious Hj field is
necessary to get a high accuracy for the measured T 2 . Hoult and Richards19)
show that spinning sidebands due to Hj field inhoraogeneities can occur, ''"he
inhomogeneity and its effects are determined by the ratio of transmitter
coil volume and receiver coil volume and by the sample volume.
D. Disturbance of the H o field.
Because of the small distances between the coils and the sample,
susceptibilities of the coils unequal to zero, generate higher order
gradients in the sample. The field correction coils cannot compensate these
higher order gradients. By making the receiver— and the transmitter coil
material of components with positive and negative susceptibilities, this
effect can be minimized.
E. Cross talk and dead time.
The crosstalk between transmitter and receiver circuits is a matter of the
geometry and the accuracy of construction of the coils themselves and with
respect to eachother. The constructions and positions of the tuning and
matching networks determine the crosstalk also. The dead time is low if the
qualities of the oscillating circuits are low. (See also below.)

Comparison of the requirements for V C e f f .
As follows

from equation (U.16) a small V C e f f is needed for a high sensitivity

at a fixed sample volume. Equation (1».1) shows that for a large Hj field also
a small Vv c _» is needed. A large transmitter coil, thus a high V C e f f , will
=eff
a
compromise which depends
give a homogeneous Hj field. So the best
on the WMR-application.

Description
Figure 14.1.1.3.1 shows the RF circuits of the probe and the connections with
the transmitters and the pre-amplifiers. In order to get a homogeneous RF
field and a small crosstalk a crossed coil construction, with the transmitter
coils perpendicular to the receiver coils, has been applied. Both the
transmitter circuits are single tuned and the receiver circuit is double
tuned. (Burton and Hall ^)and Bergsma^'')). A diode circuit at the input of
the pre-amplifier protects the latter against overload and lowers the signals
in the receiver during the irradiation time. The qA circuits (Haeberlen22))
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Figure 4.1.1.3.1. The probe.

between the transmitters and the transmitter coils, lower the noise and the
undssired RF fields in the coils.

Specifications:
type of coils: saddle coils (dictated by the geometry of the superconducting
magnet)
geometry: (see figure 4.1.1.3-TI)
' a = 130°. Measurements of Bergsma') show that 130° gives the minimum false
echo in a CPMG (Meiboom and Gill

)) experiment. Calculations of Gadian^5)

give an optimum width of 120°.
•'-/d = 1. This ratio is a compromise between maximum signal intensity and
maximum H o homogeneity,
effective coil volume:
4.5 V c (a = 130° and V d = 1). Relation (4.1) can now be written as
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PQu

,„

•

(Jf.1T)

/

effective sample volume:
In the case of a large transmitter coil
VO-P-P = l T d s
where d<- is the inner sasrole tube
diameter,
quality:
70 < Qu < 150 (U6 10 6 < V c < 300 10 € )
material:
copper-rhodium
Figure it. 1.1.3.II.
The saddle coil.

isolation:
-ho dB
maximum powers:
continuous: 30W; pulse: 2kW.

h.l.T.h. Receivers
Figures it. 1.1.it.I shows a rough block diagram of a receiver. In general the
pre-amplifier is a module tuned to the resonance frequency of a certain
nucleus. The rest of the receiver is in principle suited for all nuclei. To
keep the IF frequency constant, the reference frequency of the mixer must
have a constant difference in frequency with the transmitter frequency. To
transform the signal frequencies after the lock-in detector in the audio
range, the reference frequency for this detector must be the mentioned
frequency difference.
The main requirements for the receiver are:
A. Noise figure.
The overall noise figure of the receiver has to be better than 3dB.
B. Frequency range.
The frequency range must lie between 20 and 300 MHz. (requirement B.c. of
section 3.1)
C. Gain factors.
The maximum gain is determined by the most narrow bandwidth ( B ^ u ) and the
input sensitivities of ADC and display units. If we concentrate

ourselves on the ADC the maximum gain
fro* receiver
circuit

1

depends on the minirian rius-nti.^zinR step
of the ADC. Ernst 26 ) shows that if the

| ,r.--»7|

effective noise amplitude equals this
quantisizing step (q), the reduction in
signal to noise ratio due to quantisizing
noise is only U%. The maximum gain (Gmax) is

•ixer

then given by

n^n
ref.

lock
detector
tor

si

If the maximum ADC input voltage is lower
|

than the maximum filter output voltage, the
minimum gain (G m i n ) is given by

J iT-m.1.
G

filters

minVIt-t

where Vj. . is the maximum top to top signal
at the input of the pre-amplifier and n a is

ADC

T

to computer

the number of ADC bits, inclusive the sign
bit. The distribution of the gain over the
pre-amplifier, the IF-amplifier and the AFamplifier is mainly determined by the noise
figure requirement and the dynamic range

Figure h. 1.1. It. I.

(see appendix I) requirement. These two

Simplified block

requirements give different distributions,

diagram of the

due to the properties of among other things

receiver.

the lock-in detector. The lock-in detector

1
ii

has a bad noise figure as well as a bad
linearity. Because of the bad noise figure, much amplification is needed
before the lock-in detector ') y on the other hand the bad linearity demands a
small amplification before the lock-in detector in order to keep the voltages
managed by this detector low. So, the distribution of the gain over the
amplifiers is a compromise between noise figure and dynamic range. Figure
U. 1.1.It.II. shows that the gain before and after the lock-in detector can be
adjusted within certain limits. With this it is possible to make the most
favourable compromise in a certain application.

75

D. Bandwidth and filter type.
Theoretically the broadest bandwidth has to be equal to the broadest
spectrum. In fact the maximum pulse power in pulse experiments and the
maximum continuous power in rapid scan experiments determine the maximum
spectral width that can be measured at the same time. The maximum sampling
frequency of the ADC must, according to the sample theories, be twice
that of the spectral width. The minimum bandwidth is determined by the
slow passage experiments and the direct selective relaxation experiments.
This minimum bandwidth has to he smaller than the width of the most narrow
line.
In the case of fourier experiments and the possibility of a zero- and
first order phase correction, for the amplitude and phase characteristics
the following requirements hold: Over the spectral range the non-linear
phase deviation has to be within 5° and the amplitude deviation within 3%.
In order to keep the back folded spectral lines, due to receiver
modulation in case of time share operation, low enough and also the back
folded noise, the filters have to be at least of the fourth order.
Chebychev filters give the highest attenation of the undesired frequencies
at a given flatness of the desired frequency range. Linear phase and Bessel
filters give the best (linear) phase characteristics, at a low attenuation
of the undesired frequencies. The ringing time, which can be important in
pulse experiments is considerably longer for Chebychev - as for linear
phase - or Bessel filters

). Because of the above a good compromise is

often a Butterworth filter, which has characteristics lying between the
Chebychev and Bessel filters. For the stabilization receiver the filter
has to be of the first order in order to avoid oscillations.
E. On/off ratio, cross talk and switching time.
A receiver gain unequal to zero in the off position and cross talks from
reference and transmitter frequencies cause an offset of the receiver
output. This offset must be lower than 10$ of the maximum ADC input fa^ax)•
The offset gain (Goff) dictated by this condition is given by
Goff

"max

(l*.2O)

where S is the suppression factor of the diode circuit at the input of
the pre-amplifier (see figure U.I.1.3.I.), which of course is more
effective the higher the power P is. Moreover the changes in the offset
•S-

must be lower than the noise. These offset changes normally have a low
frequency character and thus are only inconvenient in the slow passage
experiments.
Offset, due to crosstalk, can be introduced by the transmitter- and
reference signals themselves and by spurious and harmonics of those
signals. The first effect can be minimized by generating the final
frequencies of the transmitter- and reference signals at a stage as late
as possible and by a good isolation between these signals and the
vulnerable receiver parts. The second effect makes low spurious- and
harmonics distortion necessary.
The switching times must be short compared with the relaxation time of
the RF probe circuits. This means that the best place of the switching
circuits is in the broad band part of the receiver.
F. Dynamic range.
As is pointed out in appendix I, the receiver effects which determine the
dynamic range are:
1. The mixing of noise and spurious of the reference signals in the
outputs of mixer and lock-in detector.
2. The harmonic generation due to the non-linearity of the receiver units.
3. The generation of quantisizing noise due to the final word length of the
ADC.
As far as frequency modulation of the references is concerned {the most
important contribution), the first effect is completely determined by the
synthesizers. The second effect is minimized by constructing receiver units
with high intercept points. If I is the intercept point in dBm, and U the
output signal in dBm fhan the n° order distortion (D) is given by

D = fn - 1) (U - I)

(k.21)

The effective value of the quantisizing noise (<Tq) is given by the well
known relation

) gives the effect of the quantisizing noise a^tor time averaging
expressed in the ratio of ADC effective input noise a and the quantisizing
step q. The deterioration of the signal to noise ratio, due to
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quantisizing, is 16% if q/0 is 2, h% if q/a is 1 and t% if q/0 is I. If the
maximum signal to noise ratio per hertz bandwidth at the ADC input is M dB,
the number of ADC bits (inclusive the sign bit) (n a ) can be calculated
from (see appendix I)
20 I°log{(2t1a_i).q/a} >_ M+9 - 10

10

logB (1-19)

where B is the minimum bandwidth in the applications where a. high dynamic
range is necessary.

Description.
The block diagrams of the observing- and the stabilization receiver are given
in figure U.1.1.It. II. Only the observing receiver is described here. The main
differences between the two receivers are shown in the block-diagrams. The
probe part is situated at a distance of a few decimeters from the transmitterand receiver coils, and the rest is housed in the spectrometer. The mixer
reference frequency is 8.85 MHz higher than the transmitter frequency.
Difference frequencies of the harmonics of the input frequencies of the
mixer in the neighbourhood of 8.85 MHz will give false signals.
The choise of a reference frequency higher than the signal frequency
and the choice of 8.85 MHz is such, that the dangerous difference frequencies
are only generated by high order harmonics of the input frequencies (Brown-^)).
This means that the intensity of these difference frequencies and thus the
intensity of the false spectral line is low.
To avoid cross talk problems between the observing- and the stabilization
receiver, the intermediate frequency Of the latter is 7.38 MHz.
Figure h. 1.1 .It.II. shows that the receiver gain is switched off by
modulating the mixer reference signal before and after the frequency doubler.
Switching off the receiver on that place gives the following advantages.
Switching off a reference signal instead of a KMR-signal avoids linearity
problems. Only disturbances, due to the switching, which contain intermediate
frequencies, will be observed at the receiver output. The switching time is
short, because the switching is done in a broad band part of the receiver. The
on/off ratio of the reference can be very high because the modulation is
done at two different frequencies.
Figure k.1.1.k.II. shows that the synthesizer reference frequency for the
mixer is doubled and the synthesizer reference frequency for the lock-in

19

detector is divided by two. Dividing a frequency is better than multiplying a
frequency, as the second harmonic does not give any trouble in the case of
dividing. The reason that we have chosen multiplying for the mixer reference
frequencies is because it is technically unattractive to generate frequencies
up to 300 MHz by dividing.

Some data of the important components of the described receiver:
modulator:
critical factor: frequency range; manufacturer: MCL; type: SRA-1;
application note: data sheet

1

frequency doubler:
manufacturer: MCL; type: RK2; application note: data sheet
mixer:
manufacturer: Watkins Johnson; type: M9D; publication: Cheadle^ )
lock-in detector:
critical factors: intercept point, 1/f noise and dc—drift; manufacturer:
Watkins Johnson; type M9D; publication: Cheadle31); critical setting:
IF port matched for upper and lower side band
ADC:
critical factors: resolution and sampling rate; manufacturer: Analogic;
type: AN58162B0DI10, ADC: 2911+3D, DAC: il»122D
pre-amplifier:
critical factors: noise figure and intercept point; home made
IF-amplifier:
critical factor: intercept point; home made
AF-amplifier:
critical factors: intercept point, noise figure and dc-drift; home made;
. internal report: Sloof

)

90° phase shifter:
critical factors: accuracy and stability; home wade.

Specifications:
noise figure:
3.5 dB (300 MHz) and 2.5 dB (75 MHz)
maximum gain:
156 dB
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minimum gain:
58 dB
maximum bandwidth:
150 kHz
filter bandwidth:
30 kHz, 15 kHz, 7.5 kHz

, 0.1 Hz

filter type:
Butterworth (,h° order)
ADC:
maximum sampling frequency: 85 kHz; number of bits: ^h
time share frequency:
60 kHz, 30 kHz, 15 kHz

, 3.75 kHz*

duty cycle:
20, GO, 80, 90, 95 and 97,5$
sampling frequency:
•ft

60 kHz, 30 kHz, 15 kHz
, 0.2ltHz, .12 Hz
intercept point lock-in detector:
36 dBm (3° order)
intercept point AF-amplifier:
91 dBm (2° order)
on/off ratio:
>il+0 dB
switching time:
<100 visec
I t . 1 . 1 . 5 . Magnet
The magnet is a 7.05 Tesla superconducting magnet from Varian. The properties
and specifications given by the manufacturer of this magnet are:
superconducting correction coils:
x, y, z, z 2
room temperature correction coils:
x, y, x-y, x 2 -y 2 , z1*, z 3 , z 2 , z, x-z, y-z

) The specifications marked with an asterisk are determined by the control
units for the receivers.
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line width at 300 MHz with sample of 5 mm od:
at I height: 0.8 Hz, at 1/10 height: 5 Hz, at 1/200 height: 30 Hz and at
1/lt00 height: l»0 Hz
spinning side bands:
less than 5% of main peak
field drift:
< 1.7-i0"6/week
field bore:
30 mm <|>
average helium loss rate:
£ 0.12 liter/hour
average nitrogen loss rate:
£ 0.5 liter/hour

For the field properties measured on this magnet see section 7.1.

The only important disadvantage of this magnet is the small field bore.

it.1.2. Hardware control system
The hardware control system and the connections with the interface and the
radio- and audio frequency parts is shown in figure k.1.2.1. The heart of the
time housekeeping of the spectrometer is the computer programmable timing
generator (CPTG).

The timing signals of the CPTG and the setting- and selection data of the
interface are fed to the control units. Examples of parameters which are
determined by the setting data are: basic frequencies of the synthesizers,
power levels and bandwidth of the observing receiver. Selection data only make
selections, for example during which time homonuclear irradiation will take
place or to which synthesizer the synthesizer sweep generator will be assigned.
The central timing unit of the spectrometer is the CPTG which generates the
timing signals on the basis of the timing data. In the case of a non computer
controlled slow passage experiment the CPTG is switched off. In that case the
control unit for the observing-, homonuclear irradiation- and heteronuclear
irradiation synthesizers determines the spectrometer timing.
5

The requirements, a description and some specification of the CPTG and the
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Figure U.I.2.I. The hardware control system.

control units are given in the next 3 sections.
To determine the requirements .of the hardware system those currently used
techniques are reviewed, which demand the highest requirements. No explanation
is given why those techniques demand the highest requirements
Before going into the details of the units of the hardware control system,
we first give the parameters which the computer can change in each stretch.
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In the observing part:
basic frequency

; sweep amplitude ; sweep time ; sampling time; sampling

trtr

frequency; low power level

; RF phase; high power- and low power

irradiation time; duty cycle ; receiver bandwidth

and receiver reference

phase .
In the homonuclear irradiation part:
basic frequency

; sweep amplitude ; sweep time ; power level

and

irradiation time
In the heteronuclear irradiation part:
basic frequency
irradiation time

; sweep amplitude ; sweep time ; power level

;

and bandwidth**.

It.1.2.1. Computer programmable timing generator
The CPTG provides the spectrometer timing. It generates times (e.g. pulse
time, sampling time etc.) and frequencies (e.g. trigger frequency for the
time share generator, step frequency for the synthesizers etc.). As mentioned
before the CPTG is autonomous during the stretch time.

The design of the CPTG is done on the basis of the three following criteria:
A. All the known HR-NMR experiments must be possible and the implementation
of novel techniques must be simple.
B. The amount of home built hardware must be minimized.
C. The computer must be completely available for data acquisition and data
reduction purposes, if necessary.

As is pointed out in the introduction of chapter h, the computer must be able
to transfer in each stretch the control words for the next stretch to the
interface. The program which provides the transfer of the control information
is a general program, suited for all HR-HMR experiments (see section U.2.2.2.).
A consequence of this generality is, that the transfer of one control word
takes about 20 usec. This means that in addition to the data acquisition and

)

The parameters marked with one or two asterists can be changed by manual
control in the non computer controlled slow passage mode.

) The parameters marked with two asterists can alsways be taken over in
manual control.

data reduction time, a time of a few hundred of micro seconds has to be
available in each stretch.
Now we introduce the term sector. A sector is a time during which all the
settings of the spectrometer are kept constant. So if e.g. a synthesizer sweeps
during a sector, it will stay sweeping the total sector time, or if pulse
irradiation takes place during a sector time, this irradiation continues
untill the sector time ends.
In HR—NMR experiments, there are two sector times, which can be so short
that no transfer of control words can take place. These sectors are the pulse
irradiation sector, and the sector between the pulse irradiation and the
signal sampling. Thus these two sector times and the sector time during which
the data acquisition takes place cannot be used for the transfer of control
words. Now a fourth sector is needed in a stretch if the other 3 sectors have
to be present in that stretch. Fortunately such an extra sector time of a few
hundred of micro seconds either after the sampling or before the sampling can
always be made, without degrading the HK-NMR experiment. Of course this extra
sector time can also be used for other purposes as e.g. to give the
magnetization the opportunity to go to equilibrium or to saturate a part of

I.

the spin system etc.
On the base of what is mentioned above, the CPTG must have the capacity
to generate at least h different sector times.

Several designs of such a CPTG are still possible.
A. A CPTG which has less than h different sector generators. In this case one
or more sector generators must be used two or more times during one stretch.
The sector generators which have to generate more than one sector time
during one stretch must have the possibility to change the content of their
work storages within a stretch. In this design it must also be possible
to choose the sequence of the sectors.
B. A CPTG design with h or more different sector generators, and only one
content in the workstorages during the complete stretch time.
The sequence of the sectors can be fixed or be variable. In the latter
case it is possible to use a generator more than one time within a
stretch, but of course with the same output.

