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ABSTRACT 

Acoustical stimulation of energy transitions among nuclear spins 

immersed in a magnetic field is an established technique in solid-state 

physics. Magnetic resonance imaging and ultrasound imaging are 

established, though heretofore strictly separate, techniques in medical 

radiology. This thesis examines the possibility of adapting the theory 

and techniques of solid-state physics to the synthesis of these two 

imaging methods. General theoretical considerations are outlined, with 

particular attention given to the 2SNa nucleus. On the assumption that 

acoustical effects can be observed in biological magnetic resonance, 

some specific ways in which these effects might be exploited for medical 

diagnosis are presented. Experimental attempts to observe acoustical 

saturation of the 23Na NMR signal in muscle tissue are described; these 

experiments produced a null result, and the factors which might have 

caused this result are discussed, with implications for future 

experimental investigations. 

vii 



CHAPTER 1 

INTRODUCTION 

Modern radiological imaging provides several fascinating 

examples of the practical application of physical phenomena. Advances 

in physics and computer technology have given the medical world such 

techniques as X-ray computed tomography, positron emission tomography, 

ultrasound imaging, and most recently magnetic resonance imaging. It 

may be noted, however, that although most radiological imaging 

modalities share many common ties as far as mathematical theory and 

computer data processing are concerned, the physical interactions upon 

which the various techniques are based appear to be quite disparate. For 

example, although both X-ray and ultrasound modalities involve 

attenuation of the incident radiation, the actual mechanisms of 

attenuation in the two cases are vastly different. Magnetic resonance 

is perhaps unique among the imaging techniques; from the perspective of 

basic physics, magnetic resonance imaging technology seems to be a true 

oddity. Therefore, it would appear that the identification of physical 

interactions which connect, at the most fundamental level, any of the 

major imaging modalities might be a start toward developing new and 

useful variations of these modalities. Such a synthesis could be viewed 

as an extension of the aforementioned trend which identifies common 

mathematical features relating the various imaging technologies. 

1 
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This thesis presents a theoretical and experimental 

investigation of a physical phenomenon which does in fact connect the 

magnetic resonance and ultrasound modalities. The phenomenon is 

acoustic nuclear magnetic resonance (ANMR). Although this effect has 

been well known to a small and specialized group of solid-state physics 

researchers for more than thirty years, the potential of ANMR in the 

realm of medical imaging has not been explored. In order to gain an 

appreciation for the framework within which an ANMR imaging technique 

would fit, this introductory chapter will review magnetic resonance and 

ultrasound imaging as well as the history and applications of ANMR in 

solid-state physics. 

Magnetic Resonance Imaging 

Technical advances in NMR spectroscopy, coupled with the 

innovation proposed by Lauterbur (1973), ultimately led to the practical 

implementation of magnetic resonance imaging (MRI) in diagnostic 

medicine. The impact that MRI is having on radiology today is directly 

comparable to the effect that X-ray computed tomography (CT) had when 

it debuted in the early 1970's. An understanding of MRI can best be had 

by first examining the physics of nuclear magnetic resonance. Quantum 

mechanics postulates that nuclei possessing spin angular momentum also 

possess a magnetic moment which is collinear with the spin. When a 

sample containing a large number of these nuclear magnets is immersed in 

a static magnetic field, the magnetic moments tend to align with the 

external field. From the quantum viewpoint this corresponds to the 

creation of nondegenerate nuclear-energy states; the number of states 
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created is dependent on the nuclear spin quantum number. Thermal 

agitation causes these states to be populated according to the Boltzmann 

statistics. Numerically, the parameters of a typical experiment (room 

temperature and an external magnetic field strength of about 1 T) give a 

population difference between adjacent energy levels of approximately 1 

part in 106. If we return to the classical viewpoint, such numbers 

indicate that the alignment of the nuclear spins with the external field 

is quite weak, that is, the random thermal motion effectively prevents 

the formation of a large macroscopic nuclear magEetization. The thermal 

motion also determines another important aspect of the magnetic 

resonance experiment, namely, the spin-lattice relaxation time. This 

parameter describes the characteristic time within which the spins reach 

their new equilibrium energy-level distribution after being immersed in 

the external field. 

Measurement of the nuclear magnetization is made using the 

interaction between the nuclei and an externally supplied radio-

frequency magnetic field. If the frequency of the rf field is chosen so 

that the photon energy corresponds to the energy separation of the 

nuclear levels, then transitions between the energy levels will be 

induced. In continuous-wave NMR experiments, the modified level 

populations are detected by measuring the power absorbed by the sample 

at resonance. For medical imaging applications, pulsed rather than 

continuous rf fields are used. The nuclear magnetization is detected in 

a pickup coil that monitors the resonant rf field produced by the nuclei 

as they relax to their thermal-equilibrium distribution following the 

excitation pulse. 
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A classical description of pulsed NMR is also often convenient. 

It may easily be shown that the nuclei behave like classical spinning 

tops, with the interaction between the magnetic moment and the static 

magnetic field replacing the interaction between the mass and the 

gravitational field in the top. The consequences of the conservation of 

angular momentum are the same in both cases, which means that when the 

nuclear spin is tilted out of alignment with the static magnetic field, 

it precesses about the static field. In pulsed NMR, the rf excitation 

pulse is the means for tilting the nuclei out of alignment with the 

field. As the nuclear magnetization precesses, it creates a time-varying 

flux within the pickup coil, and the voltage thereby induced in the coil 

is the detected NMR signal. Also, the spin-lattice relaxation time may 

now be interpreted as the characteristic time during which the 

precessing nuclei realign with the static field after termination of the 

excitation pulse. 

Thus far we have described the basic experimental arrangement 

for NMR spectroscopy, which detects the presence and quantity of a 

particular nuclear species but gives no information about spatial 

distribution of the nuclei. To create an imaging experiment some 

measurable quantity must be present that varies over the volume to be 

imaged. In MRI this parameter is the NMR resonance frequency. Current 

MRI scanners utilize the method proposed by Lauterbur (1973): A spatial 

distribution of resonance frequencies is created by means of magnetic 

field gradients. Since the spacing of the nuclear levels is proportional 

to the magnetic field, this spacing varies over a volume exposed to a 

field gradient. The frequency of a resonant rf photon is determined by 
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the energy-level spacing, so the field gradient ultimately dictates the 

resonance frequency at a particular point in space. To form an image, 

then, the required procedure is Fourier transformation of the NMR signal 

created in the presence of an appropriate field gradient. The Fourier 

transform amplitude as a function of temporal frequency indicates the 

quantity of nuclei present at various locations in the imaged volume, 

since the field gradient makes the resonance frequency a function of 

location. Different field-gradient arrangements have been used to 

select points, lines, or planes within the object to be imaged. 

The usefulness of MRI for medical diagnosis lies in the fact 

that various tissues contain different concentrations of hydrogen. 

Furthermore, in a given type of tissue the hydrogen concentration may 

vary depending on the state of health. In addition to concentration, two 

other parameters which may provide even more powerful means of 

discriminating between tissues are the spin-lattice and spin-spin 

relaxation times, the latter being the characteristic time that describes 

signal decay due to dephasing of the precessing spins by fluctuating 

local fields. The chemical environment of a nucleus can influence the 

nuclear relaxation times dramatically. Therefore, an image which 

displays relaxation-time information (which can be obtained using special 

rf pulse sequences) is useful for differentiating between tissues and 

determining their state of health. Nuclei other than hydrogen have also 

become the subject of increasing interest in recent years. Phosphorous 

and sodium in particular play important roles in biochemical processes, 

and both these elements have isotopes possessing nonzero spin. Since 

their concentrations are low and their gyromagnetic ratios are smaller 
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than that of hydrogen, these species produce a much smaller signal and 

are therefore much harder to image than hydrogen. 

Ultrasound Imaging 

Acoustic energy has found use for many years in detecting 

structures remote from the acoustic radiator; sonar, nondestructive 

testing, and medical ultrasound imaging are all examples of this 

technology. Such methods may sometimes rely on transmission through 

the medium from a transmitter to a detector transducer, but often the 

technique involves both excitation of the medium and detection of the 

desired acoustic signal by the same transducer, which is known as the 

pulse-echo technique. Medical ultrasound imaging frequently makes use 

of the pulse-echo method, so the discussion here will focus on this 

approach. 

When an acoustic wave strikes a boundary between media with 

different acoustic properties, part of the wave is transmitted and part 

is reflected back toward the radiator. A transducer that detects the 

acoustic energy reflected from the boundary may be used to determine 

the distance to the interface (if the acoustic velocity is known), as 

well as the acoustic attenuation in the path of the reflected wave. If 

the transducer position can be shifted step by step around the perimeter 

of the object being investigated, then a two-dimensional image may be 

built up from the individual attenuation and range measurements. This 

procedure is the basis for the so-called B-scan in medical ultrasound 

imaging. Echo amplitude and delay are displayed via the brightness and 

position of dots along a line on the viewing screen; each line 
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corresponds to a particular transducer position on the perimeter of the 

object. All such lines taken together produce a two-dimensional image 

of the acoustic properties in a planar slice of the object. Since 

biological tissues differ in their acoustic properties, this acoustic 

image can provide information both on the location of various structures 

and on their state of disease or health. 

There are a variety of different approaches to implementing the 

technique described above. Transducers that couple directly to the 

patient's skin may be used, or there may be a water bath around the 

patient that provides acoustic coupling to the transducer. Scanning may 

be accomplished either by mechanical movement of a single transducer or 

by using a transducer array. The transducers themselves may be focused 

in order to improve lateral resolution across the acoustic beam width. 

Finally, the imaging system may use a phased transducer array to create 

a clear image of a moving organ, such as the heart, in addition to 

stationary tissues. 

ANMR in Solid-State Physics 

In 1952 Kastler made the first prediction of resonance effects 

in the interaction between nuclei and acoustic waves in solids (Kastler 

1952). A similar prediction was made at about the same time by 

Al'tshuler, although the experimental techniques he suggested for 

observing the effect differed from Kastler's (Al'tshuler, Kochelaev, and 

Leushin 1961). Simply put, Kastler dealt with the effect of resonant 

acoustic excitation on the conventional NMR signal from the sample, 

while Al'tshuler mainly examined the attenuation of the ultrasonic wave 
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due to resonant power absorption by the nuclei. Neither of these 

researchers were successful in observing ANMR experimentally. Proctor 

and his collaborators were the first to demonstrate experimentally the 

ANMR effects predicted by Kastler (Proctor and Tantilla 1955); Bolef and 

Menes followed with verification of the phenomenon predicted by 

Al'tshuler (Bolef and Menes 1959). 

As discussed earlier, conventional magnetic resonance relies on 

excitation of nuclei via an externally applied rf magnetic field which is 

tuned to the nuclear spin-traasition energy. The key difference between 

conventional NMR and ANMR lies in the character of the excitation used. 

In ANMR the externally applied acoustic field modulates the internal 

magnetic and electric fields of the sample material through the 

mechanical vibration it imposes on the constituent atoms; these internal 

fields of the sample then cause spin transitions in the nuclei. It must 

be clearly noted here that there is no direct coupling mechanism between 

an acoustic field and nuclear spins. All ANMR phenomena proceed by an 

indirect route, with the acoustic excitation creating a secondary 

disturbance that has the ability to couple directly to the spins. 

When an acoustic wave vibrates a nuclear spin (or possibly an 

unpaired electron spin), the magnetic moment associated with the spin 

also vibrates. Basic physics dictates that this oscillating magnetic 

moment will create a magnetic field that oscillates at the same 

frequency. Although this field strength falls off rather quickly with 

distance (roughly as the reciprocal of the distance cubed), interatomic 

and intermolecular distances can be quite small in condensed matter, so 

the magnetic field created by a vibrating spin will have a nonnegligible 
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amplitude at the site of its immediate neighbors. If some component of 

this field has the appropriate frequency and polarization, it can induce 

spin transitions. Thus the internal magnetic field generated by the 

acoustic wave replaces the external rf magnetic field of a conventional 

NMR experiment. 

A second, more subtle mechanism may also mediate between the 

acoustic field and the nuclear spins in some cases: the nuclear electric 

quadrupole interaction. In nuclei with spin greater than 1/2, the 

nuclear electric charge distribution about the spin axis departs from 

spherical symmetry. Physically, the nucleus may be pictured as bulging 

into an ellipsoidal or cigar shape. The consequences of this asymmetry 

may be investigated mathematically by writing a Taylor series expansion 

for the nuclear electrostatic energy in terms of the local electrostatic 

potential and its derivatives. When this is done, we find that the third 

term of the expansion represents the interaction between the electric 

field gradient (the second derivative of the potential) and a quantity, 

denoted Q, which is called the nuclear electric quadrupole moment. In 

general, Q is actually not a single number but rather a second-rank 

tensor; however, in many cases symmetry arguments may be invoked that 

allow Q to be collapsed to a single number (Cohen and Reif 1957). The 

quadrupole moment is a numerical measure of the asymmetry in the 

nuclear charge distribution. 

Fluctuations of the electric field gradient couple to the 

quadrupole moment and cause a reorientation of the spin direction in 

much the same way that rf magnetic fields couple to the magnetic dipole 

moment and "flip" the spin orientation relative to a static magnetic 



field. Again, there is a resonance requirement on the frequency of the 

field-gradient fluctuation, but in addition to the usual NMR resonance 

frequency we are also allowed to work at twice this frequency in the 

case of quadrupole interactions. Furthermore, as a practical matter it 

is impossible to apply an external electric field gradient of sufficient 

magnitude to interact appreciably with the nuclei. Only field gradients 

generated by the charges on atoms or molecules within the sample have 

an amplitude great enough to interact effectively with the nuclear 

quadrupole moments. 

Thus we are naturally led to consider the use of acoustic waves 

or phonons for modulating internal field gradients. Internal gradients 

associated with thermal phonons have the desired large magnitude, but 

random thermal motion of the atoms shows no natural preference for the 

resonance frequencies required. An externally applied coherent acoustic 

wave imposes a highly ordered motion upon the atoms of a sample at any 

chosen frequency. Since the internal field gradients are dependent on 

the spacing between atoms, and since the acoustic wave modulates this 

spacing, we see that the experimenter can cause nuclear spin transitions 

via the quadrupole interaction by proper choice of the acoustic 

frequency. 

The experimental arrangement for ANMR depends on how the effect 

of acoustic excitation is to be observed. If the acoustic power 

absorption by the nuclei at resonance is to be observed directly, an 

acoustic resonator is constructed by bonding a piezoelectric transducer 

onto a highly polished crystal of the sample material. This composite 

resonator must have as high a quality factor as possible in order for 



the experiment to detect the very small nuclear absorption against the 

much higher acoustic attenuation from other causes. The resonator can, 

be used as the frequency-control element in an electronic rf oscillator. 

When the resonator is placed in a static magnetic field and the acoustic 

field in the resonator is tuned to the nuclear resonance frequency, the 

slight drop in the resonator quality factor will reduce the signal 

amplitude of the rf oscillator. Knowledge of the parameters involved in 

the oscillator and resonator performance allows a quantitative 

measurement of the nuclear power absorption; variation in the signal 

amplitude with changes in the acoustic frequency gives information on 

the resonance linewidth. 

A second option is the observation of ANMR by noting the effect 

that the acoustic signal has on a conventional NMR measurement. In this 

case the crystal sample is again incorporated into an acoustic resonator, 

but in addition the sample is surrounded by the rf excitation and 

detection coil for NMR. As the acoustic excitation is tuned to the 

nuclear resonance, a decrease in the amplitude of the NMR signal is 

detected by the rf coil. This is due to the reduction in the nuclear 

population difference when acoustic power is absorbed by the spins. 

