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1 Introduction

The principal cbjective of this program is to determine if unique nuclear
magnetic resonance (NMR) responses, i.e., signatures, can be detected and
defined for the proton NMR signals of nitrogen-containing compounds.
Cumpounds of special ‘ntercsy auciude explosives and explosive simulants.

During the experiments, changes in the proton NMR signals from the samples
were observed following irradiation with off-resonance radio trequency (rf)
fields. Proton resonance effects were investigated because of the potential for
application to present-day NMR explosives detection technology.

The program consisted of four major tasks. Each of these major tasks is
summarized below. .

Task 1. Construct System. Construct an NMR system and probe suitable for
observing proton NMR signals whil» irradiating the sample at frequencies
other than the proton frequency.

Task 2. Investigate Explosive Simulants. Investigate hydrogen-nitrogen NMR
off-resonance irradiation effects in one or more explosive simulant
compounds, including hexamethylenetetramine.

Task 3. Investigate Explosive Compounds. Investigate hydrogen-nitrogen NMR
off-resonance irradiation effects in three or more explosive compounds,
including C-4, TNT and PETN.

Task 4. Define Signatures. If possible, define unique NMR signatures for the
explosive compounds studied. If appropriate, propose a conceptual design
for an NMR detection device that utilizes these signatures.

Each of these tasks was carried cut successfully.

This program formed the basis of the thesis work of Mr. John Sanders, who was
awarded a Master of Science degree in physics from San Diego State University
in May 1988. Mr. Sanders’ M.S. thesis is included as Appendix A and details
most of the work carried out on this program. To avoid needless duplication,
we refer to the discussion, documentation and results contained in this thesis
whenever possible,




2 Conclusions

seven principal conclusions resulted from the studies completed during this
program. These seven counclusions are summarized below.

The effects of off-resonance rf irradiation, or pumping, were observed in
three nitrogen-containing compounds: HMT (an explosive simulant), TNT
and PETN.

Similar effects were not observed in mannitol, a compound with similar
rroton relavation characteristics which does not contain nitrogen.

The observed effects in the three nitrogen-containing compounds studied
were small but could, in principle, be used to define unique NMR
signatures and, in practice, be used to improve the distinction between
c¢xplosive and benign compounds.

Similar effects were expected to be observed in the "plastic” explosive C-4,
but dielectric heating of the sample made it impossible to apply the
required sequence of rf pulses.

The NMR free induction decay signal from C-4 contains two distinct
components,

At present, methods to enhance the effects of off-resonance irradiation
and improve the NMR signature are not obvious.

With proper design, it may be possible to take advantage of the observed
effects in field-usable NMR explosives detectors.




3 Theoretical Principles

In a steady magnetic field, nuclei are found in certain, well-defined energy
states or levels. Transitions between levels are governed by rules, called
selection rules, which describe the ease of stimulating a particular transitioa.

For isolated nuclei, transitions are either allowed or forbidden. When allowed
transitions are stimulated under certain well-defined conditiuns, nuclear
magnetic resonance (NMR) is the result. When forbidden transitions are
stimulated, no NMR response is observed.

When nuclei interact, i.e., when they are not isolated from one another, and
when there are several types of nuclei in a particular compound, then
transitions that were previously strictly forbidden become weakly allowed. The
cnergies of these weakly-allowed transitions correspond to sums, differences,
and multiples of the allowed energies of isolated nuclei. When weakly-allowed
transitions are stimulated, it is possibie, under certain conditions, to observe
weak (often very weak) effects on the NMR respornse.

Explosive compounds and explosive simulants are prime candidates in searches
for the effects of weakly-allowed NMR transitions since these compounds
generally contain both hydrogen and nitrogen nuclei in close proximity. The
theoretical framework for a description of the effects due to rf pumping of
weakly-allowed transitions in hexamethylenetetramine, an explosive simulant, is
presented in Appendix A.

The theoretical framework for the effects of off-resonance rf pumping in the
explosive compounds studied is also included in Appendix A, with the added
complication that, in most explosive compounds, the nitrogen interactions
include asymmetry parameters. However, the inclusion of asymmetrv parame-
ters does not alter the basic description of the problem. ‘

NMR data were taken on five separate compounds in this study. Each
compound possesses distinct NMR characteristics and these are briefly
summarized below.

3.1 HMT

Hexamethylenetetramine, or HMT, is sometimes used as an NMR explosive
simulant. HMT has a single nitrogen-14 quadrupole coupling constant and
an asymmetry parameter of zero [1]). Therefore, HMT has a single NQR
frequency, which has a value of 3.308 MHz. Level crossing [2] between
hydrogen and nitrogen nuclei occurs in a region of applied field near 780
Gauss.




3.2 Mannitol

Mannitol is a sugar with relaxation characteristics similar to many
explosives. That 1is, it exhibits a long T; and a short T, [3]. However,
mannitol contains no nitrogen nuclei and, therefore, has no nitrogen NQR
frequency.

3.3 PETN

PETN has a single quadrupole coupling constant of 0.936 MHz and an
asymmetry parameter of 0.855 [1]. This value for the asymmetry parameter
was not derived from NQR data, but rather was deduced from structure and
crystalline data. PETN should exhibit two NQR frequencies, at 903 KHz
and 503 KHz. However, only the 903 KHz line has been observed.

3.4 TNT

Nitrogen nuclei in TNT are found in three distinct sites and, therefore, TNT
has three quadrupole coupling constants and asymmetry parameters: 1.081
MHz with an asymmetry parameter of 0.155, 1.107 MHz with an asymmetry
parameter of 0.139, and 1.131 MHz with an asymmetry parameter of 0.164

(1]

TNT exhibits six distinct NQR frequencies. However, at fields greater than
about 200 Gauss, most of the energy levels overlap. This makes quantitative
analysis difficult at the fields used in this study.

35C-4

The principal component of the "plastic explosive” C-4 is RDX. RDX has
two inequivalent nitrogen sites and, therefore, two quadrupole coupling
constants: 5.733 MHz with an asymmetry parameter of 0.622, and 5.731 MHz
with an asymmetry parameter of 0.656 [1].

RDX exhibits four NQR frequencies, and there is little overlap of energy
levels even at fields in excess of 1,000 Gauss. Unfortunately, the rf
irradiation produced severe diclectric heating of the sample and, hence, rf
pumping cffects could not be explored in this compound. Instcad, we
studied the NMR free induction decay (FID) of C-4 and, as a result,
observed some interesting lineshape and relaxation behavior.

3.6 Predictions

As discussed in Appendix A, attempts were made to predict the frequencies
of the off-resonance transitions for HMT. However, the results of these




attempts were not satisfying. In part, this was becausc the nitrogen Larmor
frequency was near the nitrogen NQR frequency and, 1n part, because HMT
(and the other compounds studied) were polycrystalline. No attempts were
made to predict the frequencies of the off-resonance transitions for the
explcsive compounds, since these had the added complication of non-zero
asymmetry parameters.




4 Laboratory Methods

The laboratory methods and equipment used to acquire NMR signals and the
off-resonance rf pumping data arc fully described in Chapter 3 of Appendix A.
However, to acquire the data on the explosive compounds presented here, a new
probe for the NMR spectrometer, which operates at 19.14 MHz, was designed
and constructed.

There are two principal advantagss !o .ue new probe. First, the old probe
contained a small amount of proton-containing material and this produced a
smal! residual signal which had to be taken into account. The new probe was
faicicated out of copper and Teflon only, and eliminated the residual signal
probiem. Second. th¢ modified probe allowed for a more efficient sample coil
design which produced a modest improvement in the signal-to-noise ratio of the
svstem.

The samples of HMT and mannitol were obtained from the Aldrich Chemical
Company. The samples of expissive compounds were obtained from the San
Diego Fire Department and are assumed to be commercial grade.




5 Experimental Results

NMR data were taken on five separatec compounds: one explosive simulant,
hexamethvlenctetramine (HMT), one benign compound, mannitol; and three
cxplosive compounds. The three explosive compounds were PETN, TNT and
C-4. The experimental results obtained for these five compouvnds are presented
below.

5.1 HMT

The cxperimental results for HMT are shown in Figure {. This is a nilot of
the percentage decrease in the proton NMR response versus the rf pumping
frequency. The conditions under which these data were acquired are
discussed in Appendix A, and this figure is virtually identical to *hs one
presented on page AS!.