Design A needs an extra time houskeeping to fill the work storages one or
more times during a stretch. The advantage of less sector generators is not

as big as it seems to be. Kicn less than h sector generators are used,
then together they have to provide the sane HMR functions as the h generators,
which makes them more complicated. The biggest advantage of design A is the
large amount of sector times, which can be generated within a stretch. In fact
the number of sectors is only limited by the amount of information available
in the CPTG to fill the work storages. If there is enough information the
hardware control system can be made self sufficient during the complete
experiment.
We chose system B with h sector generators and a fixed sequence of these
sectors. The sector times can be made zero, through which in principle the
sequence of the ssctor times is not fixed during a measuring sequence. The
main reason for this choise is: use the simplest system with a minimum of
home built hardware if it is flexible enough, (requirement D.b. and D.c. of
section 3.1)
Figure h. 1.2.1.1. gives the block diagram of the CPTG. The 1» sector
generators are the programmable counter Tp(PCTp) in combination with the 3
interface

«

Figure It. 1.2.1.1. The computer programmable timing generator (CPTG).
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single shots T p , which generate the time T p , the PO-I, the PC-II and the P C III, which generate respectively the sector times T j , T J I and T J J J . FC-II
also generates the control frequencies for the spectrometer. At the start of
an experiment the delay counter T^, which has not been mentioned, is started
by the synchronized start pulse. At the beginning of this constant tine T<J
of about 1 psec the work storages of the C7TG and the control units are
loaded by the load pulse, and the phase of the RF pulse is set to the value
needed during the time Tp. The selector determines whether the FCTp or one of
the 3 single shots is started at the end of T^. When the time Tp is completed,
PC-I is started, after PC-I PC-II starts and at the end of the PC-II time
PC-III begins. At the end of time T J I I , which is also the end of the stretch,

3

the work storages load the content of the buffer storages of the interface

f

and the next stretch is generated. Before the last stretch of a complete

|

?

experiment is finished the stop line is set to zero and the experiment ends.

\

Based on the counter outputs the different pulse times, needed by the control

)

units, are generated by the triggered pulse generators.

»

The main functions and the requirements for the several sector generators are:

']
i
\

A. Tp generator.
The pulse irradiation times of the observing channel are generated by

\

either the programmable counter Tp or a single shot.

J

The timing parameters and their requirements are:

|

A.a. Minimum time.
The minimum time is determined by the minimum pulse angle a and the
maximum precession frequency Uj (see section 2.1.2). In the case of
FID experiments the maximum Tp must be about 0.2 usec.
A.b. Maximum time.
Experiments which need 180° pulse performed on narrow spectra and
thus a low Wj, need pulse times of about 100 usec.
A.c. Ratio or difference of adjacent time values.
Especially for CPGM T 2 experiments the setting of the 180°
pulse must be very accurate. For this purpose any of the 3 single
shots can be used, which in fact have a continuous setting
possibility. Another advantage of the single shots is the possibility
of interactive setting. For tailored excitation^2) many different
pulses are needed with a time difference between the adjacent times
even shorter than 0.1 ps-;c.
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B. Programmable counter I.
The receiver is switched off during T^ + T B + tj. Irradiation of the low
power observing channel, homonuclear irradiation and heteronuclear
irradiation can be programmed during the tine Tj plus T I J .
The timing paraiseters and their requirements are:
B.a. Minimum time.
This time is not critical and has to be in the order of the minimum
ringing time of the excitation pulses.
B.b. Maximum time.

In DEFT-experiments Tj has to be equal to

TJJJ.

For this reason the

maximum time must be a few hundreds micro see's.
B.C. Ratio or difference of adjacent time values.
This parameter is not critical and can be a factor of 2.
C. Programmable counter II.
The main functions of this counter are the generation of the sampling
frequency, the synthesizer step frequency, the trigger frequency for the
time share generator, the sampling time and the synthesizer sweep time.
The number of sampled data points are also determined by the PC-II. These
data points are acquired and averaged by the computer. Because of this,
the design of PC-II is partly determined by the data acquisition and data
reduction software. The minimum amount of data points during a stretch is
either 1 or an integer fraction of 3072. The number of double precision
data points on one disc track is 3072. The maximum number of data points
is the product of an integer and that fraction (see section U.2.2.2.).
The sampling time is of course the product of the number of data points
and the reciprocal value of the sampling frequency.
The maximum sampling frequency (H) in pulse response experiments is
determined by the maximum spectral width:

10"
The minimum sampling frequency is needed in slow passage experiments. If
only a few data points are sampled in a line above half height, and the
lowest passage speed is determined by the stationary solutions of the
Bloch equations, the sampling frequency should be in the order of the line
width at half height. Suppose that the line width is determined by the
magnetic field inhomogeneity, the minimum sampling frequency (Hmin) is

given by

mm ~

Ho

If the maximum sampling time is 3 times T 2 * no severe line broadening
occurs due to the limited sampling t i m e " ) . Again supposing that the line
width is fully determined by the magnetic field inhonogeneity the maximum
number of data points (JLax) is than given by
10

~*

For the minimum number of data points (MJ^J,) 2l* is chosen, which is low
enough to scan a small part of the spectrum.
The sampling time (T) is determined by the relation
(U.26)

T = N/N

At low sampling frequencies T can become extremely long. But an easy
calculation will show that a slow passage experiment on a broad spectrum
with a homogenuous magnet will take an extremely long time (in the order
of weeks) if the steady state condition is kept.
The ratio of the adjacent sampling frequencies values is not critical,
because a sampling frequency, that is too high, generates only too many
data points and a ratio of a factor 2 has been chosen. The ratio of the
adjacent sampling time values is more critical, because the sampling time
determines the signal to noise ratio. For the sampling times a ratio of
about 1. -U has been chosen.
To determine the requirements for the time share generator we distinguish
two situations:
1. The receiver| bandwidth is many times lower than the time share
frequency. I
2. The receiver] bandwidth is not much lower than the time share frequency.
i

In case 1 and case 2 the time share frequency has to be higher than the
spectrum width in order to avoid irradiation within the spectrum due to
the time share side bands.
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The gain modulation of the receiver introduces side band signals vhich can
pass the receiver in case 2. If the tins share frequency is equal to or
an integer multiple of the sampling frequency the aliased side band lines
do not introduce false spectrum lines, but only amplitude and phase
distortions

).

In the case that the time share frequency equals the sampling frequency
(N), the first lower side band (SL) will, after mixing and lock-in
detection, come very close to the main band (M), in contrary with the
first upper side band (SU) (Sloof31*)) (see figure h. 1.2.1.II).

v

ob

N/2

Figure k.1.2.1.II. Signal main band and first signal side bands due to
the receiver gain modulation at a frequency of S.
a. Main band (M), lower side band (SL) and upper side band (SU) after
the pre-amplifier.
b. M, SL and SU at the input of the audio amplifier.

To avoid this problem, the time share frequency is often chosen at twice
the sampling frequency. However, high time share frequencies will give
low duty cycles for transmitters and receiver, due to the dead time,
which has an absolute value.
For each time share frequency two different trigger signals are
' generated. One which gives a high receiver duty cycle (6 R ) and thus a
high signal to noise ratio. And one trigger signal which gives the same
duty cycle for receiver and transmitter, suited for those cases where the
transmitter power is not high enough.
Other advantages of a high receiver duty cycle are low upper and low lower
sidebands, due to the receiver modulation.
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The synthesizer step frequency is always equal to the sampling
frequency. It is clear that changing the synthesizer frequency more than
one time between two samples, does not make any sense. Sampling more times
in one frequency position does not improve the signal to noise ratio in
frequency sweep experiments, provided that the receiver bandwidth is less
than the half of the sampling frequency, which is necessary to avoid
aliased noise. If now at each synthesizer frequency 2 or more data would
be sampled the noise in these samples would not be independent from each
other.
D. Programmable counter III.
The most critical function of this counter is the generation of pulse
distances in T t relaxation experiments. Irradiation of the low power
observing channel, homonuclear irradiation and heteronuclear irradiation
can be programmed during the time T J J J .
The timing parameters and their requirements are:
D.a. Minimum time.
The time necessary to transfer a control word from the computer to
the buffer storage in the CPTG.
D.b. Maximum time.
For relaxation experiments this time has to be about 5 times the
largest T x .
D.c. Ratio or difference of adjacent time values.
In order to get enough measuring points on the relaxation curves,
the ratio must be approximately 10)5.

Figure 1>. 1.2.1.III. shows a stretch in the case that none of the sector
times are zero.

stretch
-t

N
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Minn inn m II I ii n

sector
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most
complicated
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counter II.

Figure It. 1.2.1 .III. A stretch,
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set by the signal from counter I, the programmable divider with the

triggering for tinp
share gen.

program.
divider
(I63.2U)

clorl: frtq. 10 Ufa
:r«*i counter I

program.
divider
(I63.2 r )

work |
jstorogd

IV

.

J

program,
divider
24.3 s .2*

sampling freq.

for

ADC

and step freq.

for

Synth.'s

Figure h.1.2.1.IV. Programmable counter IT.

dividend 163.2^ start with generating 2 different trigger signals for the
time share generator with 2 different duty cycles. The programmable divider
with dividend i63.2r generates the sampling frequency for the ADC and the
synthesizer step frequency. The time T J J ends if the divider with dividend
2l».3s.2t gives an output signal, which resets the flip flop. If the single
line from the work storage has a logical one, the time T J J is zero and one
sampling pulse is available.

Specifications of the CPTG.
Tp counter:
T

= n.10m.10~7sec 0 <_ n <_ 127; 0 < n < 1

Tp single shots:
T p = 10~ 6 - 10~3sec
counter I:
Ti = 2p.10q.10~6sec
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1<p<l*;0<q<l«

counter II:

T I I = 2r.3s.2t.2560~Isec
r

0 £ r £ 19

N

= 2" .6illIt0 Hz

0£ s £ 1

N

* 3s.2*.2lt or 1

0 £ t £ 13

trigger

time share generator: 2~ ,6iWtO 0 £ u £ h

counter III:
T

m

- v. 10w.10~6sec

0 £ v £ 127; 0 £ w £ 7

n, m, p , q, r, s, t, u, v and w are integers.
J».1.2.2. Control units for the transmitters and receivers
On the basis of the setting- and selection information from the buffer
storages in the interface, the front panel controls and the timing signals
from the CPTG,.the control signals for transmitters and receivers are
generated by these units. The requirements for and the description of the
control unit for the heteronuclear irradiation transmitter is given first,
by which the description of the control units can be kept shorter. This
control unit is shown in figure k.1.2.2.1. and is the simplest of the U
control units for transmitters and receivers. We will describe this unit
more extensively than the other units.
A. The control unit for the heteronuclear irradiation transmitter.
The control signals for the attenuator, the modulator and the phase
shifter are described below.
A.a. The attenuator.
A computer eontrolled attenuator gives the opportunity to change the
RF power in each stretch. If the required saturation power is
different from the decoupling power this opportunity will give a
minimum average power dissipated in the probe ' ) . For non caayu.~-3T
controlled heteronuclear INDOR and for interactive setting a manual
control of the attenuator is necessary. The left side of figure
It. 1.2.2.1. shows how both controls are realized. The load pulse
loads the work storage with the content of the buffer storages of the
interface at the end of a stretch. The manual/computer switch on the
front panel determines whether the work storage or the manual
settings are selected by the selector of the power level control.
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Figure It.1.P.2.1. The control unit for the heteronuclear irradiation
transmitter.

A.b. The modulator.
The control signal for the modulator determines whether the
transmitter is on or off. For decoupling purposes in a FIDexperiment for instance, decoupling is accomplished by irradiation
during the time between the end of the RF pulse and the end of the
observing time ( T ^ + T J J ) . If in a FTD-experiment saturation is

realized, irradiation during the time TJJJ is done. To get also the
possibilities of continuous- and no irradiation,

four different

irradiation times have to be selected within a stretch. The middle
part of figure It. 1.2.2.1. reveals how these requirements are realized.
If the selector of the heteronuclear irradiation time is under manual
control the time selection is the same in each stretch. In
experiments more complicated than FID, decoupling or saturation does
not alvays mean that in each stretch irradiation takes place during
the times Tj + T J I or T x u - This fact implicates that the interactive
manual control is not always applicable.
If the nucleus on which heteronuclear irradiation is applied and
the nucleus on which the field/frequency ratio is stabilized, are the
same, no continuous irradiation may occur. To avoid the continuous
irradiation, a time share signal is entered at point 6 from the
control unit for the stabilization transmitters and receiver
(figure h.1.2.2.11), if the same nucleus is used.
A.c. The phase shifter.
For broadband irradiation a 180° phase modulation with a pseudo
random noise, generated by a maximum length series (Ernst

)) has been

chosen. The bandwidth can be under manual- as well as under computer
control. The right side of figure h.1.9.2.1. shows how the phase
shifter control is realized.
B. The control units for the homonuclear irradiation transmitter and the
control unit for the stabilization transmitters and receiver.
The control unit for the homoimclear irradiation transmitter has almost the
same requirements and thus is almost the same as the control unit for the
heteronuclear irradiation transmitter. In contrast with the latter control
unit no broadband homonuclear irradiation capability is realized with the
control unit for the homonuclear irradiation transmitter, that is shown in
part a of figure Ji.1.2.2.11.
The control unit for the stabilization transmitters and receiver,
which is shown in part b of figure k.1.2.2.II., generates the control
signals for its receiver and transmitters on the basis of manual settings
(stabilization is done interactively) and the control signals from the
control unit for the homonuclear irradiation transmitter. In our
spectrometer no homonuclear irradiation can be applied if a homonuclear
stabilization of the field/frequency ratio is used. This is illustrated
in figure It. 1.2.2.II.
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Figure k.1.2.2.II
a. Control unit for the homonuclear irradiation transmitter.
t>. Control unit for the stabilization transmitters and receiver.
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C. The control unit for the observing transmitters and the observing receiver.
This unit generates the control signals for the low power- and high power
observing transmitter and for the observing receiver. We will only describe
those parts, which are different from the ocntrol unit for the heteronuclear irradiation transmitter and which are not immediately clear frcn
the block diagram, shown in figure b.1.2.2.III. It. the computer controlled
mode the time share generator is under computer control during the time
T J J because of reasons mentioned in the preceding section. For reasons of
simplicity in the block diagram the same time share signa!* is transferred
to the low power transmitter and to the receiver. In reality two different
time share signals are of course needed.
During the time T^ + Tp + Tj four different control signals, whirh are
dictated by the computer, can be transferred to the phase shifter of the
high power transmitter. During the time T J J + T J I X the phase of the HF
pulse is constant and determined by a manual setting. By this the
leakage from the high power

transmitter to the receiver will be averaged

out in PAPS^o) like experiments. The single and quadrature control pulses
for the ADC and the address signals, which determine the connection between
the two receiver channels with a mutual phase shift of 90° and the ADC, are
generated by the detection mode generator (see also figure 1*.1.1.1*.II).

h.1.2.3. Control units for the synthesizers
There are two control units for the synthesizers. One control unit for the
stabilization synthesizers, which has its own sweep generator, and one control
unit for the 3 other synthesizers, which have one common sweep generator.

A. The control unit for the observing-, the heteronuclear irradiation- and
the homonuclear irradiation synthesizer.
A manual control and a computer control of the basic frequency will give
the most flexible system for NMR

applications. Figure 1».1.2.3.I.

illustrates that manual- or computer control can separately be chosen for
the 3 synthesizers. To apply computer- and manual controlled slow
passage-, homonuclear indor and heteronuclear indor experiments, the
following requirements apply. A computer controlled frequency sweep during
the sampling time must be possible with the 3 synthesizers, and a non
computer controlled frequency sweep synchronized with the horizontal axis
of the plotter is necessary. For fast interactive settings, a frequency
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Figure k.1.2.3.1. The control unit for the observing-, the heteronuclear irradiation- and the homonuclear
irradiation synthesizer.

sweep synchronized with the horizontal axis of the scope is also needed.
Fortunately for itese applications only one synthesizer should be swept at
the same tine. To satisfy these requirements there is one sweep generator
for the 3 synthesizers. This sweep generator can be assigned to one of the
3 synthesizers. Under computer control this assignment can be changed in
each stretch.
The right side of figure It. 1.2.3.1. demonstrates roughly how the
synthesizer sweep is provided. Under manual control the sweep generator
can generate a symmetrical sweep of 200 steps in the scope mode, and an
up- or down sweep of 10000 steps in the plotter mode (see also figure
U.1.2.3.II). In the computer controlled node the sweep is determined by
counter II of the CPTG.
If the homonuclear irradiation/stabilization synthesizer is used for
stabilization, the control of this synthesizer is determined by the input
at point TI, selected by the signal £.
B. The control unit for the stabilization synthesizers.
Only manual control is needed for these synthesizers. A symmetrical sweep
of 200 steps synchronized with the horizontal axis of the scope is
sufficient for stabilization applications. Figure It. 1.2.3.II. shows the
block diagram of this control unit. The sweep generator is given in more
detail than in figure lt.1.2.3.1. The step magnitude is determined by two
parameters. One which selects the decade of the summing counter, which
will be in- or decreased each time a pulse is entered in the summing
counter. The other parameter is a multiplication factor of 1, 2 or 5 by
which 1, 2 of 5 very close pulses are generated each time a pulse enters
in the step frequency multiplier. In this way step magnitudes of 1, 2, 5,
10, 20 etc. times the minimum step can b'e chosen. An illustration of the
generation of an upward scanning symmetrical sweep is given in figure
It.1.2.3.II.

It.1.3. Interface
The interfaces between the computer and the CRT-terminal, the disc, the
plotter, the writable control store (WCS) and the paper tape reader are
dedicated interfaces from Hewlett Packard (HP) and will not be described in
this thesis. The main part of the interface, treated here, is the piece of
hardware between the input/output (1/0) bus of the HP21M20 computer and the
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CPTG and control units. This hardware mainly consists out of I/O cards,
demultiplexers and buffer storages. Figure 2*.1.3.1. shows the block diagram
of the interface. The two I/O cards of this interface can handle 16 bit data,
a device command and a flag.
The main demultiplexer splits the 16 bit of data in four groups (see
section U.1.3.1.). These four groups can be used by the interface for the
CPTG, the interface for the control units for transmitters and receivers, the
interface for control units for synthesizers and the interface for the
display units. The latter interface also contains all the hardware which does
not belong to the other interfaces.
In the next section the I/O card for spectrometer control is described, which
is equal to the I/O card for ADC and DAC. Only the interface for the CPTG
which is similar to the 3 other interfaces is decribed in section U.1.3.2.

U.I.3.1. Input/output cards
The two I/O cards of the interface are of the type 12566B from Hewlett
Packard. Figure U.I.3.I.I. shows a simplified block diagram of this card.
The I/O card for spectrometer control is used for unconditional and
conditional data output only (see section U.2.2.2.). We describe that part
of the I/O card, which is used for these operations. For unconditional data
output the 16 bits data are transferred to the 16 bit output data register
and loaded in that register by the strobe pulse, which is generated by the
signals on the I/O out line and on the I/O card select line. As will be
pointed out in the next section a part of these data are used as address
data which determine the demultiplexing of the device command signal. The
rest of the data will be stored in a buffer storage. After this the set
control, line is set by the computer, through which the demultiplexed device
command signal will store the data in the buffer storages assigned by the
address part of the data. In the case of conditional program transfer the
computer tests if the skip flag line is set. This line can be set by the
hardware status pulse from the CPTG. After the skip flag line is set the
computer starts the same operation as in the case of unconditional program
transfer.

