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ABSTRACT

The magnetic moments of nucleil will in general result in a
nuclear paramagnetic polarization upon reaching an equilibrium in
a constant magnetic field. A high frequency alternating field
applied at right angles to the magnetic field will cause a pre-
cession of this total polarization about the direction of the
steady field, and when the frequency of this alternating field
is adjusted to that corresponding with the "Larmor" frequency
of the nuclei there will result a component of the polarization
at right angles to both of the applied fields. This component
of the polarization is used to induce a voltage in a suitably
placed coil mounted with its axis collinear with the component.

The design, development, and construction of an instrument,
using the method of nuclear induction,and all of its associated
magnetic fields and equipment are discussed in detall. This
equipment was then used to measure the resonance frequency ratios
for 17 isotopes of 13 elements (Li, Na, Al, P, Cl, Cu, Ga, Se, Br,
Rb, Cs, T1) in a fixed magnetic field with a high precision. Twelve
of these frequency ratios have not been previously measured and the
remaining are in agreement with published values.
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INTRODUCTION

Many theories have been suggested for the configuration and struc-
ture of the nucleus. A confirmation of these theories lies in the abil-
ity to measure ekperinentally the forces existing within the field re-
gions of the nucleus of the atom. dne of the pfoperties of the nucleus
that contributes to this experimental information is the nucleer magnet-
ic moment. In 1946 two independent research groups, one at Hervardl and
the other at Stanford I.J:n:Lver's:Lty,v2 developed new méthods for measuring
this nuclear moment. Since then measurements have been made on many '
elements of high natural abundance and these results are in the scientif-
ic literature.3 The data from these various lasboratories have not al-
vays been in agreement, and several scientistsl"’5 have shown that the
measured value for the nuclear magnetic moment depends upon the chemical
compound and state of the sample.

It is the intent of this research to make preclise measurements on
several of the nuclides and to present the design data on the equipment
used in making these measurements. The system to be described was con-
structed with this purpose in mind.

Since the construction of this equipment several instruments ce-
pable of precision measurements have been built at other laboratories.
Three of the major laboratories use the system of nuclear absorption6
and three others the system of nuclear induction.? Most of the investi-
gations at the other laboratories have been directed towards the study

of chemical and nuclear shielding effects and not primarily the measure-




ment of nuclear moments. OSufficient results are now available to de-

termine that both systems have the same ultimate precision. .
An electrically charged particle undergoing & rotation will pos-

sess an angular momentum and a magnetic moment. In atomic physics the

unit of the magnetic moment is (e#/2mc) and is called the Bohr magneton.

The unit for the magnetic moment in nuclear physics is (ef/2Myc) and is

called the nuclear magneton and is designated by the synboi . In gen-

eral all nuclear moments are most easily referred to that of the simplest

nuclide of hydrogen which has only one proton because the proton magnet-

ic moment has been measured very precisely by several methods. The

methods of nuclear magnetic resonance do not measure the nuclear mag-

netic dipole moment directly, but instead determine a value for the ratio

of the nuclear magnetic moment to the spin angular momentum; hence, to

determine the magnetic moment of & nuclide the spin (angular moqentum) -

mist be known. This ratio is commonly called the gyro-magnetic ratio

although more properly should be called the magneto-gyric ratio. Most

spin values have been determined by other methods, although it is pos-

sible to determine the spin by means of intensity measurement of the nu-

clear magnetic resonance,8’9 Measurement of moments is limited to

elements exhibiting an angular momentum. All nuclei thus far studied

having an even number of protons and of neutrons possess zero spin in

the ground state since there is a pairing of oppositely directed spins

for the respective nucleons; odd-odd nuclei necessarily have integral

values of spin, while for even-odd and odd-even species the resultant

epin is half-integral. Since odd-odd nuclei are rare, this then with but
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few exceptions limits the measurement of the nuclear magnetic moment to

- nuclides having odd mass numbers.

The results of the measurement of nucleér moments are useful in

developing and verifying the theories of nuclear structure. If certaim
models are chosen for the nuclear configurstions it 1s possible by means
of quantum theory to estimate the value for the nuclear magnetic moment.
Measured values for the magnetic moment of several nuclides have fallen
within the limits of the’predicted value as calculated from certain of

these nuclear shell lodels} however, many discrepencies still remain.

