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1. INTRODUCTION. This paper is the discussion of an 

attempt to obtain an oscilloscopic presentation of the 

resonance absorption and dispersion patterns of a nuclear 

spin system immersed in a magnetic field. Such patterns 

are valuable because a study of their shapes leads to 

useful conclusions concerning the possible Interactions 

of the nuclear spin system 1) with other spin systems* 

2) with orbital angular momentum systems* and 3) with 

neighboring atomic or molecular systems. Since no results 

were obtained* the following will concern itself with the 

existence of the resonance phenomenon* the method used in 

the attempt* difficulties Inherent in this procedure* 

suggestions for their elimination* and* finally, the 

evolution which resulted in the particular experiment 

under discussion. A treatment of the interactions of the 

nuclear spin system with outside influences, which is just 

interpretation of results, is out of place herein. 

However, one further word is pertinent here. 

Interpretation of the shapes of the patterns is of sufficient 

importance to justify completion of the experiment, A 

second, and perhaps equally important, use can be made of 

nuclear resonance, i.e,* the accurate measurement of large 

magnetic field strengths. Paths leading to each of these 

results will be indicated, although no detailed discussion 

will be made. 
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Aa noted above the facts bearing directly on 

the perfection of the experiment will be considered here¬ 

in. Sections of the remainder will deal in some detail 

with a) theory of existence of the phenomenon, b) experi¬ 

mental procedure, c) difficulties with the experiment as 

attempted, d) suggestions for proper experimental procedure, 

and e) experimental background prior to attempting the 

immediate experiment. 

2. THEORY. That the phenomenon of nuclear induction 

exists can be demonstrated both classically and quantum 

mechanically. The treatment given here will essentially 

follow Bloembergen’s Thesis. First consider the classical 

gyroscopic model of a system possessing angular momentum, 

J, giving rise to a magnetic moment £ , written 

p- KK. T 

* being the gyromagnetic ratio, and & being Plank’s 

constant divided by 2n « In this particular model J 

is the total angular momentum of the nucleus, which produces 

the nuclear magnetic moment . Suppose that this ele¬ 

mental system is Immersed in a constant magnetic field 

Wot 9 where k- is the usual unit vector of the positive 

% -axis. The system, behaving like a gyroscope, will pre- 

cess about W0t | the frequency of precession is calculated 

from the Larmor formula 

to0* f W0 
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Wlth the preferred axis choosen above, suppose further 
—f> 

that a second magnetic field H, $ lying entirely in the 

xy-plane, be imposed on the nucleus in addition, W,«H0 

This second field alternates with an angular frequency uo , 

produced experimentally by a small coll. Such an arrange¬ 

ment produces a field of varying amplitudes, whose direc¬ 

tion is along the axis of the coil. The interaction of 

this field with a processing system is considered by Bloch 

and Siegert^2) to consist of two contrarotating fields, 

** and -« being their respective angular velocities. 

If 3 and differ hut little, then the average energy 

transfer between the given precessing system and the contra 

rotating field is zero when taken over several periods. 

Then the second or perturbing field can be expressed 

Hy* CXJO us| Uu=- lazuli 

which causes a torque T on the magnetic moment v J 

T •• (H! 

This tends to change the angle between £ and . In 

other words the torque gives the magnetic moment vector a 

mutation, and the original precession is thus disturbed. 

The number of complete periods of to0 traversed before the 

initial polar angle is reobtained is a measure of the 

length of time before the average energy absorbed is zero. 