U.1.3.2. Demultiplexers and buffer storages
In one output cycle the computer can transfer 16 bit information. If only a
part of this information is stored in the buffer storages, the rest can be
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used to demultiplex the device command pulse. The device command line will
split in It device command lines if 2 bits are used for demultiplexing. If no
demultiplexing will take place further on^the computer can transfer h x 1J»
bits for the buffer storages in h output cycles. The two extreme situations
are a transfer of 16 bit storage information in one output cycle and 2 1 S bit
storage input in 2 1 5 output cycles. Thus speed and amount of information are
exchanged. If the transfer of information is always done in a certain order
of succession many transfers of 16 bit storage input can be done. An
additional counter must then be used to assign the buffer storages in the
respective output cycles. Not only the necessary control words, but also the
preceding control words must be transferred in this system. Because of this
we do not use this latter method.
Henceforth we shall call that part of a 16 bit word, which is used for
demultiplexing the device command, the address part. The rest of the 16 bit
word is called the data part. Within one system different lenghts of the
address part and thus the data part can be chosen. In such cases where much
control information must be transferred in a short time, the address part
will be small, while the address part is long if the transfer time is not
critical.
Figure It. 1.3.2.1. shows the block diagram of the interface for the CPTG
with the main demux. In the main demux the device command is split into
U device commands with 1*t bits of information. One of these device commands
is split into h device commands with 12 bits of information. Two of these
device commands are transferred to two 12 bit buffer storages. The two other
device commands are split in 8 device commands with 10 bits of information.
The start- and stop pulse are generated by 2 of these device commands, while
the rest is transferred to 6 bufferstorages of 10 bit each.

U.Z Computer and HMR-software system
In this thesis only those conputer properties are discussed, which are
important for our HMR-application.
An excellent and easy introduction of theory and application of digital
measurement with emphasis on the use of minicomputers is written by B.
Soucek^f). A similar book written by G.A. Korn

) gives more details.

The main functions of the computer and the SMR software system are:
A. Spectrometer control.
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B. Data acquisition and data reduction (time averaging).
C. Data processing.
In our system the data acquisition and data reduction is directly done with
the interactive usage of the background storage. By this the data acquisition
and data reduction function is the most difficult task for th«» computer. In
fact the access time of the background storage and the type of the central
computer of our department (HP21M30), with which we will be connected, have
determined the choise of the HP21M20 computer with as background storage the
HP79O5 disc.

The design of the NMR software system was mainly determined by the following
2 requirements:
A. The execution of all kinds of experiments, which can be carried out within
the limits of the hardware, must be possible without writing new software.
B. HMR-experimentalists which are not familiar with our system and the several
kinds of measuring sequences must be able to perform the frequently used
HMR-experiments.
These requirements

have led to two types of programs for the spectrometer

control software as well as for the data processing software. For the usage
of the software which satisfies requirement A 7 a certain knowledge of our
spectrometer system and of the applied measuring sequence is necessary. This
software is generally applicable. For the performance of an experiment,
mentioned under requirement B, programs which can be used in more than one
experiment and relatively simple programs- completely dedicated to a particular
experiment are necessary (see section ^.2.2.).

1».2.1. Computer
The following computer characteristics are important for NMR-applications:
A. Wordlength.
B. Memory size.
C. Instruction set.
D. Operating system.
E. Programming capabilities.
F. Input/output capabilities.
G. Peripherals.

A short treatment of the characteristics A, B and C with respect to the
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MMR-applications shall now be given. The characteristics D, E, F and G are
treated in the sections fc.2.1.1. - h.2.1.1*.
A. Wordlength.
For a straight online time averaging operation, where no scaling procedure
is applied, the needed number of bits in the computer (n.c) is given in
appendix I:

(1-18)

To calculate the maximum number of time averaged scans (Rj,) we suppose a
maximum measuring time of a weekend [6k hours) and a maximum scan
repetion rate of 1 Hz. As is pointed out in appendix I a number of ADC bits
(r)a) of 1U is always sufficient for a receiver bandwidth of 3000 Hz or
more. Substituting these figures in equation (1-16) results in:

nc

+ 2 iog 2.3 10 s

31.81 bits

Thus time averaging in integer double precision with the 16 bits KP21M20
computer satisfies the highest requirements. In appendix I it is shown
that after the time averaging is finished the data may be divided by the
root of R, without the introduction of serious digitizing noise. After the

-1

division the maximum necessary wordlength is thus 23 bits. The floating
point double words of the computer has a mantissa of 23 bits. A
transformation from integer double word to floating point double word will
thus not introduce round-off errors. Except the division by the root of R

I

all data processing is done in floating point double word.

i

B. Memory size.
The data acquisition and data reduction requirements determine the memory
size. As is shown in section U.2.2.2. a memory size of 2Uk will satisfy
the requirements. Data processing on large data blocks and data output
to fast display units will take less time if a large internal memory is
available.
C. Instruction set.
A long instruction set will in general give the opportunity to execute a
specific function with a few instructions and thus i-. a short time. With
respect to the high dynamic range requirements and the large data tables
in HR-KMR double word fixed- or floating point machine instructions are
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very important. The HP21M20 computer has 6 firmware floating point
instructions. Also firmware instructions specified by tJie user can be
stored in the control processor (see section k.2.1.2). This opportunity
gives us a higher sampling frequency.

U.2.1.1. Operating system
The operating systems of minicomputers can roughly be distinguished in two
categories:
A. Operating systems by vhich only one worker can use the computer at the
same time.
B. Operating systems which allow more than one worker to operate at the sase
time.
With system B data processing, data output, software development and many
debugging operations can be done by more than one operator at the same time.
In spite of this advantage we chose a system according to category A.

The reasons for this choice are:
- During the data acquisition and spectrometer control time only one program
package will be run. This is because the computer is almost completely
occupied to satisfy the highest data acquisition and data reduction
requirements. Moreover the experiment executing software will become very
complicated if more than one program is run during the measuring time
(see section U.2.2.2.).
- The application of operating systems of category A is in general simpler
than the use of system B.
- The amount of internal memory occupied by system B is larger than by
system A.
- The multiprogrammable central minicomputer of our laboratory is of the same
type as the spectrometer computer. Thus the program development and some
of the debugging operations can also be done on the central computer.
- If our computer is coupled with this central computer according to the
distributive HP system, also the data processing can be done on this
computer.
As is clear from the above the arguments for the choise of a system according
to category A are not very hard. So maybe later on we will switch

over to a

multiprogramming system with foreground and background partitions (see also
section 7.3).
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As will be clear from the description of the MMR software, this software
makes an intensive use of the disc. Because of this we chose an operating
system, with which most advantage can be taken from the opportunities of the
disc. The HP disc operating system (DOS III) is such a system.

Operations with the disc, which can be executed under program control and
which are very attractive for the MMR-software are:
- The read and write operation, where either a file or a track can be
addressed with for both a relative sector addressing possibility. A sector
is a disc record

of 128 words.

- The transfer of main programs or the segments of programs {see the next
section) into memory.
- Disc files can be searched, created, purged and changed of name under
program control.
- The change of the current user disc subchannel is also important for the
NMR-software.
- For NMR-applications the directive, with which a disc to disc dump of a
file can be done is necessary.
- For the development of the MMR-software the directives, with which sectors
of a file or sectors of a disc track can be listed onto a peripheral are
of great help.
- The repack directive, which deletes the purged files of the disc is
necessary. For the NMR-software we miss the possibility to repack the disc
under program control.

U.2.1.2. Programming
To satisfy the highest data acquisition and data reduction requirements,
programming with assembler- and with micro instructions is necessary. For
non time critical operations and for operations which have not to be executed
many times, programming in a high level language is very convenient and does
not degrade the software performance. We chose Fortran IV for the high level
language because of its general use. Of course edit and debug possibilities
are covenient and even necessary to get a working system.
For the development of a microprogram a writable control store (WCS), a
microassembler, a micro debug editor and a WCS I/O utility routine are
necessary. On a WCS card 256 2lt-bit locations of random access memory (RAM)
are available for user defined microinstructions. For permanent storage of
110

microprograms the relatively cheap read only memory (ROM), which can "be
physically added to the control section of the computer, can be used.

Because of the following reasons the usage of subroutines is of great benefit
for the WMR-software. A subroutine can be used at different points in the
same program and a subroutine can be used in different programs. Fortran main
programs with subroutines written in the assembly- or microassembly langusige
gives an easy way to do specific input/output operations or to accelerate the
program execution. The subroutine must be stored in the internal memory during
the complete executing time of the total program. This is the main disadvantage of subroutines.
To evade that difficulty and to exploit the opportunities of a background storage with a fast access time, programming with chained program —
segments is necessary. A segment is a disc resident program part which is
loaded in the user overlay area of the memory only during the time that this
segment is executed. The main advantage of the segment structure is the
possibility to perform a job with apparently one single program, which needs
a larger main memory size than is available. As will be shown in section
1+.2.2.3. the segment structure is also an excellent tool to design a
modular software package. Subroutines can belong to main programs as well
as to segments.

h.2.1.3. Input/output system
To determine the input/output computer requirements for the NMR-spectrometer
we limit ourselves to the spectrometer control, data acquisition and data
reduction software. This software, which after this we call the experiment
executing software, has the highest input/output requirements.
The transfer via one of the two CPU-registers, which is done under program
control, as well as the direct transfer from or to the internal memory in the
cycle steal mode are necessary for this software. The transfer in the
cycle steal mode, which is often called the direct memory access (DMA)
transfer is, especially when large data blocks have to be transferred, much
faster than the program controlled transfer.
Because of this the transfer of WMR-data from the ADC to the memory as
well as the transfer between the disc and the memory is done with the DMA
method. In section U.2.2.2. it will be pointed out that both these transfers
must be done at the same time. This means that at least two DMA-channels are
necessary to satisfy the requirements of the experiment executing software.
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The remaining CPU time during the ADC- and disc transfer nast be long
enough to perform the addition or subtraction of the KMR-data in double
precision. With the two dynamically assignable DMA channels of the HP21H20
computer and a dedicated micro program for the addition and subtraction
function, these requirements can be satisfied even at input frequencies
higher than 30 kHz (see section It.2.2.2.).
Another important.task of the experiment executing software is the
transfer of control words to the buffer storages in the interface. In general
only a few control words have to be transferred in a stretch, so that
program controlled transfer is fast enough..

With most minicomputers the program controlled I/O transfer can be done in 3
different modes.
A. The interrupted data transfer mode.
B. The conditional noninterrupted data transfer mode.
C. The unconditional noninterrupted data transfer mode.
As has been pointed out in the introduction of chapter U the control words
are transferred immediately after the data acquisition and data reduction has
been finished. Thus if the programs knows in which stretch the spectrometer
is, it can determine by itself when the control words must be transferred.
Because of this we chose a noninterrupted transfer mode, which always has the
advantage that one knows at which program point the transfer takes place. If
no data acquisition occurs in a certain stretch, the computer has to wait for
a flag, which is given at the beginning of a stretch, before transferring the
control words. Thus the transfer of the first control word is conditional.
The storage of the control words in the interface is so fast, that the rest
of the words of a stretch can be transferred in the unconditional noninterrupted transfer mode.

U.2.1.1*. Peripherals
A computer integrated in an advanced HMR-speetrometer needs 3 types of
peripherals.
A. Mass storage(s).
B. Input device(s).
C. Output device(s).
In fact the spectrometer itself, which is already treated, is also a
peripheral of the computer.
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A. Mass storage(s).
The mass storage(s) is (are) used to store programs and data. As vill 'be

i

pointed out in section h.2.2.2. the mass storage roust have a very short

«

access time to satisfy the data acquisition and reduction requirements. In

j

e.g.

|

a Tj experiment (see section 2.2.2) the number of data points

collected in one measurement can be several hundred thousands. The

i

combination of the fast access time and the large amount of data points

\

makes a disc the most suited mass storage. To keep HMB-data for a long

]

time a disc is a rather expensive storage. In the future we wi31 use the

\

magnetic tape storage of the central laboratory computer for this purpose.

;

At the end of section U.2.2.3. the division of the disc vill be given.

1

B. Input device(s).

1

Two types of input device(s) are needed.

i

B.a. Input device(s) for program development and computer control.

%

B.b. Input device(s,I for programs, generated outside the computer.

-i

For function B.a. a keyboard and a home made U x U pushbutton array in

I

combination with one or two 10 turns potentiometers (Jeol')) are used.

•]

The ADC which digitizes the NMR-signal is also used to digitize the

i

potentiometer positions.

1

If the operating system is out of order the only way of generating a new

1

operating system is via a paper tape reader, which is thus the device for

4

function B.b.

J

C. Output device(s).
Two types of output devices are necessary for NMR-applieation.
C.a. Fast output devices.
C.b. Hard copy output devices.
Both types must handle graphics and alpha-numeric symbols. In our system,
where the computer asks 1JMR oriented questions and gives operating
instructions to the experimentalists, a fast alpha-numeric output device
is absolutely necessary. For the alpha-numeric symbols we use the HP26U0
CRT-terminal as fast output device. The HP1201B storage scope vith a home
built interface is used for fast output of MMR-signals. With the new
HP26U8A graphics terminal alpha-numeric and graphic output can be combined.
For the output of 2-D spectra the memory capacity and even the amount of
displayable points of the HP26U8A is in general too low.
The hard copy unit for BMR-spectra as veil as for HMR-alpha-numeric
data is the HP7210A plotter, which is also used in the non computer
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controlled slow passage mode.

•

A teletype can of couse also be used for printing the alpha-numeric HMRdata, if the plotting of these data takes too much time.

j

I

Some important specifications of the computer and the peripherals are:

]

HP 21M20 computer

-,

Wordlength:

•-_

16 tit

\

Memory size:

\

32k, extendable to 128k
T?ype of memory:
solid state (MOS)

•
=
f

Number of I/O channels:

\

9, extendable to 1»1

ij

Methods of I/O transfers:

.•

2 dynamically adressable DMA-channels (transfer rate: up to 616,666

•

words per second) and interrupted and non interrupted program controlled

;

transfer
Instruction set:
128 instructions, including 6 double word floating point instructions

:

•
t

User languages:
microassembly; assembly; Fortran IV and algol
Program types:
main; segment; subroutine
HP 7905A disc
Usable storage:
15 Mbyte
Exchangeable storage:
10 Mbyte
Data transfer rate:
7-5 million bits/sec (3600 RPM; 12 kbytes per track)
Maximum track to track time:
7 msec
HP 7210A plotter
Plotting area:
25.k x 38.1 cm

'
;

Speed:

i

20 vectors/sec or 30.5 cm/sec
Numerical code:

J
J

position data in BCD or binary

jj

Numerical resolution:

|

1:10.000

|

Plotting mode:

\
4
1
%
"J
i
j

absolute or relative coordinates.
HP 26U0A interactive CKT-terminal
Screen capacity:
2h lines x 80 columns

-j

Display modes:

|

white on black or black on white (reverse video)

'
-1*

Maximum data rate:

—•

j

2^00 baud

|

Storage:

j

3 k bytesi extendable to 8 k bytes

;

HP 27U8B paper taTie reader

|

Speed:

5

500 characters per second

i

I
J».2.2. HMR-software system

i

We only describe the home made software packages in the rest of this chapter.
Four main tasks can be distinguished for the software which belongs to a
spectrometer.
A. The preparation of a measurement.
B. The control of the spectrometer and the on line data acquisition and data
reduction of the spectrometer responses.
C. The end processing of the collected data.
D. The display of the data.
With two different software designs it is possible to provide these k tasks
and to satisfy the 2 requirements,'which are mentioned in section 1».2:
I. A design, in which, for each type of experiment, a complete software
package must be available if the experiment has to be performed without
a certain knowledge about the spectrometer system and the measuring
sequence.
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II. A design, in which, for each task A, B, C and D, a separate software
package is available. These software packages are written as generally as
possible.
Thus in the last design the extra software necessary to perform a certain type
of experiment in an easy way, can be kept very much smaller than in the first
design. If many measuring methods are implemented in the software, the total
amount of software is smaller and thus the maintenance of the software is
easier with the second design. If different workers develop software for
different measuring methods on the described spectrometer, they are much more
forced to make an equal type of software in design II than in design I.
Another advantage of design II is, that it automatically leads to a modular
software system with a structured design. In general for design II a fast mass
storage must be available. When we started we automatically chose design I,
because we wanted to perform the first experiment as soon as possible.
Afterwards when the amount of software grew rapidly we switched over to
design II.

The organisation of the software package, which performs task A, is the most
difficult of the four packages. The reason for this is, that the relation
between the NMR-oriented questions and answers, asked to and answered by the
experimentalists, and the spectrometer control words which are generated on
the basis of these answers is complex and can be different for different
types of experiments. Because of this it is hard to keep the not generally
applicable software part for task A small.
Two different types of software packages exist for task A:
- a software package for certain experiments, which are dedicated to those
experiments and with which it is easy to perform such an experiment.
- a generally applicable software package, with which it is possible to
compose a random measuring sequence, but the use of which requires a certain
knowledge of the hard- and software system.
After this ve call this software, which prepares the measurement, the preexperiment software. It is described in section ^.2.2.1.

The software which provides task B could be made completely general. This
time critical software is called experiment executing software. It is
described in section 1».2.2.2.
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The data processing software, described in section i.2.2.3, is built up in a
modular way. Each individual operation is a separate generally applicable module
written as a program segment. Main programs, which are dedicated to one or
more types of experiments, chain the necessary segments in the right sequence
for an easy way of data processing. For a more flexible but also a more
difficult data processing a main program is available by which the
experimentalist

has the opportunity of all available operation segments and

can compose his own chain. In fact this last data processing method is
implemented to process the data generated with the help of that preexperiment software with which all kinds of experiments can be performed. It
is obvious that the possibility of executing all kinds of measurements, only
limited by the hardware, does not make much sence, if for the data processing
the developments of new software is always necessary.

The display software is intensively used by the data processing software for
interactive data operations. The display software, which is described in
section h.2.2.h., is of course applicable for all types of experiments.

The connections between the operator and the four software packages and the
mutual links between the four packages are shown in figure U.2.2.I.
The questions, instructions and information of the pre-experiment software
are displayed on a CRT-screen. The answers are only given via a keyboard. It
is possible, for each type of experiment, to perform a measurement with
exactly the same parameters as the preceding experiment of that type, without
entering new parameters. Because of this it is necessary to store the
informations about the measuring sequence of a certain type of experiment on
a disc file. Also the processing and display information which becomes
available during the experiment preparing time is stored in this file. After
the control words for computer and spectrometer are stored in the common^)
area of the main memory the experiment executing software is started. The
collected HMR-signals will be displayed after the presetted number of scans
are executed or after a manual stop command is given. After a study of the
displayed signal one can decide to continue the measurement or to put the
collected data in a disc file. The processing and display information which
was gathered in the pre-experiment software, are also stored in that file.
Then the file name is reported to the operator.
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Figure U.2.2.I. System flow chart of the NMR-software.
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The file name depends on the type of experiment. The file name of a PAPSexperiment is e.g. PA07U and of a Tj (Tone) experiment e.g. T023U. If the
experimentalist wants to process the NMR-data he simply enters the file name.
On the basis of this name the computer knows which type of measurement was
executed, thus vhich type of processing has to be done. The names of the
processed files of the two examples will be PA07P and T023P. The letters U and
P mean unprocessed and processed.
For esr-h type of experiment one hundred unprocessed and one hundred processed
files (00...99) can in principle be made. In order to protect the designers
and the experimentalists against themselves, the maximum number can be
restricted to any number below 100. Of course it is always possible to rename
a file and to dump it on a dump disc-cartridge.
After the file name has been reported, the experimentalist can decide to do
another type of experiment vith e.g. the same sample, to do the same
measurement with another sample, or to process the collected data.