Some of the data points in Figure ! have very small uncertainties, the result
of a large number of observations averaged together. For exainple, there are
true zeroes at 22.7 MH~ and 23.1 MHz, and non-zero respornses in the regions
near 16.7 MHz, 22 ° MHz and 23.8 MHz.

Cff-resonance pumping of HMT was also attempted near the NQR frequency
of 3.308 MHz. The results, which shuw no effect, are shown in Figure 2.

One reason for the null result near 5.308 MHz may be that the probe
irradiation coil was very difficult to tune at low frequencies. As a result,
the maximum field in the coil was reduced by about a factor of about four,
compared to the field produced at the higher frequencies.

Several attempts were made to tune the probe at frequencies near the
nitrogen Larmor frequency of 1.383 MHz These attempts were unsuccessful
and. thercfore, it was impossiblc io acquirc data in this frequency rcgion.
However, the lack of da*a in this reci:n s probably not serious, since
effects at the nitrogen Larmor frequency would be unlikely to lead to
unique NMR signatures in the proton responses ol these compounds.

5.2 MANNITOL

Present explosive detection methods are designed to discriminate bectween
explosives, which have long T; times, and commonly-encountered benign
compounds, which generally have much shorter T times. Therefore, unique
NMR signatures arc only needed to distinguish benign compounds with long
T1 times.

Only one benign compound was studied in this work, in part, because of the
difficulty in finding nitrogen-free solid compounds with long T; times at
room temperature. The compound we chose was mannitol, a complex sugar
often used to cut coca.ne. Mannitol has a 1; of 281 seconds at room
temperature [3], very close to the value observed for RDX.
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The data obtained from mannitol are shown in Figure 3, which is identical
to that presented in Appendix A. The response to rf pumping near the
Larmor frequency is due to the NMR linewidth, i.e., the short T, As
expected from the lack of hydrogen-nitrogen interactions, no response to rf
pumping was observed at frequencies significantly higher or lower than the
Larmor frequency.

5.3 PETN

A plot of the percentage decrease in the proton NMR signal versus the rf
pumping {requency for PETN is shown in Figure 4. It is clear from this
figure that the effects of rf irradiation in PETN do not extend over as wide
a range of frequencies as they do in HMT.

However, the structure of the response may be as complex as HMT. There is
a pronouncad effect at 20.2 MHz which is followed bv an apparent zero in
the response at 20.25 MHz. Similar behavior was observed on the low
frequency side of the proton resonance.

In addition, there are clear non-zero responses near 17.8 MHz and 20.6 MHz.
No effects in PETN were observed above 21 MHz or below 17 MHz.

The data in Figure 4 are consistent with a symmetric response about the
proton Larmor frequency. No data were acquired for rf pumping near the
PETN NQR frequencics because of the probe-tuning difficulties described
in the section on HMT.

54 TNT

The data obtained for TNT are shown in Figure 5. There is little or no
response far from the proton Larmor frequency, though there appear to be
small effects starting about a one megahertz away from resonance, i.c., in
the 20 - 21 MHz region.

The most striking feature of the data of Figure 5 is that the response
appears to be asymmetric about the proton Larmor frequency of i19.14 MHz.
At one-half megahertz above the proton Larmor frequency, the effect of rf
pumping on the proton signal is still significant, i.c.,, between five and ten
percent. On the other hand, one-half megahertz below the proton Larmor
frequency, the response is clearly zero. Determination of the asymmetry of
the response to pumping is well outside the range of experimental
uncertainty. ’

Again, no data werc acquired for rf pumping near the TNT NQR
frequencies because of the probe-tuning difficulties described in the section
on HMT.

10
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55C-4

Experiments similar to those carried out on the compounds above were
started cn the "plastic” explosive C-4, but the rf irradiation caused dielectric
heating and the scmple became very warm. In fact, the sample turned from
snowy white to a very dark brown and, as a result, the rf pumping
cxperiments were discontinued.

As an alternative, we studied the C-4 NMR free induction decay (FID).
Previous studies have concentrated on RDX, the principal explosive
component of C-4. Our observations indicate that there are significant
differences bet'veen the NMR properties of RDX, which has a single short

T4, and C-4.

The FID of C-4 contains two components. One component has a long Tg,
similar to Ty’s frequently observed for viscous liquids. The other component
has a short T, with characteristics similar to those observed for other
explosives.

The long T; component from our C-4 sample is shown in Figure 6. It is
likely that this component of the signal is due to some of the minor
constituents of C-4 such as motor oil and polyisobutylene. For clarity, the
beat pattern was produced by shifting the magnetic field slightly to move
the Larmor frequency away from the spectrometer frequency.

The horizontal scale of the trace in Figure 6 is two milliseconds per division
and the vertical scale is 0.5 volts per division. The T," for this component
of the NMR FID is approximately 4.5 milliseconds, while T, is about 100
milliseconds.

The short T; component of the C-4 signal is shown in Figure 7 and is due, in
large part, to the presence of RDX. This trace was taken immediately after
the sample was immersed in the magnetic field. Therefore, the signal
magnitude is due entirely to polarization at the highest level crossing field
for RDX, approximately 1,110 Gauss {1].

The horizontal scale of the trace of Figure 7 is 10 microseconds per division
and the vertical scale is 0.1 volts per division. The spectrometer gain setting
is identical to that used in Figure 6. The T, for this component of the
signal is approximately 7 microseconds.

The short Tqa component of the C-4 FID possesses a very long T;. This is
tllustrated by the FID traces shown in Figures 8 and 9, which were taken at
the same horizontal and vertical scales and gain setting used for Figure 7.

The FID shown in Figure 8 was taken after the sample was immersed in the
fiscld for five minutes. The FID magnitude is about twice that shown in
Figure 7. The FID of Figure 9 was taken 10 minutes after immersion. This
corresponds to approximately twice the C-4 T, of 280 seconds in this field.

14




Figure 6
C-4 FID, Long Ty Component
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Figure 7
C-4 FID, Short T, Component
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Figure 8
C-4 FID, After Five Minutes

Figure 9
C-4 FID, After Ten Minutes
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5.6 Signatures

Significant differences in the proton NMR responses were observed for the
four compounds HMT, TNT, PETN and mannitol. In principle, using the
pulse sequences of Appendix A, it would be fairly straightforward to design
an instrument capable of distinguishing, with a fair degree of confidence,
between the three nitrogen-containing compounds and mannitol. With
additional sophistication, it would also be pos:cible to determine which of the
three nitrogen-containing compounds was under observation.

However, the observed differences are not large and, to be detectable in a
field instrument, would require a considerable investment in hardware and a
significant increase in observation time over present methods. In addition,
the response of C-4 suggests that this approach should be used with caution.

The data in this study were taken for single-frequency irradiation and it is
quite possible that alternative methods of rf pumping would yield larger
effects and reduced observation times. In addition, since the data were
taken at discrete frequencies, it is possible that significant effects occurring
in narrow frequency bands were overlooked. However, we feel that this is
unlikely.

17




References

J.D. King, W.L. Rollwitz and G.A. Matzkanin, "Nuclear Magnetic
Resonance Techniques for Explosives Detection”, Fina! Report, Parts I and
II, US Army Contract No. DAAK(02-74-C-0056, June 1975.

Lowell J. Burnett and Morton A. Fineman, "Evaluation of One-Sided
Nuclear Magnetic Resonance for Remote Detection of Explosives", Final
Report to the US Federal Aviation Administration, Contract No.
N66001-87-D-0136, D.O. No. 0001, May 1988.

Lowell J. Burnett, "A Study To Evaluate Nuclear Magnetic Resonance for

Narcotics Detection”, Final Report on US Customs Order No.
CS-085-2075-1, April 1986.

18




APPENDIX A

OFF RESONANCE PUMPING EFFECTS IN THE NMR OF SOLIDS

A Thesis
Presenied to the
Faculty of

San Diego State University

In Partial Fulfiliment
of the Requirements for the Degree
Master of Science
in

Physics

by
John Patrick Sanders

Spring 1988

Al




OFF RESONANCE PUMPING EFFECTS IN THE NMR OF SOLIDS

A Thesis
Presented 1o the
Faculty of

San Diego State University

by
John Patrick Sanders

Spring 1988

Approved by:

Oﬁww% 7/%/;«.“?4‘ "/‘//I/(a’

%1477 JjMM'I o
&Lﬁ/ /ij ?:(c»(ﬁ S




DEDICATION

This thesis, along with the past two years of work, 1s dedicaied to

Morton A. Fineman.

