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Abstract

The resonance absorption method has been applied %o
the measurement of the moments of Clz, Flg, T1203’ and T1205
in terms of the proton moment., The observed ratios of g-factor
to that of the proton are as follows. C1°: ,25143 + ,00005;
9 ,94077 + ,0001; T1°03: 571499 + .00005; T1°0%:

.577135 + ,00005. By taking 5.,5791 + 0016 for the proton
gyromagnetic ratio, the values of the moments in nuclear
magnetons are: u(CYS) = .7016 + .0004; w(F?) = 2.626

+ .001; w(T1%9%) = 1.612; 1(T1°%°) = 1.628. For the thallium
igotopes, u205/u205 = 1,00986 + ,00005, The results for ol
and F~¥ are in close agreement with the molecular-beam values.







ON THE MAGNETIC MOMENTS OF ¢*3, F1°, 11203, anp 71205

1. ZIntroduction

Since the first successful observations of nuclear magnetic
resonances in macroscoplc aggregates of matter,l the method has been
applied to the precise measurement of a number of maguetic moments;z-lg
The method 1s based upon the detection of nuclear spln reorientations in
a magnetic field induced by an applied radio-frequency field. In the
absence of perturbing fields, the probability for such transitions will
be a maximum when the quantum of energy of the radio-frequency field 1is
equal to the energy difference between the equally spaced energy levels
that a nucleus can occupy in a magnetic field, H. That is, when

he = guH (1)

where n, 1s the nuclear magneton and g is the ratio of magnetic moment
i in units of W, to angular momentum I in units of 4.

If an assemblage of nuclel in a magnetic field reaches the
equllibrium Boltzmann distribution, transitions induced by an applied
radlo-frequency field will result in a net absorption of energy because
the lower energy levels are more sbundantly occupied. It is by this
absorption of energy that the spin reorientations are detected.

2. Method and Apparatus

The sample contalning the nuclei under investigation is placed
in a uniform magnetic field. A small oscillating field perpendicular to
the uniform field is supplied by a radio-frequency coil surrounding the
sample, Under these conditions, a phenomenological theory developed by
F. Bloch enableg an explicit expression to be glven for the r-f
susceptibllity of the coil when the passage through the resonance region,
by varying the field or the frequency, is slow enough so that the rate
of change of the component of nuclear magnetization in the field direc-
tion can be neglected.13

The susceptibility 1s complex, 1ts real component representing
a dlsperslion curve and its imaginary component, an absorption curve. If
the amplitude of the osclllating field 1s sufficiently small, it does not
contribute appreciably to the width of the resonance, Under these
conditions, the maximum value of each component is of the order of




XQ(H/AH) where AH i1s the separation in gauss of the half amplitude points
of the absorption comvonent and Xb is the static susceptibility of the
nuclei given by the quantum generalization of Curie's law.*

Under experimental conditions, a half-width of about % gauss in
a field of 5000 gauss is achieved., The r-f susceptlibility of the sample
can then be greater than the static susceptibility by a factor of 10,000,
It still, however, 1s only of the order of 10720 at best. In order to
keep AH small, and in fact limited by lnhomogeneities in the applied
field, it is necessary in general to work with liquid samples. In
solids, neighboring nuclel are likely to be more nearly fixed and their
magnetic fields will serve to ilncrease the resonance width. In addition,
if the nucleus has a spin greater than 4, there may be quadrupole inter-
actions which will further broaden the resonance.

The use of a bridge circult suggests itself in the detection of
small changes in the circuit parameters of a coil, We have constructed
bridge circuits for this purpose similar in design to the type introduced
by Purcell and hls co-workers and described by them in detail.l4 Such
circults are frequency sensitive, so that in searching for a resonance,
it is the field which 1s varied rather than the frequency. Standard
signal generators (General Radio Co. Typea 805-C and 605-B) have been
used to supply the bridge circuits. Communication recelvers proved to
have adequate sensitivity for use as detectors. The Hallicrafters SX-28
and the Signal Corps BC-348-N were employed.