As lw~ approaches zero, the number of periods needed 

for averaging becomes infinite, representing a real energy 

absorption. Ideally, if <£= 3>0 energy would be absorbed, 
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increasing the polar angle. The situation is illustrated 

in Pig. 1, The resonance phenomenon of the magnetic 

moment should occur classically in this manner. If for 

convenience the frequency of U, is 15 me., then the 

field strength for resonance absorption in Fe, (KK\\ 

562,0 

The classical model illustrates clearly the use 

of the resonance method to calculate magnetic field 

strengths. Since the Larmor precession formula 

connects magnitude of magnetic field with frequency, field 

strength can be obtained as accurately as the gyromagnetic 

ratio of a substance is known and as accurately as the 

frequency of the perturbing field is known. This assumes, 

of course, that the experimentally feasible scheme is 

devised. 

Splitting of the degeneracies of a particular 

spin system by the application of an external magnetic 

field is the aspect emphasized in the quantum mechanical 

derivation. The splitting Is just a nuclear Zeeman effect. 

Transitions from one degenerate level to another may he 

influenced by the proper choice of external conditions. 

As may he anticipated, the strength of the magnetic field 

causing splitting and the energy of transition give the 

same relationship between l~L and as did the classical 

analysis. 
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Classically the analogy of a spin system to a 

system of orbital angular momentum was used more or less 

implicitly. For a quantum mechanical explanation these 

analogues must he more explicitly considered, since spin 

itself is a quantum mechanical property. Most of the 

properties of spin summarized below have been discussed 

by Houstonw'. 

One of the most important elements of spin is its 

operator, which may he defined experimentally or by analogy 

to the orbital angular momentum operator. As is well 

known, eigenvalues of multiples of 1/2 are allowed for 

composite systems, as well as the usual integral ones. 

Forming an operator for the total angular momentum 

of the nucleus is done in analogy to the same operator for 
-*» 

an electron. Hence, if 3 is the total angular momentum 

operator for the nucleus, then its square has eigenvalues 

3lT+i) C . Also the degeneracy of the operator is (£3+0 , 

which means that there are (2. T-t 0 wave functions for the 

same energy state of the nuclear system. Transitions 

between these degeneracies allow absorption (and reradia¬ 

tion) of energy without exciting the nucleus or the 

electronic structure. Frequencies corresponding to such 

transitions belong to the short wave region of radio 

eummunicatlonj each transition carrying with it a small 

amount of energy, 0^, . 
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Absorption of energy by transitions between 

degeneracies may be demonstrated in the following ways 

A nuclear spin system in its ground state may be represented 

by the reduced Hamiltonian operator 

H » -r<. J»H 

All transitions that are considered herein are completed 

in the ground state * since the energy source used in the 

experiment is too small to cause excitation. Hence 3 is 

a constant of the equation of state* and W is valid 

throughout the problem. These quantum mechanical transi¬ 

tions are the classical reorientations, 

The external magnetic fields used in the classical 

derivation are those considered here. It will be found 

convenient to write these fields in complex form 

Hx+£ 

Uy- i Ho 

Ht 
a Ho 

The operator problem becomes a perturbation problem* in 

which the desired information is the probability of 

transition between degenerate states. The unperturbed 

operator 

H” * - «. Ho 
splits the degeneracies, Hn determines the amount of 

splitting* since the other quantities are fixed for a 

particular type of nucleus. In turn the splitting* which 

is just another term for energy separation* fixes the 
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amount of energy, , required for a transition between 

these separated states. Quantum mechanically this 

transition energy and frequency of the associated waves 

are related by 
E0-U0 

and hence H0 determines a frequency associated with possible 

transitions. 

The perturbing operator, being the remaining 

components of the inner product, 

iii - - tfK- K,fe*iS»)ea' 
supplies the energy required to effect the transitions 

desired. This is the absorption, when the selection rule 

appended is &v.\j-- + | t ^ being the magnetic quantum 

number of . The perturbation theory, using W\ , for 

time dependent transitions gives the probability of find¬ 

ing the system in the state characterized by m’ at time t, 

having started at in state m, as 

v, - 1- I Urn 1 -Mp I i ^ /A to -- i 10 - «?„ \ 
AV. 11 ' ' I 1 ato ) ) 

This expression is small except when Axo^o , which means 

that the driving force, or perturbing operator, must have 
-r» 

a frequency very close to we . The absorption of energy 

from the perturbing field may be observed, if to ^ us0 

A quantum mechanical analysis, as indicated above, 

lends itself nicely to the interpretation of line widths 

and shapes, since getting more information is managed by 

starting with a more complete Hamiltonian prior to the 

application of a statistical analysis. 
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3. EXPERIMEKTAL METHOD. Detection of the resonance 

phenomenon outlined above requires great precision. 