A3




ACKNOWLEDGEMENTS

[ would like to thank Dr. Lowell Burnett for his continual support and praise of my
work. [ especially thank Dr. Burnett for taking the time to be much more than just a
thesis advisor I saw once a week. Your patience and thoughtfulness are greatly
appreciated.

I'would also like to thank EG&G and the FAA for their financial support.

A4




DEDICATION
ACKNOWLEDGEMENTS
LIST OF TABLES
LIST OF FIGURES

TABLE OF CONTENTS

CHAPTER

I
IL.

11

V.

INTRODUCTION e
THEORY

Energy ADSOIpIion ..o
Spin-Lattice Relaxation ...
Strong and Weak Magnetic Fields .................coon. e
" Energy Level Diagrams ...
EXPERIMENTAL DETAIL ...
[ntroduction ..
Typical Pulse NMR System ...
T1 Measurements  ...ooioiiiiiiiiiiiie e
Pumping Techniques and Probes ...
Irradiation Power ...

RESULTS

A5

45
45
15




HMT Results
Mannitol Results

Conclusion

REFERENCES
ABSTRACT

A6




TABLE

tJ

(98]

LIST OF TABLES

Energy Levels Calculated from Equation (15) ... 25
. Percent Decrease Versus Pumping Frequency for Hexamethyleneteramine.. 49

Percent Decrease Versus Pumping Frequency for Mannitol .................. 52

A7




LIST OF FIGURES

FIGURES PAGE
1. Erergv Twevels [or Jpin 177 O PN 5
2. An Allowed TranSition ... 7

3. Spin-Latdce Relaxation Time Versus Correlation Time for

Molecular Motion . 10
4. Proton and Nitrogen Energy Levels in Zero Applied Magnetic Field ...... 15
5. Energy Levels for [solated Proton and Nitrogen, and for Coupled

Proton and Nitrogen Nuclei; Quadrupole Effects Ignored .................. 17
6. Proton and Nitrogen Energy Levels; Low Field Case; Single Crvstal

Matenial, Quadrupole Effects Included .........ccoooeiiiiiiiiiiiiiiiiienn, 19
7  Proton and Nitrogen Energy Levels; Low Field Case; Polycrystalline

Material, Quadrupole Effects Included ................ e e 20
8.  Energy Levels for Proton, Nitrogen, and Coupled Proton and Nitrogen

Nuclei; High Field Case, Quadrupole Effects Included ..................... 21
9. Proton and Nitrogen Energy Levels; Intermediate Field Case;

Polycrystalline Material ..o 24
10. Shifting in the Nitrogen Energy Levels due to Nuclei aligning along

the Applied Magnetic Field ... 26
11. Theta Dependence on the Nitrogen for Nuclei That Align Along the

Applied Magnetic Field ...........ccoooviiiiiiiiii 27
12. Block Diagram of Pulse NMR System ..o 30
13. Determination of Tj by 180° - t - 90° sequence .........ccoccceeiiineennn. 32
14. Derail of Crossed-Coil Double-Irradiation Probe .........cc.cccoevenie. 33
15. Block Diagram of Two-Coil Double-Irradiation System ................. 34

16. Timing Diagram for the Pulse-Train Experiment with Pulse RF
PUMPING i 36

it




Timing Diagram for Single-Pulse RF Pumping Experiment

Timing Diagram for Pulse-Train Experiment with CW RF Pumping ....
Block Diagram of Single-Coil Double [rradiation System .................
De1ail of Two-Compartment Double-Irradiation Probe ......
Molecular Structure of Hexemethylenetetramine .............

Motiecutar Structure Of ManNuilOl ..o

Timing Diagram for Multiple-Pulse RF Pumping Expeniment ...........

Percent Decrease Versus Pumping Frequency for

Hexemethylenetetramine ...,

Percent Decrease Versus Pumping Frequency for Mannitol

AS




CHAPTER 1
INTRODUCTION

The objective of the research reported in this thesis was to find a new technique for
the detection of solid compounds that contain nitrogen. This is part of the general
problem of detecting and identifying solid compounds through the use of nuclear
magnetic resonance (NMR).

The basic idea of this research is to be able to differentiate between two classes of
compounds. The first class consists of those compounds that contain nitrogen (that is,
nitrogen-14), while the second class consists of those without. It may not be possible
to identify the compound, though, once it has been determined whether or not any
nizogen is present. This aspect of solid detection is left for future studies.

The two compounds investigated, representing members of each class mentioned
above, were hexemethylenetetramine (HMT) and mannitol. The first, HMT, contains
four nitrogen atoms per molecule, while the second, the sugar mannitol, contains no
nirogen. These two compounds were chosen because they had relatively long proton
spin-lattice relaxation times, i.e. approximately 60 seconds for HMT, and 280 seconds
for mannitol at 19.14 MHz. These long spin-lattice relaxation times allowed for the
cevelopment of a simple detection scheme since precise timing during the experiments
was not essental.

The idea behind this research is a relatively simple one. Initially, we planned to
irradiate the samples at the sum and difference of the nitrogen and proton Larmor
frequencies and look for evidence of proton spin transitions. This irradiation should, in

theory, cause transitions between the proton energy levels which would alter the rate of
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return of the spin system to equilibrium following a disturbance. Since the system
returns (o equilibrium during the irradiation, the net effect is to lengthen the apparent
spin-lattice relaxation time. This results from the fact that a fraction of the nuclet which
have fallen back to equilibrium will be redistributed.

The main problem in this research was the acquisition of the data. To accomplish
this an NMR probe had to fabricated so that we could first irradiate the sample, and
then apply a 90° pulse so that the Free Induction Decay (FID) of the sample could be
examined. Since the analysis is based upon these results, they had to be accurate.

The thesis is divided into three major sections. The first section deals with the basic
aspects of NMR. However, not much time is spent on this aspect of the problem since
there are many references (1,2,3) which deal with it in great detail. A topic that is
completely overlooked is pulse NMR. This is because short, intense rf fields
impressed upon the nuclear spin system produce complex effects that are difficult to
characterize in a brief discussion. For an in-depth treatment of the subject,
comprehensive references are readily available (4).

The second section is an overview of what transpired during the course of the
experiment. This section is basically an account of the events, in chronological order,
that led to the final probe design and experimental technique. Since a number of
measurement systems were designed and constructed in an attempt to observe and
quantify the effects of off-resonance pumping. this section is very important.

Finally, the experiment itself, and the results obtained are discussed. This section is
the heart and soul of the thesis. It is these few pages that make all the long hours and

tedious work worthwhile.
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CHAPTER lI
THEORY

Introduction

Nuclei can be thought of as behaving like tin.y spinning particles. Since nuclei bear
charge, their spinning produces a magnetic moment i, a physical vector quantity. The
saength and direction of the magnetic field surrounding the nucleus can be calculated
from p. The fields produced by these magnetic dipoles are similar to those of
microscopic bar magnets.

When immersed in a static magnetic field, the randomly-oriented magnetic dipoles
respond to the force of the field by trying to line up with it. For the proton, quantum
mechanics specifies that there are two allowable states with orientations "parallel” to the
field (spin up) and “antiparallel” (spin down) corresponding to low and high energy
states, respectively. Actually, the spins do not align exactly with the magnetic field, but
rather are tilted at an angle 8, and the magnetic dipoles therefore precess about the
directon of the field.

The interaction energy of the nuclear dipole with the applied magnetic field is of
amount -y-B (5). Furthermore, the nuclear magnetic moment, u = yJ, where J is the
nuclear angular momentum, experiences a torque. The angular momentum, J, may be
written as fiI (6), where I is the spin angular momentum. Quantum mechanics requires
that I have rﬁagnitudc (I + 1)]1/2 and that thé only measurable values of this vector are
given by the magnetic quantum number, m, which may take on the values LI-1,...,-1.

Each value of m corresponds to a particular orientation of the nuclear magnet in the

Al2




applied field. A nucleus may therefore occupy one of the 2I+1 orientations and the
energies are given by (7)

Em = -4 B = -Bomvh,
where vy is the gyromagnetic ratio, a fundamental physical constant for each nuclear
species.