A water-cooled electromagnet designed by F. Bltter has been
used for most of the work. It has 8-inch dlameter pole pleces and a
2% inch gap. It 1is energized by a bank of submarine storage batterles,
As the current drawn from the batteries 1s considerably less than their
rating, the fleld can be kept constant over long perlods of time.
Internal auxilliary coils are provided into which alternating current
can be fed to modulate the field agbove and below its mean value,

The sample colls have for the most part been close wound with
No. 33 enameled wire on hollow polystyrene forms 7/16 inch in dismeter,
The volume occupled by such a coil for use in the range of 4.5 Mc/sec.
is sbout 1} cc. and 1s correspondingly less for higher-frequency coils.
The coils are mounted in a closed brass box which is attached to a
posltioning mechanlism on the magnet so that 1t can be conveniently moved
about in the field until the most homogeneous position is located.

A strong regonance may be obgerved directly on an oscilloscope
connected to the audlo output of the receiver. For this purpose, the
magnetic field 1s modulated sinusoldally about the resonance value by
applying 60-cycle current to the auxilliary coils of the magnet. A
statlonary pattern 1g observed when the oscilloscope sweep circuit is

¥ See, for example, Eq., (2) of Ref., 13,
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synchronized to this frequency. Two resonances are observed on the
gscreen as the resonance field 1s passed through twice during each cycle,
The general features of the oscillations assoclated with the resonances
under these condltions have been explained by consgidering transient
solutions of Bloch's equations.15

To observe weak resonances, the oscilloscope is replaced by a
narrow-band 30-cycle amplifier, as has been done by other investigators
in this field. The resonance reglon is slowly traversed and at the same
time, a small 30-cycle current ls applied to the auxlilliary colls of the
magnet. A 30-cycle modulation of the r-f susceptibility change results,
the amplitude of which is proportional to the slope of the resonance
curve if the 30-cycle current is sufficiently small, A recording meter
connected to the amplifier output enables a graphical record to be made
of the resonance. One or the other components of the susceptibllity
change will be accentuated, depending upon the type of bridge balance.

3. Measurements

It is seen from Eq. (1) that the measurement of the resonant
frequencies of two species of nuclel in the same magnetic fileld determines
the ratio of thelr g-factors. In the experiments herein reported, the
proton moment has been used as a reference moment. From 1ts absolute
value, one can then determine the abgolute values of the moments measured
in terms of 1t, taking into account values of I obtained from other
experiments,

The great accuracy inherent in the resonance absorption method
arises from the sharpnessgs of the resonance that can be achieved. Whether
or not the full accuracy of the method can be utilized in the comparison
of moments 1s determined by the extent to which the assumption of identi-
cal flelds at both kinds of nuclel is valid.

Factors preventing the field from being the same at the two
types of nuclel when thelr resonant frequencies are meagured can arise
from the experimental arrangement and from the dlamagnetism of the atomlc
electrons surrounding the nucleus.

The effect of the latter 1s to make the field at a nucleus
slightly less than the applied fileld so that the observed gyromagnetic
ratio is less than the actual one. A calculation by Lamb16 using the
FPermi-Thomas model of the atom gives the expression

H'/H = 3.19 x 1079 z4/3 (2)




where H' is the reduction in field at the nucleus of an atom of atomic
number Z in an applied field H. The dependency of the dlamagnetic cor-
rection on Z as shown by Eq. (2) makes i1t of minor importance for the
1ight nucleli. For the heavy nuclei, it becomes appreciable and in fact
limits the accuracy with which values of theilr moments can be given.

The experimental arrangements for making these measurements
have been of two types. Two colls can be placed in the magnetic field,
each connected to a separate bridge clrcuit and contalning one or the
other of the two species of nuclei to be compared. An electronic switch
rermits the output of each radio recelver to be displayed as a separate
trace on the oscllloscope. When the two sets of resonances are alighed,
the frequencies are measured. If the coils are then interchanged and
the measurements repeated, the effect of a possible difference in field
at one coll as compared with the other can be eliminated by taking the
geometric mean of the measurements.

An alternative procedure is to use one coll containing
both types of nuclel. The frequency is varied so that first one
regonance and then the other ls obtained in the same field.