Essentially detection consists of a method of measurement 

of modification of the magnetic properties of a coil by 

the introduction of a cample; that is, some method of 

determination of the susceptibility is to be employed. 

However, an advantage is gained by the use of conditions 

of magnetic resonance, for the susceptibility at resonance 
2i 

is 10 the normal or non-resonant susceptibility, according 

to Bloembergen. Inherent difficulties in the method of 

detection described below tend to lower this factor rapidly, 

quickly reducing its change of detection. 

The experimental procedure was very similar to 
(k.) 

that described by Bloembergen, Purcell, and Pound' }. 

A block diagram of the apparatus is illustrated in Pig. 2. 

Both the signal generator and the receiver are commercial 

products. To increase the sensitivity a commercial pre¬ 

amplifier was also Included when necessary. These items 

need little explanation; however, the bridge and magnet 

should be considered in detail. 

Parallel - T null circuits have recently come 

into use for various measurements at radio frequencies^. 

The general type is shown in Pig. 3a, whereas the particular 

one employed is diagrammed in Pig. 3b. If each section of 

a bridge transmits the same amplitude, but one section has 

a phase differing from the other by 180°, the two sections 
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will cancel out, which Is just zero transmission or a 

null. Generally the impedence of the generator and of 

thedetector does not affect the balance, which is given 

by 

A different condition for balance may be obtained by using 

the transfer impedence k-u , defined as the ratio of the 

voltage in the input circuit to the current in the output 

circuit. Hence 
^ J ! + < - ' .. p ( 

=li * v ^ *«■ i ‘ 2,;2.-u > 

Inspection of Fig. 3a will show that 

Ja^’s 

3 . e, 
?7, T ft 

2 - ft t- 7 r ^ /MI r /o ^ v 
a, 
X 

2 v ' 
, . t ft, t r i ' 

making the null condition 

t £-6 '- 

In the particular circuit used, this condition is 

satisfied! however, it is less tedious and more instructive 

to give a vector description of the balance. The sections 

each contain similar parallel resonant circuits, so then 

the voltage and current relations across each will be 

identical. Prior to reacting the circuit containing the 

sample, the r-f signal must traverse a phase shifting 

network, designed for minimum attenuation and a 180° phase 
# . / 

shift. Therefore, at the receiver input and -i are 

equal in magnitude but out of phase by 180°, which is just 

the null condition. Fig. 4 shows the vector diagram of 

the action through the circuit. 
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If In on© of the colls, namely the one which 

fits in between the pole pieces, there is placed a sample 

whose magnetic resonance phenomenon is to be investigated, 

then the current through this coil produces the perturb¬ 

ing field, Wi, Having the anti-resonant circuit contain 

the sample magnifies the susceptibility change, much as it 

magnifies the resistance of the coil itself* This arrange¬ 

ment allows the balancing of the bridge at a frequency 

in the absence of , then turning on Wc and noticing 

the unbalance. The large absorption of r-f energy by the 

nuclear spin system changes the effective resistance of 

the surrounding coil, which yields the unbalance. Practical 

difficulties make it desirable to find a more satisfactory 

procedure♦ 

The ultimate attack is to fix W0 $ preferably by 

using a permanent magnet, and with colls modulate the value 

of this steady field, by a small audio frequency current, 

about the Larmor value. Only at a unique value of the 

field does the resonance absorption occur, hence the 

absorption will vary with the modulating field, If an 

oscilloscope Is swept at the same frequency as the modula¬ 

tion field, and if its vertical plates are connected 

to show the output signal of the receiver, then the 

oscllloscopic presentation will be that of the variation 

of absorption with respect to field strength. 