Since AE=hw, the relationship between wg, the Larmor frequency, and By is found to
be

wo = YBo. 1
Equation (1) is referred to as the Larinor relationship.

In reality, no nucleus exists alone, and the NMR experiment would not be feasible
without a collection of magnetic moments. The proton, because of its large abundance
and favorable rhagnetic moment, lends itself best to NMR studies.

The phases of precessing magnetic moments of an ensemble are random, that is, the
tips of the magnetic moment vectors have different locations on the precessional orbit.
The individual spin vectors lie on the surface of a double cone and the vector sum of
their alignments produces a macroscopic magnetization or magnetic moment M. Itis
this net magnetic moment which is responsible for the induction of the NMR signal in
the receiver coil.

Magnetic resonance absorption can only be detected if transverse magnetization, that
1s, magnetization perpendicular to By, is established. It is the ransverse component,
Myy, which is time-dependent and, according to Faraday's Law of Induction, can
induce a voltage in the receiver coil. Transverse magnetization results whenever a small
radiofrequency (rf) field of amplitude By, rotating synchronously with the precessing
spins, is applied. When this rf field acts in a direction perpendicular to the main field,

the effect is to spiral the magnetization away from its equilibrium state. Just as the
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individual magnetic moments sense the force due to the external field, constraining
them to precess, the macroscopic magnetization senses the presence of the rf field and
precesses about it. If the duration of the Bj field is such that the net magnetization 1s
rotated by an angle of 90 degrees, it becomes transverse, that is, perpendicular to the
static field. The above is the definition of a 90° pulse that will be referred too

throughout this thesis.

Energv Absorption

Following a line of reasoning similar to that of Slichter (8), consider a system
whose nuclei possess spin 1/2. There are many nuclei in a sample, but only two states
for them to occupy as depicted in Figure 1. The number in the lower state is denoted

by N, and those in the upper by N_.

12 N.
—
fyBo
R N,

Figure 1. Energy levels for spin 1/2.

Slichter has shown that the transitions induced by the rf field yield the rate-equaton
—=-2Wn (2)

where n = Ny - N_, and W is the probability per second of inducing a transition by

electromagnetic irradiation from +1/2 to -1/2, or vice versa.

The rate of energy absorption can be calculated from the above and is just
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%: Ni+Who - N.Who = hoWn. (3)

If equations (2) and (3) described the system completely, the resonant absorption of

energy would eventually stop and the resonance signal would disappear.
In the absence of a radiation field, the final equilibrium populations NS and N? are

given by the Boltzmann distribution as
\©

;j = exp(-%};:) = exp(—ﬁkgg) . 4

Therefore, there must exist a mechanism for inducing transitions between N, and
N., which uiises through the coupling of the spins to some other system, 1.e., the so-
called "latace”. If we let W, denote the probability per second of inducing a transition
upward in energy (from + to -), and W. the reverse process due to this coupling, we

have in the absence of an rf field

N
%—f-: N.W.- N, W,. . (S)

In the steady-state dN,/dt is zero, therefore, from equation (5)

I}
gz

(6)

Z | Z
* oj+ 0

Substtuting equation (4) into equation (6), the ratio of W. 10 W, is

Now assume that the lattice has only two levels whose spacing is equal to that of the

nuclear system. If the nucleus and the lattice are initially in the states of Figure 2 given
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by the crosses, a possible transition is shown by the arrows. Note that in this transition

censervation of energy is satisfied, as it must be.

inucleus Lattice
Figure 2. An allowed transition.

The nucleus, therefore, give: up its energy to the lattice. However, . both the nucleus
and the lattice were in the upper states, no transition could occur since energy would
not be conserved. From this4cxamp1e, 1t becomes clear that the probability that the
reservolr is in a state which permits the transition must be a factor in the rate of

transinon of the nuclei.

By defining
o Wo- W,
o = "(W"Tvv-)
and
= W.+W
Tl - - +

equation (§) may be rewritten as

dn ng-n
da - T (7)
where ng represents the thermal equilibrium population difference and Ty 15 a

characteristic time associated with the approach to thermal equilibrium. Combining the
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two rate equations, (equations (2) and (7)), to find the actual transition rate due ic both

thermal processes and transitions induced by the applied alternating field yields

gﬂ
dt

Ng - N

= -2Wn +——-ﬂ-— (8}

When a steady state is reached, the populanon difference is given by

J8%s)

PETITIWTY

Spin-Lattice Relaxation

As mentioned in the last secuon, Ty, the spin-lattice relaxation time, is a
charactcristic.time associated with the approach to thermal equilibrium. Relaxation
times n NMR are influenced strongly by molecular motions which may alter the angles
and/or distances between the nuclei. In many compounds, the rate and nature of
moiecular motiors completely d=tennines the spin-lattice relaxation time.

Following the discussion in a recent study (9), differences in the proton NMR
relaxation properties of compounds form the basis for many detection methods, and it
i1s likely that new NMR signatures based on the results of this work could be interpreted
as changes in relaxation umes in th2 presence of off-resonance 1Tadiation. Therefore, a
genzral appreciauon of the reasons why different materials exhibit different NMR
relaxatuon times is important.

In general, the spin-lattice relaxation time ¢ >r protons is influenced by the strength of
the magnetic interaction between a given proton and its neighbors and the relative
motions between the proton and its neighbors. When the frequency of this relative
motion is at, or very near, the Larmor frequency, then T is short. The strength of the

magnetic interaction depends primarily upon the nearest neighbor distances and tke
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saength of the neighboring moments. Because of their large magnetic momeuts, the
presence of paramagnetic impunues has an extremely soong effect on the Ty's.

If the molecular motion near the Larmor frequency 1s simple, 1.e., if there 1s onlv a
single tvpe of motion and all the nucler participate, then the behavior of T is relanvelv
easy to characterize. The behavior of T) is usually expressed in terms of 1., the
correlation ume tor the molecular motion. If, for example, the molecular mouon is
wansiational diffusion. then the correlation time can be thought of as the average time
between diffusional jumps. If the motion is molecular reorientation, then the
correlation time can be thought of as the average time it takes for a molecule 1o rotate
through an angle of one radian The correlanon time may be thought of as roughly the
average of the inverse of the frequency of molecular motion.

Figure 3 is a log-log plot of T} versus the correlation time for three different Larmor
frequencies. In the region of short correlation times, i.e., for high temperatures in most
substances, the frequency of molecular motion is much higher than the Larmor
frequency. Here the T; of the material is long and increases as the correlation time
decreases. Also, in this region, Ty is independent of the Larmor frequency chosen.

When the frequency of molecular motion is roughly equal to the Larmor frequency,
T, goes through a minimum. Since Larmor frequencies can be altered experimentally
bv changing the strength of the applied field, separate T} minima may be distinguished.
These are shown in Figure 3.

When the correlation times are long, i.e., at low temperatures, where the frequency
of molecular motion is low compared to the Larmor frequency, then T is again long
and lengthens with increasing correlation time. However, in contrast to the short
correlation time region, the specific values of T in this region depend ipon the Larmor

frequency employed for observation. Therefore, some indication of the nature of the
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Figure 3. Spin-lattice relaxation tme versus correlation ame
for molecular motion.

Al9




A A

-

molecular moton can be obtained through studies of the Larmor frequency dependence
of T relaxaton times.

Of all the possible molecular motions occuring in common substances, three often
occur 2t ratec cloce enongh 1o the Larmer frequency o wnllucince T). These tnree
motions are molecular tumbling, molecular diffusion, and reorientation of mobiie
internal groups. One, or more, of these three motions generally determines the
relaxation umes.

In solids, molecular diffusion and tumbling usually proceed at rates slow comgared
0 the Larmor frequency. Therefore, in ngid crystalline solids, such as those stated
here, T is generally long. In addigon, since the atoms are fixed in place and the nuclei
are essentially stationary, the couplings between nuclei are strong.

Furthermore, while most common organic substances possess side chains that are
capable of internal motion, the compounds studied here are rigid. Thcréfore, the
observed Ty's for the solid compounds investigated in this study are very long.