The NMR-data, questions, instructions and file name of the processed data are
displayed on a CRT-screen or a scope. The operator input for the data
processing is given either by the way of a keyboard or via a U x h array of
push buttons in combination with a potentiometer (JeolT)).
If the display software is separately used it disposes of all the inputand output devices of the processing software plus the plotter.

An experimentalist can perform a complete experiment on our system if he
knows three abbreviations only: ME (meten is dutch for measure} to start
the pre-experiment software, SB (signaal bewerking is Dutch for data
processing) to start the data processing software and UV (uitvoer is Dutch for
output) to start the display software. All other operator inputs are given
in a high level HMR-oriented language.

\.2.2..i. Pre-experiment software
The tasks of the pre-experiment software are:
A. The choice of the desired measuring method.
B. The display of instructions and information related to the chosen method
and to the way in which the measurement will be executed.
C. The display of those parameters from the preceding measurement of the same
type, which the operator can change.
D. The demand of new parameters from the operator, if necessary.
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E. The display of the corrected parameters (Mot all parameters asked by the
operator can be generated by the hardware, which makes a correction often
necessary).
F. The transformation of the corrected parameters

into control words for

computer and spectrometer and the determination of the time that the

is

control words must be used. (In which stretch to be transferred etc.)

1

G. The transformation of the corrected parameters into processing and display
information.

-4
\

H. The start of the experiment executing software.

r|

The requirements for the pre-experiment software are:

\
4
1

- The demand of the parameters and the display of instructions and information

|

must be adapted to the HMR-experimentalist.
- A minimization of the total amount of software for all experiments. (A
large part of the software generally applicable.)
- It must be possible to compose a new type of measurement without writing new
software.

preceding measurement of the same type, without the input of new parameters.
- After the input of a few coherent parameters the corrected parameters must
be displayed, and than the opportunity must be given to change these
parameters again.
In the description of the pre-experiment software we will concentrate
ourselves on the performance of the main tasks: C, D, E and F, and on the
first two requirements.
These tasks and requirements mainly determine the software organisation. A
more detailed description of the pre-experiment software is given by A. Eax*10)
).

A parameter entered by the operator is not directly transformed into a
control word. The transformation is done in two steps. First the parameter is
transformed into what we call a coefficient format and placed in an array
and afterwards this coefficient will be transformed into the control word.
The place of the coefficient in the array determines the address part of the
control word (see section k.1.3.2.) and determines when the control word has
to be used (e.g. in which stretch it must be transferred to the spectrometer).
The coefficients of control words which must be transferred in the same
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- It must be possible to execute a measurement in exactly the same way as the

and P. de Jong
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the array
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address part, are placed in the same
column of the array (see figure
It.2.2.1.1.).

Figure J..2.2.J.I. A part of the

^

coefficients array.

coefficient is done on the basis of

e x p l a n a t i o n o f t h e memjdag

of

a

a simple example. In many experiments
the time between sampling and the next excitation is determined by T _ T _ . This
time TJJJ is given by

T I r I = v.10w.10"ssec

0 ± v <^ J27 and 0 <_ w <_ 7

(see section It. 3.2.1.)

After the operator has entered the desired time between sampling and
excitation the values for v and w are calculated. These values v and w generate
a time Tj,., as close as possible to the desired time, v and v are the
coefficients. The corrected time between sampling and excitation is now
calculated on the base of the v and w values and displayed on the CRT-screen.
The values of v and w of course determine the data part of the control word
for Tjyj.
It is obvious that with a certain coefficient alvays a certain address is
connected. The program will know this connection and thus in

which column

a coefficient belongs. If the program gets the information in which stretch
the control word must be transferred, it can put the coefficients in the
array. This array together with the processing and display information is a
disc file which we call the permanent information file (PIF).

We now introduce the term parameter group. Such a group consists of a number
of related parameters which can be changed by the operator in a certain
experiment. An example of a parameter group is the spectrum group in pulse
response fourier transform experiments. This group contains the control words
for the sampling frequency, the sampling time, the receiver bandwidth, the
offset frequency of the measuring synthesizer and if necessary the time share
frequency. These control words can be generated on the basis of the following
operator input: spectrum width, sampling time and offset frequency.
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A certain parameter group exists in several types of experiments, but in
general not in each experiment.

For each parameter group ve use a separate program segment which performs the
following tasks:
a. The display of the group parameters of the preceding experiment.
3. The demand of new parameters.
y. The transformation of the new parameters in coefficients.
6. The display of the corrected parameters.
e. The storage of the coefficients in the PIF-array.
The tasks ft, y and 6 are experiment independent. Only task e and a part of
task a depends on the type of experiment. For task a one must know in which
row of the PIF-array one will find the coefficients and the same problem
applies to task e for the storage.

The minimization of the total amount of software for all the experiments
(second requirement), has been solved by developing 3 types of software:
I.

A software part which can be used in several types of experiments but in

II.

A software part which only can be used in one type of experiment

general not in each experiment.

(completely dedicated).

J

III. A software part which can be used in each type of experiment (generally
applicable).

I.

1

The tasks which will be performed by software part I are the tasks g, y
and 6. These tasks are namely the same for all the experiments in which
a certain parameter group exists.

II.

The completely dedicated software part gives the numbers of the rows of
the PIF-array to the segments which perform the tasks g, y and

5. With

this information these segments can also perform the tasks a and e. The
dedicated program part also determines the types and the sequence of the
parameter group segments which will be executed in a certain experiment.
III. The transformation of the coefficients of the array into control words,
and the storage of these control words on the right places in the common
area of the main memory can now be done by a completely general program.
This program loads also the first experiment executing programs, which
have of course the same common area.
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applicable in more txpenm.

•
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Figure 4.2.2.1.1. System flow chart of the pre-experiment software.

Figure 4.2.2.1.1. shows the system flow chart of the pre-experiment software.
After the software has been started, the experiment select main program loads
a dedicated main program for a particular measurement after the selection of
the operator. The free induction decay (FID) measurement is taken as an
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example in the flow chart. The permanent information file for the FIDexperiment (PIFFID) is read from the disc and stored in the common area of the
main memory. After this the dedicated main program stores the PIF-addresses of
the coefficients of the first parameter group in the common area and loads the
segment of this group in the main memory. The segment now reads the stored
addresses and reads the corresponding coefficients. After the transformation

pi-

of the coefficients into parameters, these parameters are displayed on the
CRT-screen. The operator can now choose for the same parameters or introduce
new parameters. After this the old or new parameters are transformed into
coefficients and stored in the PIFFID. If the same parameters were chosen the
segment goes back to the dedicated main, otherwise it again reads addresses of
the PIFFID, reads coefficients etc. After the dedicated main is entered from

~\

the first parameter group segment the second segment is dispatched, etc. When
the last segment has finished its work, the newly formed PIFFID is written to
the disc. After this the generally applicable main program transformes the
coefficients of the PIF into control words and stores them on the right places
in the common area. Finally the experiment executing software is loaded into
the main memory. The flow chart shows how these tasks are performed.

It is of no advantage to write the pre-experiment software in the assembly or
micro-assembly language as long as the capacity of the main memory is enough.
The main memory is certainly large enough because of the use of program
segments. Thus all the pre-experiment software is written in Fortran IV.

it.2.2.2. Experiment executing software
The tasks of the experiment executing software are:
- The control of the spectrometer.
- The acquisition of the MMR-data.
- The on-line time averaging (data reduction).
- The termination of the measurement.

This software package has to satisfy the following requirements:
A. One generally applicable package for all kinds of measurements.
B. Input data rate as high as possible.
C. Time averaging in double precision fixed point.
D. The number of data words in one response must not be limited by the main
memory capacity.

E. The choice of addition or substraction for time averaging must be possible
in each stretch.
F. A multi response capability in a sequence.
G. The time between two successive responses as short as possible.

On the basis of a timing diagram of a measuring sequence the order of
succession of the several computer tasks is first given. The loop structure
of the experiment executing software is decribed, which structure makes this
software generally applicable (requirement A ) . Then the system flow chart of
the experiment executing software and the start and termination of a
measurement is described. The control task of the spectrometer is described on
the base of a more detailed flow chart. Finally the data acquisition and data
reduction task and their requirements (B-G) are discussed at the end of this
section.
An extensive description of the experiment executing software is given by
G. Reckweg

) and A. Bax1*3).

A complete inversion recovery fourier transform (iRFT)-Tj-sequence is chosen
to demonstrate the successive tasks of the experiment executing software.
(See figure It.2.2.2.1.)

Such a sequence is given by

( ( P D - 1 8 O ° - T { 6 ° >* '2 '' J ' " M - 1 }-90°-AT) M -H)-90 O -AT) N

where PD is the pulse delay between the 90° and 180° pulses and between the
last two 90° pulses; T£3J is the pulse distance between the 180 and 90

pulses,

with: T the minimum distance, B the ratio of two successive distances and j
an integer, which will posses the values 0, 1, 2 ... M-l respectively; AT is
the acquisition time, M is the number of different 18O°-9O° pulse distances and
N is the number of sequences. For each measurement there are in principle 3
types of spectrometer control words.
- The experiment independent default words (DW).
- The experiment dependent but during the experiment fixed control words (FW).
- The control words which are different in several stretches (SW).
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sequence 1

cz \

J ULU UJUJ
W , M , SW,

"* — — ^

a

ifc-dbfc^F
• a j«

Figure *t.2.2.2.1. Timing diagram of a complete IRFT-Tj sequence,
(a) represents the start and the first complete sequence
where 3 X = stretch x; A T X = acquisition time during stretch X;
DW = Transfer time of the default control words;
FW = Transfer time of the fixed and experiment dedicated control words.
SW X = Transfer time of the stretch control words for the ( x + 1 ) t h e stretch.
GO

= Start word.

(b) represents the part of the complete sequence denoted by the dotted lines,
where PD

= Pulse delay time; 3 = Ratio of two successive 18O°-9O° pulse
distances; x = minimum 18O°-9O° pulse distance.

Figure 1*.2.2.2.I. gives the timing diagram of a IRFT-Tj-sequence. On the
upper side of part a of this figure the sequence and the stretches are
denoted and on the lower side is shown when the computer has to execute a
certain task. Part b shows the sectors of several stretches.
The result of the transfer of the default words is that all spectrometer
settings which are not used in a certain experiment are always the same and
do

not depend on the preceding executed measurement. The default words

can give the settings a value which does not h^rm the next experiment. When
e.g. no heteronuclear irradiation is used, they set this frequency far away
from the spectrum, etc.
In many experiments a lot of control words are fixed during the
measuring time. As can be seen from the sections It. 1.2.1. and U. 1.2.2. all
the control words of a FID-experiment are constant and in a PAPS-experiment
only the control word that determines the phase of the excitation pulse is
variable. The transfer of fixed control words before the exact start of the
measurement will save time during the measurement time.
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As is decribed in this thesis each measurement consists of one or more
sequences. Each sequence has one or more stretches, and each stretch has one
or more sectors. The sector times and the settings during a sector are
determined by the control words. The control words for a certain stretch mist
be transferred to the interface during the preceding stretch time. This task
is performed by the control words loop of figure U.2.2.2.II.

It must be

possible to do data
acquisition and time
averaging in each
stretch. This task
and the definition
define
sequence
and first
stretch

No ^

of the next stretch
is done by the

sequence
Loop

stretch loop.
Finally the
repetitions of the
sequences and the
definition of the
sequence and the
first stretch are
performed by the
sequence loop.
The great advantage
of this loop
structure is that

Figure I*.2.2.2.II. Simplified chart for the
spectrometer control and data acquisition and
reduction.

one program can
perform the
execution of each
type of experiment.

The complete experiment executing software is shown in the system flow chart
It.2.2.2.III. As described in the preceding section the first experiment
executing program is loaded by the pre-experiment software. This program
clears the tracks of the disc which will be used for the time averaging of the
measurement. After this the default words are transferred to the spectrometer
and then the experiment control main program is loaded into the main memory.
The transfer of the fixed control words, the storage of the proper data
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Figure k.2.2,2.III. System flow chart of the experiment executing software.
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acquisition and data reduction segment in the main memory and the start by
the operator is than executed in the described sequence. After this the
variable words for the first stretch and the way of acquisition and data
reduction in this stretch are defined. Then the corresponding stretch words
are transferred to the spectrometer and the proper data acquisition and
reduction is done. At the end of the measuring tine the experiment termination
segment is loaded into the main memory. The relevant part of the collected
NMR-signals are displayed on a scope and after an examination of these signals
the operator can make one of the decisions 1, 2, 3 or 4, which are illustrated
in figure k.2.2.III. If the operator decides to keep the collected MMR-data,
these data and the processing and display information, gathered during the
pre-experiment time, are stored in a file on the disc. After this the file
name is printed on the CRT—screen.
Figure It.2.2.2.IV. gives the part between BB1 and BBS of figure h.2.2.2.III.,
which is the time critical part of the IJMR-software.
The abbreviations DMA, ADC and CPTG are used previously. In the other
abbreviations the letters at the first two places are related to the function.
At the other three places the letter N means number, the letter A means
address, the letter C means current and the figure 1 means first. E.g. SWHAC
means the current address of the number of stretch words.
Only a few remarks will be made about this flow chart. The test of the
CPTG-flag is necessary, in order to avoid a too early transfer of control
words to the interface, if no data acquisition is done. No interrupt transfer
is used, because this can disturb the time averaging task. In general, the
use of interrupts in time critical applications has the disadvantage that
several parts of the system determine at which moment the computer performs
a certain operation. This makes a general view about the exact sequence and
execution moments of the computer operations very difficult.
The repetition of a certain stretch (e.g. a T2-experiment with many 18O°-18O°
pulse distances) can be done in 3 ways.
a. The ordinary way. In this method the dispatch of a repeated stretch is
done in principle in the same way as if the stretch would be different.
This method will make a large common area necessary.
3. By making SRNC unequal to zero. As can be traced from figure U.2.2.2.IV.
this will take no extra common area for the repeated stretches.
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Figure k.2.2,2.IV. Program for the variable spectrometer adjustments and
the control of the data acquisition and reduction segment.
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Y. By making the number of data points, to be acquired in one acquisition
operation, an integer multiple of the number of data points generated in
one stretch. Due to the way on which the data acquisition program works,
the stretch will now be separated until all the data, expected by the
acquisition program, are generated by the hardware.
In method 3 the time averaged data of the repeated stretches are stored on
the same disc area, and in method y the data of the repeated stretches are
stored on different areas.
As is clear from the above, requirement A: one generally applicable
package for all kinds of experiments, is satisfied if there is a generally
applicable data acquisition and data reduction segment.
Before the data acquisition and data reduction software

) will be described

the requirements which concern this software are discussed in more detail
B. (input rate as high as possible).
This requirement is not well defined. The fluor spectrum of e.g. Transperfluorbut-2-enoyl fluoride

) , which has a width of 52 kHz at a field

strength of 7 Tesla is a very broad NMR spectrum. It is impossible to get
the data input rate of 10U kHz if also the other requirements have to be
satisfied. But if the number of data points in one response is limited by
the main memory, this input rate can easily be achieved. As will be shown
later on the input rate for the important

13

C nucleus, which should be

about 30 kHz, can be achieved together with the other requirements.
Because of this we focus our attention on

13

C.

C. (Time averaging in double precision fixed point).
As is shown in appendix I, this requirement is necessary and sufficient if
the dynamic range is important.
D. (The number of data points in one response must not be limited by the main
memory capacity).
This requirement can be explained by considering a

13

C FID-experiment. As

can easily be calculated, the number of data points N in a FID-experiment,
where the Ho-field inhomogeneity completely determines the spectral widths
is given by
£
IT

_T
Ho
T 2 i AH O "max'

(U.28)

where T is the acquisition time, T 2 - is the inhomogeneity contribution to
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the dephasing time and H O /AH O is the relative homogeneity. Ernst33) shows
that T/T2. must be about 3 to avoid a severe line broadening due to the
finite sampling time. With a magnet inhomogeneity of 3 parts in 109 and a
5

max

of 200

PP m (I3C)

tne

number of data points will become: 128k. If

double precision is applied the number of 16 bits words in one
response is 256k. It is obvious that this amount cannot be stored in the
internal main storage. If the signal to noise ratio is bad, the time
averaging has to be done during a full night or even during a whole weekend.
This makes a direct time averaging with the interactive use of the disc
storage necessary, because otherwise the capacity of the disc is too small.
E. (The choise of addition or substraction for time averaging must be
possible in each stretch).
This requirement is neede-1 for PAPS-like experiments (see section 2.3). As
can be deduced from figure H.2.2.2.TV. this requirement can be satisfied
by defining a different DI in different stretches. Of course an addition
and a substraction subroutine is necessary.
F. (A multi response capability in a sequence).
This requirement is necessary for e.g. T2-experiments (see section 2.2.2.)
and for T j - experiments according to the method of Kapteijn e.a.

).

This requirement can be satisfied by defining the disc track where the
data are stored in each stretch. This is also done with the help of DI.
G. (The time between two successive responses as short as possible).
This requirement is necessary in order to get always the best signal to
noise ratio.
Under requirement D has been pointed out that the time averaging of the
signal data should be done during the acquisition time. As will be shown
later on, in this method either a program which allows a next response
immediately after the preceding response or a program which needs a time
of about 70 milli seconds between two successive responses can be
developed.

Depending on the relative importance of the input rate requirement compared
with the other requirements, 16 different programmes can be made by all the
combinations of the following possibilities:
- Time averaging exclusively in main memory or with the interactive usage of
the disc storage.
- Single or double precision fixed point.
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- Fixed or variable input rate.
- Fixed or variable number of data points in one response.
In this thesis we will analyze the moste flexible of the 36 combinations:
time averaging with the interactive use of the disc, in double precision
fixed point, with a variable input rate and a variable number of data points.
This combination gives the lowest input rate. But as vill be pointed out
later on, this input rate is rather high nevertheless, and suited for most
HR-NMR applications.

For a high sampling rate the following operations can be used:
- ADC-transfer and disc-transfer by 2 dynamically assignable DMA-channels.
- The writing and reading of two 6k 36 bits disc tracks is done by
automatical head switching which gives a minimum access time for the
second track.
- The time averaging is done by a micro-programmed double precision fixed
point addition or subtraction routine.
- ADC-transfer, disc-transfer and time averaging is apparently done at the
same time.