The next problem to consider 1s that of precisely locating the
resonance, In the latter procedure outlined gbove, if the resonance 1ig
displayed on an oscillloscope, the amplitude of the modulating field 1is
decreased whlle the resonance 1s kept centered on the trace by slight
frequency readJustments., When the modulating field 1is reduced to the
order of the resonance width, all that may be observed on the screen is
a serles of transient oscillations. By setting the frequency midway
between the extreme points where the resonance appears, it is accurately
located. The maximum possible error is limited to the amplitude of the
modulating field which is but a few hundredths of a percent of the
applied field. It will be recognized that provided the homogeneity in
field can be maintained, the higher the applied fleld, the less the
percentage error in locating the resonance,

If the resonance 1is too weak to be observed on the oscil-
loscope, a record of it can be made at a known frequency by using the
narrovw-band amplifier and recording meter., After i1t has been traced
out, the reference proton resonance is obtained in the same magnet
position. From a calibration of the sweep field, a correction can be
made to take into account the small field difference separating the two
resonances.

When the two sets of resonances are presented simultaneously
on the osclilloscope, for a given amplitude of modulating field, 1t 1is
again seen that the larger the applled field, the less conseguential
will be the error made 1n aligning the resonances. Ambigulty in telling




when the both sets of resonances are aligned can come about from marked
differences in thelr appearance resulting from dlfferences in relaxation
times and magnetic moments. Studles of transient effects have shown that
the appearance of the resonance may be delayed until the resonant field
has been pasged through.15 The delay may be sufficiently different for
both gets of resonances so that 1f one aligns the right-hand resonancesg
on each trace, the left-hand ones are distinctly misaligned. Such a

case was encountered ln the comparison of the proton and deuteron moments
made in this laboratory and elsewhere.5-7 In these instances, use can
be made of a symmetry property possesed by Bloch s equations which was
pointed out by Jacobsohn and Wangsness.15 They show that for a
sinusoldal-field modulatlon and oscllloscope sweep centered at the
resonance value, the observed trace resulting from the absorption com-
ponent will be symmetrical about the center line while that from the
dispersion component will be skew-gsymmetrical, Hence 1f bridge balance
and frequencies are adjusted so that two symmetrical patterns appear, we
know that the resonances are "aligned" regardless of differences in
appearance or geparation.

Frequencles have been measured by means of crystal-calibrated
frequency meters, General Radlo Co. Type 620-A and the Signal Corps
BC-221-T, The error in measurement is of the order of ,005 per cent to
.0l per cent depending upon the dlal setting. A short antenna attached
to the frequency meter radiates sufficlent power to enable the beat
frequency between the meter and slgnal generator to be observed directly
on the oscllloscope connected to the recelver output,

The particular conditions applying to each of the nuclei
measured will next be considered.

3 206

3¢1s Meagurements on the Thallium Iso;gpes,glzo and T1™"", The fol-
lowing values for the spins and magnetic moments of the two stable thal-
lium isotopes, mass numbers 203 and 205, have been determined spectros-
copically.l7

I =}

po= 1.45 Moos/togz = 1.00966 .

The relatively high gyromagnetic ratio and abundance of these
isotopes indicated that thelr resonances could be searched for on the
oscilloscopre. This was consequently done during a period of time when
the M.I.T. ¢yclotron magnet was avalleble to us for experiments in
regonance absorption,

Saturated solutions of the soluble acetate and later the formate
were placed in a glass coll form 7/16 inch in diameter. Two coils,
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%+ inch long and separated by + inch were wound on the form and connected
to separate bridge circults. One coil was intended for the observation
of proton resonances in the solution. The colls were contained within a
6-inch diameter coil through which 30-cycle current was sent to modulate
the field.

Two resonanceg separated by a one-percent field difference were
observed for a field about 1O per cent less than that expected on the
basgls of the spectroscopic results. The gtronger resonance occurred at
the lower field and was attributed to T1%0° since it is 2.5 times as
abundant as T120%

The proton and thallium resonances were then displayed
sinultaneously on an oscilloscope, the frequency of the former being
30.5 Mc/sec., and that of the latter, in the vicinlty of 17,5 Mc/sec. In
this case, it was possible to line up the two resonances on one trace
with the two on the other.