Nuclei with spin one (I = 1) are influenced by similar magnetic interactions with
neighbors as spin one-half (I = 1/2) nuclei. Therefore, the spin-lattice relaxation time
for spin one nuclei are influenced by the same molecular motions as discussed above.
However, there is a major difference between nuclei with [ 2 1 and nuclei with I = 1/2.
Nuclei with 1 2 1 possess a quadrupole moment, since they are not spherically
symmetric, and this quadrupole moment interacts with the electric field gradients at the
sites of the nuclei. The inte:action energy between the quadrupole moment and the
electric field gradient is generally much stronger than the interaction energy between the
magnetic dipole moment and the applied magnetic field. Therefore, for nuclei with

12 1., relaxaton effects due to the quadn'pole interaction often dominate.
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The strong interaction between nuclear quadrupole moments and electnc field
gradients produces relaxation times much shorter than those resulting from dipolar
interactions between neighboring nuclei. For nitrogen nuclei in solids, Ty's in the
range of 1 - 1,000 milliseconds are frequently observed, while for protons in similar
molecules Ty's are often in the range of 1 - 100 seconds (10).

In zero applied field, and in weak fields, the nuclei align along the internal electric
field gradients. However, when a very strong external magnetic field is applied, the
nuclei align in the direction of the field. In general, the allowed energy levels for a
particular nucleus depend upon the angle between the applied field and the symmery
axis of the electric field gradient

Since the electric field gradients in the molecule can point in any direction with
respect to the externally applied magnetic field, there is often a broad range of
interaction energies or allowed energy levels. Therefore, the resulting NMR response

may be spread over a broad range of frequencies.

Stong and Weak Magnetic Fields

The allowed energy levels for nuclei with I 2 1 depend upon the strength of the
applied magnetic field. Thorough treatments of the theories for both the high and low
field cases are found in both Abragam (11) and Slichter (12). Therefore, only a brief
summary will be given here.

Assuming a field with axial symmetry (i.e., the asymmetry parameter N=()) we can
illustrate the effectve quadrupolar interaction. Consider the magnetic fieid to be applied
aiong the z' axis and the electric field gradient symmetry axis along the z axis, where z'
and z differ by an angle 8. Then, for a nucleus with spin I and electric quadrupole

moment Q, the Hamiltonian is
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H =-¥hBol, + 4—[%(_3—1—)(313 -1, (9)

First consider what happens when the spins align along the magnetic field, i.e., the
strong field case. If the x' axis lies in the plane containing z' and z,

[, =I,cosB + I,sinB. (10)
Subsutunng equadon (10) into equation (9) yields

2 2 . 4 .
H = -¥hBol; + a-f-zz—?-?-—l—)-[3lz-cosze + 3Ix.sm~8 + 3(Ip 1 + Ix1;)sinBcosd - 12].

Using quantum mechanics and collecting terms, the energy levels are found to be

2 3c0s28 - 1
Em = “#iBom + rpayy (o ) (3m2 - 10 + 1), an

A contrasting experimental situation arises when the interaction energy (or coupling)
due to the electric field gradient (efg) is larger than that due to the magnetic field (i.e.,
the spins align along the efg symmewry axis). Then it is appropriate to consider the
quadrupole coupling as a first approximation. Using the same approach as above and

including the Zeeman energy term it can be seen that the Hamiltonian is given by

H = -yhBomcosd + ZI_(Q;%ELI)(:"I% -12). (12)

From the Hamiltonian we see that the energy levels are

Em = -YhBomcos8 + m?g}gl—)ﬂmz - I+ D] (13)

Energy Level Diagrams
Employing the equations of the previous section, the energy levels can be easily
calculated and the energy level diagrams drawn for a variety of cases. These range

from no applied field and quadrupole effects only, to something as complicated as the
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interaction energy of the applied field being approximately equal to the interaction
energy of the electric freld gradient.

When the applied magnetic field is zero, the interaction energy of the nuclear dipole
moment with the field is zero. In this case, the internal electric field gradients align the
nuclei and it is possible to provoke an NMR-like response with an rf field. This is
called nuclear quadrupole resonance (NQR). Two excellent references on this subject
are Lucken (13) and Dehmelt (14).

For the case of no applied magnetic field, equaton (13) reduces to

,
Em=m"’2—“}39_7)[3m2-1(1+ nl. 14

"
Since I = 1 for nirogen, Ey, = e_%g_ (3m? - 2), and the degeneracy in the m = 1 states,

as depicted in Figure 4, becomes quite apparent.
Examining equation (14), the change in the energy between the m = 1 state and the

m = 0 state can be shown to be
) .
sE=2 (15)

Dividing equation (15) by Plank's constant (h) converts the change in energy to a
frequency. This frequency is the NQR frequency and is denoted by vq. Although it
might not be obvious, vq depends upon the magnitude of the nuclear quadrupole
moment (¢Q), and the strength of the internal field gradients (eq).

Suppose now that a very strong magnetc field is applied such that the effects of the
quadrupolar interaction are negligible. In this case the govemning equation is

Em = -¥hBom
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Figure 4. Proton and nitrogen energy levels in zero applied
magnetic field.
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where m can have any of the 2I + 1 values ranging from -I to I. This situation is
depicted in Figure Sa for protons and Figure 5b for nitrogen. It is clear that the
degeneracy is now removed.

When hydrogen and niwogen nuclet are coupled together in a very somong magnetic
fleld, there are six possible energy states for this system. Examining Figure Sc, it can
be seen that there are 15 possible transitions for the proton + nirogen coupled system.
Notice that the Am = 2 transitions for nitrogen have also been included. These
overtone transitions were shown to occur by R. Tycho and S. J. Opella (15).

Of the 15 transitions shown in Figure Sc, seven occur at either the proton Larmor
frequency (wp), or the nirogen Larmor frequency (wy). At the magnetic field used in
this study, these frequencies are 19.14 MHz and 1.38 MHz respectively.

The seven transitions that occur at Wp Or Oy are allowed transitions, while the other
eight transitions are forbidden. If these 15 states were pure, then the rate equations
could be solved (16) to yield the probability that the particular transition is taking place.
However, as pointed out by Abragam (17) and by Wind and Yannoni (18), these states
are not pure states in solids. Each state is actually a mixture of all the possible states.
The reason for this mixture of states is that the dipole-dipole coupling terms, which
average to zero in liquids due to the rapid relative motion of the nuclei, do not average
to zero in solids.

The states of Figure 5c then, are an admixture of states. Therfore, the eight
forbidden transitions, i.e., for the pure states, actually become weakly-allowed. That is
to say, the probability of a transition taking place is small, but it is non-zero.

For the protons there is no splitting due to quadrupole effects since I = 1/2;

however, there is the common Zeeman splitting given by AE = YhiB,. The nitrogen
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Figure 5. Energy levels for isolated proton and nitrogen, and for coupled
proton and nitrogen nuclei; quadrupole effects ignored.
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splitting is a bit more complicated when a low magnetic field is applied. For this case

we must look at equation (13). Since I =1 we have

2
Em = -YhBomcos8 + e—éLQ- (3m?2 - 2).

The energy level diagram for a compound containing both hydrogen and nitrogen is
shown, in Figure 6, for a low field where the orientation of the electric field gradient
symmetry axis with respect to the applied magnetic field is fixed. The splitting of the
proton levels allows a single transition at the proton Larmor frequency. The applied
field also splits the nitrogen m = 1 levels, and the splitting depends upon 8, which is
the angle between the applied field and the preferred alignment of the nitrogen nuclei
along the internal electric field gradient symmetry axis.

Most solid samples studied by NMR are not single crystals, but are instead
polycrystalline. Therefore, it is important to understand what happens to the energy
levels in the situation where © can have multiple values. The energy levels for -
polycrystal in a low field with quadrupole effects included is shown in Figure 7. Ina
low field, the energy level diagram for a polycrystalline material is just a simple
extension of Figure 6. The major difference is that in this case the angle 6 is not unique
and there is a continuum of levels extending from 6=0° to 6=180°.