On line time averaging is achieved by the addition or subtraction of the
corresponding data points in the responses of the corresponding stretches to
or from eachother.
In general the response during a stretch consists of several disc blocks
and each disc block consists of several ADC blocks.
A disc block is the number of data points which are transferred from or
to the disc in one DMA-transfer.
An ADC block is the number of data points which are transferred from the
ADC in one DMA-transfer.
Figure U.2.2.2.V. shows the timing diagram of the data acquisition and time
averaging of the n t h 6k disc block. The ADC-transfer of the 6k words is done
in k ADC blocks of 1.5k each (1°A n ; 2°A n ; 3°A n and !*°An). During the transfer
of the first 1.5k the time averaging of the last 3k of block A n _i takes place
(TAli). During this time the time averaged (n-1)

disc block is also written

to the disc (W n -i). The result of the time averaging is double precision,
thus a block of 12k 16 bits words is written to the disc. During the next two
periods (2°A n and 3°A n ) only ADC-transfer occurs. In the last period (U°A n ),
disc block n is read from the disc (R n ) and the time averaging of the first
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2°A n

= Acquisition of second ADC block during n*11 disc-block.

SA

= Start of DMA channel for ADC input.

IA

= Initialization of DMA channel for ADC input.

DW

= Initialization and start of DMA channel for write to disc.

DR

= Initialization and start of DMA channel for read from disc.

w

= Writing of (n-]) t h disc-block to disc.

n-l

Rn

= Reading of nth disc block from disc.

TALn_1 = Time averaging of l a s t part of (n-lj^h disc-block by addition or
subtraction.
TAFn

= Time averaging of first part of n t h disc-block by addition or
subtraction.

Figure U.2.2.2.V. Timing diagram of ADC- and disc transfer and time
averaging during the n t n disc-block.

3k data points of disc block n takes place.
Dedicated drivers are written for ADC- and disc-transfer. These drivers
need only a very short, time for initialization and starting, which makes these
times negligible. If the time averaging can be done during the read and write
operations, than the read and write time determines the minimum ADC block
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time and thus the sampling frequency. The read time is the longest one.
An analysis of the read time in the worst case gives:
- 7.10"3 for a track to track jump.
- (60)" 1 sec. for a complete revolution for the access of the first 6k track.
- 6(60xl»8)~1 sec. for the look ahead time of the first 6k words (6 of the 1»8
sectors of the track).
- (60)" 1 sec. for the reading of the first 6k words (3k double precision data
points).
- (60xi*8)~1 sec. for the access time of the second 6k track. (This track is
•on the same cylinder but on another disc surface, one sector shifted).
- (60)" 1 sec. for the reading of the last 6k words.
The total read time ( T ) is thus:
x r = 7.10"3 + 6 0 - 1 + 6(6Ox!»8)~J + 60- 1 + (60x1*8)"' + 60" 1 = 59.5-10~3 sec.
The maximum sampling frequency (W) in this case is thus:
N = 1536(59.5 JO" 3 )" 1 = 25815 Hz
The double frequency can be obtained by simply omitting the ADC blocks 2°An
and 3 ° ^ and making the 6k ADC-transfer by 2 ADC-transfers of 3k each. The
maximum sampling frequency (H m a x ) is thus:
Nmax = 51630 Hz
Lower input frequencies can be obtained by putting more ADC blocks between the
first and last ADC transfer.
The available time for the time averaging of the first 3k data point ( T T ^ )
are the 3 last terms of T r , which gives:
T T A = 6 0 - 1 + (60XU8)- 1 + 60" 1 = 33.6-10~3 sec.
The available time for an addition or subtraction is thus 10.9 ysec. The
addition or subtraction time of a single precision word from the ADC to or
from a double precision word from the disc takes 6.5 psec if no DMA transfer
is used. The DMA transfer of disc and ADC will increase this 6.5 usec by 3OJ5,
which can be permitted. The last 3k data points from the ADC will be time
averaged during the next write operation.

The described acquisition and time averaging system needs only one 6k ADC
buffer and only one 12k disc buffer. Thus I8k of buffer storage in the main
memory will be sufficient.
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With the described acquisition system it is simple to make sampling frequencies
of fi = Nmax.2.(n+l)~JkHz> with sampling times of T J J = 59.5 k m s , where n and
k are 3, 2, 3, etc.
The variable sampling frequency can be generated by putting more or less
ADC-transfer periods between the first and last ADC-transfer of a complete 6k
block.
The sampling time can be changed in steps of 59•5 ms by making the last
ADC block a random number of ADC periods instead of a complete 6k block.
The ratics of fi and T J J satisfy the requirements described in section
U.3.2.3. completely.

The minimum time between two successive responses is determined by the
following operations.
I.

The time averaging of the last block.

II.

The disc transfers for the last block.

III. The transfer of the control words for the next stretch.
IV.

The jump of the disc heads from the last track of the last response to
the first track of the next response.

In principle the functions I and II can be performed during the acquisition
time of the first DMA transfer of ADC words of the next response. The main
disadvantage of this is, that the software becomes much more complex. The
jump of the disc heads makes either the time between two responses a maximum
of 30 ms longer or the maximum sampling frequency about 6o# lower. The
performance of function III takes only a few hundreds of ps. In the case
where the functions I, II and III are performed before the next stretch and
thus before the next response starts, the maximum time between two responses
is 70 msec. Function IV can now be performed during the DMA-transfer of the
first ADC words, without degrading the sampling frequency. Figure 1*.2.2.2.VI.
shows a somewhat simplified flow diagram of this method. This flow diagram
can easily be understood if it is studied together with the timing diagram of
figure U.2.2.2.V.

* ) The sampling frequency of 51630 Hz could still not be achieved now. For
unknown reasons, the access time of the second 6k track has

sometimes to be

longer especially if in the micro program negative data have to be added. A
sampling frequency of U5 kHz could be achieved (see figure 7.2.V.).
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Almost all programs of the experiment executing software are written in the
assembly language. The addition and subtraction routine are written in the
microassembly language.

dcttniae
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nuober of ADC blacks in a 6k disc block
current value of ADM
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of last block

write
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Figure lt.2.2.2.VI. A data acquisition and reduction segment.

Specifications of the experiment executing software.
All control words can be transferred to the buffer storages of the interface,
either before the start of the measurements or during a stretch. The transfer
time of one control word is 20 psec.

The maximum frequencies with double precision time averaging and interactive
use of the disc are:
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N = 103.26(n+ir a where n = 1, 2, 3, e t c .
The minimum sampling times are:
1, 2, 3, etc.
TJJ = 59-5 k msec, where k
The minimum time between two responses is TO msec. As many different responses
are possible as there are stretches.
There is a discrepancy between these specifications and the specifications
of the CPTG. The design of the CPTG was based on the HP7900A disc which is
about 3 times slower than the HP7905A disc. In the future we will adapt the
TJJ counter of the CPTG to the HPT9O5A disc, which easily can be done.

U.2.2.3. Data processing software
The task of the data processing software is the execution of a number of
operations on the MMR signals in a pre-defined (dedicated) or to be chosen
way and in a pre-defined (dedicated) or to be chosen sequence.
This software consists of a number of generally written operation
routines. Each routine, which is written as a program segment, executes only
one single operation. Examples of such operations are: the elimination of the
DC-offset of responses in the time domain, the elimination of the drift of
responses in the frequency domain, the multiplication of a time domain
response with e.g. an exponentional function, the change of the number of data
points, the fourier transformation, the phase correction of responses in the
frequency domain, the determination of the time constants of exponentional
curves, the transposition of arrays, etc.

The requirements for the data processing software are:
A. If a dedicated operation sequence is used, the operation should be done in
a simple way, with a MMR-oriented language.
B. If necessary the operation must be done interactively.
C. The processing should be fast.
D. The software for a new type of processing must be minimized.
E. The implementation of routines written by other people should be simple.
F. The composition of a random operation sequence in which all the available
operation routines can be used, must be possible. Nov requirement A cannot
be satisfied and the language will be mathematically oriented.
G. It must be possible to perform the processing of a "certain type of
experiment in the same way as the preceding processing, without entering
138

new operation parameters.

A. (If a dedicated operation sequence is used, the operation should be done in
a simple way, with a IJMR-oriented language).
An important part of the requirement could be satisfied by writing dedicated
main programs, which determine the sequence and the iteration of the
necessary operations. A part of the parameters which determine the
operations comes available in the pre-experiment software. E.g. the time
distances between the 180° and 90° pulses of a Tj-experiment are known by
this software and are needed by the segment which determines the relaxation
times. These parameters are read from the disc by the dedicated main
program and transferred to the operation segment through the common area.
If, instead of the main program, the segment would read the parameters
from the disc, one would have to deal with the following problems: the
operation segments must be generally applicable and thus the pre-experiment
software which generates the processing parameters has to store them in a
general way. At this stage we do not know which types of experiments, which
operations and thus which parameter will be needed later on. Because of
this we write the parameters to the disc by a dedicated program of the preexperiment software and read these parameters by the dedicated main
programs of the processing software, and thus avoid the problem of
generality.

As is clear from the above the operator does not have to think about the
operations, about the sequence of the operations and about the parameters
which in principle are known. If a certain operation is optional, of
course he has to make a decision, and naturally he has to enter those
parameters which only can be asked and not be determined by the software
itself.
B. (If necessary the operations must be done interactively).
This requirement has been satisfied by displaying the processed data on a
scope in those cases where an interactive setting is necessary.
C. (The processing should be fast).
This requirement could be satisfied by using the three following
principles:
C.a. Frequently used functions are written in the assembly language or in
the microassembly language with the algorithm which needs the minimum
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computer cycles.
C.b. In the case of interactive operations the choice of the right parameter
can be done by processing a part of the response with the help of zoomand shift operations on the scope display. By this the operation can
be done on less data points, which makes the operation faster. If
there are more responses on which the same operation has to be done,
the interactive operation in orly performed on one response, and
finally all responses are processed.
C.c. At the beginning of the operation sequence the data are duplicated
from the file to a disc area where read and write commands are given
by addressing the beginning track and sector of a disc subchannel.
All the disc data transfers during the operation sequence are done
with the home-built disc driver, wnic'i was developed for the experiment
executing software, and which makes the disc transfers much faster as
with the drivers which were supplied by Hewlett Packard. After each
operation the processed data are stored in the same area where the
data are stored before the operation but on the other disc surface
of the removable disc cartridge. This makes the disc head jumps short.
At the end of the operation sequence, the processed data are stored in a
file again. At the end of this section we will give the division of
the disc-cartridge surfaces.
D. (The software for a new type of processing musv. be minimized).
This requirement has been satisfied by making the operation segments
generally applicable.
E. (The implementation of routines written by other people should be simple).
The implementation of routines written by other people can simply be done
by making an operation segment of such a routine.
F. (The composition of a random operation sequence in which all the available
operation routines can be used, must be possible).
A main program with which all the operation segments can be used in a
random sequence, and with which all the opeation parameters can be entered
satisfies this requirement. This program is also very attractive for the
testing and the debugging of new or changed operation segments.
G. (it must be possible to perform the processing of a certain type of
experiment in the same way as the preceding processing without entering
new operation parameters).
This requirement can simply be satisfied by storing all the operation
parameters of each operation sequence.
11*0
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Figure 1>.2.2.3.I. System flow chart of the data processing software.

Figure 1».2.2.3.I. shows the system flow chart of the data processing
software. After the start, the operation sequence is started by entering
the name of the data file which must he processed. Then
the dedicated main program is loaded which determines the sequence and the
iteration of the operations. After this the data file is dumped on the
operation disc area and the first operation will be selected. Then the predefined parameters for this operation are read from the disc and stored into
the common area after which the first operation segment is loaded. When the
operation has been finished, the additional operation parameters are stored
in the common area. The additional parameters are entered by the operator. If
the operation is done in an interactive way, only the final additional
parameters are stored. Than the dedicated main program is entered again. In
this program the additional parameters are written to the disc and the next
operation will be selected etc. After the last operation, the processed data
are written in a file and the file name is reported to the operator.

Figure It.2.2.3.II. shows the flow chart of a concrete example of an operation
sequence. This flow chart has the same structure as the structure of figure
I*.2.2.3.1.

The HP79O5 disc unit has one fixed disc cartridge and one interchangeable disc

i
\

cartridge. One surface of the fixed cartridge is used for head positioning, by

1

which 3 surfaces of 5 Mbyte each remain available for the user. The following

j

files must be stored on these surfaces. Program files of the operating system,
user source files, user relocatable binairy files and user program files. Also
a disc area must be available for the direct time averaging (see the preceding
section) and for the signal processing. As can be concluded from the preceding
section, a part of the 2 surfaces of the interchageable cartridge must be
available for the on line time averaging. We choose the last 200 of the 1(00
hardware tracks of both surfaces for the on line time averaging purpose. The
same area is available for the signal processing. To avoid problems if later
on data processing is done during the measurement time in a background/foreground configuration, the signal processing starts from track 200 up to
higher tracks and the on line time averaging starts from track i»00 down to
lower tracks.

There are 2 complete HMR-software systems on the disc. One system which is
updated only a few times per year, and which is always available for the
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Figure lt.2.2.3.H. Flow chart of the data processing software for the FIDand PAPS-experiment.
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NMH-experimentalist. One shadow system (see section 6.2), which can be
modified and extended during the whole year. Of course it is not always
guaranteed that the latter system works well. Depending on the available disc
space the source files, the relocatable files and the program files or only
the program files of the first system are stored on the first tracks of the
lower surface of the removable cartridge. The source-, relocatable- and
program files of the shadow system are stored on the first part of the upper
surface of the removable cartridge.

The operating system programs and the MMR data files are stored on the user
surface of the fixed cartridge, by which the dumpes of NMR data files on
reserve cartridges are very easy. Tin extensive description of the data
processing software is given by H.A. Bnonts ' ) .

^.2.2.1*. Display software
The task of the display software is the production of NHR-signals on a storage
scope and on a plotter and the production of copy of the measuring parameters,
the processing parameters and calculated NMR data on the CRT screen and the
plotter or printer.

The requirements for the display software are:
A. The manipulation of the scope output by horizontal and vertical shift and
zoom operations must be fast, interactive and easy.
B. The horizontal shift on the scope of a complete response, which has much
more data points as the main storage can contain and as the scope can
display in one single scan, should be apparently continuous.
C. The display of a complete response of more than 8k data points, must be
done in several parts of 8k points each, which are vertically shifted to
eachother. (The 8k data points are determined by the plotter capacity.)
D. If a measurement generates more than one response, they should be displayed
with a vertical as well as a horizontal shift to eachother, according to
the literature.
E. It must be possible to copy all the signals, as displayed on the scope in
the same way on the plotter. To save plotter time , a scope preview is
always necessary.
F. All the scope output possibilities must be applicable in the interactive
signal processing routines.

G. The display routines should be generally applicable.

j

The shift and zoom control is done with the help of a l»xU array of pushbuttons

jj

in combination with a 10 turn potentiometer according to a system of Jeol?).

\

The function of the potentiometer, e.g. horizontal zoom, is assigned by

|

pushing one of the 16 buttons. According to its function, the potentiometer

\

can work in the relative- or absolute mode. The 12 MSB of our 1U bits ADC are

\

used for the analog to digital conversion of the position of the potentiometer.

*

The remaining h bits of a 16 bits word are used to read out the kxk array. The
control of some operations on NMR signals, as e.g. first and second order
phase corrections and threshold adjustment for the determination of the
resonance frequencies of spectral lines, are also done with the help of this
potentiometer. If after a rotation of the potentiometer during 0.2 seconds no
further rotation takes place, a flag pulse is automatically generated, which
tells the computer that

the potentiometer may have a new position.

The scope is used in the storage mode and is erased by a software
generated erase pulse, so no repeated output is necessary. The horizontal
scope deflection is hardware generated. This hardware gets one control word
before the output starts. Each vertical deflection is generated by an
unconditionally program transferred data word. Between the transfer of 2 data
words, at least the conversion from floating point to fixed point of the next
data point takes place. Depending on the function also a multiplication, a
division, an addition or a subtraction for vertical zoom or shift can take
place between two transfers. Because of this method only one floating point
data buffer is necessary in the main storage and no disc accesses are needed
for vertical zoom and shift operations. The four pushbuttons for horizontal
and vertical shift and zoom and the appropriate pushbutton(s) for an
operation on the NMR signal can be used in a random sequence.

The described display system satisfies requirement A. Requirement B is
satisfied by the in time reading of new data points with beginning track and
beginning sector addressing. It is e.asy to satisfy the requirements C, D and
E. The requirements F and J are satisfied by writing generally applicable
output routines, which are controlled by parameters.

Figure U.2.2.^.1. shows the system flow chart of the display software. After
the start of this software the file name is entered. Then the complete file
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Figure U.2.2.U.I. System flov chart of the display software.

or a part of it is stored in the main memory. After this the HMR-signal is
displayed on the scope and the data are displayed on the CRT screen. The data
contain information about the sample, the measuring parameters etc. On the
basis of this information and the signal, the operator can see if he entered
the right file name. Then he can change the file or manipulate the output from
the i*xl» array and the potentiometer. The operator can come back from the array
to the keyboard by pushing the button: TTY. Then he can plot the signals, which
were displayed on the scope.
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Chapter 5. SPECTROMETER OPERATION

Introduction
Most of the workers who use the spectrometers, built in our group are not the
sane ones who designed and constructed

these spectrometers. Because of this

much attention is paid to the ease of operation.
It is certainly not the goal of this chapter to give a scientific analysis
of the design considerations with respect to operation ease. The most
important points to which we paid attention are only mentioned. The largest
difficulty is that no real prototype has "been built, which makes it necessary
to decide about the points mentioned in this chapter before the construction
is started. This gives the contradictory situation that the follow up should
be done before the construction starts. Of course the h EPR-, the 3 HMR-, and
the one ELDOR-speetrometers which were designed before the start of this
project, were of great help. In none of these earlier spectrometers a computer
was implemented and probably this vas the reason why we started with the
software development in the wrong way (see section U.2.2.).
Another problem in

the design was that the spectrometer has to be suited

for workers who know something about NMR and almost nothing about the
spectrometer system and on the other hand the spectrometer has to be suited
for advanced KMB research with novel measuring methods.

The figures 5.J.I. and 5.1.II. show a photograph of the spectrometer and the
places where the different spectrometer parts are located.
The spectrometer housing is designed on the basis of the data sheets 6-1-1
through 6-3-31 from Widney Dorlee, which contain all important ergonomic data
for our design. Attention has been paid to the sitting height, the knee space,
the attainability of the knobs and the distances from the display units. As
far as possible the frequently used knobs are placed below shoulder level, and
the display surfaces are perpendicular to the line between the eye and those
surfaces.