Though not mentioned in the theoretical discussion, 

a companion effect coexists with resonant absorption. 
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By analogy to optical phenomena, It is called dispersion. 

Most easily, dispersion is explained statistically, for 

the probability obtained for absorption falls to tell the 

whole story. To explain dispersion a Maxwellian distribu¬ 

tion of population of the possible degenerate states is 

usually assumed. Absorption causes transitions from the 

“lower'1 states. Hot all of the “upper” states remain 

populated) but after a slight delay, they return to their 

original state with the resultant reradlation of energy. 

This retardation gives rise to a phase shift of the voltage 

across the coil, and in this manner a dispersion Is obtained. 

Intuitively, it may be seen that the greatest number of 

"dropping” states would occur near resonance, since this 

condition populates more upper states* 

This digression was made to note one of the 

advantages of the type of bridge used. Adjustments of the 

bridge allow that either the absorption or the dispersion 

of the sample can be displayed independently on the 

oscilloscope, which, of course, allows interpretation of 

either type curve. 

For the 3500 gauss required for the field, the 

permanent magnet of the Rice Institute design was used. 

However, Its permanent value was only 2000 gaussj the 

difference was supplied by approximately 4 amperes supplied 

to the magnetizing coil. With the best available pole 

surface used, the maximum variation of the field over the 
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pole face was about 5 gauss. Another trouble was caused 

by an unmeasured ripple of the generator charging the 

batteries. This ripple caused a small regular fluctuation 

of field strength. 

The signal generator was set at 15 me,, and the 

receiver was tuned accordingly. It was found that the 

sensitivity of the receiver was about 4 volt above noise. 

Also the oscilloscope showed transient 60 ~ noise which 

leaked into the system from a source which was never located. 

All search for the resonance had to be conducted during 

periods in which this noise was at a minimum. 

4. mBEREHT DIFFICULTIES. The outstanding major difficulty 

of successful culmination of the experiment was the magnetic 

field used, A small gap of 3/4” and pole area of "TV 

were required to accommodate the sample. After trying 

several modifications of the shape of the outer edge of 

the pole pieces, it was found that the field could not be 

made constant over the pole area to better than 0.15$, 

corresponding to a change of 5 gauss from center to 

periphery. This Is to be compared with the constancy 

of 0,12 gauss in 7000 or 0.015 gauss in 1100 claimed by 

Bloembergen. His audio current used for sweeping the 

steady field through the Larmor value gave a sweeping field 

of only 5 gaussI Bloembergen also found that the ripple 

on his generator was of such magnitudeas to necessitate 

other sources of power for the magnet. 
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Aetually the lack of homogeneity of the field 

causes the resonance line to broaden, and by broadening 

to lower its maximum height. This in turn lessens the 

magnitude of the signal sent to the receiver. Hence a 

receiver with a larger signal-to-nolse ratio is needed. 

Another bugaboo, though secondary to the diffi¬ 

culties of the magnet, is the electrical noise, which may 

enter through the power lines, or which may be self generated 

in the receiver or signal generator by various causes. 

Such noise could quite easily mask the desired effect. 

Stability of frequency is a very minor difficulty. 

Allowing 36 hours to 48 hours for warming up, the frequence 

drift is small enough for easy correction. 

5. SUGGESTED IMPROVEMENTS, l) Get a better magnet. 

Improvement of the magnet must be two fold. First the 

permanent magnets should he made of Alnico F-a material 

with a high retentivity. Secondly, large pole pieces pos¬ 

sessing a great degree of uniformity and perhaps especially 

shaped to produce a field of sufficient uniformity in the 

gap, which Is of necessity quite large. 