Since the time when Kastler and others first predicted ANMR 

phenomena, research in this area has focused on nuclear relaxation 

mechanisms and quadrupole interactions. Experimentally, ANMR is the 

preferred technique for investigating nuclear resonances in certain 

situations. Perhaps the best example of this is the study of bulk or 

single-crystal metal samples. Conventional NMR techniques are nearly 

useless here, since the high sample conductivity produces a very small 



skin depth. Radio-frequency magnetic fields simply cannot penetrate 

sufficiently deep into a large sample. The sample may be reduced to 

fine particles to circumvent this problem, but in the process some 

aspects of the material physics are changed. On the other hand, single-

crystal metal samples often have excellent acoustic properties, so it is 

particularly convenient to substitute acoustic for electromagnetic 

excitation in these cases. 

Scope of This Thesis 

The vast majority of experimental and theoretical work on ANMR 

has dealt with crystalline materials. Although some investigations 

involving liquids have been carried out, most of these have indicated 

that ANMR effects are somewhat reduced or completely unobservable in 

this medium. We are therefore confronted with a very interesting 

question: Is it possible to observe ANMR effects in biological tissue, 

and if so might these effects be exploitable for medical diagnosis? 

Biological tissues are certainly not crystalline, yet it is equally 

certain that they do not possess the total structural randomness of a 

liquid. Tissues might be described as possessing medium-range order, 

with the degree of order depending on the specific tissue under 

consideration. 

This thesis will examine the fundamental physics of ANMR in 

biological tissues and tissue-like materials, as well as the 

applicability of ANMR phenomena to biomedical imaging. The thesis is 

organized as follows. Chapter 2 provides an extension of ANMR theory 

for crystals to include biological tissue and other materials that have 
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similar characteristics. On the basis of this theory we are able to 

predict what conditions should be required in order for ANMR to be 

observable in such materials. Chapter 3 then explores specific 

techniques, adapted from MRI and ultrasound imaging, that might be 

employed to image tissues based on their ANMR properties. The sodium 

nucleus is selected as a good candidate for experimental investigation; 

Chapter 4 details the equipment setup and measurements made for sodium 

ANMR in our laboratory. Finally, Chapter 5 is a conclusion which reviews 

the significance of the theoretical and experimental results and 

suggests directions for future work in this area. 



CHAPTER 2 

THEORY OF ANMR IN BIOLOGICAL TISSUE 

In Chapter 1 it was noted that most work to date on ANMR has 

been concerned with crystals. The theory of ANMR in crystals has been 

presented by several authors (Bolef 1962, 1966; Al'tshuler, Kochelaev, 

and Leushin 1961). As a logical introduction to the discussion of ANMR 

effects in biological tissue this chapter will begin with a brief review 

of the basic theory for solids. Several important aspects of this 

theory will be directly applicable to tissues, while other aspects will 

be applicable in modified form. 

Review of ANMR Theory for Crystalline Solids 

Absorption of power by a nuclear spin from an externally applied 

acoustic wave bears a close relationship to the nuclear relaxation 

mechanisms operative in the material under consideration. In general we 

may classify relaxation mechanisms as "direct" or "indirect" (Raman). 

The term "direct" indicates that the thermal lattice phonon that causes 

a spin transition is at the NMR resonance frequency v0 (or 2v#). An 

indirect mechanism is a scattering process in which one lattice phonon is 

absorbed and a second phonon emitted during the interaction with a 

nuclear spin. The difference frequency between the two phonons equals 

the NMR resonance frequency v0 (or 2v0), the difference energy being that 

required to stimulate the spin transition. Permission for phonons at 

frequency 2v0 to participate directly in relaxation of spins resonant at 

14 



frequency vc arises through double spin flips, as explained in the 

general theory of relaxation developed by Bloerabergen, Purcell, and 

Pound (1948). Indirect relaxation tends to dominate at noncryogenic 

temperatures since it involves all the lattice phonons; direct relaxation 

is inherently much less likely since it involves the smaller number of 

phonons that lie in a very narrow frequency range. 

Introducing a monochromatic acoustic wave into a sample is 

equivalent to raising the lattice temperature dramatically. The phonons 

supplied by the acoustic wave represent a tremendous increase in the 

lattice vibrations over a narrow frequency range. As a numerical 

example, Bolef (1966) calculates the ratio of energy densities per unit 

volume for coherent phonons at 10 MHz (incident acoustic power of 1 

mW/cm2) versus incoherent thermal phonons at the same frequency, using a 

10 kHz bandwidth. This ratio is of order 101#. Thus the externally 

applied acoustic power, if it is at the nuclear resonance frequency, 

greatly increases the probability of the direct spin-phonon interaction. 

When the spin system is immersed in a static magnetic field the result 

will be a tendency for the spin energy-level populations to become 

equalized as they absorb the acoustic power. 

Following Bolef (1966), we wish to develop an expression that 

describes the acoustic power absorbed per unit volume by the nuclear 

spin system. This means that we must first calculate the probability 

per second that a single phonon will be absorbed and change a nuclear 

spin from state m to state m'. This probability rate, W(m,m'), may be 

written as 
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W(m,m') = —| <p,m | Hsp | p' ,m'> | 2g( v). 
qn 

(2.1) 

Here HSp denotes the spin-phonon interaction Hamiltonian, p and p' denote 

the initial and final phonon states, and g(v) is the line-shape factor 

for acoustically generated spin transitions. Using this expression for 

W(m,m') we may write the power per unit volume P absorbed from the 

acoustic wave by the spin system (Abragam 1961): 

In this expression N is the number of spins per unit volume, I is the 

spin of the nucleus, hv is the phonon energy, and kT is the Boltzmann 

thermal energy. Assumptions required for this result are that the 

acoustic wave is not so powerful as to equalize the spin populations 

appreciably and also that hv«kT (which is true at room temperature). 

The central theoretical problem in ANMR lies in finding an 

explicit form for W(m,m!). Contained in this factor are the details of 

the specific mechanism which couples the acoustic lattice modulation to 

the nuclear spins. There are two possible intermediaries, namely, 

internal electric or magnetic fields. As discussed in Chapter 1, we are 

mainly interested in two particular phenomena - modulation in the 

separation between neighboring nuclear magnetic dipole moments and 

modulation in the separation between neighboring atomic or molecular 

electric charges. The former gives rise to rf magnetic fields which 

(2 .2 )  

m 
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couple to the nuclear magnetic dipole moments; the latter produces an rf 

modulation of the local electric field gradient which couples to the 

nuclear electric quadrupole moments. Although other, more exotic 

interactions also exist, such as the dynamic Alpher-Rubin effect in which 

metallic conduction electrons set up rf magnetic fields when 

acoustically stimulated (Alpher and Rubin 1954), we shall limit our 

attention to the two mechanisms just mentioned. Narrowing the 

investigation in this way does not imply that other mechanisms are not 

important in the study of crystals; rather, the intention is simply to 

consider those interactions that are most likely to be present in 

biological tissues as well as crystals. 

Let us first take the case of nuclear magnetic dipoles. An 

approximate method, outlined by Abragam (1961), provides a satisfactory 

solution for W(m,m') and gives good physical insight to the problem. 

Conventional NMR theory makes use of a well-known transition probability 

describing the interaction between the rf magnetic field Hi and spins 

immersed in the static magnetic field H„: 

W(m,m') = —^-|<m'|l+|m>|2g(v)sin20. (2.3) 

The symbol 1+ denotes the "raising" and "lowering" spin operators, y 

the gyromagnetic ratio for the nuclear species involved, g(v) is the 

line-shape function for the resonance, and 0 is the angle between Hj and 

H0. Under normal circumstances, this expression is used to determine the 

transition probability due to an externally applied rf field. In the 



case of ANMR, the rf field arises internally due to modulation of the 

internuclear separation, but if we can find Hj resulting from this 

modulation, equation (2.3) is still valid. Therefore our task is to 

calculate the acoustically generated Hj. 

Using knowledge of the crystal's acoustic properties we proceed 

as follows. If an acoustic wave of the form b0sin(kz-u)t) is propagating 

within the crystal in the z direction, with particle displacement 

amplitude b0 and wavenumber k=2ir/X=o)/v, then the strain s produced by 

this wave is 

g 
s = g^[b0sin(kz-o)t)] = kb0cos(kz-<Dt), (2.4) 

and the strain amplitude s0 is kb0. Wavelength X and propagation 

velocity v are determined by the acoustic frequency used and the crystal 

properties; we also assume for simplicity that the z direction coincides 

with a crystal symmetry axis so that the full strain tensor may be 

collapsed to the scalar s0. Since the acoustic wavelength in solids at 

frequencies in the MHz region is very large (~10-5m-10-sm) compared to 

the particle displacement amplitude (~1 Angstrom), we see that s0«l, and 

therefore the change in the relative nuclear separation due to the 

acoustic wave is s0a, where a is the equilibrium nuclear separation (~1 

Angstrom). The local magnetic field amplitude Hj produced by one spin 

at the site of another is Ti/r', r being the nuclear separation. Given 

that Hi falls off as r~® we are justified in considering only the effects 

of immediately neighboring spins on each other. Thus, the field Hj may 
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be written: 

U .s. VR Yh = Yh 1 ( J  cs 

1 r7 [a+(s0a)cos(kz-a)t)]3 a3̂  [ l+s0cos(kz-<i)t)]5' 

Since s0«l, the denominator in the last expression may be expanded and 

higher-order terms dropped to get 

Hi ~ -^[l-3s0cos(kz-(ot)]. (2.6) 
3 

Therefore, Hi has a time-varying amplitude ~3Y~hs0/a'. 

Returning to equation (2.3), we may insert the above expression 

for Hi to give W(m,m') explicitly as a function of the acoustic excitation 

and material properties. The expression for W(m,m') depends on whether 

m'=m+l or m-1, although the numerical value for the probability will be 

the same in either case. If we denote these two cases as W(m,m±l), the 

final expression for the acoustically generated transition probability 

per unit time is (Bolef 1966) 

W(m,m±l) = -|-Y2 
3yfis0 
TT (I+m)(I±m+l)g(v)sin2e. (2.7) 

Several comments on this result are in order. First, the sin20 

dependence requires an average to be taken over relative spin 

orientations of neighboring nuclei before a firm numerical value for 

W(m,m±l) can be calculated. Such an average will be of order 1, 



however, so W(m,m±l) will not be much affected if this factor is ignored. 

Another point is the line-shape factor g(v). In conventional NMR using 

external rf excitation, g(v) is essentially a Lorentzian or Gaussian 

shape centered on the NMR resonance frequency v0. The lineshape is not 

necessarily exactly the same for the ANMR case (Bolef 1966). finally, 

earlier in this chapter it was mentioned that in ANMR, phonons having 

frequencies v0 or 2v0 can cause spin transitions; therefore, it is 

understood that g(v) must now also permit effective acoustic excitation 

at frequency 2v0, which is not allowed in the case of excitation by an 

external rf magnetic field. 

In addition to the approach just presented, Abragam (1961) has 

also developed much more detailed, though still approximate, results for 

ANMR transition probabilities based on the general theory of relaxation 

by thermal vibrations in the crystal lattice. This approach gives 

expressions for transitions due to both direct and Raman processes and 

is equally applicable to magnetic dipole and electric quadrupole 

couplings. The theory is much too complicated to be presented in detail 

here, but it may be noted that numerical predictions from the theory 

agree in order of magnitude with those obtained using equation (2.7) for 

the magnetic dipole case. 

Next, let us consider the case of nuclear electric quadrupole 

interactions. A Hamiltonian describing this interaction may be written 

Hq = Q:VE, (2.8) 

where Q is the quadrupole-moment tensor, VE is the crystalline electric 
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field-gradient tensor, and the double dot product indicates the scalar 

product of the two tensors. Two limiting cases are usually treated when 

quadrupole transitions are involved. These are the case of high static 

magnetic field, such that the quadrupole interaction energy is small 

compared to the magnetic dipole interaction with the static magnetic 

field, and the case of small or zero static magnetic field, such that 

the quadrupole interaction energy dominates over the magnetic dipole 

energy. Only the case of high magnetic field will be considered here, 

since it is the most relevant to potential biomedical applications. 

For the high-field case Pound (1950) has provided an analysis 

which gives the following nonzero matrix elements: 

<m |HQ |m> = 21(21-1) [3m '" I (1+1)3 (VE)o  (2*9a)  

<m | Hq | m±l> = +/65^j2_^(2m±l)[(i±m+l)(lHPm)],/2(VE)±x (2.9b) 

<m|Hq|m±2> = /6 ̂||qj[(I+m)(I+m-l)(I±m+l)(I±m+2)]1/2(VE)±2. (2.9c) 

The symbol Q is the (scalar) nuclear quadrupole moment, e is the 

elementary unit of charge, I is the nuclear spin, and the (VE)+^ are 

elements of the field-gradient tensor (with the z axis taken as the axis 

of quantization); symmetry considerations have been used to reduce the 

nine elements of the general second-rank tensor to the (VE)+^ shown 

above, which are linear combinations of the elements appearing in a 

Cartesian-coordinate representation. We shall treat the case of 
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crystals having cubic symmetry, for which there are no naturally 

occurring internal electric field gradients (except at locations of 

impurities or other crystal imperfections). Experimentally, the ANMR 

apparatus will produce an acoustic wave along one of the crystal 

symmetry axes, which in turn creates an electric field gradient having 

axial symmetry along this axis. This technique has been much used in 

practice (Proctor and Robinson 1956; Bolef and Menes 1959). When the 

field gradient possesses axial symmetry, Pound (1950) has shown that the 

(VE)±i in equations (2.9) are 

(VE)0 = -|eq(3cos*e-l) (2.10a) 

(VE)±i = ±-|-»Teq(sin0cose) (2.10b) 

(VE)±2 = -5',̂ 6eĉ (sin2®)• (2.10c) 
O 

In these equations, 6 is the angle between the field-gradient symmetry 

axis and the direction of the static magnetic field, and we have omitted 

a complex factor of magnitude unity. With the symmetry axis defined as 

the z direction in Cartesian coordinates, the quantity eq represents the 

magnitude of the axially symmetric field gradient due to all charges ej 

external to the nucleus (Bolef 1966): 
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BE* , 
eq = —- = 2_ej(3cos 6j-l)rj~ . (2.11) 

j 

Here rj and 0j are the spherical coordinates of the charge ej, the center 

of the nucleus being the origin of coordinates. 

An acoustic wave creates a time-varying strain inside the 

crystal, that is, a time-modulated distortion in the separation of 

adjacent atoms. Such a periodic motion of the atomic charges can 

obviously create an electric field gradient at the site of the atomic 

nuclei. To find the field gradient caused by the acoustic wave, Bolef 

and Menes (1959) expand the field gradient near a nucleus in a Taylor 

series in the strain components. Examining the first three terms of this 

series we find that the first term corresponds to constant field 

gradients due to nonsymmetric crystal structure. The second term is 

linear in the strain, which means that this term relates the strain 

caused by the acoustic wave to the field gradient. The third term is 

quadratic in the strain; therefore, this term indicates Raman processes 

which contribute to nuclear relaxation. For our purposes we will be 

concerned only with the linear term. In addition to the connection 

between the linear term and the acoustic wave, this term is also 

involved in direct (single-phonon) relaxation by thermal lattice phonons. 