The number of knobs is minimized as far as possible. Some knobs can be
suspended by knobs on other parts of the front panel. The suspension is
indicated by only lighting up the text of the funtion of the knobs which are
in action.

Figure 5.1.1. Spectrometer with terminal
The front panel contains three parts of each 19" broad.
The left handed part contains from the top to the bottom: the sample
temperature control and the sample spinner frequency control (at the moment
these two controls are still outside the spectrometer), the general purpose
timer counter (HP5327A) and the thumbwheels for the observing-, the homonuclear
irradiation- and the heteronuclear irradiation synthesizers. At the right side
of the thumbwheel sets for these 3 synthesizers is the common sweep generator.
The lowest set of thumbwheels is for the homonuclear or heteronuclear
stabilizing synthesizer4 with next to it its dedicated sweep generator.
Finally the lowest panel of the left side contains the 12 potentiometer knobs
for the field homogeneity control. From the top to the bottom of the middle
part we find: the numerical displays of some data of the measuring sequence, the
scope (HP32O1B) and the control units for transmitters and receivers. From left
to right one sees respectively the observing, the homonuclear irradiation-,
the heteronuclear irradiation- and the stabilization control unit. Thus the
primary control knobs are in the middle part. The lowest part of the middle
section is the monitor selection panel. On this panel the signals on the
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Figure 5.1.II- The grouping of the spectrometer parts.
horizontal and 2 vertical inputs of the scope, the counter and the plotter can
be selected. Broad band signals of both receivers can be selected on the scope.
The irradiation times from all transmitters can be measured on scope and
counter. The frequencies of the h synthesizers can be measured on the counter
and finally the computer output and the small band receivers output can be
selected on plotter and scope.
On the right side of the spectrometer are the observing- and stabilization
receiver and the matrix and potentiometer for the semi analog computer control,
with numerical display of these controls.

As is clear from figure 5.1.I., two positions are necessary for the operation
of the complete system. From a chair before the middle part of the spectrometer the complete spectrometer can be operated. The terminal and the semi
analog computer input can be used sitting on a chair before this terminal.
In order to be able to extend the spectrometer hardware later on, space
is kept available on the front panel and in the inner part of the spectrometer.

5.2. NMR-oriented language with CRT-manual
The communication between the computer and the spectrometer operator is done
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by way of a CRT-terminal with disc resident Fortran programs. This gives the
opportunity of an extensive communication. In fact the spectrometer manual is
programmed in the computer, with the great advantage that only those sentences
are displayed, which are relevant for the actual experiment at the actual
moment.
The computer will not ask more questions than is strictly necessary. The
questions, instructions and information given by the computer are not in code
but in short, simple and clear (Dutch) sentences, or in pictures on the CRTterminal. The answers to be given by the operator, are restricted to: yes, no
or a number. As an example the questions asked by the pre-experiment software
for an IRFT-T1 experiment (see section 2.S.I) without homonuclear and
heteronuclear irradiation will be given. The computer will only ask: the
estimated spectrum width, the allowed line broadening (acquisition time), the
frequency offset, the estimated minimum spin lattice relaxation time, the
estimated maximum spin lattice relaxation time and the time ratio corresponding
to the adjacent points on the relaxation time curve.
On the basis of the answers of the operator, the software will generate
control words for: the sampling frequency, the time share frequency, the
receiver bandwidth, the number of samples, the observing synthesizer frequency,
the receiver suppression time, the different 18O°-9O° pulse distances
(minimum distance: 1/3 T, . , maximum distance: 3 T,
) and the 9O°-18O°
1
•nun
max
pulse distance (5 Ti

)•

The computer will also give instructions to the operator. If for instance
a certain parameter can be either under manual control for fast interactive
adjustments (see the next section) or under computer control, the relevant
switch on the front panel has to be in the computer position if computer
control is desired. A picture of the relevant front panel part on the CRT
screen, with the relevant switches in the reverse video mode will tell the
operator very fast how the front panel adjustments should be. An example of an
information which can be displayed on the CRT screen is the magnitude of the
different rotating magnetic RF components for the various nuclei as a function
of the attenuator position.
5.3. Control and monitoring of processes
For a lot of spectrometer adjustments it is not directly obvious if they have
to be under manual control or under computer control or if they need the
possibility to choose one of these controls. Aspects which make a manual
control favourable are:
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- fast interactive adjustments possible;
- still working when the computer is out of order;
- easy for trouble shooting;
- less sensitivity for disturbances.
Aspects which make a computer control favourable are:
- the pre-defined changes of adjustments in the course of the experiment;
- the ease of operation
- the knowledge within the computer how the collected data are measured.
Our spectrometer can be used in the slow passage mode without a computer. This
makes the maunal control of many adjustments necessary and thus makes a lot of
decisions easy. Because of this non computer controlled slow passage mode, the
manual adjustments of the h frequency synthesizers and their sweep generators,
the power levels of the four CW transmitter channels, the bandwidth of the
heteronuclear irradiation power and the amplicifation and bandwidth of the
receivers are necessary. For fast interactive and accurate setting purposes, 3
different pulse widths can be manually controlled with the help of 3 one shots
in computer controlled pulse mode experiments. Also for fast interactive
setting purposes gated decoupling, exclusive WOE, continuous irradiation or
no irradiation can tie manually selected for homonuclear- as well as for
heteronuclear irradiation.
A lot of parameters are either exclusively under computer control or can
be under computer- as well as under manual control. This holds for those
parameters of which a change of the adjustment can be necessary in the course
of an experiment and the parameters of vhich a computer control adjustment
can make the spectrometer operation easier.
An overview of these parameters is given in section k.1.2.. This overview
also shows which parameters are only under computer control and which
parameters can be controlled in both ways.

The control of computer operations for data processing and for data output
purposes can be done by way of the keyboard of the CRT-terminal or by way of
a multiturn potentiometer which function is selected by a kxh pushbutton array.
In general all non interactive operations are done from the keyboard and all
interactive operations are done by way of the potentiometer.
As mentioned in section h.2, the control of spectrometer processes and of
processing operations is simplified by a NMR-oriented language and by software
which only demands operator input if this is really necessary. For those
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types of experiments of which the computer occupies dedicated software only a
few and simple questions must be answered by the experimentalist.

For flexibility ^see the next section) programs are developed with which new
kinds of experiments and processings can be composed. Of course these programs
will ask the operator more complicated questions.

The monitoring of processes and processing operations is done on a storage
scope, on a general purpose counter and on numerical displays. The signals
which can be selected on these devices by way of the monitor selection panel
have been mentioned in section 5«1.

5.1*. Flexibility
In this section the flexibility of the spectrometer within the limits of the
hardware and software which is ready at a certain time, is shortly described.
This flexibility is mainly achieved and determined by the generally
applicable experiment executing- and display software and by the preexperiment- and data processing software parts, with which an arbitrary
measuring sequence and processing sequence respectively can be composed.

To compose an arbitrary measuring sequence, the questions asked by the
computer concern the following parameters:
A. The type of parameters which will be manually adjusted or which are equal
to the default values.
B. The type and the values of the parameters which will be controlled by the
software, but are constant during the course of the experiment.
C. The number of stretches.
D. Separately for each stretch all the values of those parameters which can
be under computer control and do not belong to the parameters mentioned
under A and B.
If a certain stretch is needed on more places within a sequence, this can
simply be done by entering the extra stretch numbers, without the stretch
parameters. The repeat of a stretch is done by giving the number of
repetitions only.
£. The number of measuring sequences.
By answering all the questions each measuring sequence, only determined by the
limits of the hardware and the amount of common area of the experiment

executing software (see section b.2.2.2.), can be composed.
The flexibility in data processing is achieved by a program which gives the
opportunity to compose a chain of separate operations with generally written
disc resident routines for the different operations. The conversation language
of this program is not BMR-oriented but mathematical-oriented, because this is
independent of the type of MMR-experiment.
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Chapter 6. SPECTROMETER EXPANSIBILITY

Introduction
One of the major goals of the design and development was to get a spectrometer,
by which with relatively simple modifications, it is possible to do advanced
HMR-experiments for a time of at least 5 years. Taking into account the time
and effort which were needed to design and build the complete system it is
obvious that this is a necessary goal. In order to achieve this goal, it
should be possible to improve afterwards the specifications of the type of
experiment which were implemented in the system in an early stage and to
implement new types of experiments later on. Of course nobody is a prophet,
so depending on the new developments, this goal cannot completely *>e achieved.
Nevertheless, it is better to design a flexible system on which a lot of
experiments can be implemented later on, than to pay no attention to this
point.

As has been pointed out in chapter b, several spectrometer functions can be
either done on hardware or on software base. With respect to the expansibility
of the spectrometer it is of advantage to do as much as possible on software
basis. The arguments for this statement are:
- there is no hardware equivalence for the editing function of software
programs;
- during the time that an extension, a modification or a renewal of the
software takes place, the spectrometer can still be used for the programs
which are finished, while in general this is not possible if the hardware
is modified;
- even if software modifications introduce changes of the computer hardware
(e.g. enlargement of the main storage or enlargement of the number of I/O
slots), this will in general be less expensive and less time consuming
than changes in the dedicated spectrometer hardware.
Nevertheless it is still necessary to design a dedicated hardware system,
which is suited for modifications. This will be treated in the next section.

6.3. Hardware expansibility
•-.

The hardware system is decomposed in the hardware control system and the
radio- and audio frequency system with magnet. Integration of these two
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systems is avoided, so that changes in one of the two systems have the
minimum influence on the other system.
The radio- and audio frequency system has been built up out of 3
independent functional units, namely the synthesizers, the transmitters and
the receivers. These units exist out of modules -which have as far as radio
frequencies are concerned, all 50 SI input and output connections. By this, in
principle, it is possible to modify one of these modules without a change in
another module.
As is shown in figure It. 1.2.1., the hardware control system consists out
of the computer programaable timing generator (CPTG) awl 6 control units for
synthesizers, transmitters and receivers. Four of the six control units are
dedicated to respectively the observing-, the homonuelear irradiation-, the
heteronuclear irradiation- and stabilization channel. They can be changed
separately. One of the 2 other control units is dedicated to the stabilization
synthesizers and the last control unit-controls the other 3 synthesizers. This
means that a change of the control possibilities of these 3 synthesizers has
to be done in common. The CPTG consists out of modules which generate the
different sector times. An example of a technique which made an extension of
the CPTG necessary, is the 2D-spectroscopy which was not foreseen in the
design phase. With the existing CPTG we could only generate 128 different
time delays for 2D-spectroscopy. We felt that for realistic chemical
applications this is not enough. We had the possibility to extend the tjjj
counter (see section U.1.2.1.) or to make a new counter ( T — , ) . Because of
software simplicity we chose the last solution. All the old programs, which
were developed before the existence of T ™ , could be simply updated by
transferring a default value of time zero for Tjy in the general program which
transfers the default words before the start of each experiment.
For expanse purposes there are a lot of reserve addresses in the interface
and a lot of space for new hardware parts.
Another attractive point is that the CPTG and the complete interface can
be taken out of the spectrometer, while the latter still acts as a non
computer controlled slow passage spectrometer.

6.2. Software expansibility
As is mentioned in the introduction of chapter 6, an enlargement of the
spectrometer performance will often mean a modification or extension of the
software. Because of this an important goal is that a change of the software
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must be relatively simple and does not take much time. The fact that the
software modifications in general are done by other people than those who
developed and wrote the existing software, makes the requirement of simplicity
extra important.

The requirements with a short explanation and their consequences are given
below.
A. The hierarchical software structure should be such, that a modification of
the software is limited to a as small as possible part of the software.
As has been pointed out in section 4.2.2. the NMR software system is
decomposed in four parts with a minimum of external links. Two of these
parts, the experiment executing

software and the display software, are

generally applicable. An enlargement of the software possibilities is
generally achieved by a modification or extension of the software of the
two other parts: the pre-experiment software and the data processing
software. These two software parts consist of a number of more or less
generally applicable functional modules. Dedicated programs determine
which of these modules and the way in which these modules will be used in
a certain experiment. By this the enlargements of the capabilities often
means only the development and the writing of a new general applicable
module.
B. The overall software structure should be simple and clear, even if this
means that the separate modules become more complex. The two arguments
for this requirement are:
each person who is involved in the software development has to learn the
overall structure and not each module and a system with a simple overall
structure and simple linkages is more flexible than a system with simple
modules.
C. One should use, as much as possible, the existing software parts in
developing software for new experiments. The goal of this point is
achieved if the functional modules are generally applicable. This means
that the modules must be splitted out in simple basis operations.
D. Time for software maintenance should be minimized. We have tried to
minimize the maintenance by minimizing the amount of software and by making
a simple software structure. Generally applicable modules of course
minimize the amount of software.
E. The development of dedicated software packages should be done in an
interactive way. A new experiment will be first carried out with the help
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of the software packages with which arbitrary measuring sequences and
arbitrary data operations can be composed. These packages give the
experimentalist the freedom to change all kinds of parameters without
software modifications. After the experiment runs in the right way, the
dedicated software can be developed. In fact the software for arbitrary
experiments is a debugging tool.
F. The existing software should stay intact during modifications of the
software. We use a complete shadow KMR-software system for modification
purposes. The program names are slightly different from the working
software in order to load both packages simultaneously.
G. The number of concepts used in the software should be minimized. Many of
the software tasks can be carried out in different ways. It is very
effective to standardize the way in which a certain type of task is
performed, even if this means that for a particular case it is an unlogical
or difficult way. Not only the memory of the person who has to oversee the
complete system does not become overburded, but the unraveling of programs
is easier if the number of concepts are minimized and known before
unraveling starts.
H. The experiment executing software, which is the most difficult software
part due to its languages (assembly and micro assembly) and its time
critical aspects, has to be generally applicable. As has been pointed out
in section 1*.2.2.2. we succeeded in the goal of this point.
I. Where possible, a high level language (Fortran IV) should be used. This
point is especially important if people have to modify a program which they
did not write themselves, because unraveling a program in the assembly- or
micro assembly language is much more difficult than a high level language.
J. The programs must be written in analogy with the flow charts. The blocks of
the flow charts are subroutines with the control part of the subroutines
at the beginning of the program. This makes the programs more structured
and shortens time for maintenance.
K. It must be easy to implement operation routines which are written outside
our group. If these routines are written in Fortran IV, a slight change at
the beginning and the end of the program will transfer this program into
an operation segment which is matched to our system. If the routine is
written in the assembly language, it will become a subroutine of an
operation segment.
L. Last but not least a clear and extensive documentation must be made in time.
An obvious and important point, which often ia not done.
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6.3 Mass storage oriented design
Of course the most fast, the most simple and the most flexible software system
is a system vith such a large main memory, that all the data of a certain
experiment and all the programs can be stored simultaneously. The anount of
main space for programs (especially for high level languages) and the amount of
main space for HMR data (especially for multi response: T ^ , T 2 -, and 2Dexperiments) will be so large that even with the actual low prices of main
memory this is, from a financial viewpoint, not achievable.
We feel that only a system with a large and fast mass storage acting as a
real virtual main storage will be a good system. At the long run, in such a
system^not a lot of manpower will be dissipated in problems like making
programs as short as possible and writing in low level languages to get
programs short. Of course in the beginning a lot of energy is needed to make
a virtual storage of the mass storage but later on this will give a high
yield.

:

Nowadays a disadvantage of fast mass storages is that, because of their
critical mechanical parts, they are not as reliable as the main memories are.
But probably this will be only a matter of time, which makes a mass storage
oriented design especially attractive with respect to the future.
A short enumeration of what we did to make our disc a virtual storage,
instead of a simple background storage is given below.
I. The four main software packages (see section If.2.3) exist of one or more
main programs of which each contains a number of segments. A main program
and one segment loaded in the main memory act if they are one single
program. Because only one segment is'loaded in the main memory at the same
time, the necessary space for the main program and all its segments is
only determined by the main program and the largest segment (see section
!*-.2.1.2.). Because of the fast access time of the disc, the loading of a
new segment takes only about 0.1 sec. So the experimentalist thinks that
he disposes of one large program, which in fact does not fit in the main
memory.
II. The number of data points of many SMR-experiments is more than the
available number of words in the main memory. To overcome this problem
a part of the HMR data can be transferred from disc to main memory with
the help of a home built disc driver in a minimum of time (12k in 1*5
msec.). These transfers can be initiated by shift- or zoom operations of
160
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the operator or by program control.
III. The making of a virtual storage of the disc for data acquisition and
data reduction purposes was, because of the time critical aspect, the
most difficult problem, as has been described in section ^.2.2.2. As is
pointed out in this section, we succeeded in making a virtual storage of
the disc if the input rate does not exceed 50 kHz and time averaging is
done in double precision.
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Chapter 7. SPECTROMETER PERFORMANCE

Introduction
In this chapter I shall try to specify the spectrometer capabilities from the
viewpoint of the NMR-experimentalist. Although it is obvious that for the
development of new experimental techniques the flexibility and the
expansibility

of the spectrometer is the main advantage, it is almost

impossible to specify this advantage via one or more concrete NMR-experiments.
The imagination and the knowledge of the spectrometer system of the
experimentalist also determine the way in which the spectrometer can and will
be used for NMR research.

The flexibility and expansibility described in the preceding capitals are
mainly determined by the three following system priciples.
A. The time avaraging is directly done on the disc storage. This gives the
possibility to collect responses with a large number of data points and to
collect multi responses with short time distances which are dictated by
the NMR-experiment (e.g. CPMG-T2 measurements).
B. Because of the indirect computer control of the spectrometer settings,
complicated and many different delay times possessing measuring sequences
are possible. In combination with the data acquisition capability this
gives the opportunity to time average the responses of complete sequences
which posses all the necessary responses. In general this will introduce
the same drift in the different responses and gives the experimentator the
opportunity to stop the measurement if the signal to noise ratio is high
enough.
C. Except the continuous variable one shot widths, which can be used for
accurate pulse settings in e.g. T2-experiments, all the other spectrometer
timings are synchronized with the master reference oscillator.
In section 7-1 the general specifications are given in almost the same
terms as is generally done at commercial spectrometers. In section 7.2
some experimental results are given.

7.1 General specifications
In this section the present overall specifications are given. These
specifications are subdivided in the same three parts in which in fact a
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modern NMR-spectrometer can be divided, namely: the magnet with radio- and
audio frequency part, the hardware control part and the computer with the
software. The specifications given in this section are the overall
specifications of the mentioned parts, in contrast with the specifications
given in the sections of chapter h, which did only concern the different subsystems .

A. Specifications of magnet and radio- and audio frequency part.
The transmitter channels:
5 different transmitter channels with h different frequencies. The
observed nucleus has 2 transmitter channels (pulse power and CW power).
At least two of the four frequencies are

tuned to one nucleus.

Receiver channels:
2 different receiver channels, one for observing and one for
stabilization
Frequency range:
20-300 MHz for all channels
Magnetic field intensity:
7.05 Tesla
Resolution:
better than 2 parts in 10 9 using 5 mm samples
Spinning sidebands:
less than 2 °/oo of main peak
Long term stability:
2 parts in 10 7 per week
Sensitivity:
!