Measurements were first made on Tl
and subsequently on Tlgos. Although the signal-to-noise ratio of the
latter resonances was poor, the accuracy of the measurements 1s not
appreclably lowered thereby. The resonances can be clearly distinguished
from the nolse by theilr characterlstic motion across the oscilloscope as
the field is varied. The applied field belng about 7000 gauss and the
modulating fileld 7 gauss, as long as both sets of resonances were visible
on the oscllloscope together, an accuracy of one part in 1000 is achleved
without attemptling to align them. As the resonances had a width of less
than } gauss, errors in aligning them could be kept below those involved
in the frequency measurements.

The cyclotron magnetic field was sufficiently uniform over the
distance between coilg so that 1t was not necessary to repeat the
measurements with the coll positions interchanged. When the proton-
deuteron magnetic moment ratio was measured with the use of this magnet,7
no significant difference was noted when this interchange was made, even
though an accuracy of almost one part in 100,000 was achieved.

Differences in phase shift in the audio stages of the two
recelvers were studled by observling the points on the oscilloscope trace

205 8

s breviously communicated,

where proton resonances entered and left as the field was varied so that
the resonances occurred first in one coll and then the other. This error
appeared to be under .0l per cent,

S8ix independent determinations of the ratio of resonant fre-
quencies of leo5 to the proton were made and five for leos. The
Individual results are given in Table I. To make an allowance for pos-
sible errors of the type mentloned above, .0l per cent was taken for the

rrobable error. The results are then

—-5-




v /v 4 = .577135 + ,00005
712057 Pyl

v v, = .571499 * ,00005 .
11203/

In considering the probable error to be associated with the
ratio of the moments, possible systematic errors should cancel out and it
would appear Justifiable to add the probable errors obtained from the
deviations in each set of measurements. Taking the ratio of the averages
then gives

Moos/togs = 1.00986 * ,00005 .

Applying the dlamagnetic correction as given by Eq. (2) and
taking the proton gyromagnetic ratio to be 5.,5791 * ,0016* give for the

moments, in nuclear magnetons,

b (T1%9%) = 1,628

w (T179%) = 1.612 .

It 1s difficult to list any probable error in the above results. The
dlamagnetic correction amounts to 1 per cent of the values and there is
no certain way of estimating the error in it.

The value of the ratio of the moments obtalned in these
measurements is .02 per cent higher than the spectroscopic value, The
dlscrepancy 1s within the limlt of error of the spectroscoplc work so
that no significance can be attached to it.

It is of interest to note that on the basis of their spectros-

coplec measurements, Schuler and Korsohing17 concluded that the relation
Marg _ Hare
My Wy

appeared to hold for the lsotopes of copper, rhenium, and thalliunm. MA
refers to the lighter isotope of mass number A and B to its magnetic
moment, The packing fraction of both the thallium isotopes is given to
be (2.9 + .5) x 10-4 mass units.18 Their mass ratlio 1s then their mass
number ratio and is

¥ This 1s the molecular beam value given in Ref. 21., It has not been
corrected to take into account recent work on the g-factor of the
electron. :

i,




—A*¥2 - 1 00985 + 0001 .

The relation thus avpears to hold very well for thallium, Poundlo

measured the moment ratio of the copper lsotoves by the resonance method
and finds u.65/u,63 = 1,0711 + ,0002, distinctly different from the mass
ratio, 1,032, If the above relation represents a nuclear property which
holds under certain conditions, possibly the higher spin of the copper
isotopes (3/2) might prevent i1t from applying in their case.

The addition of copper sulphate solution to the thallium sample
with the resulting concentration of about 1019 cupric ions per cc.
enhanced the proton resonance but almost obliterated the thallium
resonance. The apparently stronger interaction between the copper and
thalllum ions would 1lndlcate that thelr average dilstance of separation
is less than that of the copper ions and the protons.

3.2 Measurements on 013. The avallablllity of a sample of methyl iodide

enriched in 013 prompted measurements to be made on it. Its gyromagnetic
ratlio had been measured previously by the molecular-beam resonance
method.19 Its spinzo 1s 1. The molecular beam value of the moment 1s

has

p (0®) = 701 % .o02 .

The methyl lodide, which is a liquid, was contained in a sealed-
off glass tube } inch in diameter. The liquid filled the tube to a
depth of 3/4 inch; 56.7 per cent of the carbon atoms in the sample were
stated to be 013. The tube was fitted into a polystyrene coil form.