2) Increase the signal-to-noise ratio of the 

detector. Noise acquired from the power lines seems to 

defy elimination without strenuous precautions. Receiver 

noise can be reduced by using selected tubes or especially 
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designed receivers and/or lay ■using a modern preselector 

with low noise figure. Low gain trvode circuits are 

favored in this respect. 

Since Johnson noise is proportional to hand width, 

this noise can be reduced by using a crystal filter 

adjusted for the narrowest band pass commensurate with the 

stability of the frequency sensitive components. A neat 

device to use is a ’’lock-ln’* amplifier which reduces the 

effective hand pass to about 1 eps. If this attachment is 

used, oscilloseopie presentation has to he replaced by 

galvanometer detection, 

6, BACKGROUND. The experiment described above was the 

outcome of several other attempts to obtain an electronic 

resonance of the same sort. These too were unsuccessful, 

although a short description of them seems to be relevant 

here. 

Originally an attempt to obtain an electronic 

resonance on a principle suggested by Bloch/was made. 

This was abandoned rather quickly because of lack of 

sensitivity. An effort was made to obtain changes in the 

resistance and inductance of a coil placed in a magnetic 

field using first a General Radio Impedence Bridge, then 

the less accurate Boonton Q-Meter. Lack of sensitivity 

of these arrangements lead to the idea of using a parallel 

resonant circuit with the coil as the inductive element, 
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then measuring the change of r-f resistance of the coll 

at its resonance, which was the Larmor frequency also. 

One of the arrangements of the Q-Meter allowed data to he 

gotten from a parallel resonant circuit. Inherent insta¬ 

bility and sensitivity in the 0,-Meter again prevented 

successful fruition. 

About this time interest was aroused in the 

method described by Bloembergen, and a bridge was made 

for the detection of the electronic resonance. It was 

thought that this method would provide the necessary 

sensitivity! but it also failed. At Dr. Risser's suggestion, 

the same,experiment was used in the proper magnetic field 

to obtain a nuclear resonance, the outcome of which has 

been described in greater detail above. 

That an electronic resonance exists has been 

experimentally demonstrated for high fields and microwave 

frequencies by Cummerow and Haliday^) and for low fields 

and low frequencies by Zavoisky^). 

Three suggestions may be advanced for the failure 

to find an electronic resonance. 1) The internal fields 

in the neighborhoods of the electrons may be far larger 

than the 10 gauss used. However, Zavolsky first discovered 

an electronic resonance in a f ield of approximately 10 

gauss, using an r-f frequency of about 20 me., by an 

unpublished method. He redid the experiment using various 

other combinations of frequency and field strength, finally 
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using frequencies in the near microwave frequency. His 

results agreed well with Frenkeli^) theory. Later 

Cummerow and Haliday did a similar experiment using 10 

and 3 cm. microwaves and a field of 1100 to 3000 gauss, 

in which their results did not compare with Frenkel’s 

theory as well as Zavoisky’s result. In particular 

Cummerow and Haliday found a finite non-zero value of 

absorption for zero external field. This result, having 

been interpreted to mean that a large internal field exists 

in the neighborhood of the ele4rctvb , has caused doubts 

to be cast on Zavoisky’s method, and his results. 

2) as in the nuclear case the magnetic field may have 

lacked the necessary uniformity. 3) The size of the 

sample, limited by the solenoid px^oducing the steady field, 

may have been too small to produce a signal large enough 

to be detected. These two final disturbances were brought 

home forceably by a letter to the editor from Brown and 

Purcell^°)# who performed a nuclear resonance experiment 

at 11 gauss and 50 kc. The homogeneity of their field 

was 0.01$, and one liter of water was used as a sample. 

Had these troubles had full recognition earlier more work 

toward their elimination would have been attempted rather 

than complete abandonment. At the time an effort was made 

to duplicate an experiment from which results had been 

obtained. 
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