H of the largest peak in the methylene quartet of a 1% (v/v) solution

of ethylbenzene (5 mm od sample tutr>);

slow passage with sweep rate
(6 dB/oct filter): .> 150

av

/ d t = 1 sec" 2 and audio bandwidth =.5 Hz

single transient pulse resnone (single detection): v 170
13

C of the largest peak of 90% (v/v) solution of ethylbenzene (5 mm od

sample tube):
slow passage with sweep rate

/dt = 1 sec"2 and audio bandwidth = .5 Kz

(6 dB/oct filter): j> 17
single transient pulse response (single detection): >, 26
The

13

C signal to noise ratios are too low. An improvement must be

possible.
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RF field intensities or powers:
pulse powers for observing channel:
*H: 30W 90° pulse: Uo ysec (large transmitter coil)
13

C : 2kW 90° pulse: 12.5 psec (large transmitter coil)

continuous powers for observing channel: lH:10W
other nuclei: 30 mV
continuous power for homonuclear irradiation all nuclei: 30 mW
continuous power for heteronuclear irradiation: 'H:10W
other nuclei: 3W
continuous power for stabilization channel: all nuclei: 30 mW

Not all these specifications satisfy the requirements which are specified
in chapter k. But these specifications can be improved by only a change of
the subsystems if this is needed for a certain application (see section
3.2).
B. Spectrometer control specifications.
B.a. Observing transmitter channel, homonuclear irradiation channel and
heteronuclear irradiation channel.
Offset range of these channels (computer and manual controlled):
1 MHz in steps of .01 Hz
Bidirectional sweep range (manual control):
10-5.10l|Hz with sweep ratios of 2,5 and 10 in 10.000 steps
Attenuation range of continuous irradiation powers (computer and
manual controlled):
100 steps of 1 dB each
B.b. Observing transmitter channel (computer controlled).
Pulse width:
3 continuous pulse widths (one shot) of 10~ 6 - 10~ 3 sec. and
digital pulse widths of n.10m.10-7sec (0 £ m £ 127 and 0 £ m £ 1)
RF-phase:
0°, 90°, 180° and 270°
Irradiation time continuous wave:
gated, reverse gated and time shared
B.C. Homonuclear irradiation channel.
Irradiation time (computer and manual controlled):
gated, reverse gated and time shared
B.d. Heteronuclear irradiation channel.
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Irradiation time (computer and manual controlled):
gated, reverse gated and time shared
Bandwidth (computer and manual controlled):
2n.35 Hz (n = 0, 1, 2

9, 10)

B.e. Stabilization (homo/hetero) transmitter channel (only manual control).
Offset range:
1 MHz in steps of .01 Hz
Sweep range:
10-5.10* Hz with sweep ratios of 2,5 and 10 in 200 steps
Attenuation range of irradiation power:
100 steps of 1 dB each
Irradiation time:
time shared
B.f. Observing receiver channel.
Attenuator range (manual control):
0-80 dB in steps of 20 dB and 0-18 dB in steps of 2 dB
Phase shift range (manual control):
1*00°
Bandwidth:
3.101* - 2.3 10 z Hz (computer and manual control in ratios of 2)
160 - .05 Hz (manual control continuously or in ratios of 2)
Detection mode:
absorption and dispersion (computer and manual control):
quadrature (computer control)
B.g. Stabilization receiver channel (only manual control).
Attenuation range:
0 -

80 dB in steps of 20 dB and 0 - 18 dB in steps of 2 dB

Phase shift range:
1*00°
Field offset compensation:
± 2 10~6 Tesla
For delay times, sampling frequencies and time share frequencies see
section I*. 1.2.1.
C. Software and computer features.
C.a. Specifications of computer and peripherals (see also section 1+.2.1.U).
Command entries:
solid state keyboard (HP26i»0) for non interactive commands;
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1+xlt array of push 'buttons with 10 turn potentiometer for interactive
commands like: phase-, threshold-, zoom- and shift controls
Signal output:
storage scope (HP120B) and plotter (HP7210A) with scope-preview
Signal data listings:
CRT-screen (HP261»0), plotter (HP7210A) and teletype (Siemens PT80)
(Plotter and teletype have preview on CRT-screen)
C.b. Data acquisition and data reduction.
Sampling rate:
!*5000 .2-n Hz (n = 0, 1, 2

18)

Word length:
32 bits integer
Data table per experiment (with one or more responses):
1.25 M words (32 bits) or 2.5 M words (16 bits)
Maximum number of time avaragings with 1U bit ADC resolution:
262Ikk
Acquisition time:
0.1 sec - 8 weeks in steps of 0.1 sec (the maximum time depends
on the sampling rate)
C.c. Spectrometer control.
Control of part of sequence (stretch):
via dedicated control hardware, which is synchronized by the
synthesizer master clock
Control of succeeding stretches:
via software (the number of unequal stretches is only determined
by the size of the main memory)
For computer controlled parameters see section U.1.2. and this
section.
C.d. Data processing.
Word length:
floating point with 23 bits mantissa and 7 bits exponent
Data table:
1.25 M words virtual disc storage
Standard language:
Fortran IV, often repeated operations in assembly or micro
assembly subroutines
Generally applicable basic operation modules:
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transformation from double inter/rer to floating point; DC-offset
correction, signal weighting (S/B enhancement or resolution
enhancement);

fast fourier transformation; zero- and first order

phase correction; zero- and first order base line correction;
array transposition; offset frequencies determination; line
surface integration; relaxation time determination; matrix-field
handling and "debug" processing software (random processing
sequence).

7.2 Experimental results
SoF.e experimental results are given which are obtained with a few different
experiments.
The chosen experiments demonstrate the following capabilities of the
sprectrometer system:
- the acquisition and time averaging, with the interactive use of the disc, of
responses, which are close to eaehother;
- the generation of many different stretches;
- the handling of many data points and
- the acquisition and time averaging at a high sampling rate with the
interactive use of the disc.
The IRFT-Tj measurement is done in order to complete the relaxation time
measurements on 1,1,2-trichloro-ethane.
All the measurements are done at room temperature.
Some of the experiments are performed with the help of the dedicated preexperiment and the dedicated processing software parts and others are done
with the help of the software parts suited for an arbitrary measuring
sequence and an arbitrary processing chain. There are k experiments.
- A T2-measurement, in which all the echoes between 180° pulses of a CPMG
sequence (see section 2.2.2) are time averaged on the disc.
- An inversion recovery Tj experiment (see section 2.2.1), in which all the
18O°-9O° pulse distances are generated in one complete sequence and the time
averaging takes place by generating more sequences. The T 2 - and T j experiments are both performed on 1,1,2-trichloro-ethane (Cl 2 CHCH 2 Cl).
- A homonuclear broadband 2D-J and 6 resolved experiment with half a million
data points, performed on allyl alcohol (CH 2 :CHCH 2 0H).
- A FID experiment (see section 2.1.2) for the measurement of the

13

C spectrum

of acetophenone (C G H 5 COCH 3 ) without proton decoupling. The broad spectrum
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width makes a high sampling frequency necessary, and a long sampling time
is needed to make the small splittings visible.

In the first experiment the time between the sampling of the succeeding
echoes, which is determined by the combination of the sample and the
experiment, is rather short. Because of this it is necessary to do the time
averaging direct on a disc if the total number of data points in one
sequence cannot be placed in the main memory. Although the sampling frequency
for the rather small proton spectrum (1 KHz) of 1,1,2-trichloro-ethane can
be low, the total number of data points is 36k, which needs 72k 16 bits words
because of the double precision accuracy. This is far beyond the capacity of
our main memory.
The CPMG measuring sequence has been made with the software package with
which an arbitrary measuring sequence can be composed. The composition was
done within 3 minutes.
Figure 7.2.I.a. shows the 12 sampled echoes, which contain the singals
of all the protons. Each echo has been sampled during 1.'> sec. and the time
between two successive echoes is 160 msec. The spin-spin coupling is 5.62 Hz.
Figure 7«2.I.b. shows the absorption spectra of the right halves of these
12 echoes. Due to the homonuclear coupling effect, only the central line of
the triplet gives always a pure absorption, by which only the relaxation
time of this line can be measured in the absorption spectra.
Figure 7.2.I.e. shows the absolute spectra of the complete echoes. The
interchange of the outside lines of the triplet and the interchange of "the
two doublet lines after each 180° pulse can be seen at the amplitude
alternation of the lowest spectra. The time constants, which are determined
by matching the signal amplitudes to a single exponentional function with the
help, of the least squares method are defined as T 2 's. These T 2 's are decermined
.on the base of all the spectra and on the base of only the odd and of only
the even spectrums (see tabel 7.2.II).
All the processings are done with the software part with which an
arbitrary processing chain can be composed, on the base of the data of one
measurement.

The Tj-experiment is performed with the dedicated Tj-pre-experiment- and with
the dedicated Tj processing software.
The minimum time distance between the 18O°-9O° pulses was 1.7 sec, and
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Figure 7.2.1. The time- and frequency domain proton signals of a CFMG-T2-exp. on 20^ v/v of 1,1,2-trichloroethane (C12CHCH2CL) soluted in deuterated acetone.
a. The sampled time domain signal. The distance between the echoes is 160 msec.

^

b. The absorption spectra of the right halves of the 12 echoes.
c. The absolute spectra of the 12 full echoes.

.,lWl|,

Time

Way of
processing

CH2 group

CH group

All echoes
absolute

3.59

5.5^

3 98

Odd echoes
absolute

3 .72

5.01

3.91

.82

k.36

Even echoes
absolute

2 5!*

8.03

2.82

5.55

h.68

U• 89 k.53

..

All half
echoes
absorption

95

Absorption

33.60 37.81

33.25

11 .66 11.55

Table 7.2.±1. Relaxation times of 1,1,2-trichloro-ethane
in seconds.
The times from left to right correspond with the spectrum
lines from left to right in the figures 7.2.1. en 7.2.III.
The accuracy of the T 2 values is 15? and of the Tj values

the maximum distance was 78.3 sec. The ratio between two adjacent time
distances was 1.2.
Figure 7.2.III. shows half of the 22 different absorption spectra.
The spin-lattice relaxation times are given in table 7.2.II.

In the homonuclear 2D-J and 6 resolved experiment on allyl alcohol the second
half of the echoes after one 90° and one 180° pulse are sampled. In the
experiment shown in figure 7.2.IV., 38U different 9O°-18O° pulse distances
were generated. The minimum time between the 90

pulse and the top of the

echo was about 25 m s e c , and the maximum time was about 9.6 sec.
The 2D-proton spectrum shown in figure 7-2.IV.a. has 512 points along both
axes. The 512 points aJcog the J-axis were achieved by zero filling with 128
responses. The OH singulet has been aliased around the half of the sampling
frequency.
The horizontal responses of figure 7.2.IV.a. are shifted to eachother in
such a way that all the lines of a certain multiplet lie exactly after each-
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Figure 7.2.III. The IRFT-Tj proton spectrum of 20# / v 1,1,2-triehloro-ethane
(CL2CHCHZCL) soluted in deuterated acetone.

other. The so obtained spectrum is than transposed (see the cover of this
thesis). Figure 7.2.IV.b. shows only those four responses of this transposed
spectrum, which have a maximum amplitude for the different multiplets.
Figure 7.2.IV.C. shows the sum of all the shifted responses of figure
7.2.IV.a. This sum is in fact the broadband homonuclear decoupled spectrum.
This 2D-experiment was done with a pre-experiment software part, which is
dedicated to 2D-experiments. With this software part a lot of different 2Dmeasurements can be performed in an easy way. The data processing has been
done with the arbitrary processing software.

The sampling frequency in the measurement of the

13

C spectrum of acetophenone

was ^5 kHz. The sampling time was 2.2 sec. The spectrum resulted from a
Fourier transformation of 128k data points.
Figure 7.2.V.a. shows the complete spectrum. On the left side we see the
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20.6—

Figure 7.2.IV.

2D-J and 8 resolved proton spectra of 60/5 v /v allyl alcohol

(CH2:CHCH2OH) soluted in deuterated acetone.
a. The usual homonuclear 2D-spectrum.

b. The four separate multiplets.

c. The broadband homonuclear decoupled spectrum.
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22500

Figure 7.2.V. The I 3 C spectrum of 60% T /v aeetophonone (C6H5COCH3) soluted
in deuterated.acetone.
a. The complete spectrum of 22.5 KHz (sampling frequency: h5 kHz and FFT over
the first 16k data points).
b. An enlargement of the aromatic region (Ar) (FPT over 128k data points).
c. One ortho- and one meta multiplet (OM) (FFf over 128k data points).
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CH3 group of the acetophenone and the CD3 group of the deuterated acetone. In
the middle part is the aromatic group, and on the right side the two lines of
the CO groups of acetophenone and of acetone can be observed.
An enlargement of the aromatic region (Ar) of figure 7.2.V.a. is given in
figure 7.2.V.b.
Figure 7.2.V.C. finally shows only one meta and one ortho multiplet (MO),
in which a splitting of 1 Hz in the 22.5 kHz broad spectrum can clearly be
observed.

7.3. Conclusive remarks and suggestions
The primary design goals of the realized spectrometer: a multiuaeleus flexible
spectrometer, which satisfies high acquisition and control requirements, has
been satisfied. In how far the spectrometer can be simply expanded for novel
techniques has to be proved in the future. The easy inplementation of the
2D-spectroscopy which was not foreseen during the design phase gives us a
good prospect for the future. This inplementation, done by a student (A. Bax),
took about 3 months.
The research spectrometers, commercially available, are nowadays flexible
too. The capability to expand these spectrometers will however be lower due
to the trend of integrating the different hardware parts of these spectrometers, in order to keep the production costs low. The modular hardware and
the hierarchical segmented software structure, with the disc as real virtual
storage, will probably give us an important benefit.
Suggestions for improvements of the performance of the described system
are:
A. A change of the computer operating system from a disc operating system
into two time shared operating systems. One DOS-like stand alone system
which only operates during the data acquisition and spectrometer control
time, and a real time executive system which operates during the rest of
the time. So the high requirements of the spectrometer will still be
satisfied and the data processing, data output and software developments
can be done simmultaneously during all the time that no data acquisition
and spectrometer control takes place.
B. A separate microprocessor in which exclusively the experiment executing
software (see section J».2.2.2.) will be executed. In this case the DOSlike stand alone system, mentioned in suggestion A, is not necessary any
more. The main computer can than always operate with the real time

\

executive operating system for the other software tasks.
C. A batch mode operation for the measurements and the processings. By this,
different measurements, e.g. IRFT-T,, and 2D, can be automatically applied
on the same sample during the night. In the batch mode also predefined
processings can be automatically applied on different data files. This
batch mode operation can relatively simply be realized in our system.
D. An extension of those buffer storages in the interface, which can be
different in the succeeding short stretch times (<1OOus.) for the
application of solid state NMR-sequences. By this, short stretch times
with different parameters can be generated after eachother.
E. A special arrangement for the fixed part of the observing synthesizer. In
order to achieve a high dynamic range, this part should have a high
spectral purity and must directly be used as the reference frequency of
the mixer in the receiver.
This frequency must than be shifted for -excitation purposes.
F. For 2D-spectroscopy with a high resolution in both directions a 50 M byte
disc and an array processor will be of great help.
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APPENDIX I. DYNAMIC RANGE

The essential and thus the common principle of all sensitive NMR-techniques
is the efficient use of the measuring time. This efficient use of the
measuring time is achieved by detecting the generated responses from a lot of
or from all the different spectral lines at the same time.
In many NMR applications, but especially in biological research,
extremely large intensity ratios of the spectral lines will often occur. This
fact together with the simultaneous detection of the spectral lines cause the
largest disadvantage of the sensitive NMR-techniques: the dynamic range
problem.
This problem originates from the non linearities in receivers, spectral
inpurities of reference

frequencies and insufficient word lengths of the ADC

and the computer. Extra noise and false lines will be generated by these
imperfections. At high signal to noise ratios at the input of the preamplifier, this extra noise and these false lines will be much larger than
the Johnson noise. At signal to noise ratios much lower than the maximum
theoretical signal to noise ratio (140 dB/Hz in pure water at 300 MHz in a 5
mm tube), this problem will already occur, as will be shown later on.

First the question will be answered to which parts of the spectrometer system
special attention should be paid in order to achieve a high dynamic range. A
comparison of the dynamic range limitations shall also be given. After this
the most important of the different measuring methods, which ought to lower
the dynamic range requirements, shall shortly be viewed.

A for NMR applications useful definition of the dynamic range is:
the dynamic range is the signal to noise ratio at the input of the preamplifier, in the case that the extra noise per Hertz bandwidth or the
power of the false signals, generated in receiver and computer , is
equal to the noise pcwer per Hertz bandwidth of the Johnson noise.

Now the following subjects shall be discussed.
A. Receiver properties which determine the dynamic range.
B. Computer properties which determine the dynamic range.
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A. (Receiver properties which determine the dynamic range).
The dynamic range of the receiver is mainly determined by the following
factors: the linearity of the amplifiers, the linearity of the mixer and
the lock-in detector, the spectral purity of the reference frequencies
and the word length and sampling frequency of the ADC. A simple qualitative
analysis of these dynamic range limiting sources is given. Attention is
paid to effects of the aisurbances introduced by these sources after time
averaging. Figure I.I. shows a simplified block diagram of the receiver.
froa receiver
circuit

1

pre-sap.

A.a. Linearity of the amplifiers, mixer
and lock-in detector.
A good approximation of the
amplification factor ( G ) for analyzing
the relevant disturbances is given

\
ref.
sign.

mixer

f

ZF~fnpl•

G = G O (1 + g 2 Vi + g 3 V£ Z ) (1-1)
where G o is the amplification factor
for small input signals, Vj the input
signal and g 2 and g 3 factors which

r
ref.
sign.

*

lock in
detector

determine the second and third order
distortions respectively.
Let the input signal V£ be:

t

AF-aapl.