As stated earlier, the experimental configuration being 

considered involves the propagation of an acoustic wave along a [100] 

axis in a cubic crystal. Under these conditions Bolef and Menes (1959) 

write the linear term of the field gradient expansion simply as qiS0, 
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where s0 is the peak (scalar) strain and q,=a(VE)/3s0. We thus substitute 

qxs0 for q in equations (2.10b) and (2.10c) to get the field gradients 

arising from the acoustic wave. Now, equations (2.10b) and (2.10c) are 

substituted into equations (2.9b) and (2.9c) to get the matrix elements 

describing Ara=±l transitions (at the NMR resonance frequency v0) and 

Am=±2 transitions (at frequency 2v#). Finally, equations (2.9b) and 

(2.9c) are entered into the general expression for W(m,m') given by 

equation (2.1). Bolef (1966) provides the results of these substitutions: 

W(m,m±l) = eQ 
64 1121(21-1) 

•sin20cosi0(eqj)2so2 

g(v)(2m±l)2(I±m+l)(I+m) 

(2.12a) 

W(m,m±2) = eQ 
256 Tl2I(2I-l) 

•sinl,9(eqx)2s02. 

g( v)(I+m)(I+m-l)(I±m+l)(I±m+2) 

(2.12b) 

In these equations 0 is the angle between the direction of the static 

magnetic field and the propagation direction of the acoustic wave, since 

for the geometry we have been considering the propagation direction 

coincides with the field-gradient symmetry axis. 

Comparing the magnetic dipole and electric quadrupole effects, 

Bolef (1966) notes that the ratio of interaction energies between nearest 

neighbors for the two cases is ~e2Q/ y2. This ratio is usually in the 

range 10-103 (when I>l/2). Thus the electric quadrupole interaction, 

when it is present, is much stronger than the magnetic dipole 
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interaction. For this reason the quadrupole interaction has been the one 

most often utilized in ANMR experiments. 

In addition to calculation of the nuclear acoustic power 

absorption from equation (2.2), for purposes of predicting experimental 

results it is desirable to use the W(m,m') expressions to develop 

equations that indicate the effect of acoustic excitation on the nuclear 

magnetization. Bolef (1966) provides such a development for a general 

nucleus having 1=3/2, while Proctor and Robinson (1956) treat in more 

detail the specific case of "Na in NaCl. Both analyses deal with Am=±2 

acoustic transitions. Following Bolef's approach, we consider a crystal 

immersed in a high magnetic field such that there are four 

(approximately) equally spaced nuclear energy levels. Denoting the 

populations of these levels by n,/ti m/2, n_i/2, and n_s/4, where the 

subscripts indicate the m quantum number associated with each energy 

level, Abragam and Proctor (1958) show that when the spin-spin 

transition rate is much faster than the spin-lattice transition rate, the 

following relation holds: 

N5/2-N_3/A = 3(NI/2-N_I/2). (2.13) 

The total magnetization Mz along the static magnetic field (typically 

defined as the z direction in Cartesian coordinates) is then given by 

Mz = Z!mYhnm = 5 Yh(n 1/2-11-1/ 2 ) .  

m 

(2.14) 
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A set of rate equations is now written to relate the time derivative of 

the z-component of magnetization in each energy level to the 

acoustically generated transition rate. With the acoustic transition 

rate denoted W(m,m±2), these rate equations are (Bolef 1966) 

3Ms/2 q 
3t = -2-YTiW(m,m±2)(n,/2-n_i/2) (2.15a) 

3Mi / z  1 
It = -|YTiW(m>m±2)(lV (2.15b) 

3M_J/2 1 
—^— = —2VRW(m,m±2)(n_l/2-ns/2) (2.15c) 

3M—3/2 ^ 
—^— = —£ YftW(m,m±2)(n_3/2-ni/2). (2.15d) 

Combining equations (2.15) with equations (2.13) and (2.14), we find that 

the rate of change of the total z-component of magnetization is 

3MZ 3Mm g 
"gf = = |w(m,m±2)Mz. (2.16) 

m 

If we label the equilibrium nuclear magnetization in the absence of 

acoustic excitation as M0, then when steady-state conditions prevail (for 

example, with continuous-wave acoustic excitation) 3Mz/3t in equation 

(2.16) must equal the rate of change of nuclear magnetization resulting 

from spin-lattice relaxation: 
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3M, M0-M, 

TT - -iT- (2*17) 

The symbol Tx denotes the spin-lattice relaxation time in the crystal. 

Therefore, setting equation (2.16) equal to equation (2.17) and solving 

for Mz/Mo, we find that 

Mz 

l+-|T,W(m,m±2) 
(2.18) 

This last result indicates that the degree of saturation of the nuclear 

magnetization achievable via acoustic excitation depends on the relative 

magnitudes of Tj and W(m,m±2). Physically, when more acoustic power is 

used, W(m,m±2) increases and MZ/Mo decreases since the acoustically 

stimulated spin transitions tend to equalize the level populations faster 

than spin-lattice relaxation can return them to their equilibrium values. 

General Considerations for ANMR in Biological Tissues 

The central complication that enters if we wish to consider ANMR 

in noncrystalline media is the effect of random thermal motion of the 

constituent atoms or molecules in the material. For the case of 

crystals at room temperature, it may be assumed that nuclei occupy 

well-defined positions in the crystal lattice. An incident acoustic wave 

modulates the nuclear positions in a predictable manner. In contrast to 

this orderly situation, the effect of an acoustic wave on atoms or 

molecules (and therefore nuclei) in liquids or biological tissue is to 

superimpose the highly regular acoustic vibration onto the random 
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thermal motion of the particles. A crucial question, then, is whether 

the random thermal motion will completely average out the acoustically 

modulated internal fields created by one particle at the site of its 

neighbors, thus preventing the acoustic wave from causing spin 

transitions. 

Far from being a new question, the possibility of ANMR in liquids 

has occupied researchers for some years. In an early book on ANMR, 

Kessel (1969) simply dismisses the possibility of ANMR in inviscid 

liquids. His argument (Kessel 1971) is that both the quadrupolar and 

dipolar interactions depend on a random vector that has zero mean and is 

characterized by a correlation time t. The correlation time is simply a 

numerical value for the longest time period over which constituent 

particles maintain approximately the same configuration (that is, the 

same separation, same spin orientation, etc.) during their random motion. 

By a straightforward argument, Kessel shows that the acoustic transition 

probability for a given substance in the liquid state, denoted by W^, is 

related to the acoustic transition probability for the same substance in 

the solid state, W^, by 

1 = ̂  = Y '  (2*19) 
ws T2 

where T2 is the spin-spin relaxation time. For water t"10-11-10-12 

seconds, so n is very small and ANMR is probably not observable. This 

conclusion has, however, been strongly disputed by other Russian authors. 

Alekseev and Kopvillem (1980) claim' that the real condition for the 
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observability of ANMR is that n/s02 be of order unity, where s, is the 

strain amplitude produced by the sound wave. Furthermore, they replace 

T, by T2* (the shorter spin-spin relaxation time due to the presence of 

inhomogeneities in the static magnetic field) and conclude that a strain 

of about 10—H is required. A strain amplitude such as this can be 

created in a liquid. 

Iolin (1973; 1974) has suggested two mechanisms that should lead 

to narrow ANMR lines in liquids that have a small but finite viscosity. 

The first is a reorientation of the axis of an anisotropic molecule under 

the influence of the sound wave; the second is the modulation of the 

scalar spin-spin interaction between spins on the same molecule. In 

both cases, the effect is proportional to the high-frequency shear 

modulus of the material, but for aqueous solutions this parameter is 

taken to refer to the solute molecules rather than the solvent. Still 

another mechanism has been suggested by Alekseev and Kopvillem (1980), 

who showed that an acoustic wave could modulate the amplitude of spin 

echoes even if the sound frequency was not at the NMR resonance 

frequency. 

There is also some experimental confirmation that ANMR exists in 

liquids. Bowen (1964; 1966) found acoustic saturation of the NMR line in 

an aqueous suspension of As2S3, although he failed to find it in aqueous 

solutions of NaCl and CuSOi, or in various organic liquids. Alekseev and 

Kopvillem (1980) have observed acoustic modulation of the NMR spin-echo 

amplitude in an aqueous solution of CuSO,,. Finally, although not 

completely similar to the main interest here, Antokol'skii and coworkers 

(1976) observed strong acoustic electron spin resonance in an aqueous 



solution of Fremy's salt. 

These theoretical and experimental results show that ANMR is 

indeed possible in relatively inviscid liquids. It is clear, however, 

that biological tissues cannot be accurately modelled as liquids for 

purposes of investigating their ANMR properties. The most obvious 

evidence for this contention is that at resonance frequencies of the 

order of 10 MHz, Tt does not equal T2 in tissues as it would in inviscid 

liquids. Implied in this fact is the centrally important information 

that the correlation time T in tissues tends to be much longer than in 

liquids. This conclusion may be reached by considering the general 

theory of dipole-dipole relaxation in thermally random media (Abragam 

1961; Bloembergen, Purcell, and Pound 1948). According to this theory, 

relaxation times Tx and T2 may be written 

In these equations v0 is the NMR resonance frequency and the J^(v) are 

spectral densities describing the random motion of the relative positions 

of two spins; as the subscripts and arguments imply, each J-[(v) involves 

the magnetic fluctuations capable of producing spin transitions in which 

Am=±i. Typically, the autocorrelations G^(t) of the random motion are 

modelled as simple exponentials having the form 

= -^YlTi2I(I+l)[J1(v0)+J2(2v0)] 
l l  l  

(2.20) 

Y,1i2l(l+l)||j0(0)+^jl(v0)+|j2(2v0) (2.21) 



GI(T) = AI.E-TT/'O, (2.22) 

where the coefficient A-^ is constant in time. Thus, since Ji(v) is the 

temporal Fourier transform of Gj/x), the v) are Lorentzian curves 

having a half width at half maximum of 1/2ttt. Examining equations 

(2.20) and (2.21) we see that if 2TTV#T«1, which is the case for liquids 

with short correlation times, then Ji(v0) and Ji(2v0) are well within the 

central peak of the Lorentzian curve and all Ji(v) may be accurately 

approximated as Ji(0). Abragam also shows that in this limiting case of 

very short correlation time, = 6:1:4. Equations (2.20) and (2.21) 

then yield TJ=T2. Alternatively, if 2TTVCT>1 then the Jj(v0) and J2(2v0) 

terms will be well outside the the central Lorentzian peak and will have 

values significantly less than J0(0). Under this condition equations 

(2.20) and (2.21) predict that T2<T,, which is the situation most often 

observed in tissues (Mansfield and Morris 1982). Although this 

development has dealt specifically with relaxation due to magnetic 

dipole interactions, similar considerations hold for electric quadrupole 

relaxation. 

Typical NMR resonance frequencies for tissue studies are 

v0~10MHz, so we may conclude that tissues generally have a correlation 

time tM/2tiv0~10-b seconds which characterizes some component of the 

internal field fluctuations. This is much longer than the correlation 

times in water and other inviscid liquids. The implication for ANMR is 

that in tissues the neighboring nuclei maintain approximately the same 

configuration over a time interval longer than or at least comparable to 

l/2irve. If an acoustic wave at frequency v0 or 2v0 is modulating the 



internuclear separation, this modulation will be allowed to complete at 

least one cycle and possibly many cycles before neighboring nuclei have 

drifted apart or reoriented significantly. Therefore, it is reasonable 

to expect that an acoustic wave will have a good chance to stimulate 

spin transitions in tissues, and this chance should get better the longer 

T is compared to l/2irv0. 

compared to crystalline solids, but there is a compensating trend which 

helps to increase the probability for ANMR in tissues. As found in 

equations (2.7) and (2.12), the acoustic transition probability W(m,m') 

depends on the square of the strain amplitude s0« In equation (2.4) the 

strain amplitude for an acoustic plane wave was found to be kb0=2irb0/X, 

where b0 is the particle displacement amplitude and X is the wavelength. 

From any basic text on acoustics (Kinsler, Frey, Coppens, and Sanders 

1982) s0 for a plane wave may be written 

where I is the acoustic intensity in W/m2, f is the acoustic frequency, p 

is the material density, and v is the acoustic velocity. For equal 

intensities I the ratio of (s0)x tissue to (s0)s in a solid is then 

Random thermal motion in tissues tends to reduce ANMR effects 

(2.23) 

(sq)T 

(s0)s 
(2.24) 

2i "|i/2 vT (pv)T 
VS (Pv)s vsl_( Pv)S 
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Taking crystalline KI as a first example, we find from Bolef and Menes 

(1959) that Pg=3.1xl03 kg/m® and vg=2.9xl0® m/s. Soft tissue acoustic 

properties do not vary over an extremely wide range; Wells (1977) gives 

tables of tissue properties from which we may take vt = 1.6x103 m/s and 

(pv)^-lO6 kg/m2-s. Numerical substitution into equation (2.24) then 

gives 

(So)T 

TTT =  5- <2*25> (s0)s 

Similar numerical calculations for soft tissue versus NaCl crystal, with 

data for the crystal taken from Proctor and Robinson (1956), give a ratio 

=10. A reasonable conclusion is that a significant increase in strain 

amplitude may be achieved when the medium is tissue rather than a 

crystal; consequently, the acoustic transition probability W(m,m') will 

also be increased for a given acoustic power input. 

"Na ANMR in Muscle Tissue 

For specific theoretical and experimental consideration the 23Na 

nucleus in muscle tissue has been selected. Several reasons for this 

particular choice are, first, that "Na has spin 1=3/2 and therefore an 

electric quadrupole moment. As noted in the first section of this 

chapter, the quadrupole interaction is in general stronger than the 

magnetic-dipole interaction, so there is greater hope for significant 

ANMR effects in such a nucleus. Secondly, 25Na is an element of 

considerable biomedical interest, and it occurs biologically in sufficient 
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concentration to be detectable by magnetic resonance methods (Mansfield 

and Morris 1982). Finally, previous research on the physics of 2*Na in 

muscle provides some of the numerical data required in order to make 

approximate quantitative predictions for ANMR phenomena in this medium. 

The exact state of 23Na ions in biological tissue has been the 

subject of some controversy in the literature. Berendsen and Edzes 

(1973), using NMR data on 23Na relaxation times, have put forth the 

theory that there is only one state for sodium ions in tissue, namely, 

the sodium ions diffuse through groupings of biological macromolecules 

which create significant electric field gradients over distances large 

compared to the diffusion length of the ions. Interestingly, Chang and 

Woessner (1978) have used very similar theory and data to come to a 

fundamentally different conclusion. Their claim is that rather than 

diffusing in a simple manner the sodium ions form temporary associations 

with charged sites on the macromolecules. 

There will be no attempt here to resolve this question. The 

description of Chang and Woessner will be adopted for the pragmatic 

reason that their work gives detailed numerical results, which will be 

necessary for the desired ANMR calculations. It has been noted, 

however, that much of the theory is the same in both approaches, so this 

theory will be outlined below before making use of the results. 

When possible relaxation mechanisms for 23Na ions in biological 

tissue are considered, it is found that magnetic dipole-dipole 

interactions among nuclei lead to relaxation times that are about two to 

five orders of magnitude longer than those observed experimentally 

(Berendsen and Edzes 1973). We are thus forced to conclude that 
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electric quadrupole interactions are solely responsible for relaxation. 

Due to charges on neighboring macromolecules, the sodium ions experience 

fluctuating electric field gradients that couple to the 2SNa quadrupole 

moments. If the field-gradient fluctuations are characterized by a 

spectral density J(v), and if any correlation time t describing the 

fluctuations is short compared to the observed T2 of the resonance, the 

theory developed by Hubbard (1970) applies, and the relaxation times for 

the 25Na nuclei may be written 

(2.26a) 

(2.26b) 

1 
T*f 

£2 
"ft 

[J(0)+J(v0)] (2.26c) 

;jr— = [J(Vo)+J(2v0)]. (2.26d) 

In these equations Q is the Na" quadrupole moment, v0 is the NMR 

resonance frequency, e is the electronic charge, and the s and f 

subscripts stand for "slow" and "fast". 