The applied magnetic field can be adjusted to any value. Therefore, in principle, it is
possible to investigate the case where the energy associated with the magnetic field is
several orders of magnitude greater than the energy associated with the electric field
gradient. Since the Zeeman magnetic field is larger than that associated with the electric
field gradient, equation (11), which applies in this case, would consist of a dominant
Zeeman term plus a quadrupole term that is a small pertubation. This pertubation term

would result in a shifting of the energy levels of the nitrogen as depicted in Figure 8.
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Figure 6. Proton and nitrogen energy levels; low field case; single
crystal material, quadrupole effects included.
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Figure 7. Proton and nirogen energy levels; low field case; polycrysralline
material, quadrupole effects included.
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Figure 8. Energy levels for proton, nitrogen, and coupled proton and nirogen
nuclei; high field case, quadrupole effects included.
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There are two important thing's that must be noted about Figure 8, though. First. the
sh:fung shown in the figure is not drawn fo scale. This should be clear from the above
discussion, since one term is a small pertubation to the other. Second, and most
imporiant. the energy level diagram for Figure 8 is for one particular angle. This( 'n be
~ tndirsiood from a closer inspection of equation (11). Here again the fact that [=1 for

nirogen will be used to yield

2
Em=-/hBom + e—%g(kosz@ - 1(3m? - 2) (16)

Since 6 is the angle between the electnc field gradient symmetry axis and the applied
magnetic field, equation (16) will have a continuous range of energy levels depending
on the angle 6. This presents an interesting problem when the intermediate case is
considered in detail.

The most interesting and difficult case, and the one that applies for our experiments,
is that of the intermediate field. When the term "intermediate field" is used. it implies
that the Zeeman energy is comparable to the quadrupole energy. Thé difficulty with
this region, though, is that there is no theory to describe what should happen. Thus.
only educated guesses can be made as to what is happening. Hopefully, the two
extreme cases (1.€., low and high magnetic fields) together with the experimental results
obuained herein will make some sort of theoretical interpretation possible.

The problem that the intermediate case poses is easy to understand. To obtain the
eigenstates and the eigenvalues for the intermediate case, it would be necessary to solve
a secular equation of order 2I+1, and that is already of third order for the smallest spin
possessing a quadrupole moment: I=1 (19). Because thé Hamiltonian equation has not
been solved in this region of magnetc field, this region will be investigated examining

the results of the accepted theories for the high and low field cases. The primary
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assumption, then, is that the results for the intermediate field can be approximated by
assumung that the nuclei align along the magnetic field (high field case), or that they
aligr along the electric field symmetry axis (low field case).

Since there 1s some simplicity in attacking the problem ‘rom the low field region, it
will be investigated first. In this case, as seen from equation (13}, there is a simple
spliting of the energy levels due to the Zeeman contribution. However, since the
applied magnetic field energy is a bit lower than the quadrupole energy, the levels are
split as shown in Figure 9. If the matenal is polycrystalline, the energy levels are then
spread over the region from m=+1 to m=-1, as indicated in the figure. This spreading
of the energy levels is due to the fact that 8 can have any value hetween 0° and 180°.

Approximating the intermediate case by use of the high field case is much more
complicated than the above. This complication arises from the cos26 term in equation
(111 This dependence shifts all of the energy levels by some amount. The major
difference, then, between this case and that of the low field approximation case is that
the m = 0 level is no longer stationary. As illustrated in Table 1, the shifting of the
eriergy levels is quite broad. Although 6 can have any value between 0° and 180°, there
1s clearly symmetry between the values of 0° <6 £ 90° and 90° <6 < 180°.

F:igure 10a is a representation of the case where the interaction energy of the applied
field 1s much greater than the quadrupole energy. Figure 10b illustrates the data
contained in Table 1. Note that «, B, and vy refer to the m equal 0, 1, and -1 states,
respectavely.

"Finally Figure 11 shows the dramatic shifting of the energy levels due to the cos?8
dependence. Notice that the m = 0 state begins as the highest energy state, but ends up

as the lowest energy state when 8 = 90°. There are also two angles where a degeneracy
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Figure 9. Proton and nitrogen energy levels; intermediate field
case; polycrystalline material.
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Table 1. Energy levels calculated from equanon (15)

Angle

Energy (MHz)

a1

5 i
to 9
o O
O i

[ 39
4
[2.8)
[e))

15°

-1.984
-0.391
2.375

-1.378
-0.694
2.072

45°

-0.551
-1.107
1.659

0.276
-1.521
1.245

75°

0.881
-1.824
0.942
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Figure 10. Shifting in the nitrogen energy levels due to the nuclei
aligning along the applied magnetic field.
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Figure 11. Theta dependence on the nitrogen for nuclei that align
along the applied magnetic field. Only the m = +1/2
states of the hydrogen are shown.
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is formed. The first degeneracy occurs at approximately 6 = 38.5° where Eg = E;. The

second degeneracy occurs when Eg = E_j, and takes place at approximately 8 = 76.5°.
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CHAPTER III
EXPERIMENTAL DETAIL

Inreduction

A number of different probes were designcd‘and‘ constructea in attempts to observe
and quantify the effects of off-resonance pumping of weakly-allowed NMR transitons
in nitrogen-containing compounds. These are detailed in this section following a
discussion of a typical laboratory system for pulse NMR.

In addition, several different pulse sequences were tried in order enhance the effects
of off-resonance pumping. These pulse sequences are also discussed in the following

sections.

Tvpical Pulse NMR Svstem

A block diagram of a typical laboratory pulse NMR system is shown in Figure 12.
The magnet applies a static magnetic field to the sample while the radio frequency
ransmitter generates the rf pulses. The rf pulses are applied to the sample through the
coupling network and sample coil.

The sample coil is also used to pick up the NMR free inducton decay (FID) signal.
Both the sample coil and the receiver are tuned to the Larmor frequency, and the
receiver amplifies the weak FID si gna]i prior to processing and display.

The controller is responsible for the circuit timing. It controls the duration of the
pulses. the number of pulses in the test sequence, the timing of the data aquisition

windows, and other similar tasks.

A38




Conroller

I

C(r}
[}

Transmitter

> Coupling

Network

—1  Receiver >

Signal
Processor

Display

Figure 12. Block diagram of a pulse NMR system.
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T, Measurements

Employing the above system, it is possible to méasure spin-lattice relaxation times.
Spin-lattice relaxation times are commonly measured in the laboratory with the two-
pulse (180°-t-90°) sequence shown in Figure 13. First, as shown in Figure 13a, a
180° pulse inverts the magnetization along the z' axis. Following the pulse, the nuclear
magnetization begins to return toward its equilibrium value of My, After a time 1 has
elapsed, a 90° pulse is applied as depicted in Figure 13b. A free induction signal
results, the initial height of which is proportional to the magnitude of M, hence the
value of My at the ume 1 (20).

This experiment is repeated for a number of different pulse delay times T. A plot of
the FID magnitude versus T provides the characteristic ime for the return of the nuclear

magnetization to equilibrium.

Pumping Techniques and Probes
During the course of this experiment both pulsed and continuous wave (CW)
techniques were used to irradiate the sample and thus stimulate the weakly-allowed
transitions. The advantages and disadvantages of each technique are discussed along
with the probe designs that were employed. These discussions are presented in
chronological order so that insight into the development of the final system can be
gained.
A sketch of the first probe employed, the crossed-coil probe, is shown in Figure 14.
A block diagram of a two-coil double irradiation system for pumping measurements is
shown in Figure 15. It is clear from this diagram that separate coils are used for signal
detectuon and for irradiating the sample, thus allowing the NMR spectrometer to always

be connected to the sample coil. To keep the coupling of the sample and irradiation
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Figure 14. Detail of crossed-coil double irradiation probe.
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coils to a minimum, we axes of the coils were designed so that they would be at nght
angles.

The wrradiation of the sample was accomplished by applying rf pulses from a Matec
pulse amplifier. The Matec had a peak output power of one kilowatt and a duty factor
of .005. The problem with this technique was that the average output power of the
amplifier was five watts or less. When the amplifier delivered full pov.er and the pulse
duration (tp) was five microseconds, the pumping power was delivered over a
bandwidth of about 200 kilohertz. Although it was difficult to make precise
measurements of the rf pumping effects, this procedure did indicate that the iurradiation
could induce the desired transitions. This in turmn demonstrated that our basic approach
to the problem was worth pursuing.

The pulse technique employed at this phase of the experiment i1s shown in the timing
diagram of Figure 16. In this method a series of rf pulses of duration t, and spacing tg
are applied during the ome that the sample is returning to equilibrium. Several of these
signals are then averaged to provide a comparison between FID's with irradiation and
those without.

There 1s a potentially serious drawback to this form of irradiation. As was
mentioned earlier, while the carrier frequency of the rf pulses 1s centered on the desired
pumping frequency, the short finite pulse length produces irradiation over a band of

requencies rather than at a single frequency. Although this was not a problem in the
demonstration of the feasability of the project, it made the determination of frequency
effects impossible to observe. This, in turn, caused a great deal of difficulty in the
interpretation of the results.