Vi = SjsintOjt + S 2 sinu 2 t (1-2)
The only distortion within the
transmitted bandwidth in the output

filters

f

AX

I

to computer

Figure I.I. Simplified
block diagram of the
receiver.

signal V u given by
V u = GVi

(1-3)

up to and including the lock-in
detector are
U" Gog3Si2S2sin(2a)j - w 2 )t
G o g 3 SjS 2 2 sin(2w 2 - <Dj )t (I-U)
Moreover from the AF-amplifier also
the following distortions can lie
within the transmitted bandwidth.
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(it is assumed that the amplifications before and after the lock-in
detector are equal)
!*> + iGog2S22{1-cos2a)2t}
± w z )t - jGog3S23sin3«)2t -

sin

w 2 )t

- ?G o g 3 S 1 S 2 2 sin(w 1 + 2u2)t

(1-5)

In order to keep the disturbances which contain the factors g 2 and g 3
relatively small, the second and third order intercept point of the
several units must be large compared with the maximum output power
of these units (see section k.i.i.k.).
All these disturbances will linearly increase with the number of
time avaragings. This is because the phases of Sj and S 2 will be equal
in the different scans and thus the phases of the disturbances
introduced by these signals.
A.b. Spectral purity of the reference frequencies.
Because of the saturation behaviour of the mixer and the lock-in
detector for the reference frequencies, the frequency modulations
of the reference frequencies are much more important than the
amplitude modulations. For reasons of simplicity we take a reference
frequency, which contains only one single frequency modulation. The
analysis of the consequences of this single frequency modulation
gives sufficient insight for extrapolation to noisy frequency
modulations. The reference signal (v R ) can now be expressed by:
V R = Rsin (o)p + AucoscOrotH

(1-6)

The influence on the impurity of the reference signal can now be
studied by means of a single line V j , given by:
(1-7)
The main terms in V u after mixing and filtering are given by:
V u = KS1sin(o)j? - ci>i + Awcos(%t)t

(1-8)

As is well known from frequency modulation theory equation (l-8) can
be written as:
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KS1[Jo(6)sin(u)R-!»)1)t +
J2(6)(sin(o)R-o)1+2(Om)t
(1-9)
where J k {5) is the Bessel function of the first kind and order k and
6 is the modulation index given by

8 = 44

(1-10)

For a low modulation index, which of course must be the actual
situation, equation (1-9) becomes:

Oj )t + •g^-fein(u)R-(
- sin(wR-a)j-(Dm)t}]

(1-11)

Figure I.II gives a simple illustration of the operation of the mixer

Aw refer.

u> 0)

—input

fa)D - 0 ) ,

1
'Output

WR-U),

•t

output

input refer.
0)

Figure I.II. The in- and output signals of a mixer or lock-in
detector with a frequency modulated reference signal.

and the lock-in detectqr in time- and frequency domain, if the
modulation index is much smaller than 1.

Only if the time distance T between the successive NMR-responses which
will be time averaged is given by:
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-l
T = rn.2tr.Wj,,'

(m = 1, 2, 3 ....)

(1-12)

the false lines introduced by the frequency modulation will grow
linearly with the number of time averages. In general the effect will
be very small after a lot of time averagings and can even be zero if
the number of time averagings R is given by:
R =

k27T

(1-13)

where k is an integer and a the phase difference in radians of the
false lines in tvo successive scans.
If the frequency modulation is noisy, the effect will of course
grow proportional to the root of the number of time averagings. As
will be shown later on, this noisy frequency modulation is the
limiting factor for the dynamic range.
A.c. Wordlenth and sampling frequency of the ADC.
The minimum quantization step q is given by the numbers of ADC bits
ria (inclusive the sign bit) and the maximum top to top input signal
VT.
through the relation:
—XX
It-t

(I-UO

The effective noise amplitude o"g introduced by the digitization is
given by the well known relation:

(1-15)

There are two methods to reduce the relative influence of this
quantization noise. The most evident way is of course an ADC with
many bits, which makes q small.
A reduction of the influence of the quantization noise can also
be achieved by spreading this noise over a large spectrum width,
which makes the spectral noise power density low. If the
quantization errors of the sampled points are not correlated, the
spectral noise power density function ip(v) is given by:
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I

sin

12N

(T-16)

ZKV

zk
where ft is the sampling frequency. This equation shows that the
power density of the quantization noise is proportional to the
reciprocal value of the sampling frequency.
A not exact but easy way of understanding the last method is a
consideration in the time domain. A higher sampling frequency makes
a higher receiver bandwidth possible without the introduction of
aliased noise power after sampling. This higher bandwidth causes a
higher noise amplitude in the time domain, while the quantization
step q stays constant and thus will be relatively smaller.
In the complete absence of noise at the input of the ADC, the
quantization error of a certain sampled point will be constant in the
different scans. Because of this the quantization noise will grow
linearly with the number of time averagings at the absence of input
noise. Ernst?) has calculated the ratio of the effective noise input
amplitude o~ and the minimum quatization step q to avoid this problem
and to make the quantization noise small compared with the ADC input
noise (see also section U.I.I.U.). Thus a higher sampling frequency
and a broader receiver bandwidth lower the effect of the quantization
noise in the spectrum in single scan experiments and in experiments
with many time averagings.

The modulation of the receiver gain for time share purposes causes
sidebands of the spectrum. In general the sampling frequency is too
low for a correct sampling of these sideband?. Thus after samplingj
these sidebands will be folded back in the zero order spectrum range.
Thus if the attenuation of these sidebands by the audio filters is
not high enough, disturbances in the spectrum will occur. Fortunately
the aliased spectrum lines of the sidebands will come on the same
places as their original lines if the ratio of the receiver modulation
frequency and the sampling frequency is an integer number. Thus if
this requirement

is satisfied only intensity errors will occur and

no false spectrum lines will be generated. Especially in spectra with
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high intensity ratios the generation of false spectrum lines is much
more boring than a small intensity error.
B. (The computer and the dynamic range).
The limited vord length of the computer will introduce round off errors1*
2
»3) in the calculated HMR-spectra and the calculated HMR-data. These
errors introduce extra noise and are of course negligible as long as they
are small compared with the errors introduced by the inaccuracy of the
signals, which are acquired by the computer. The word length needed for
time averaging shall be analyzed and also a little attention is paid to
the other data processing operations in relation with the word length.
5.a. Word length for time averaging.
In order to get the highest input rate, the tine averaging is done in
a fixed point algorithm. The signal to noise ratio after R time
averagings will be R 5 times larger than the input S/H, if the noise
in the scans is uncorrelated. The noise will be R 9 times larger while
the quantization step stays equal. Thus if the analog to digital
conversion has been done fine enough, the signal may, after R time
averagings, be divided by R 5 , without degrading the dynamic range.
The conputer word length n,c for a maximum number of time averagings
i

of Rj,, is after the division by R 5 given by:
H. +

(I-H)

With this word length it is necessary to divide the time averaged
signals from time to time during the measuring time (block averaging).
Especially if this block averaging is done in a way that does not
affect the ultimate signal to noise ratio (same weight factors for
all responses), this will either lower the inMriwiim input rate or will
interrupt the computer control and data acquisition function after
a number of time averagings, which in many applications is not
admissable. Because of this it is better to choose a word length n c
given by:
1a

(1-18)

B.b. Word length for the other data processings.
All the data processings are done in floating point algorithms. As is
indicated above the mantissa length of the floating point words
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which represent the acquired- and time averaged data can be calculated
from equation (l-17). The main advantage of using floating point
formats is the fact that no rescaling during the processings is
necessary. This is especially of benefit for FFT programs of
responses vith many data points. With the same register length for
floating point- and fixed point data, the available number of bits
for the mantissa of the floating point data is of course less than the
number of bits which represents the fixed point data. The larger
round off errors introduced by the floating point formats are in FFT
programs somewhat compensated by the fact that the decrease in signal
to noise ratio due to round off errors for the floating-point case is
significantly milder than for the fixed-point case 1 ). For a study of
the rather complicated dynamic range effects of finite register
length in digital signal processing, the reader is referred to
Oppenheim and Schafer1) and Bobiner and Gold 2 ) and the litterature
given in these books.
Cooper e.a^j*) pay special attention to the influence of finite
register lengths with respect to FFT algorithm for HMR-applications.
Comparison of the different error sources which limit the dynamic range.
The maximum top to top signal to effective noise ratio at the input of
the ADC is M + 9 dBHz"1 if the effective signal to effective noise ratio is
M dBHz" 1 . The requirement of a minimum quantization step q, which is at least
o/q lower than the effective input noise amplitude, can be satisfied by
making the maximum signal, which can be transferred by the ADC, larger or
equal than the input signal. This gives:
20

10

log{(2 n a -

> M+9-10lologB

(1-19)

where B is the minimum receiver bandwidth in Hz in the applications, which
need a high dynamic range.
With respect to the dynamic range problem, the most critical nucleus is
the most sensitive nucleus ('H). The mixer reference frequency for this
nucleus is 309 MHz. The minimum spectral purities nowadays achieved with
synthesizers, is -110 dBHz"1 at this frequency. Thus the maximum signal to
noise ratio after the mixer is -110 dBHz- 1 . For o/q = 1 , which increases the
noise by h% due to the quantization noise^) equation (1-19) becomes now:
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20

l0

log(2ia_ 1 j >_ 119 - 10

I0

logB

(1-20)

For ? 1 a "» 1 this equation can be written as
1 a >. 20 - 1,66

I0

log B

(1-21)

In most NMR experiments with high dynamic range requirements the receiver
bandwidth must be 3000 Hz or broader, which gives an ADC of lU bits. In
cases where the receiver bandwidth can be smaller the only disadvantage of a
broader bandwidth is a too large number of sampled points. Thus the
quantization noise contribution can always be made smaller than the
synthesizer noise contribution.
In slow scan experiments the noise introduced by the large signal lines
will of course not contribute to the spectrum regions outside these large
lines. The discussions given above do not take into account the fact that the

:

noise contribution from the mixer reference will not be constant during the
complete response. Because this noise is proportional to the actual signal
amplitude, which will decay to zero. This makes the quantization noise at -the
end of the response more important. In cases where the signal to noise
ratio is important, however, the acquisition time will be in the order of the
characteristic decay time of the NMR response, by which the figures given
above will only change a little in those cases. So the selective attention
which is paid in the litterature to the number of ADC bits with respect to
the dynamic range problem, is unjustifiable. In general the phase modulation
of the mixer reference frequency is the dominant noise source.

The false signal lines can be generated by spurious signals of the
synthesizer reference frequencies and by non linearities of the receiver.
Both amplitudes are in the order of

70 to 90 dB below the large lines (see

the sections h. 1.1.1. and ^.1.1.1*.). As is pointed out in this appendix, the
false lines, ("'le to the non linearities of the receiver, will be the

most

dominant after many time averagings.

The computer word length for time averaging can now be determined from
equation (1-18). The maximum time averaging time is supposed to be a Dutch
weekend (61* hours). The minimum time distance between two successive scans
is supposed to be one second. This makes Rj,, = 2.3 10 s and iic = 32 bits.
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Thus time averaging with double precision 16 tits words in fixed point is
the ideal solution. After dividing by B,,,2 the data can be represented in a
floating point word with a 23 bits mantissa, which is exactly the mantissa
length of our HP21M20 computer.
A 'number of measuring methods*"»T»"»9»10»^1), which has been developed in order
to decrease the dynamic range problems, shall now be discussed. These methods
are accompanied with other disadvantages, as lower sensitivity, the
introduction of phase and intensity anomalies, non general applicability or
high instrumental requirements.
With respect to the apparatus design we must know for which of these
methods our spectrometer should be suited.
The measuring methods which lower the dynamic range requirements can be
subdivided in techniques which more or less selectively lower the detected
intensities of large spectral lines and a technique in which the signals of
large spectral lines are not processed"*').
A straight forward solution of the dynamic ranpe problem is achieved, if
the spectral power distribution of the RF observing field does contain zero
power levels for resonance frequencies of the large spectral line(sl, and has
a non zero flat distribution in the rest of the spectrum (see figure I.III).
A quantitative analysis of the
power distribution requirements
for KR-NMR applications with
large intensity ratios and small
\

_
line distances will give that the
power ratios must be in the

Figure I.III. Ideal power distribution

order of several thousands at

of the RF observing field to lower the

distances of a few hertz. As is

dynamic range requirements.

well known from the relations
between tine- and frequency

domain signals, such a fine distribution can only be achieved for long
irradiation times. The dilemma now is that for high sensitivity the detection
time of the complete spectrum should not be longer than a few T 2 's. The
irradiation time is equal to or even much shorter than the detection time,
while for the dynamic range problem a long irradiation time is necessary. The
best compromise for these opposite requirements are measuring methods in which
irradiation and detection takes place at the same time. By this the complete
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detection time can be used for irradiation.

J

The rapid passage method introduced by Dadok and Sprecher 11 ) and the
10

synthesized excitation method of Tomlinson and Hill ) are such methods.

j
t

In the rapid passage method the frequency synthesizer is swept during the

I

measuring time. The desired spectral distribution is achieved by skipping the

I

resonance frequencies of the large lines. Klauder e.a. 12 ) give the relations

|

between the sweep rate and the spectral distribution.

\

In the

synthesized excitation method the spectral distribution is

achieved by the irradiation of a lot of equally spaced pulses of different

!
|

pulse widths and HF phases of 0 and it. The main disadvantage of this method
is the requirement of the adjustment capacity of the pulse widths (in the
order of 0.01 ysec).
In the methods suggested by Redfield and Gupta ) and Delayre1^) -the spectral
distribution is achieved by special irradiation pulses, which are given before
the detection takes place. The available irradiation time of both these
methods is shorter than for the earlier described methods, which makes them
inferior.
Patt and Sykes") employ the difference in longitudinal relaxation time
between the large spectral line(s) and the other lines. They use a i8o°-9O°
pulse program (see section 2.2.1). The detection takes place after the ^0°
pulse, which is given at the moment that the magnetization of the large lice
is zero. The main disadvantage of this method is a restricted application
capability because of the necessary large difference in T x .
Jesson e.a.9) introduced a method in which the large line is saturated,
by selective homonuclear irradiation. This method can be combined with one
of the earlier described methods. A very simple situation is present if the
spin-spin relaxation time of the large spectral line(s) is short compared
with the other T 2 's. 3y ignoring the first part of the pulse response in the
data processing, the extra noise and false lines introduced by the large
line(s) will now be avoided^).
As is clear from the above, the rapid passage- 11 ) and the synthesized
excitation method 10 ) are the most generally applicable techniques. Although
all the described techniques can be implemented on our system, only the rapid
passage method has been realized, because of its general applicability. Of
course the selective homonuclear saturation^) can also be applied.
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SUMMARY
in this thesis the requirements as well as the design and the
specifications of a multi-purpose high resolution nuclear magnetic resons'ico
spectrometer with superconducting magnet are described. The spectrometer
operates at a magnetic fluxdensity of 7 Tesla and has 5 transmitter channels
with k different frequencies, which can have values between 20 and 300 MHz.
With this spectrometer aljnost all the current high resolution magnetic
resonance techniques can be performed uhde'r computer control- It can also
operate in the non-computer controlled slow passage mode.
A considerable part of the parameters can be under manual control as well
as under computer control.
The communication between experimentalist and computer has been adapted to
the experimentalist without the use of codes.
It is expected that it should be possible to adapt the realized spectrometer to new developments in a simple way. This capability has been achieved
by means of a control system which works mainly on software basis, a discoriented data acquisition system and a modular hardware and software design.
All measuring sequences can be built up out of a number of sequence parts,
which number is in principle unlimited. These sequence parts have an infinite
time accuracy by way of a direct hardware control, synchronized with a
reference oscillator.

In chapter 1 the nuclear magnetic resonance theory is given as simple as
possible. This theory is primarily meant for the system designer who is not
at all or only just a little familiar with nuclear magnetic resonance.
The techniques, which are treated in chapter 2, are in fact the bases for
the requirements that must be satisfied by the spectrometer. The discussions
of these techniques are restricted to the measuring methods and the
consequence requirements. No attention has been paid to the applications.
In chapter 3 one finds a summary of the requirements.
Chapter h is the heart of this thesis. In this chapter the design of the
overall system as well as the design and the connexion of the separate
subsystems is given.
The way of use and the control capabilities of the spectrometer are
discussed in chapter 5.
In chapter 6 the expansion- and modification capabilities are treated.
These capabilities are important because of the before mentioned requirement
188

with respect to the implementation of novel measuring methods. Attention has
also been paid to make the initiation time of the workers who will be involved
in this work as short as possible.
In chapter 7 the specifications of the spectrometer are given.
As the higb requirements for the dynamic range have important consequences
for a large number of hardware and software parts, this aspect is discussed in
the appendix.
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SAMENVATTING
In dit proefschrift worden de eisen aan, alsmede het ontwerp en de eigenschappen van een veelzijdig toepasbare hoge resolutie kernspinresonantie
spectrometer met supergeleidende magneet beschreven. De spectrometer werkt
bij een magnetische fluxdicbtheid van 7 Tesla en beschikt over 5 zendkanalen
met k verschillende frequenties, welke tussen 20 en 300 MHz kunnen liggen.
Met deze spectrometer kunnen practisch alle gangbare hoge resolutie kernspinresonantie technieken computer gestuurd uitgevoerd worden. Hij kan tevens volgens de niet computer gestuurde langzame doorgang methode opereren.
Een aanzienlijk deel van de in te stellen parameters kunnen zowel via
de computer als door handbediening ingesteld worden.
De communicatie tussen experimentator en computer is direct afgestemd
op de experimentator zonder gebruik te maken van codes.
De gerealiseerde spectrometer moet naar verwachting eenvoudig aangepast
kunnen vorden aan toekomstige ontwikkelingen in de hoge resolutie kernspinresonantie meetmethoden. Dit is bereikt door middel van een voornamelijk
op software basis werkend besturingssysteem, een schijf-georiënteerd data
verwervingssysteem en een modulaire opbouw van zowel de hardware als de
software.
Alle meetreeksen kunnen opgebouwd worden uit een in principe niet beperkt aantal deelreeksen. Deze deelreeksan hebben een oneindige tijdnauwkeurigheid door een directe, met een referentie oscillator gesynchroniseerde,
hardware besturing.

In hoofdstuk 1 wordt de kernspinresonantietheorie zo eenvoudig mogelijk besproken. Deze behandeling is primair bedoeld voor de niet of weinig met
kernspinresonantie vertrouwd zijnde systeem ontwerper.
De in hoofdstuk 2 behandelde technieken vormen in feite de basis voor de
eisen waaraan het spectrometersysteem moet voldoen. De behandeling van deze
technieken is gericht op de meetmethoden en de eruit volgende eisen en niet
op de toepassingsmogelijkheden.
In hoofdstuk 3 vindt men een overzicht van de eisen.
Hoofdstuk h vormt de kern van dit proefschrift en behandeld het ontwerp van het systeem in zijn geheel alsmede het ontwerp en de samenhang
van de afzonderlijke subsystemen.
De begruiks- en bedieningsmogelijkheden van de spectrometer worden in
hoofdstuk 5 besproken.
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In hoofdstuk 6 worden de uitbreidings- en modificatiemogelijkheden behandeld. Deze mogelijkheden zijn belangrijk vanwege de eerder geformuleerde eis
ten aanzien van het inspelen op nieuwe meetmethoden. Er is tevens op gelet
dat de inwerktijd van degenen die daarbij betrokken zijn kort is.
In hoofdstuk 7 worden de eigenschappen van de spectrometer gegeven.
Daar de strenge eisen ten aanzien van het dynamisch bereik, belangrijke
consequenties hebben voor een groot aantal hardware- en software onderdelen,
is dit aspect appart in een appendix behandeld.
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