The fact that there are two spin-lattice relaxation times (Tjf 

and Tis) and two spin-spin relaxation times (T2f and T2s) generated by 

Hubbard's theory must now be compared with the experimental data. Both 
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pairs of researchers cited earlier find only one value for Tt ( = 17 msec) 

in muscle, that is, the spin-lattice relaxation is characterized by a 

single exponential. The two groups also agree that two distinct values 

for T2 can be measured. Numerically these are T2f=2 msec and 123=16 

msec. Examining these numbers in light of equations (2.26) we note that 

Tif=Tis=T»> T2s=Ti, and T2f<T2s implies the following relation (Chang and 

Woessner 1978): 

J(0) » J(v0) = J(2v„). (2.27) 

Crucial information is contained in this result. Traditionally, J(v) is 

modelled as a Lorentzian shape characterized by a correlation time T 

(Abragam 1961): 

J(v) • Th ZV VTJ1* (2-28) 

where A is a constant. From equation (2.27) the relationship J(v0)=J(2v0) 

implies that 2ITV0T«1. At the same time, however, if J(0)»J(v0) then we 

must have 2TTV0T>1. These results are contradictory, suggesting, the 

following conclusion. The random fluctuations of the field gradient 

have a spectral density which must be described by a minimum of two 

correlation times. A correct expression for J(v) is then written (Chang 

and Woessner 1978) 
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1+(2TTVT1) 
Bt2 

(2.29) 
l+(2TrvT2)2* 

We may now satisfy equation (2.27) by imposing the condition 

2ITVqTJ « 1 < 2TTV0T2. (2.30) 

Resonance frequencies v0 used by the experimenters lead to the numerical 

results t1«10-8 sec, t2>10-8 sec. It is now seen that T2f arises due to 

the longer correlation time and T2S is due to the shorter correlation 

time. The theory (Hubbard 1970) predicts that 40% of the NMR signal 

magnitude is associated with the relaxation time T2S and the remaining 

60% with T2f; measurements from both Chang and Woessner (1978) and 

Berendsen and Edzes (1973) agree well with this prediction. 

In physical terms the theory and experimental results just 

reviewed indicate that there is a high-frequency (Tj) random fluctuation 

superimposed onto a much slower (t2) fluctuation in the electric field 

gradient. Fluctuations from the electric dipoles of reorienting water 

molecules are suggested as the source of Tj, this being the same 

mechanism responsible for sodium relaxation in aqueous solutions (Hertz 

1973). The slower fluctuations are attributed to the temporary 

adsorption of the sodium ions on charged macromolecular sites. As well 

as the condition t2>10~8 sec, an approximate lower bound may be 

established for the slow fluctuation at t2<10-5 sec (Chang and Woessner 

1978). With regard to the possibility of sodium ANMR in muscle, these 

numbers are encouraging. A plausible NMR resonance frequency for 25Na 



biomedical measurements is v0=5 MHz (static magnetic field = 0.45 T), so 

acoustic excitation at 2v0=10 MHz gives a period of 10-7 sec for the 

acoustic vibration. This period is at least comparable to and may be 

much shorter than t2. Therefore, we have grounds to expect that the 

effect of acoustic excitation will not be averaged out by the random 

thermal motion. This is the same conclusion reached before when tissues 

in general were considered, but in this example we have specific numbers 

to verify the conclusion. 

We would now like to use further numerical results from Chang 

and Woessner (1978) to calculate the ANMR transition probability. 

Coefficients A and B in equation (2.29) are actually (eqx)2/20 and 

(eq2)2/20, where eqx and eq2 are the amplitudes of field-gradient 

fluctuations associated with and t2, respectively. Knowledge of the 

relaxation times allows eqt and eq2 to be calculated using equation 

(2.29) in equations (2.26). For the limiting cases t2=10~5 sec and t2=10-8 

sec, the results for eq2 are 2xl016 V/m2 and 64xl018 V/m2. The amplitude 

of the perturbation on this field gradient due to an acoustic wave may 

be estimated in the same manner used to arrive at equation (2.6) if the 

gradient is viewed as arising from a simple point-charge model with r-s 

spatial dependence. With this approach, the acoustically generated field 

gradient amplitude is 3s0eq2. Referring to equation (2.12b), we now have 

enough information to make an estimate of W(m,m±2). The quadrupole 

moment Q for 23Na is 10-29 m2 (Proctor and Robinson 1956); at the center 

of the resonance g(v) is given by T2/tt (Abragam 1961), which in our case 

is = 10~3 sec; we assume that the acoustic wave is oriented at the 

optimum 90° angle to the static magnetic field. When the other 



numerical values are also substituted into equation (2.12b) we find that 

for the two extremes of T2 the transition probability rates are 

W(m,m±2) = 1.2X107(3S0)* sec-1 (t2 = 10~8 sec) s (2.31a) 

W(m,m±2) = l^xlO^Os,)4 sec-1 (t2 = 10-s sec). (2.31b) 

If we use an average acoustic intensity of 1 W/cm2, along with v=1600 

m/s and p=1000 kg/m® for muscle tissue (Wells 1977), equation (2.23) 

gives s0=7xlO~5. Substituting this strain amplitude into equations (2.31) 

we finally obtain 

W(m,m±2) 2 5xl0-1 sec-1 (T2  = 10-8 sec) (2.32a) 

W(m,m±2) = 5X10-" sec-1 (t2 = 10~! sec). (2.32b) 

Studying equation (2.18) and remembering that Ti = 17 msec, we find 

that these values for W(m,m±2) are too small by two to four orders of 

magnitude if we wish to produce significant saturation of the nuclear 

magnetization, using the criterion TiW(m,m±2)=1 as the onset of 

saturation. Although equation (2.18) is not strictly applicable in this 

situation (since the requirement T2«T! does not hold in muscle as 

strongly as in crystals), the criterion TiW(m,m±2)=1 is still valid for 

the saturation threshold in all media (Abragam 1961). There are reasons, 

however, to suspect that the numerical results for W(m,m±2) are 

pessimistic by large factors. First, the simple point-charge model used 
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to explain the field gradient does not take into account the true 

complexity of the nuclear electrical environment. Abragam (1961) has 

indicated that point-charge models often fall short by several orders of 

magnitude in predicting field gradients affecting quadrupolar relaxation 

in solids; dramatic correction factors have to be added to account for 

distortion of the electronic shells of the ions by external charges, and 

other large increases in the field gradient occur if there is any degree 

of covalence in the bonds formed by the ions with their neighbors. 

Secondly, it is not unrealistic to consider the use of pulsed and/or 

focussed acoustic intensity having amplitude significantly greater than 

the 1 W/cm2 figure used in equations (2.32). Since W(m,m±2) varies 

linearly with acoustic intensity, this factor alone could have a dramatic 

effect. 

In conclusion, the results of this section concerning "Na in 

muscle tissue indicate that there is some possibility for ANMR effects in 

this medium. Correlation-time considerations alone do not preclude 

ANMR. The main uncertainty lies in accurately predicting the acoustic-

quadrupolar interaction strength in such a complicated electrical 

environment. Previous researchers have found this task difficult even 

for the much more orderly structure of crystals. Therefore, Chapter 4 

reports on an attempt to observe "Na ANMR experimentally in the 

noncrystalline medium, thereby attacking empirically a problem which is 

probably too complicated for accurate theoretical analysis. 



CHAPTER 3 

BIOMEDICAL ANMR TECHNIQUES 

There are several ways in which ANMR could be used for medical 

imaging. In this chapter some specific techniques will be considered. 

Rather than replacing conventional MRI or ultrasound techniques, it is 

much more likely that ANMR could have a complementary role to play. 

Information about the nuclear environment in tissues, which might be 

correlated with disease or health in a manner similar to relaxation 

times in MRI, is likely to be the most promising potential benefit of 

ANMR. 

Suitable Biological Structures 

Nuclei possessing an electric quadrupole moment are attractive 

candidates for in vivo ANMR investigation, since from the analysis in 

Chapter 2 we expect a stronger acoustic coupling to the quadrupole 

moment than to the magnetic dipole moment. Quadrupolar nuclei of 

biomedical interest include 23Na, 39K, and 127I. Notwithstanding the 

potential advantages of quadrupolar nuclei, species with spin 1=1/2 

cannot be neglected, if for no other reason than their extreme 

biological importance. Among these nuclei is hydrogen. The great 

abundance and significance of water in the human body has made hydrogen 

the central focus for MRI. Correlation times as long as 10-5 seconds 

have been identified as having importance in hydrogen relaxation in 

f.issues (Mansfield and Morris 1982), leading us to expect the 
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possibility for ANMR in this nuclear species. Also of prime interest is 

the 5,P nucleus, which has a leading role in cell metabolism through the 

ATP-ADP cycle; in recent years, in vivo 'lP spectroscopy has emerged as 

an important tool (Barany and Glonek 1984). 

Most soft tissues have roughly similar acoustic characteristics. 

The acoustic strain achievable in these tissues will be of nearly uniform 

amplitude for a given acoustic power, although the attenuation may vary 

from about 0.3 dB/cm-MHz to 2 dB/cm-MHz for typical medical-ultrasound 

frequencies (Wells 1977). Tissues with lower attenuation are obviously 

more attractive for ANMR since less acoustic power would be required to 

produce noticeable effects. Bone is probably an insurmountable problem 

with regard to acoustic attenuation; not only is the attenuation very 

high in this medium (20 dB/cm-MHz at frequencies in the range 5-10 MHz), 

but the acoustic impedance of bone represents a significant mismatch 

with that of soft tissue, leading to a high reflection coefficient at an 

interface between soft tissue and bone. Therefore, iruch of the acoustic 

power impinging on bone will be reflected and the power that does enter 

the bone will be attenuated very rapidly. An unfortunate consequence is 

that brain tissue would be very difficult to investigate by ANMR 

methods, since acoustic excitation at frequencies greater than 4 MHz 

could not efficiently pass through the skull. Only by lowering the 

acoustic frequency to around 1 MHz could ANMR investigation of the brain 

be seriously contemplated, but this frequency is probably too low to be 

useful due to NMR signal-to-noise considerations. 

One biological structure that might prove particularly suitable 

for ANMR techniques is the cell membrane. It is well known that cell 



membranes consist of thin (~100 Angstrom) layers having oppositely 

charged surfaces. The electric field created between the surfaces can 

approach the extremely large value 107 V/m (Mackey 1975). Acoustic 

modulation of the separation between the charged layers would also 

modulate any field gradients present, thereby causing spin transitions in 

quadrupolar nuclei near or inside the membrane. Since one function of 

cell membranes is to control the passage of ions into and out of the 

cell, and since many of these ions have nuclear quadrupole moments (most 

notably "Na and ,9K), it is likely that at any given time there will be 

quadrupolar nuclei present in the vicinity of the modulated field 

gradients. Thus, the electrophysics and biological function of cell 

membranes seem very well suited to ANMR. An attempt to observe ANMR 

inside cell membranes in vivo, however, could be seriously hampered by 

the fact that the volume consisting of regions inside or very near 

membranes is a small percentage of the total tissue volume. This means 

that even if ANMR effects were taking place near the membranes, these 

effects would tend to be lost in the background signal from the other 

nuclei in the tissue. It might therefore be more practical to consider 

ANMR as a means for investigating membranes in the laboratory rather 

than in vivo, in the same manner that conventional NMR, electron 

microscopy, and other techniques have been used in the past (Gomperts 

1977). 

Acoustic Beams as a Substitute for Magnetic Field Gradients 

As discussed in Chapter 1, magnetic field gradients are the only 

means used to date to create the spatial variation required to form an 



image in MRI. A field gradient generates a distribution of resonance 

frequencies among the nuclei. Radio-frequency magnetic fields then 

cause all the nuclei within the sample volume to produce an rf signal, 

which is detected in a receiving antenna. Fourier transformation of this 

signal gives a spatial map of the nuclear distribution. 

Another imaging possibility exists for nuclei that are 

susceptible to excitation through ANMR. Rather than the combination of 

field gradients and rf pulses, an acoustic beam alone could provide both 

excitation and resolution of a volume or line element of spins. Only 

spins along the path of the acoustic beam would be stimulated to produce 

an NMR signal. The amplitude and duration of the acoustic beam would be 

chosen to provide 90° or 180° pulses analogous to those formed by pulsed 

magnetic fields. Detection of the acoustically generated NMR signal 

would be by the usual receiving antenna. A two-dimensional image could 

be built up by varying the orientation of the acoustic beam in the 

manner of X-ray CT; as in CT, the (acoustic) pencil beam would produce 

the (ANMR) response along a line projection through the patient, many 

such line projections would be made for each angular orientation of the 

projections (in order to cover the whole planar slice), and after all 

projection angles have been traversed the data set would be 

mathematically converted into an image. This hypothetical geometry is 

illustrated in Figure 3.1. 

An image produced by the method outlined above would be quite 

different from a conventional MRI image. Most importantly, only those 

nuclei having a microscopic electrical or magnetic environment that 

allows them to be acoustically stimulated could contribute to the image. 
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Thus, for example, while conventional MRI creates an image of all sodium 

nuclei within the sample volume, an ANMR image would show only a subset 

of the total nuclear population. The diagnostic utility of an ANMR image 

would therefore depend on the ability to associate the microscopic 

electromagnetic environment within a given tissue type with the state of 

health in that tissue, in much the same way that conventional MRI 

utilizes nuclear relaxation times (which also depend on the local 

electromagnetic environment). In fact, as the analysis in Chapter 2 

indicates, ANMR is closely tied to relaxation times and the associated 

correlation times. 

Several practical details of ANMR imaging deserve discussion. If 

quadrupolar nuclei are under investigation, the use of Am=l or Am=2 

transitions may require significantly different hardware geometries 

because of the different optimum orientation of the acoustic beam 

relative to the static magnetic field in the two cases [equations 

(2.12)]. The Am=2 transition seems to lend itself more naturally to 

medical imaging because the static magnetic field in MRI machines is 

usually oriented along the axis of the patient's body, which implies that 

for the Am=2 transition the optimum acoustic-beam orientation is similar 

to that of an X-ray beam in X-ray CT; that is, the acoustic beam is at 

90' to the static field and defines a cross-sectional "slice" through the 

patient. For the Am=l transition, the optimum angular separation 

between the static field and the acoustic beam is 45®, which dictates a 

rather awkward hardware geometry. A second benefit of Am=2 acoustic 

excitation is the reduction of the possibility that the electronic 

signals driving the acoustic hardware will interfere with the NMR signal 



channel. Finally, since the acoustic hardware itself would have to be 

placed in a confined space within or near the static magnetic field, 

electronic beam-forming for the acoustic waves (by means of an acoustic 

phased array) would probably be preferable to a mechanically complicated 

moving gantry. 

Aside from the Am=l versus Am=2 issue, there are two very 

serious problems that are related to each other and that would have to 

be overcome before any ANMR imaging method could be implemented. These 

are, first, the acoustic power and duration required to form a 90° pulse, 

and second, acoustic attenuation in tissue. In order to create a 90# 

pulse, either with rf magnetic fields or with acoustics, the excitation 

must generate a transition rate at least comparable to that caused by 

local fields in the lattice. As the analysis in Chapter 2 indicates (for 

sodium in muscle tissue), this may be difficult in the acoustic case 

because of the large acoustic power required to achieve a suitable 

transition rate. The pulse duration required is usually somewhat 

shorter than T2 in the medium, while the pulse repetition rate, for a 

simple free-induction measurement, is comparable to Tj. A realistic duty 

cycle for the excitation pulses in tissue is therefore of order 0.1 to 

0.01. These considerations imply that with a high peak power and a 

nonnegligible duty cycle, the average acoustic power delivered to the 

tissue could easily become excessive. The situation is further 

complicated by acoustic attenuation in tissue; the acoustic amplitude may 

be rapidly reduced with penetration distance into the tissue, so that 

only along some limited segment of the acoustic beam is there truly a 

90' pulse. To produce a 90° pulse deep within an even moderately 



attenuating medium might require a completely unrealistic acoustic power 

at the surface. Only further research on different nuclear species in 

different tissues can adequately address the acoustic power problem and 

determine what situations, if any, lend themselves to a practical in vivo 

ANMR imaging technique. 