At this point, it was decided that the pulse technique would be abandoned in favor of

the countinuous wave (CW) technique. The principal advantages of the CW technique
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Figure 16. Timing diagram for the pulse-train experiment with pulse rf pumping.
A: Proton FID; B: Off-Resonance pumping.
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are that the irradiation frequency is well defined and that the peak power in the probe
circult is equal to the average power delivered. The CW technique was then used for
the duraton of the research.

For the initial CW studies, the crossed-coil probe wus emploved. However, probes
other than the crossed-coil probe were subsequently investigated. Since the system
remained basically unchanged (except for the probe) for the duration of the
expenimental work, a short description of the equipment 1s given below.

The pulse NMR spectrometer is a Spin-Lock Electronics Model CPS-2 operating at
a Larmor frequency of 19.14 MHz. Used in conjunction with an Hitachi Model 6041
digitai oscilloscope, it is essentially equivalent to the system shown in Figure 13. The
irrzdiation electronics consists of a PTS 160 frequency synthesizer, an Amplifier
Research Model 150LA rf power amplifier, and a Diawa CL-680 impedance matching
circuit. A vanable length of coaxial cable is used to bring the impedance of the sample
circuit within the range of the coupling circuit

The determination of the effects of off-resonance CW pumping were accomplished
through two methods, single-pulse and multiple-pulse. A timing diagram for the
sirgle-pulse method is shown in Figure 17. First, the experiment is performed without
pumping as shown in Figure 17a. At time zero, the spin system is prepared by using a
sequence of 90° pulses (a "bash" sequence) which sets the nuclear magnetization to
zero. Immediately following the bash sequence the magnetization grows, with
characteristic time T, toward its equilibrium value Mg. After a time t;, +hich should
be approximately STy's, a single 90° pulse is applied at the proton Larmor frequency
and the FID 1s recorded. This procedure is repeated several times so that an average

value can be obtained.
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Figure 17. Timing diagram for single-pulse rf pumping experiment.
A: Measurement of equilibrnium magnetzaton,;
B: Effect of off-resonance pumping.
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The experiment is then repeated with the following change. As shown in Figure
1 7b. rf pumping is applied to the spin system in the interval between ame zere aad ime
tr. If the frequency of the rf pumping corresponds to one of the allowed or weakly-
allowed transitions discussed in Chapter 2, and if the rf power is sufficient to stimulate
a significant number of oansitions at this frequency, then the populations of the proton
states will be altered. Since the times required for this procedure were so long, a
simpler procedure was investigated.

A tming diagram for the multiple-pulse method of determining the effects of off-
resonance pumping is shown in Figure 18. In essence, this method is equivalent to the
s:ngle-pulse method except it has the advantage that t; is much shorter than 5Ty's.

As shown in Figure 18, a series of 90° pulses is applied to the proton spin system at
the Larmor frequency. The magnitude of the FID signal after each pulse depends only
upon the pulse spacing if the pulses are good 90° pulses.

[n a typical measurement sequence without any irradiation, the FID signals after a
set of several pulses are recorded and averaged to provide an amplitud'c reading. Then
a hash sequence 1s applied so that the magnetization 1S set to zero. Now the sample is
irradiated with the rf pumping between the 90° pulses. The FID signals are again
recorded and averaged, and the amplitude reading with pumping is compared to the
amplitude reading without pumping. The percentage change as a function of pumping
{requency, at a constant field, provides a signature for the compound under study.

Despite considerable effort to eliminate it, dielectric heating of the sample was
experienced with the crossed-coil probe which caused a detuning problem in the
spectrometer circuit. This dielectric heating was serious enough to mask any effects

:hat the irradiation might have induced. Therefore, the probe configuration was altered.
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Figure 18. Timing diagram for the pulse-train experiment with cw rf pumping.
A: Proton FID; B: Off-Resonance pumping.
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The first change was to a single-coil probe. The block diagram of the single-coil
double-irradiation system is shown in Figure 19. In this system the series-tuned
sample circuit is connected through a quarter wavelength of coaxial cable to the NMR
spectrometer. A coaxial switch allows the sample circuit to be disconnected from the
NMR specwometer and connected to the pumping electronics. Matching of the sample
coil to the NMR spectrometer 1s critical and small changes in the inductance produce
large changes in both the magnitude of the received signal and the signal-to-noise ratio.

In the single-coil configuration the temperature of the sample could not be held
constant. To remedy this, the sample was immersed in a Freon bath. However, this
inToduced additional complexities and made the probe very difficult to tune. The
single-coil probe was then abandoned in favor of a sufficient two-coil soluton.

At this point a probe with coaxial coils was investigated using the principles set forth
by Mansfield and Chapman (21). Alzhéugh this design produced the expected increase
in power efficiency, the strong coupling between the coils caused serious heating of the
sampie, and thus detuning problems.

Due (o the failures of the above mentioned probe designs, it was decided to try two
parallel coils which were isolated from one another. A sketch of the final probe is
shown in Figure 20. To insure that there would be no heating of the sample, high
pressure air was used to carry heat away from the irradiation coil. These modifications
were sufficient to solve both the heating and detuning problems.

The probe was fabricated by taking two pieces of 3/4 inch diameter brass tubing
approximately 4 inches long and silver soldering them together. It is important to have
the brass tubing pieces firmly connected so there will be no acoustic ringing in the
NMR circuitry. Two separate but identical coils were then designed and placed in the

center of the tubes.

A50




Pi-network
Coupler

Irradiation
Oscillator

ia

@__,.

A

\L

NMR

Spectrometer

Sample Coil

Figure 19. Block diagram of single-coil double-irradiation system.

A51

A
\/
VI

1717



To NMR To Irradiation
Specmometer Amplifier

Copper
.~ Shield

777

Figure 20. Detail of two-comparunent double-irradiation probe.
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Although this probe eliminated any detuning problems due to dielectric heatng, the
samp;e had to be physically moved from one coil to the other dunng the experiment. At
least two sample moves per measurement sequence are required. However, since the

spin-lattice relaxation times of all the compounds of interest were long, this requirement

represented a minor inconvenience at worst.

[rradiation Power

Since the effects of the irradiation at a:fferent frequencies have to be compared to see
the overall effect of off resonance pumping, it is important to make sure that the
strength of the irradiation field remains constant.

The magnetc field produced by the pumping is time varying and is given by

B = Bpsin(wpt).

From basic electromagnetism the voltage induced in a circuit is given by
do dB
\,' O mr— — M
1 =& Adl AB pwpcos(wpt;
where A = constant, @y, is the irradiation frequency, and By is the field that is to be

held constant. Therefore,

v
81b°<—l }

Throughout the experiment the induced voltage (V)), as measured by a small four-
tum pickup coil six millimeters in diameter, was chosen to be 60 Volts at a frequency of

24 NMHz.
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CHAPTER IV
RESULTS

Inroduction
In this chapter the details of the experiments, along with the results obtained. are
discussed. As indicated in the last section, not all of the probes that were designed and
constructed worked satisfactorily. Therefore, when the term "probe” is used in this
chapter it is assumed that it is referring to the double irradiation probe that is shown in
Figure 20.
The multiple pulse method of data acquisition was used in conjunction with
continuous wave irradiation to map out the effects of off-resonance pumping as a
function of frequency. The exact method varied slightly for each compound due to the

different Ty's, but the specifics will be discussed later.

The Compounds

The molecular structure of hexemethylenetetramine (HMT) is shown in Figure 21.
It consists of four nitrogen atoms, six carbon atoms, and twelve hydrogen atoms per
molecule. Therefore, HMT contains a substantal fraction of nitrogen nuclei which are
closely coupled to the protons. The bonding angles and distances are well known and
given in many references (22).

At a proton Larmor frequency of 19.14 MHz (1.38 MHz for nitrogen), HMT has a
T, (spin-lattice relaxation time) of 58 seconds, and a T (spin-spin relaxaticn time) of
approximately two microseconds, as measured in our laboratory. If the sample is at

room temperature, the NQR frequency is found to be 3.308 MHz (23). The nitrogen
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Figure 21. Molecular structure of hexamethylenetetramine.
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T; in zero field 1s about 10 milliseconds (24), and the nitrogen T is about 500
microseconds (25). These short relaxation times indicate that the populations of the
nitrrogen energy levels return to equilibnum much faster than the populations of the
proton energy levels.