A search, with the use of the recording meter, revealed a weak
resonance in the expected vicinity. The resonance was attributed to 015
since there were no other nuclei in the sample which would glve reso-
nances in this region. The frequency was 4.5 Mc/sec. A second coil
mounted in the same box was used %o obtaln a reference proton resonance
in oil at 18 Mc/sec,

The 013 resonance was recorded at a known frequency by using a
motor-driven variable resistor to vary a small current through auxilliary
colls on the magnet, This sweep field had been previously calibrated by
measuring the change in frequency required by a change in current to
keep a resonance at the same point on the oscilloscope trace, The proton
resonance was obtalned in the same magnet position and located in a
manner previously described by dilsplaying it on the oscilloscope and
reducing the amplitude of the modulating field to a very small value.

The maln magnet current was monitored by using a potentiometer circuit
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with which a drift of a gauss could be easily detected. The field*was
corrected before each frequency measurement if a drift was noticeable.
The field difference separating the two resonances wag about
1072 of the applied fleld, so that an error of 10 per cent in the calibra-
tion of the sweep field would affect the results by only .01 per cent.
The 013 resonance occupled about one gauss, while the applied field was
4200 gauss. The uncertainty in location of the exact resonance point is
not believed to have exceeded .0l per cent., The results of seven
independent determinations are glven in Table I. A probable error of
.02 per cent 1ls considered to include the effects of possible errors. We
then have for the ratio of resonant frequenciles

V 1/ = ,25143 + ,00005
1 . - .
o gt

The diamagnetic correction in this instance increases the observed gyro-—
magnetlc ratio by only .03 per cent, and hence does not leave the
accuracy of the final result uncertaln as in the case of thallium, The
magnetlc moment in nuclear magnetons is then

w (6™®) = .7018 + .0004 ,
mogst of the error arlsing from that in the proton moment. The value

obtalned is seen to be well within the limit of error of the molecular-
beam result.

3¢3 Meagurementsg on Flg. The resonance absorptlon method was applied

to the measurement of the moment of fluorine to see how the results would
compare with the observed molecular-beam value

= 5.250 + .005 ,
By toking into account its spin of % and the diamagnetic correction of
.06 per cent the molecular-beam value21 of its moment is

" (Flg)

= 2,627 & ,003,

Hydrofluoric acld was used as a sample. It does not affect
polystyrene and was poured directly into the coll forms. The addition
of small concentrations of manganese chloride or ferric chloride solu-
tions to the acld enhanced the proton resonance but obscured that of
fluorine, a behavior similar to that found in the case of thallium,
Here, the greater effect of the paramagnetic ions on the fluorine might
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be a result of thelr electrical attraction which would lower thelr
average distance of geparatlon.

Measurements on fluorine were first made by presenting both
fluorine and proton resonancesg on an ogcllloscope simultaneously as was
done for thallium, The frequencles were in the vicinity of 4.5 Mc/sec.,
the field then being about 1000 gauss. As the modulating field was
10 gauss, the accuracy of the thallium measurements was not dupllicated.
The result obtained for the ratio of resonant frequencles was

Y 1o/V 7 = .9407 + .0003 .
Y T

A subsequent series of measurements was made at a higher frequency, in
the neighborhood of 19 Mc/sec. One sample coil was used. The field was
kept constant and the frequency varied so that first one resonance was
obtained and then the other. Slow field drifts, not exceeding one

gauss, which sometimes occurred during the interval between measurements,
were corrected. The resonances were displayed on the oscillogcope and
located by reducing the modulating field until it was about .015 per cent
of the applled fleld, and keeping them centered on the trace. Four
independent determinations were made, the results being given in Table I,
A probable error of .0l per cent 1s considered to include possible
errors. The result is then

Y 1o/V 4 = .94077 + ,0001 .
pl9/ Pyl

Taking into account the diamagnetic correction gives for the moment, in
nuclear magnetons,

19)

p (F = 2,626 + ,001 ,

most of the error again arising from that in the proton moment. The
value 1g in close agreement with the molecular-beam value.
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TABLE I,
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T1203

c13

19
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Ratio of Resonant Frequency to that of the Proton
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£ 940785

.940768
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