ANMR in Combination With Conventional MRI 

Perhaps a way to reduce the acoustic power problem discussed 

above is to combine the ANMR effect with standard MRI techniques. The 

greatest potential benefit of this approach would be to substitute the 

usual static field gradients and rf excitation pulses for acoustic 90' 

and 180® pulses. An acoustic power lower than that required for rapid 

excitation could then be used for partial saturation of the nuclear 

magnetization. 

Such a procedure might be used as a contrast technique. Regular 

MRI images attempt to distinguish health from disease by means of 

nuclear concentration and/or nuclear relaxation times. Recently, 

externally-introduced paramagnetic agents, selectively targeted at 

various tissues, have been investigated as a means to artificially 

heighten the relaxation-time difference between tissues (Brasch 1983). 

ANMR, if used in conjunction with conventional MRI, holds a similar 

attraction. Contrast could be created by forming the usual MRI image 

and then subtracting a second image made while acoustic excitation is 

present. The difference image would then identify those tissues that 

contain nuclei susceptible to acoustic stimulation. 
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Another technique, which might in fact be the most practical of 

all discussed so far, is the combination of ANMR with in vivo NMR 

spectroscopy. Surface coils for localized imaging and spectroscopy tend, 

by their very nature, to investigate a relatively shallow depth into the 

tissue. Therefore, the problems of high acoustic power and attenuation 

in tissue would be minimized if ANMR were used in conjunction with 

surface coils. Although at present no detailed description of the 

benefits from this combined spectroscopy/ANMR approach can be given, it 

certainly seems reasonable to expect that acoustic excitation would 

affect different NMR spectral components in varying degrees, depending 

on the nature of the microscopic electromagnetic environment that 

produces each component. Whether such an effect can in fact be 

observed, and what diagnostic value the effect might have, remains to be 

determined by future research. 

Purely Acoustic Techniques 

In all of the discussion up to this point, the general method we 

have considered involves the combination of acoustics and 

electromagnetics for the total excitation/detection scheme. It is well 

known, however, that purely acoustic techniques may be used to detect 

nuclear resonances; this fact, along with an outline of the associated 

experimental apparatus, is mentioned in Chapter 1. The question which 

then confronts us is: Are purely acoustic nuclear techniques promising as 

medical diagnostic tools? 

The answer to this question seems to be negative. Basically, 

the difficulty with such an approach lies in the extremely small 



magnitude of the component of the acoustic attenuation coefficient that 

is due to absorption by nuclear spins. Equation (2.2) gives a general 

expression for the acoustic power absorbed by the spin system. Bolef 

(1966) uses the ratio of this expression to the acoustic power per unit 

area introduced into the medium to define an acoustic power absorption 

coefficient 2a due to the spins. In crystals, 2a is found both 

theoretically and experimentally to be of the order of 10-7 to 10-8 per 

centimeter. Even in good acoustic materials, the background acoustic 

attenuation coefficient is of order 10-2 per centimeter; in soft tissues, 

the background attenuation coefficient is of order 1 per centimeter 

(Wells 1977). To directly observe nuclear acoustic absorption in tissues 

would therefore be more difficult, by a very large factor, than the 

already difficult task in crystals. Thus, given the extraordinary 

sensitivity of the measurement that would be required, purely acoustic 

nuclear techniques do not appear to be promising for biomedical 

applications. 



CHAPTER 4 

EXPERIMENTAL INVESTIGATION OF SODIUM ANMR IN MUSCLE TISSUE 

In Chapter 2 the theory of "Na ANMR in muscle tissue was 

outlined. The present chapter will detail the experimental results 

obtained for this medium. A description of the equipment used in the 

experiments is given first, followed by the ANMR measurements 

themselves. As a test of the equipment and procedure an ANMR saturation 

experiment is performed on "Na in NaCl crystal; this is a well-

established experiment which allows us to ascertain correct performance 

of the hardware. 

Equipment Configuration for "Na NMR and ANMR 

The equipment used for our NMR and ANMR measurements is shown 

in block diagram form in Figure 4.1. For thoroughness, the 

manufacturers and functions of all the elements will be described here 

in detail. Components which are homemade receive particular attention. 

Also, since grounding is known to be a source of much difficulty in 

systems such as ours which combine low-level and high-level electronic 

signals, the grounding scheme is discussed. 

To begin, the source of the static magnetic field was a Varian 

model V-4014 electromagnet with 0.93 inch pole cap spacing and 12 inch 

pole cap diameter. This magnet was designed to be water cooled, but the 

low field used in our experiments (=0.45 T) resulted in so little heating 

of the magnet windings that no cooling other than the ambient air was 
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required. The power supply for energizing the magnet windings was of 

homemade design and construction. Briefly, the power supply utilizes a 

conventional design approach: A variable autotransformer delivers 60 Hz 

power at an adjustable voltage to a full-wave diode bridge and 

capacitive filter; the dc current to the magnet windings must then pass 

through a bank of parallel current-regulating transistors and a current-

sensing resistor; finally, the voltage from the sensing resistor is 

compared to an adjustable dc reference voltage, the difference signal is 

amplified and filtered, and this feedback signal dictates the 

conductivity of the current-regulating transistors, completing the 

control loop. 

Magnetic field amplitude was set by the adjustable dc reference 

voltage in the feedback loop. At room temperature a current of 

approximately 0.4 A was required to achieve the desired field, driving a 

total cold-winding resistance of 1040 ft. Thus, the power dissipated in 

the windings was only about 166 W. A warm-up time of 4 to 5 hours was 

required for the power supply and magnet to reach maximum stability. 

The temporal field stability, while not as good as that obtainable with 

a commercial NMR power supply, was sufficient for our purposes. Based 

on observation of the sodium NMR free-induction signal (more exactly, 

the beat frequency between the signal and the rf oscillator used for 

generating the 90° pulse), the magnetic field was seen to drift by 

~5xl0-6 T (NMR resonance-frequency drift of about 50 Hz) on a time scale 

of 10 minutes. Measurements of the frequency stability of the rf 

oscillator over 10-minute intervals on several different occasions 

indicated that its drift was about 20 to 30 Hz, (equivalent to 2xl0~6 T 
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for isNa). Therefore, some of the observed drift was due to the magnet 

and some was due to the oscillator. 

The rf oscillator used to generate the NMR excitation pulses and 

demodulate the received signals was a Rohde and Schwarz model SMFA 

BN41300. Immediately following the oscillator, a 180° hybrid power 

splitter (Anzac model H-l-4) divided the signal, half going to the rf 

power amplifier for the 90° excitation pulses and half going to the 

mixer used to homodyne the incoming NMR signal. Gating for the rf 

pulses was provided by two cascaded Anzac model MD-143 mixers between 

the rf oscillator and the rf power amplifier (PRD model 7835). The gate 

signal to the mixer inputs was a 5 volt square pulse delivered by an EH 

model G710 pulse generator. After leaving the power amplifier, the rf 

pulses passed first through a simple LC bandpass filter (Q=7) centered 

at 5 MHz to limit extraneous high-level noise at frequencies outside 

those needed for the pulses, and then through a network consisting of 

crossed diodes and a quarter-wave (at 5 MHz) length of coaxial cable. 

This network was designed to present a low impedance to high-level (>1 

V) signals at 5 MHz while blocking low-level signals at the same 

frequency; that is, the network acts as an automatic gating circuit which 

operates at signal levels too large for standard rf mixers (Sears 1981). 

The goal was to have this network block any 5 MHz power that could come 

from the power amplifier due to imperfect operation of the pulse-forming 

mixers, during the time when the excitation pulse was supposed to be 

off. 

Another set of crossed diodes was placed in series at the 

termination of the coaxial cable connecting the modified power-amplifier 



output to the sample coil impedance-matching network. Again, these 

diodes act as an automatic gate which allows the excitation pulse into 

the rf sample coil but prevents the small NMR signal from travelling 

back towards the power amplifier. Instead, the NMR signal sees a 

matched 50 fl path from the sample coil to the input of the low-noise 

receiver amplifier. This path takes the signal through a second quarter-

wave coaxial line, which is shunted with crossed diodes at the input to 

the low-noise amplifier. Although this line appears matched to small 

signals (when the shunt diodes are open), the large rf excitation pulse 

sees a high-impedance antiresonant path (when the shunt diodes are 

conducting). Thus, the overall arrangement of crossed diodes and 

quarter-wave line has the following effect: When the rf excitation pulse 

comes to the sample coil, it sees an impedance-matched path into the 

coil but a high-impedance mismatch into the receiver amplifier, and 

therefore the excitation energy is delivered to the sample coil as 

desired; after the excitation, the small NMR signal sees a matched path 

into the receiver amplifier but a high-impedance mismatch into the 

power-amplifier output, so the entire NMR signal is directed into the 

receiver. 

The sample coil and its associated impedance-matching network 

were of straightforward design. A plastic culture tube provided the 

form on which the coil was wound. The coil was 1 inch in length and 

0.59 inch in diameter, with 25 turns of solid copper magnet wire (AWG 

#22). Rather than being wound as a simple solenoid, the coil had a 

higher density of turns at the ends to provide a more uniform rf 

magnetic field within the sample volume (Melton and Pollak 1971). 



Measurements on a Hewlett-Packard model 4815A rf impedance analyzer 

gave the coil inductance as 4.5 uH. A tuning capacitance of =250 pF 

resonated the coil at 5 MHz; the resonant impedance of this circuit was 

measured and found to be 1900 SI, indicating a Q of 15. For impedance 

matching the 1900 Ji circuit to the 50 Si coaxial cables, a simple LC 

network was used (L=9.9 vH, C=100 pF). Both components in this network, 

along with the tuning capacitance for the coil, were placed in a small 

metal shield-box just outside the magnet gap. A shield tube 4 inches 

long which fitted around the coil and culture tube was constructed from 

several layers of brass foil and connected by a soldered wire to the 

shield box holding the other components. The brass shield and coil 

assembly were held in place at the center of the magnet gap simply by 

their tight fit. 

Following the low-noise receiver amplifier (Avantek model 

UTC5-112M; power supply 15 V from Kepco model CK36) a final set of 

shunt crossed-diodes limited the amplitude of the amplifier output due 

to the rf excitation pulse. An LC, low-Q bandpass filter centered at 5 

MHz then restricted the noise bandwidth of the receiver output. After 

this conditioning the signal entered the homodyne mixer (Olektron model 

0-CDBS-5004), along with the reference signal from the rf oscillator. 

The demodulated NMR signal from the mixer's intermediate-frequency port 

was fed into a homemade three-stage audio-frequency amplifier 

constructed from three 741 operational amplifiers. It was found that ac 

coupling at the amplifier input was required to prevent small drifts in 

the dc level of the signal from causing large shifts in the output 

following the high amplifier gain. A high-pass filter having a time 



constant a little greater than 1 msec was created by this coupling. The 

total voltage gain of the amplifier was adjustable via a potentiometer 

in the last stage; the gain used in operation was about 20,000. 

Provision was also made for adjusting the dc level of the amplifier 

output to accommodate the requirements of the A/D converter used to 

digitize the signal. Shunting the amplifier output was a blanking 

circuit formed from NPN and PNP transistors in series. These transistors 

were driven by gating signals from a second EH model G710 pulse 

generator slaved to the master pulse generator which produced the NMR 

90° pulses. The purpose of the blanking circuit was to short circuit the 

output during the excitation pulse to prevent the large signal from 

damaging the A/D converter. 

A low-pass filter (Multimetries model AF-220) was set to limit 

the high-frequency noise in the output while preserving the signal 

amplitude. For sodium NMR in tissue the filter 3 dB point was set at 10 

kHz. The combination of the high-pass filter due to ac coupling at the 

audio-amplifier input and the low-pass filter at the output produced a 

peak in the frequency response of the overall system; the response was 

maximum and approximately flat between about 3 and 6 kHz, so the 

frequency of the rf oscillator was detuned from the exact NMR resonance 

frequency by about this amount to produce "beats" in this optimum range. 

Measurements in tissue required signal averaging to obtain an 

acceptable signal-to-noise ratio. This task was accomplished by a 

homemade circuit board based around an RCA CA3300 6-bit flash A/D 

converter and an Analog Devices AD558 8-bit D/A converter, with the 

board itself controlled by an IBM PC-AT computer. A BASIC program with 



assembly language subroutines directed this hardware to digitize and add 

1024 waveforms, divide the sum by 1024, and then output the result to an 

oscilloscope via the D/A converter. The digitized waveforms consisted of 

1024 points with an 8.5 usee sampling interval, for a total digitized 

waveform length of about 9 msec. Relaxation times in tissue are short 

enough to allow a 90° pulse repetition rate of about 15 to 20 Hz without 

any danger of signal saturation, so the entire sequence of 1024 

waveforms could be acquired in approximately 1 minute. 

Equipment for the acoustical part of the experiments consisted, 

first, of a separate rf oscillator (Hewlett-Packard model 3200B). The 

built-in attenuator on the oscillator was set to produce the desired 

maximum driving voltage at the acoustic transducer; additional external 

attenuators (General Radio models 874-G10 and 874-G20) were used to 

reduce the power level when desired. An rf mixer (Olektron model B-CHD-

3005) following the oscillator output provided the pulse-forming for the 

acoustic excitation. Gating signals for the mixer were produced by a 

third EH model G710 pulse generator slaved to the master pulse 

generator driving the NMR excitation pulses. After leaving the mixer, 

the gated signals were amplified by an ENI model 420LA rf power 

amplifier. Finally, the amplified signal drove the impedance-matched 

acoustic transducer. This was a custom device designed and built by 

Harisonics, Inc., for operation at approximately 10 MHz (twice the NMR 

resonance frequency); a matching layer on the transducer face impedance-

matched the acoustic output to water. Only nonmagnetic materials were 

used in the transducer to prevent any distortion of the homogeneous 

magnetic field near the ANMR sample. Impedance matching to the 50 



power-amplifier output was accomplished via series capacitance; the 

match was checked on the Hewlett-Packard impedance analyzer and found 

to be about 50±2 12, with phase shift very close to zero, over a 

frequency range of ±50 kHz around the resonance frequency. 

The piezoelectric transducer element was embedded at the end of 

a 1 cm diameter plastic housing. Thick-walled, clear, heat-shrinkable 

plastic tubing of 3/8 inch diameter was found to have a good fit over 

the transducer housing, so this tubing was used to hold the tissue 

sample. At the end of the tube opposite the piezoelectric element, a 

nylon stopper was held in place by heat-shrinking the tubing over it to 

make a tight fit. A water column about 3 inches high provided acoustic 

contact between the tissue sample and the transducer. The entire 

assembly was inserted into the plastic culture tube around which the NMR 

coil was wrapped; the position of the transducer assembly inside the 

coil was adjusted so that the tissue sample was at the center of the 

coil. Figure 4.2 shows the complete acoustic cell. 