There are many compounds that do not contain substantial amounts of nitrogen.
Therefore, the spin coupling effects characteristic of nitrogen-containing compounds.
which is what is under study in this project, are absent. Therefore, it should be quite
easy to find a suitable compound to compare to the HMT.

For comparison of the resuits from HMT, a compound had to be chosen that had a
T comparable to, or longer than, HMT. The compound that was finally chosen was
mannitol, a complex sugar. The chemical structure of mannitol is depicted in Figure
22.

Mannitol consists of a six-carbon linear chain, with one hydroxol group on each
carbon. At a Larmor frequency of 19.14 MHz, the T of mannitol is approximately

280 seconds while the T is approximately 4.5 microseconds (26).

HMT Results
As was stated earlier, there were many techniques employed to attempt and map the
effects of off-resonance pumping as a function of frequency. Most of these techniques
had serious drawbacks and have already been discussed. However, reliable data was
finally obtained in the following manner.
First, a series of closely-spaced 90° pulses was applied to set the proton
magnetization to zero. ThAen, the sample was aliowed 30 seconds to recover toward its
equilibrium value. Then a series of four 90° pulses was applied to the sample with a

spacing of 30 seconds. This sequence of events is depicted in Figure 23a.
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Figure 22. Molecular structure of mannitol.
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Figure 23. Timing diagram for multiple-pulse rf pumping experiment.
A: Proton FID; B: Off-Resonance pumping
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The free inducton decays (FID's) following each of the four pulses were stored and
averaged, and the magnitude of the average FID at a specific time delav from the stort of
:he pulse was recorded.

The same sequence was then repeated with rf irradiation applied at a particular
‘requency between the 90° pulses. This is shown in Figure 23b. The rf pumping
power was applied for a time of 20 seconds during the 30-second interval between the
pulses. The magnitude of the averaged FID with irradiation, at the same time delay,
was recorded.

The above sequerce, without pumping and then with pumping, was repeated four
times and averaged by hand. Then the results obtained with and without pumping were
compared and the percentage decrease due to pumping was caiculated. The expeniment
was then repeated for other pumping frequencies and the results mapped out as a
funcuon of frequency.

The final results of this proce fure for HIMT are given in Table 2. It must be noted
that the percent decreases giver in the table are averages of many data values. Not only
were the four FID's averaged after the 90° pulses by the oscilloscope, but the four runs
were averaged to give the number presented in the percent decrease column.

The results of the data given in Table 2 are shown in Figure 24. This is a plot of the
percentage decrease in proton signal amplitude due to off-resonance pumping versus
the rf pumping frequency. As seen from this figure, the frequency range investigated is
about 10 MHz.

As expected, the effects of pumping are greatest near the proton Larmor frequency
of 19.14 MHz. The observed pumping effects near the proton Larmor f—~quency were
attributed to the breadth of the HMT resonance line. However, significant pumping

etfects are observable at frequencies more than 4.5 MHz awa: from the proton
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resonance. In fact, a peak in the observed response appears to occur at about 23.8
MHz, just before the response drops to zero at 24.0 MHz.

If numencal values are assigned to the energy levels of Figure 10 for the low field
approximauon, a prediction of zero response to rf pumping above 23.74 MHz is
obtained. This is the same value that can be derived from the high field approximation
as shown in Figure 12. Therefore, there 1s qualitative agreement between the
experimental results and the theoreucal framework.

As was mentoned several times, the data in Figure 24 represents the results of many
tals. However, the error bars do not have the usual meaning. This is due to the fact
that the oscilloscope did not allow the inspection of each of the four FID's that were
averaged. Therefore, the uncertainty 1n the individual FID measurements is not known.
What the error bars in Figure 24 represent are the standard deviations in the mals that
consisied of the four FID's averaged by the oscilloscope.

areful inspection of Figure 24 reveals that the effect is not a simple function of

.y

requency. There appear to be both minima and maxima locazed'throughout the
‘requency range. As seen from the data in Table 2, there are definite regions of zero
response near 21.7 MHz and 23.1MHz. There was much ume spent in the acquisition
of data in these two regions. Instead of the normal four data runs, there were 12 runs
for each point. Although much effort was spent in trving to explain this complex
Sehavior, no satsfactory theory was derived.

Examining the data in Table 2, the change in the apparent T} can be investigated.
That is. a 12% decrease (observed at 22.8 MHz) corresponds to a change in Ty from 60

seconds (no rf pumping), to approximately 71 seconds when the sample 1s irradiated.
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Manniol Results

The procedure for obtaining the mannitol data is identical to that for obtaining the

HMT data, except that the time between pulses was extended to 60 seconds. This

hange was made because the Ty for mannitol is approximately five times longer than

12 Ty for HMT. This resulted in a signal that was too small to read accurately when
onlv a 30- second delay was used.

The da:a for the mannitol sample are shown in Table 3, and these data are plotted in
Figure 25. Again, this is a plot of the percentage decrease in proton signal amplitude
versus rf pumping frequency over a frequency range of seven megahertz.

As in the HMT, the effect is largest near the proton Larmor frequency of 19.14
MHz. However, unlike the HMT, there are no noticeable effects due to rf pumping
more than a megahertz away from the proton Larmor frequency.

The lack of effects in the mannitol is atributed to the fact that there are no nitrogen
nuclet in the sample and, hence, no hydrogen-nitrogen couplings. The energy level
diagram needed to explain the data is that of a simple two-level systcm‘ and there are no

weaklv-allowed transitions to simulate off-resonance pumping.

Conclusion

-

This research demonstrated that it was possible to induce weakly-allowed transitions
through off-resonance rf pumping. By analyzing the data it was found that, on the
average, a 10% decrease in the proton FID amplitude was obtainable in HMT more than
four megahertz from the proton Larmor frequency. Though this data was not simple to
interpret, it was in qualitative agreement with the theory.

if these same effects had been observed in mannitol, the experiments would have

demonstrated nothing. However, this was not the case. After only one megahertz,

there was no change in the proton FID due to rf pumping.

A63




Table 3. Percent decrease versus pumping frequency for mannitol.

Pumping Frequency (MHz)

Perecent Decrease

Standard Deviation

16.0
16.5
16.8
17.5
17.6
17.9
18.5
18.8
16.1
19.4
19.7
20.0
20.3
20.6
20.9
21.2
21.5
220
22.2
225
230

Ab4

0.6
-0.1
1.4
0.9
-0.1
-0.6
8.0
16.4
99.2
41.6
17.6
4.4
-0.2
-0.6
-2.2
0.6
1.1
1.6
0.1
0.7
-0.4

1.3
1.9
2.0
1.4
32
4.1
8.5
1.6
1.4
6.2
4.5
11.6
34
3.0
5.7
2.2
29
2.6
1.6
23
1.8

o3
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Figure 25. Percent decrease versus rf pumping frequency in mannitol.

Mmoo cs ek



[
~

~I

This technique could open up new means for identifying classes of compounds by
NMR. There is also the possibilty of identifying the compound itself if unique
signatures are observed within the classes. This in itself should be a major reason for

trving to understand the frequency effects that were observed in the HMT.
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ABSTRACT

The effects of off-resonance uradiation in the NMR of solids was investigated
using two classes of compounds. The first class consi.ted of those compounds that
contained nitrogen (that is, nitrogen-14), while the second class consisted of those
compounds without nitrogen.

The two compounds investigated, representing members of each class mentioned
above, were hexemethylenetetramine (HMT) and mannitol. The first, HMT, contains
nitrogen, while the second, the sugar mannitol, contains no nitrogen.

The stimulation of the weakly-allowed transitions were investigated by comparing
the proton FID amplitudes at a particular time delay. This was accomplished through
the comparison of an FID that was taken after the sample had been irradiated, to an FID
that was taken from a sample that was not irradiated. Using this technique it was
puossible to map out the percent change in the proton FID amplitude as a function of the
f pumping frequency.

By analyzing the data it was found that, on the average, a 10% decrease in the
proton FID amplitude was observable in HMT more than four megaheriz from the
proton Larmor frequency. However, this was not the case for the mannitol. In the
mannitol data, there was no change in the proton FID amplitude more than one

megahertz from the proton Larmor frequency.
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