Several miscellaneous instruments used in setting up the 

experiments deserve mention. To monitor the excitation current in the 

rf NMR coil, a Tektronix model P6019 current probe was clipped around 

one of the leads between the coil and the shield box containing the 

tuning capacitance and matching network. Frequency measurements on the 

NMR and acoustics rf oscillators were made using a Hewlett-Packard 

model 5383A frequency meter. Finally, measurement of the strength of 

the static magnetic field was accomplished with an Applied Magnetics 

Laboratory model GM1A gaussmeter. 
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Acoustic cell for acoustic saturation experiments with tissue. 



A brief discussion of grounding is in order, since some 

configurations were found to have a definitely negative effect on the 

quality of the measurements. Basically, the difficulty lay in how to 

ground the magnet frame (which was necessary to help shield the NMR 

coil from stray pickup) and the relation between the grounding of the 

acoustical equipment and the rest of the NMR setup. All electronic 

instruments derived power from standard wall outlets via three-pronged 

plugs, so a common ground existed at the wall; the magnet frame, 

however, was not automatically tied to the wall-outlet ground. To 

ground the magnet while minimizing ground-loop problems between the NMR 

and acoustic channels, the optimum approach was found by trial-and-error 

to be as follows. A heavy-guage ground strap bolted to the magnet 

frame was soldered to the ground shield on the cable feeding rf power 

to the acoustic transducer, at a point close to the magnet. At the same 

time, the grounds and shielding for the NMR components were electrically 

isolated from the magnet frame (a grounded shield-box on top of the 

magnet contained the quarter-wave line, crossed diodes, low-noise 

amplifier, and bandpass filter described earlier). Thus, the magnet 

frame was grounded through the acoustic channel, and the only common 

point for the acoustic and NMR grounds was at the pulse-generator 

outputs (and, of course, the wall). By no means did this arrangement 

completely prevent interference from being coupled into the NMR channel 

from the acoustic channel; the arrangement did, however, minimize the 

interference to the point where the interference was not a problem 

during the time when the NMR signal was being acquired and the rf power 

to the acoustic transducer was gated off. 
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Acoustical and NMR Characterization of Tissue Sample 

The sample material used in our experiments was beef heart 

which had been soaked for about 24 hours in a saturated solution of NaCl 

and water. Although this obviously gives a sodium concentration in the 

tissue which is much greater than in the living state, the step was 

necessary in order to provide a sufficient signal-to-noise ratio in the 

measurements. Furthermore, the previous research upon which the 

numerical calculations in Chapter 2 are based also made use of some 

samples prepared in this way (Chang and Woessner 1978; Eerendsen and 

Edzes 1973), although the saline (Ringer's) solution was nowhere near 

saturated in these cases. In these earlier investigations the 

artificially high sodium content was not found to exist in a 

significantly different state within the tissue,, compared to a naturally 

occurring sodium concentration. Since in our case the sodium 

concentration was extremely high, it was felt that some measurement of 

the 2sNa relaxation time in the tissue was needed to confirm that the 

excess sodium was bound in a manner reasonably similar to normal tissue. 

Therefore, a Bruker model AM-250 NMR spectrometer at the 

University of Arizona chemistry department was used to make linewidth 

measurements on the isNa resonance in both normal tissue and sodium-

saturated tissue. This machine had a fixed operating frequency of 66 

MHz for 2*Na. Figure 4.3 shows the spectra obtained. To determine the 

relaxation times associated with the slow and fast components in these 

spectra, the computational method of Delville, Detellier, and Laszlo 

(1979) was used. Essentially, the method involves the formulation of 
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two nonlinear equations in two unknowns (the linewidths of the slow and 

fast components) using parameters from an experimentally obtained 

spectrum, and the subsequent numerical solution of the equations on a 

computer using Newton's method. A FORTRAN program for this purpose was 

written and run on a DEC VAX 11-780 computer. The results of the 

computations are given with the spectra in Figure 4.3. 

The numerical values for T2f in "both the soaked and unsoaked 

tissue agree well with the measurements of Berendsen and Edzes (1973) on 

rat muscle, although these values are about twice as long as those of 

Chang and Woessner (1978). The situation is exactly the reverse for the 

T2s values, which agree more closely with Chang and Woessner. For both 

the slow and fast components, the values in the sodium-soaked tissue are 

=1.5 times as large as in the unsoaked sample. This may indeed be an 

indication of a difference in the binding of the sodium ions in the two 

samples; however, it appears certain that there is not any component in 

the soaked sample that has a relaxation time long enough to indicate a 

state similar to NaCl in water solution. It should be noted here that 

the deconvolution algorithm assumes the 60%:40% intensity ratio between 

the fast and slow components, respectively, that is predicted in the 

theory of Hubbard (1970) and found experimentally by Chang and Woessner 

and Berendsen and Edzes. 

Characterization of the acoustical properties of the tissue 

sample and the ultrasonic transducers was also necessary. This was 

accomplished by means of the acoustic pulse-echo technique. Another 

acoustic cell was made from the same heat-shrinkable tubing used for 

the cell holding the tissue in the NMR coil, but the new cell had a flat 



brass plug at the end opposite the piezoelectric element. Attenuation 

from a column of water at 10 MHz is quite low; also, the flat brass 

target is an excellent acoustic reflector. Therefore, in a pulse-echo 

experiment with a 3-inch column of water, most of the acoustic energy 

leaving the transducer will return to it in the first echo. By measuring 

the height (voltage) of this first echo in relation to the height of the 

excitation pulse, we can deduce the electrical-to-acoustical power-

conversion efficiency of the transducer. 

The electrical arrangement for such a measurement is shown in 

Figure 4.4. The 180° hybrid circuit splits the output power from the rf 

amplifier into two equal parts, one half going to a 50 li resistive load 

and the other half to whatever component is placed at the opposite port. 

When this component is the matched transducer, the oscilloscope display 

will show the excitation pulse delivered to the transducer, since the 

power is split equally between the transducer and the resistor [Figure 

4.4(a)]. For viewing the pulse echoes, the signal from the port opposite 

the amplifier output is fed to the oscilloscope input, in parallel with a 

50 SI resistor [Figure 4.4(b)]. With this arrangement, the excitation 

pulse goes into the transducer but is largely cancelled (due to the 

nature of the 180° hybrid) in the port feeding the oscilloscope; the 

echoes returning from the transducer have their power split equally 

between the oscilloscope port and the port connected to the amplifier 

output. 

Since the adjustments required on the acoustic cell to bring the 

brass reflector into strict parallelism with the transducer face could 

be quite delicate, a special table capable of displacement along x, y, 
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Fig. 4.4. Circuit diagrams for acoustic pulse-echo measurements. 

(a) Circuit for viewing excitation pulse. 

(b) Circuit for viewing pulse echoes. 
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Tilt table for alignment of the acoustic cell during pulse­
echo measurements. 



and z axes (as well as two-dimensional tilt) was used to hold the cell. 

This table is shown in Figure 4.5. The transducer, in its plastic 

tubular housing, was held firmly in place on the top (moveable) part of 

the stage, while the brass reflector was held in place on the bottom 

(fixed) part. The top part of the stage was translated or tilted with 

respect to the bottom using screw-type vernier controls, while at the 

same time the acoustic pulse echo was viewed on the oscilloscope. Thus, 

very fine adjustments of the relative transducer-reflector orientation 

could be made while observing the effect on the amplitude of the echo. 

In this manner the echo amplitude was maximized. 

Two acoustic transducers were used in the experiments, 

designated by the manufacturer's serial numbers 6C957 and 6C958. The 

6C957 transducer was accidentally destroyed by overheating while some 

preliminary experiments were being performed, so the 6C958 transducer 

was used for all of the final ANMR measurements. However, both 

transducers were initially tested for their power-conversion efficiency, 

and before being destroyed the 6C957 transducer was used to measure the 

acoustic attenuation in the tissue. Figure 4.6 shows the set of 

measurements made on the transducers and tissue. In Figure 4.6(a), the 

circuit configuration of Figure 4.4(a) is used, showing the 1 V (peak) 

excitation voltage to the transducer. Figures 4.6(b) and 4.6(c) 

illustrate the voltage-pulse echoes (6C957 transducer) with a 3.5-cm and 

7-cm water column, respectively; for these and all remaining 

measurements in Figure 4.6, the circuit configuration of Figure 4.4(b) 

was used. From Figures 4.6(a), (b), and (c) we may deduce the acoustic 

attenuation of water at 10 MHz, as well as the power-conversion 



Fig. 4.6. Acoustic pulse-echo measurements for transducer and 
tissue characterization. 

(a) Excitation pulse. 

(b) Echo for 3.5-cm water column; 6C957 transducer. 

(c) Echo for 7-cm water column; 6C957 transducer. 

(d) Echo for 7-cm water column; 6C958 transducer. 

(e) Echo for 7-cm water column and 0.4 cm of tissue; 
6C957 transducer. 

(f) Echo for 7-cm water column and 0.8 cm of tissue; 
6C957 transducer. 
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Acoustic pulse-echo measurements for transducer and tissue 
characterization. 
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efficiency of the 6C957 transducer. To find the attenuation of water, 

we take the ratio of the first-echo voltages in Figures 4.6(c) and 4.6(b), 

square this ratio (since we want to deal with power rather than 

voltage), take the logarithm and multiply by 10, and finally divide by 

the difference in round-trip water-column length to get the attenuation 

per centimeter in decibels: 

lOlogJlfT 
,L J = -o.: ,25 dB/cm. (4.1) 

This result compares very favorably with other published data, such as 

that of Wells (1977), who gives a graph from which we may take the 10 

MHz attenuation of water as about -0.28 dB/cm (at a temperature of 15° 

C). 

With the attenuation due to water known, we may find the power-

conversion efficiency of the transducer as follows. First, it must be 

noted that the echoes obtained on the oscilloscope using the circuit in 

Figure 4.4(b) contain only half the actual echo power, since the 180° 

hybrid splits the echo power equally between the oscilloscope and the rf 

amplifier output. Thus, the echo voltage observed on the oscilloscope 

must be multiplied by ^2 to get the true echo voltage. Next, if we use 

the first echo in Figure 4.6(c), we must multiply the true echo voltage 

by a factor x to compensate for the attenuation of the 14 cm (round-

trip) water column (we assume that the acoustic reflection coefficient 

at the water-brass interface is unity). This factor is given by: 



(14 cm)(0.25 dB/cm) = 3.5 dB = 101oglo(xa) + x = 1.5. (4.2) 

The true first-echo voltage, with the effect of water attenuation 

removed, is therefore (72)(»T)(1.5)=153 mV (peak). Now, the electrical-

to-acoustical and acoustical-to-electrical power-conversion efficiencies 

should be equal. We note that there are two such conversions between 

the excitation and the echo (first from electrical to acoustical power, 

then the reverse). Therefore, the power-conversion efficiency is the 

square root of the ratio of echo power to excitation power, or 

alternatively just the linear ratio of echo voltage to excitation 

voltage. In our case, with a 1 V (peak) excitation voltage, this gives a 

power-conversion efficiency n of 0.153/1=15%. In Figure 4.6(d) the echo 

from the 6C958 transducer is shown, again with a 7-cm water column 

(one-way); the efficiency of this transducer is ri=(0.08)(/2)(l.5)/1=17 % . 

cm and 0.8 cm, respectively, of the sodium-soaked heart tissue are 

packed into the bottom of the acoustic cell (against the brass 

reflector), with a 7-cm water column. The 6C957 transducer was used 

for these measurements. From Figures 4.6(c) and 4.6(e), the attenuation 

coefficient for the tissue is found in the same manner used to calculate 

the coefficient for water: 

Figures 4.6(e) and 4.6(f) are the pulse echoes observed when 0.4 

= -17.8 dB/cm. (4.3a) (2x0.4) 
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This result is in reasonable agreement with the graph presented by Wells 

(1977) for muscle tissue, where a range of values from about 15 dB/cm to 

20 dB/cm is indicated. If we use the measurement in Figure 4.6(f) with 

4.6(c) and 4.6(e), two more estimates of the attenuation coefficient can 

be calculated. These two estimates are: 

The estimate in equation (4.3b) is approximately the average of the three 

estimates, so -17.3 dB/cm was used as a working value for the 

attenuation coefficient in the tissue. 

Experimental Results for Muscle Tissue 

For both the muscle tissue and the NaCl crystal used in our 

experiments, acoustic excitation at twice the NMR resonance frequency 

was chosen. There were two reasons for this choice: First, reference to 

equations (2.12) shows that the optimum orientation between the acoustic 

k-vector and the static magnetic field is 90° for Am=2 and 45® for Am=l. 

As a practical matter, the acoustic k-vector makes a right angle with 

the static field when the acoustic transducer is placed into the tube 

supporting the NMR sample coil inside the magnet pole gap. This is a 

very simple and convenient configuration, which conforms perfectly to 

(2)(0.8) ~ 1 7*3  d B / c m  (4.3b) 

(2)(0.4) = _16-7 dB/cm 
(4.3c) 



the optimum geometry for Am=2. The second reason for choosing Am=2 is 

that this approach reduces the acoustic channel's potential for 

interference with the NMR signal due to stray electrical couplings, 

compared to the case of Am=l acoustic excitation. 

The ANMR experiments performed in both the tissue and the 

crystal were simple acoustic saturation experiments. A diagram 

illustrating the timing scheme used for the NMR and acoustic excitation 

of the heart tissue is shown in Figure 4.7. The acoustic gating mixer is 

turned off just when the NMR 90° pulse begins, and is kept off for about 

4 ms, which is long enough for the NMR signal to decay down to the noise 

level. Electrical power is delivered to the acoustic transducer at all 

other times. The repetition rate of the NMR excitation is about 17 Hz 

(60 ms period); with T! = 17 ms for the tissue sodium, this repetition rate 

ensures that electromagnetic saturation of the sodium resonance will be 

negligible. Partial acoustic saturation of the NMR signal is the effect 

which this arrangement is intended to produce: The acoustic energy, 

delivered to the tissue for a period equal to several times Tj of the 

sodium causes energy transitions of the sodium nuclei that tend to 

equalize the populations of the energy levels and thus reduce the 

nuclear magnetization observed after the 90° pulse, as discussed in 

Chapter 2. As the analysis in the final section of Chapter 2 indicates, 

the question to be resolved in this experiment is whether moderate 

levels of acoustic power can generate a transition rate large enough to 

produce an observable effect. 

Since the tissue is a very lossy acoustic medium, we face 

conflicting requirements in choosing the amount of tissue to use in the 
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experiment. On the one hand, the greater the amount of tissue, the 

greater will be the NMR signal-to-noise ratio, which will allow us to 

detect smaller changes in the signal amplitude due to acoustic 

saturation. At the same time, the greater the thickness of tissue, the 

less acoustic power will be able to penetrate the sample and the lower 

will be the acoustic transition rate. The compromise we chose was a 

tissue sample 0.5 cm thick. With an acoustic attenuation coefficient of 

-17.3 dB/cm, the acoustic power at the bottom of the sample will be 

reduced from that at the top of the sample by the factor 

10-1(17.3)(0.5)/10] = o.l4. (4.4) 

As will be seen, the NMR signal-to-noise ratio with this sample was 

sufficient to enable us to detect amplitude changes of about 1 dB. 

In order to maximize the acoustic power delivered to the tissue, 

without damaging the acoustic transducer, we consulted with the 

transducer manufacturer. Our application was unusual in that we needed 

to deliver high acoustic power almost continuously, while the normal 

operating mode for these transducers involves very short, high-power 

pulses with a relatively low duty cycle. Harisonics informed us that 

the maximum cw electrical input which could be safely applied to the 

transducers was 4 W. Given that the matched transducer represents a 50 

fi real impedance, an average power of 4 W corresponds to a 10 MHz 

voltage across the transducer of 20 V (peak). The output of the 

Hewlett-Packard 3200B oscillator was therefore set so that this voltage 

appeared across the transducer; additional, fixed attenuators could be 
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added to the oscillator output to reduce the power when desired. 

Figure 4.8(a) shows the current waveform which constituted a 90° 

pulse in the NMR sample coil. This signal was acquired by means of the 

Tektronix current probe clipped around one of the leads to the sample 

coil. As a test sample with a strong signal, a saturated solution of 

NaCl in water was used. The NMR signal from a 1-cm column of this 

solution is shown in Figure 4.8(b). This signal represents 1024 averaged 

waveforms, as discussed earlier. It should be noted that the output of 

the signal averager has a horizontal (time) scale about twice as fast as 

the actual signal. The amplifying system recovers from the rf pulse in 

about 400 us; the signal itself represents 5 kHz beats between the NMR 

resonance frequency and the homodyning-oscillator frequency. Since it is 

known that saltwater has Tl=T2=60 ms, the signal decay in our 

measurement is purely due to T2*, which appears to be around 3 ms. For 

the case of tissue, T2 itself is only a few milliseconds, so the overall 

signal decay results from a combination of the inherent spin-spin 

relaxation and the inhomogeneity of the static magnetic field. 

To ascertain that the acoustic channel was not causing an 

unacceptable amount of interference in the NMR signal, a series of 

measurements was made with no sodium in the sample coil, so that only 

the baseline noise could be observed. These measurements are 

illustrated in Figure 4.9. In Figure 4.9(a), the noise level with nothing 

inside the sample coil, and with the acoustic power-amplifier turned off, 

is shown. The acoustic cell, minus the tissue sample (only water inside 

the tubing), was then placed inside the sample coil. With the acoustic 

power-amplifier still off, the noise level for this arrangement is shown 



Fig. 4.8. 
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NMR excitation and signal waveforms. 

(a) 90° excitation current in the NMR coil; vertical scale is 
200 rnA per division. 

(b) Free-induction signal from 1-cm column of saturated NaCl 
solution; horizontal (time) scale of actual signal is 
about 1/2 as fast as the output of the signal averager. 
The photograph represents 1024 averaged waveforms. 
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in Figure 4.9(b). Finally, with the acoustic cell still inside the sample 

coil, the full 4 W of power was delivered to the acoustic transducer; 

the resulting noise level is shown in Figure 4.9(c). All of these 

photographs show only that portion of the signal which occurs while the 

acoustic transducer is gated off, which of course is the only part that 

matters as far as the integrity of the NMR measurements is concerned. 

While the transducer was gated on, varying amounts of coherent 

interference did appear in the noise baseline, but these were irrelevant 

for purposes of the desired measurements. 

To make the tissue measurements, the 0.5 cm sample was placed 

in the bottom of the acoustic cell. All measurements were made as 

quickly as possible (within 10 minutes) after placing the tissue in the 

cell to preclude the problem of sodium diffusion out of the saturated 

tissue and into the water column of the cell. A saturated-saltwater 

sample was first placed in the sample coil to get a strong signal and 

determine the frequency setting on the NMR oscillator to obtain a 5 kHz 

beat (that is, the NMR oscillator was consistently set 5 kHz below the 

exact NMR resonance frequency). This beat frequency was observed in 

real time (not using the signal averager) on the oscilloscope. The 

frequency of the NMR oscillator was then measured on the frequency 

meter, with the least significant digit on the meter representing 1 Hz. 

Since this frequency was 5 kHz below the exact resonance, 5 kHz was 

added to the meter reading and this result was doubled to obtain the 

frequency setting for the rf oscillator driving the acoustic channel. 

The saltwater solution was then removed and the acoustic cell 

placed inside the sample coil. A typical series of measurements is 



shown in Figure 4.10. In Figure 4.10(a), the signal from the tissue with 

no acoustic excitation is shown. This signal was found to have good 

repeatability; two or three separate averages of 1024 waveforms were 

run to check this. Figure 4.10(b) is the signal observed with the full 4 

W of power delivered to the acoustic transducer. It does appear that 

there is a slight reduction in the amplitude of the signal compared to 

4.10(a). However, in Figure 4.10(c) the acoustic power has been reduced 

by 20 dB (40 mW delivered to transducer), and the signal appears to have 

the same amplitude as in 4.10(b). This seems to indicate that the 

reduction is somehow caused by the acoustic-channel electronics, rather 

than by a true saturation effect; it is very unlikely that both 4 W and 

40 mW delivered to the transducer cause transition rates in the hard-

saturation regime, which is about the only ANMR effect that could 

explain this result. Also, in none of the measurements made on tissue 

were any linewidth effects observed when the acoustic frequency was 

shifted, even with shifts of 10 kHz or more. For reference, Figure 

4.10(d) is the same as 4.10(a) except that a 1 dB attenuator has been 

placed in the signal path. Therefore, comparing Figure 4.10(d) with 

4.10(b) and 4.10(c), we may say that the reduction in signal amplitude, 

whether caused by ANMR or by electronic interference, is less than 1 dB 

(=11%). 

As noted earlier, the 6C957 transducer had been inadvertently 

destroyed, evidently by overheating, after the full 4 W of electrical 

power had been allowed to flow continuously for 5 to 10 minutes or 

more. The characteristics of the failure mode were that the transducer 

impedance became very high and no pulse echoes could be observed with 





the arrangement described previously. Unfortunately, we were not able 

to establish whether the failure was due to a melted solder contact 

because the entire transducer and wiring assembly were potted into the 

plastic housing with a solid mass of epoxy; this packaging also precluded 

any attempt at repairs. Given that the failure was so drastic, the 

broken-contact hypothesis seemed more likely than a heat-induced 

depolarization of the piezoelectric transducer, which was made from a 

PZT material. 

In any event, this failure motivated us to be very cautious with 

the remaining transducer. The signal-averaging system required the full 

4 W to be delivered to the transducer for at least 1 minute, but the 

power was then turned off immediately and the transducer was allowed to 

cool for 1 minute before power was applied again. The measurements in 

Figure 4.10 were the last ones made on tissue, so following these 

measurements the transducer was tested again by the pulse-echo method. 

Again, as in Figure 4.6(a), 1 V (peak) excitation was used. Figure 4.11 

shows the new maximum echo amplitude, which is down by a factor of two 

from the echo in Figure 4.6(d). Apparently, the heating of the 

transducer impaired the power-conversion efficiency through partial 

ferroelectric depolarization or some other effect on the piezoelectric 

transducer material. Since no other pulse-echo measurements were made 

on the 6C958 transducer in the time interval between Figure 4.6(d) and 

Figure 4.11, the worst-case efficiency of Figure 4.11 must be assumed 

for the tissue ANMR measurements. This fact will be taken into account 

when quantitative results are calculated in the discussion section of 

this chapter. 
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Experimental Results for NaCl Crystal 

Since we obtained a null result for acoustic saturation in 

tissue, some means of verifying the proper performance of our 

instrumentation was needed to ascertain that malfunctioning hardware was 

not responsible for the null result. We decided to try a well-

established experiment, namely, acoustic saturation of the sodium NMR 

signal, in NaCl crystal. Proctor and Robinson (1956) give a detailed 

account of this experiment in their original work on the subject. 

Several changes in equipment were required to go from tissue to 

the crystal, but none of the changes involved critical components such 

as the magnet or oscillators or power amplifiers. The master pulse 

generator (Figure 4.1) had to be changed from an EH model G710 to a 

Hewlett-Packard model 3311A because the EH generator could not be 

adjusted for a sufficiently slow repetition rate. Next, two facts both 

allowed and suggested the abandonment of the computer signal-averager. 

First, the salt crystal had a much larger signal than the tissue, so 

signal averaging was not really necessary to get a useable signal-to-

noise ratio. Second, "Na in salt crystal has T!=7.5 s, and therefore the 

repetition rate for the 90® pulses had to be slowed to about 0.07 Hz (14 

s period) to avoid significant electromagnetic saturation of the 

resonance. Averaging more than a few waveforms at this repetition rate 

would be rather time-consuming, so instead the real-time waveforms were 

simply observed on the oscilloscope. Since the signal averager was not 

used, the gain of the audio-frequency NMR signal amplifier could be 

reduced considerably, from 20,000 to about 50, by removing two of the 



amplifier stages. Also, with the rapidly decaying signal from the 

crystal, dc coupling at the amplifier input was needed to reduce the 

amplifier recovery time following the 90° pulse; therefore, the ac 

coupling capacitor at the audio-amplifier input was removed. For the 

same reason, the cutoff frequency on the low-pass filter was set at its 

maximum value, which was about 22 kHz. 

Finally, and most importantly, since the acoustic transducer was 

impedance matched to water by design, a method to bond and impedance 

match the salt crystal to the transducer was required. This was 

accomplished by means of a thin (approximately quarter wave, or an odd-

integer multiple of a quarter wave) plastic film between the transducer 

and the crystal, with acoustic contact ensured by a layer of heavy 

petroleum grease on both sides of the film. Plastic was chosen with the 

thought that its acoustic impedance is intermediate between the 

impedances of water and salt crystal, which is a required condition for 

a quarter-wave matching layer. We used pressure rather than a chemical 

cement to provide good contact between the transducer, film, and 

crystal; the pressure was exerted by elastic bands which were securely 

taped to the transducer casing and fitted around the end of the crystal 

to press it firmly against the transducer. Plastic foam was placed 

around the free end of the crystal to keep the sharp edges from cutting 

into the tightly stretched elastic. Figure 4.12 is a photograph of the 

assembly. 

The crystal used was from the Harshaw Co. and had dimensions 0.6 

x 0.7 x 3.0 cm. This piece was actually cleaved from a larger crystal. 

Although the cleaved surfaces were not perfectly smooth, there were no 





large imperfections at the face contacting the transducer, or the 

opposite face. It may be safely assumed that the crystal-air interface 

opposite the transducer formed an acoustic reflector with reflection 

coefficient unity. The transducer was found to have an impedance of 

42±2 fi, with phase angle essentially zero, over a range of ±50 kHz 

around the acoustic driving frequency. An acoustic pulse-echo 

measurement was made to determine whether good acoustic contact and 

matching were present. Figure 4.13(a) shows the excitation pulse and 

4.13(b) shows the echo. If, as a first approximation, we assume no 

acoustic attenuation in the crystal, then the same reasoning employed 

for the case of water as the driven medium gives a power-conversion 

efficiency n=(»^2)(0.014)/l=2 % . This is significantly less than the case 

of water, even when the drop in efficiency noted in Figure 4.11 is taken 

into account. It is probable that the matching structure was very 

lossy, but it is also true that an attenuation coefficient equal to zero 

is not necessarily an accurate assumption. We made no attempt to 

measure the acoustic attenuation in our crystal. Mahon (1961), however, 

studied the acoustic power attenuation in a large number of NaCl samples 

at 15 MHz, and found a spread in the attenuation coefficient from 0.12 

cm-1 to 0.008 cm-1. Our crystal represents a round-trip path of 6 cm, 

which, with the coefficient values just cited, implies a round-trip power 

reduction between [l-exp(-6)(0.12)]=0.51 and [l-exp(-6)(0.008)]=0.05. 

Assuming the worst-case attenuation, the power-conversion efficiency 

would actually be 4% rather than 2%. This is still about half the 

efficiency found in the case of water. Therefore, with any realistic 
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choice of attenuation coefficient in the crystal it must still be assumed 

that losses in the matching structure were very significant. 

A series of measurements like those for tissue was made on the 

salt crystal. Figure 4.14 illustrates these measurements. As with the 

tissue measurements, a saturated-saltwater solution was first placed in 

the sample coil to facilitate the accurate frequency setting of the NMR 

oscillator at 5 kHz below the exact resonance (the salt crystal had a 

strong signal, but the short signal decay prevented the display of many 

periods on the oscilloscope). Also, as noted earlier, the repetition 

rate for the 90° pulses was reduced to 0.07 Hz, while the acoustic dead-

time during the NMR signal was kept at 4 ms (see Figure 4.7). The NMR 

signal from the salt crystal, with no acoustic power applied, appears in 

Figure 4.14(a). In Figure 4.14(b), the acoustic power has been applied at 

exactly twice the NMR frequency. It was found that the degree of 

saturation with 4 W applied to the acoustic transducer was essentially 

the same as with 400 mW applied, so the lower power was used to reduce 

the heating of the transducer; Figure 4.14(b) was made with 400 mW 

applied to the transducer. Next, Figures 4.14(c) through 4.14(f) 

illustrate the effect of reducing the acoustic power. With 400 mW as 

the reference, the photographs reflect reductions of 10 dB, 13 dB, 20 dB, 

and 30 dB in the acoustic power. The signal has practically returned to 

its unperturbed magnitude in the last photograph (with only 400 uW 

applied to the transducer). 

A second series of measurements was made to test the linewidth 

of the acoustic saturation effect. The power delivered to the 

transducer was again set at 400 mW. Then, the frequency of the acoustic 



Fig. 4.14. NMR waveforms obtained from acoustic saturation 
experiments with NaCl crystal. 

(a) Crystal NMR signal with no electrical power 
applied to the acoustic transducer. 

(b) Crystal NMR signal with 400 mW of electrical power 
applied to the acoustic transducer. 

(c) Crystal NMR signal with 40 raW of electrical power 
applied to the acoustic transducer. 

(d) Crystal NMR signal With 20 mW of electrical power 
applied to the acoustic transducer. 

(e) Crystal NMR signal with 4 mW of electrical power 
applied to the acoustic transducer. 

(f) Crystal NMR signal with 0.4 mW of electrical power 
applied to the acoustic transducer. 







signal was shifted from its previous value of twice the NMR frequency. 

A shift of 2 kHz produced the signal shown in Figure 4.15(a); this is to 

be compared with the signal in Figure 4.14(b). Shifts of 4 kHz and 6 kHz 

give the signals in Figures 4.15(c) and 4.15(d), respectively. It is clear 

that with a frequency shift of 6 kHz the NMR signal is the same as with 

no acoustic excitation at all. 

Discussion of Experimental Results 

We will discuss the salt crystal results first. Proctor and 

Robinson (1956) performed their experiments with a magnetic field 

strength very close to the value we used, so the NMR and acoustic 

excitation frequencies were also almost identical; therefore, we should 

anticipate reasonable agreement between their results and ours. This 

agreement is immediately apparent in the linewidth of the acoustic 

saturation effect. Proctor and Robinson found that the linewidth had a 

half-width at half-maximum of 2 kHz. Reference to Figures 4.14(a), 

4.14(b), and 4.15(a) indicates that this was also the case in our 

experiment, if we use the height of the initial signal peak as the 

measured value; that is, with no acoustic power applied, the signal is 

=46 mV, with a strongly saturating power applied at the acoustic center 

frequency, the signal is =6 mV, and with a 2 kHz shift off the acoustic 

center frequency, the signal is -20 mV. Of course, these values are 

only approximate since there is a nonnegligible noise level present, but 

the intention here was not to make extremely precise measurements, only 

to check for general agreement with the Proctor and Robinson results. 

With a shift of 4 kHz off the acoustic center frequency, the signal is 
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=36 mV, representing a decrease of =25% from the unperturbed signal. 

This is a somewhat larger effect than Proctor and Robinson found (=5% 

to 10%) at this frequency shift, but again this discrepancy could easily 

be due to noise, or to the fact that there is a slight downward shift of 

the entire signal display in Figures 4.15(a) and 4.15(b), compared to the 

other figures. At a 6 kHz frequency shift, the signal is =46 mV, equal 

to the unperturbed signal; this agrees with Proctor and Robinson, who 

detected no signal saturation for fequency shifts greater than about 5 

kHz. 

A graph of the measurements in Figures 4.14(a)-(f) appears in 

Figure 4.16. Again, the value chosen to represent each measurement was 

the height of the first peak. The discussion in the previous section 

indicated that acoustic attenuation in the salt crystal might vary over a 

range of values, such that the power-conversion efficiency of the 

transducer could be anywhere between =2% and =4%. Therefore, on the 

horizontal axis of the graph, the upper numbers represent the acoustic 

power coupled into the crystal assuming the efficiency is 2%, and the 

lower numbers correspond to 4% efficiency. Along with the experimental 

data points, the graph displays a dotted curve that represents the 

function 

A. - (4.5) 
A, l+2WTi '  

where A/A0 is the ratio of the acoustically pumped NMR signal amplitude 

to the unperturbed NMR signal amplitude, W is the acoustically generated 
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4.16. Graph of NMR signal saturation versus acoustic power in NaCl 
crystal. 



transition rate, and T! is the spin-lattice relaxation time in the 

crystal. This equation is derived by Proctor and Robinson to describe 

the acoustic saturation, on the assumption that the acoustic energy 

couples to the nuclei purely through the electric quadrupole moment (the 

curve derived for purely magnetic coupling does not differ dramatically). 

Equation (4.5) differs from equation (2.18) in that it was derived from a 

general set of rate equations that do not impose the requirement T2«T!, 

as is required to obtain equation (2.18). That the rightmost data point 

in Figure 4.16 falls well below the 20% saturation asymptote predicted 

by equation (4.5) is probably an indication that equation (2.18), which 

allows complete signal saturation for sufficiently high W, is the more 

accurate expression. The relaxation time Tj is known to be 7.5 s in 

NaCl; the acoustic power at which WT^l on the curve was chosen to 

provide an approximate fit to the data points (simply by visual 

inspection rather than through a numerical algorithm). The results 

imply that WTj=l for an acoustic power between 1 and 2 mW in the 

crystal. Proctor and Robinson tested two crystals and found that for 

both samples, WTi=l for an acoustic power of approximately 50 mW, 

assuming the quadrupolar interaction. 

Therefore, there appears to be a large discrepancy between our 

results and those of Proctor and Robinson regarding the amount of 

acoustic power required for saturation. The most likely explanation for 

the discrepancy is that either we or Proctor and Robinson made an error 

in calculating the conversion efficiency relating electrical power input 

to acoustical power in the crystal. However, in considering phenomena 

such as standing waves or diffraction effects to explain the discrepancy, 



one fact must be kept in mind: We were able to make a simple and 

reliable measurement of the electrical power delivered to the 

transducer. In Figure 4.16, for WTj«l, this electrical power input is 

between 40 mW and 60 mW. This is equal to the acoustical power (inside 

the crystal) that Proctor and Robinson calculated for WT^l. Thus, if 

the assumption is made that Proctor and Robinson's measurements are 

correct and ours are in error, only two conclusions may be drawn. 

Either our transducer was essentially 100% efficient in converting 

electrical power to acoustical power, or some effect such as acoustical 

standing waves or acoustical diffraction must be invoked. The former 

conclusion must be rejected; it is extremely unlikely, regardless of any 

inaccuracy in our pulse-echo measurements, that the power-conversion 

efficiency through the transducer and matching structure could exceed 

=20%. The latter conclusion must then account for a discrepancy of a 

factor between 5 (if 20% efficiency is assumed) and 50 (if our worst-

case calculated value of 2% efficiency is assumed), when our results are 

compared to those of the earlier researchers. It does not seem probable 

that acoustical resonances or diffraction effects could account for 

discrepancies of this magnitude. 

Our judgement is that our own measurements of acoustic 

saturation as a function of power are more nearly correct than those of 

Proctor and Robinson. One final piece of evidence may be cited to 

support this conclusion. Bolef (1966) lists experimentally derived 

estimates of the quadrupole coupling constant, e^Q/h, found by various 

researchers for "Na in NaCl. Proctor and Robinson's estimate is 25 to 

40 times smaller than the estimates of two other research groups 
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(Abragara and Proctor, 1958; Mahon, 1961). The numerical results from 

our experiments, when inserted into equation (2.12b), give a value for 

the coupling constant that is in fair agreement with these other 

investigators. This is a strong indication of error in Proctor and 

Robinson's acoustical power calculations. 

Thus, considering both the observed linewidth of the acoustic 

saturation effect in the NaCl crystal and the saturation's power 

dependence, we may reasonably assume that our experimental apparatus 

functioned properly. This verification now allows us to return to the 

subject of interest, the results for tissue, and draw some quantitative 

conclusions. The general conclusions are that no linewidth effect was 

observed and that if any saturation effect was detected, which does not 

seem likely, the saturation reduced the amplitude of the NMR signal by 

less than 1 dB (=11 %). Equation (4.5) will be used to model saturation 

in the tissue, since it was derived on the assumption of purely 

quadrupolar relaxation and with no prior assumption that T2«T!, as was 

the case for equation (2.18); actually, since the equations differ little 

for WTt<l (small acoustic saturation), probably either equation could be 

used in our case. If the acoustic power was constant inside the entire 

tissue sample, equation (4.5) could be used directly to solve for W, 

given an experimental value for A/A0. However, losses in the tissue 

make W a function of position within the sample, so equation (4.5) must 

be rewritten in integral form as 
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A„ d 
A 1 f Jo 

[ l+0.4TiW(x) ] 
1+2TjW(X) AX> (4.6) 

where d is the sample thickness. As described earlier, the acoustic 

attenuation in the tissue was found to be =-17.3 dB/cm. This 

corresponds to an exponential power-attenuation coefficient of =-4.0/cm. 

Therefore, we may write W(x)=W0exp(-4x), where W0 is the transition rate 

at the top surface of the sample (nearest the acoustic transducer) and x 

is the depth in cm from the top surface. 

factor A/A0 was greater than =0.89, and Tj = 17 ms. Equation (4.6) then 

becomes 

The integral is readily solved by breaking it into two parts, putting the 

second part into the same form as the first, and solving for each part 

separately. We then get 

In our case, the sample thickness d was 0.5 cm, the saturation 

l+(0.4)(0.017)W„exp(-4x) 

l+(2)(0.017)W„exp(-4x) 
(4.7) 

l+0.034W0exp(-4x) = 4 I^+ln( l+0.034W0exp(-4x))] (4.8a) 

'0.5 
dx 

= ^j[4x-ln(5+147(W0)~lexp(4x))]^ 
0.5 

(4.8b) 
0 5+147(W») lexp(4x) 
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Equation (4.7) may thus be simplified and written as: 

0.5 
0.89 < [2.4x+(0.5)ln(l+0.034W0exp(-4x))-(0.1)ln(5+147(W0)-1exp(4x))] 

0 

•* 0.89 < 1.2 + (0.5)ln[(l+0.0046W,)(l+0.034W,)] 

- (0.1)ln[(5+1086(W,)-l)(5+l47(WQ)-1)] 

+ exp(0.89) < [exp(1.2)][(l+0.0046W,)(l+0.034W»)]1/2 

•[(5+1086(W»)-1)(5+147(W9)-1)]-1/10. (4.9) 

The last form of equation (4.9) was solved numerically using Newton's 

method; the solution is W0=22.4 s~l. Therefore, the experimental results 

indicate that W0 is less than this value. 

A water column 7 cm high separated the transducer from the 

tissue sample (this was done to keep the transducer well-separated from 

the NMR coil, which helped to reduce noise coupling into the signal from 

the acoustic channel). With an attenuation of -0.25 dB/cm, the water 

column therefore had a total one-way attenuation of -1.75 dB, or, in 

linear terms, a power-reduction factor of 0.67. For a transducer power-

conversion efficiency of 8.5% (from Figure 4.11), and electrical power of 

4 W delivered to the transducer, the acoustical power P0 at the top of 

the tissue sample was (4)(0.085)(0.67)=0.23 W. This power was distributed 

over a circular transducer face of «0.9-cm diameter, or an area 

A=(ir)(0.9)2/4=0.64 cm2=6.4xl0-5 m2. Thus, the acoustic intensity at the 

top of the tissue sample was P#/A=0.23/(6.4xl0-5)=3.6x10® W/m2. From 

equation (2.23) and the tissue data in Wells (1977), we may calculate the 
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strain amplitude at the top of the tissue sample as 

s, 
M v 

l\2lV 1 f2(3.6xlOs)~p/2 
c ,„ in_5 ,, 

VLpv] = T^Ho*|_—lo*—J = 5*3xl° * (4*10) 

Finally, from equation (2.12b) we may calculate an upper limit on the 

coupling constant e2qjQ/h. This limit is: 

W. . 22.4 > ^[lsI3|gL_]"[M^](12,(e,1,!(5.3x10-')' 

e2qjQ 
—^ < 3.5xl06 Hz. (4.11) 

In the first expression, we have made the substitutions 1=1.5, g(v)=T2 /Tr,  

sin"e=l, (I+m)(I+m-l)(I±m+l)(I±m+2)=12, and it should be noted that "ft has 

been written explicitly as h/2ir. The resulting limit for the coupling 

constant is consistent with the value of Chang and Woessner (1978), who 

estimated an upper limit of e2qjQ/h=!l.69xl05 Hz for the coupling constant 

due to slow fluctuations of the field gradient. 



CHAPTER 5 

SUMMARY AND INDICATIONS FOR FUTURE RESEARCH 

In this thesis we have reviewed the fundamentals of ANMR in 

solids, and we have attempted both theoretically and experimentally to 

extend this foundation to include the case of biological tissues, with 

the goal of practical application to medical diagnosis in mind. The 

theoretical analysis indicates that ANMR effects in tissues, while not 

expected to be as strong as in crystalline solids, are definitely worth 

investigating. Chapter 3 deals in some detail with potential 

applications to medical diagnosis, with the general conclusion that high 

acoustic power and attenuation in tissue are likely to be the limiting 

factors - a conclusion which strongly suggests consideration of ANMR for 

studies near the surface of the body, in the manner of surface coils for 

conventional MRI. Experiments with sodium in muscle tissue produced a 

null result; in this final chapter, it is this aspect of the thesis to 

which most of the attention will be devoted. Several limitations of the 

equipment used in the experiments will be noted, along with suggestions 

for avoiding these limitations in future work. 

First, as discussed in Chapter 4, a conflict exists between the 

requirements for optimizing the acoustic and NMR parts of an ANMR 

experiment in tissue. It is desirable to have a large, uniform acoustic 

power in all parts of the sample, but this requires fairly small samples 

since tissue has significant acoustic attenuation. At the same time, the 
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sample must be as large as possible to maximize the NMR signal-to-noise 

ratio. Our particular choice of muscle tissue for the experiments was 

made in order to conform as closely as possible with the earlier 

research upon which our calculations were based; however, muscle tissue 

has particularly high acoustic attenuation compared to some other tissue 

types, such as kidney. Some early work on sodium NMR in tissue (Cope, 

1970) utilized brain and kidney tissue as well as muscle, with results 

that did not differ much as a function of the tissue used. Therefore, it 

might be easier to optimize an ANMR experiment with sodium if kidney 

were used in place of muscle tissue. 

The acoustic transducers used in our experiments were not 

optimized for ANMR work. Two particular features are desirable: The 

ability to safely handle high, continuously applied power, and a rather 

large surface area. The second feature would allow the use of thinner 

tissue samples, while maintaining a useable tissue volume (of course, the 

NMR sample coil might also need a larger diameter to accomodate the 

sample). In this fashion, some of the conflict between the NMR and 

acoustic requirements could be alleviated. 

The power supply for our magnet was homemade, and we were not 

able to achieve a temporal field stability comparable to commercially 

available systems. This fact, along with the power-induced heating of 

the acoustic transducer, placed a limit on the amount of time that we 

could acquire and average signals. Of course, this conclusion was based 

on a conservative estimate of the acoustic saturation linewidth in 

tissue, namely, that the saturation linewidth was comparable to the 2,Na 

NMR linewidth of the fast-relaxation component ( = 100 Hz). With a longer 
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time available for signal averaging, it would be possible to improve the 

NMR signal-to-noise ratio and thus detect smaller, acoustically induced 

reductions in the signal amplitude. Therefore, for any future 

investigations it would be very helpful to have a temporal field drift 

less than, say, 1 part in 106 per hour. 

A very direct means of increasing the NMR signal-t;o-noise ratio 

would be to increase the static magnetic field. Signal-to-noise varies 

approximately as the 3/2 power of field strength. However, for Am=2 

acoustic excitation, the acoustic frequency could become too high for 

practical use, most notably due to increased attenuation in tissue. This 

drawback suggests the use of Am=l acoustic excitation, that is, an 

acoustic frequency equal to the NMR frequency. As noted earlier in this 

thesis, Am=l excitation for quadrupolar nuclei presents two problems of 

its own: An awkward hardware geometry may be required for optimum 

results, and extreme care must be taken to prevent coherent interference 

in the NMR signal from the acoustic channel. If these drawbacks could 

be overcome by careful experiment design, Am=l acoustic excitation might 

provide an excellent way to increase the sensitivity of an acoustic 

saturation measurement. 

In evaluating the validity of the null result in our experiments, 

the exceedingly high sodium concentration in the tissue must be kept in 

mind. Although the line width measurements on an NMR spectrometer seem 

to indicate that there was not a radical difference between the sodium 

binding in our sample and that in normal tissue, there was still some 

difference in the relaxation times, and this difference could certainly 

indicate a difference in ANMR properties as well. The main motivation 
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for the aforementioned steps, which aim at improving the signal-to-noise 

ratio of the NMR measurement, is to enable an acoustic saturation 

experiment using a more realistic sodium concentration. 

One possible technique that we did not use in our experiments, 

but which might have considerable promise in the case of acoustically 

modulated dipole-dipole interactions, is the use of "contrast" agents to 

enhance the ANMR effects. As mentioned in Chapter 3, paramagnetic 

agents are presently being investigated as contrast agents for 

conventional lH MRI (Brasch 1983). The unpaired electron spins of the 

paramagnetic agent create large magnetic fields at the site of the 

hydrogen nuclei, thus affecting the relaxation times of the nuclei. By 

the same reasoning, acoustic modulation of the separation between the 

nuclei and unpaired electrons could conceivably lead to enhanced ANMR 

effects. However, since the nuclear relaxation times tend to be reduced 

by the contrast agent, and since shorter relaxation times tend to reduce 

ANMR effects, there are conflicting effects introduced by the contrast 

agent; only a detailed examination of these offsetting trends can 

ascertain whether ANMR effects would be stronger, weaker, or essentially 

unchanged in the presence of a contrast agent. 

Finally, although the entire focus of this thesis has been the 

potential medical applications of ANMR, it is worth noting that in the 

past few years MRI has been of increasing interest for industrial 

applications (Rothwell 1985; Rothwell and Vinegar 1985). There, the 

objects to be imaged frequently contain fluids in a "bound" state within 

a solid matrix. In such bound states, the correlation times associated 

with the nuclei are often shortened dramatically compared to the normal 
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fluid state, enhancing the possibility of ANMR. Furthermore, in 

industrial situations we are freed from some of the constraints of the 

medical situation, such as limitations on the acoustic power due to 

biological hazard. It is also quite interesting to note that industrial 

MRI of solids, rather than just fluids absorbed in solids, is desirable. 

However, a great impediment to conventional MRI of solids is the very 

large field gradients required, a requirement that arises due to the 

short T2 values typically encountered in solids. Therefore, the 

replacement of field gradients and rf pulses with acoustic beams for 

excitation and resolution of the spins may provide a new avenue by which 

industrial MRI of solids could be made practical. 
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