ﬂl.é:n

]

] (g F N E L

H

t

i

]

i1

H

NOMENCLATURE

e = charge on the proton

4 = (27)-1 times the Planck constant

m = mass of the electron; magnetic quantum number

veloclty of light in vacuum

mass of the proton
angular momentum vector
nuclear g-factor

(eh)/(2Mpd) = nuclear magneton

gl = nuclear magnetic moment, the number of nuclear magnetons
gho/f = ratio of angular Larmor frequency to magnetic field; n/H

spin quantum number in units of h/27
magnetic polarization vector
angular frequency of Larmor precession, 27TU5

magnetic field

torque vector
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= constant magnetic field vector

I

nuclear magnetization vector density

paramagnetic susceptibility

]

constant field value of X, see Equation 10

2 X K = M
H

number of nuclear magnetic moments per unit volume

|

k = Boltzmann constant

T = absolute temperature, degrees Kelvin

*

H, = the value of the applied field at resonance

Hy = a rotating magnetic field, half amplitude of the oscillating field

it

angle formed between M and the steady field direction

i

spin-lattice (thermal or longitudinal) relaxation time

= spin-spin (transverse) relaxation time, inverse line width

= conversion constant for\) in cps, H in gauss, U in nuclear

e
Ty
T2
M, = equilibrium value of z component of nuclear magnetization
magnetons

WWV

i

National Bureau of Standards standard frequency ratio transmis-

sions
Q = figure of merit for a coil; WL/R
n = volume density of nucleil
d = deviation of Ho (orw) from the resonance in units of Hl
B = magnetic induction vector
F = flux linkage due to magnetization density
Hy, = wagnetic modulating field
Y = frequency of radiation, w/27

Hy,c = magnetic field produced at lattice by neighboring nuclear moments
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real and imaginary parts of X="X' - 1K

XX
4w

1]

(w-0)), deviation in @ from resonance

A

A

power absorbed per unit volume

sample volume

NUCLEAR RESONANCE THEORY

If a nucleus in its ground state has an angular momentum E, we
can describe the resulting nuclear magnetic dipole moment vector as
F = g(e/'mlpc) e = o a="Ts ’ (1)
where g is the dimensionless gyromegnetic ratio, and 7 1s the ratio of
the nuclear megnetic moment to spin anguler momentum. The spin quantua
number I of the nucleus is equal to 1/A times ay, the largest component
of & in a specified direction, in our case in the direction-:of the ap-
plied static magnetic field H, for which a can take on discrete values
8y = wh, wherem = I, I-1, ......-I + 1, -I. (2)
If the nucleus having a magnétic dipole moment Fn is placed in
the magnetic field, a torque (p, x H) is exerted upon the dipole and the
time rate of change will be
defat= p x E (3)
and upon substituting for F we find
da/dt =7 a x H= -THx a (&)
It is easily seen that this is the equation of motion for a vector a
precessing with angular velocity w, = -7H if one considers the re-

lationships shown in Figure 1 where a vector a is rotating about an

axis with angular velocity ®@,. One sees that da is equal to Wy x a dat,




dlal=tal sin 8d$=lal sin 8 (wedt)=woxlaldt

Figure |. The relationship between classical mechanics and
the nuclear magnetic moment and spin interactions
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but if a is the angular momentum vector for a particle, then -g%.is the

torque, L, which for the nuclear particle is -7H x a. Therefore

o= -TE - (5)
The anguler fregquency 0)0 is called the Larmor preceasion'frequency., |

We now define the COniponent of /T n in the direction of the applied
field as the magnetic momenf ﬂ . If nuclei possessing such a moment and
& nuclear spin I, are subjected to a steady magnetic field H, directed
along the Z-axis, there will be a coupling of their spin with the mag-
netic field and a tendency to align themselves in the field with posi-
tions corresponding to the Quantized 2I + 1 Zeeman energy levels.v The
energies separating successive levels will be equal except for quadru-
pole effects;” and the energy difference will be found to be hV = A7H.
This energy difference, upon application of an exciting field, will give
rise to an absorption of energy at the angular frequency @= 27V, which
for vaiues of megnetic field (mlOL" gauss) falls in the megacycle radio-
frequency region. The nuclear moment vector will precess around Hy with
the Larmor angular frequency G}. If there is then supplied perpendicular
to the steady magnetic field H, a rotating magnetic field Hy, where By =
Hy cos Wt, Hy’—"Hl sin wt, H, = 0, a new torque (-ﬁn X Hl) will be exerted
upon }T n+ If the rotating frequency W is the same as the Larmor preces-

sion frequency w,, the angle between H, and Fn will change because of

TIf & nucleus has a non-zero electric quadrupole moment (IP%) and is
situated in an electric field with a non-vanishing gradientv E, each of
the Zeeman levels will be perturbed and the single ebsorption line of
frequency @ will be split into 2I components. Volkoff, A. B., Canadian

Jourpal of Physics, volume 30, May 1, 1952, page 270.




5 G
the in-phase character of the torque, and ﬂh will tend to tip towards a
new energy state. If(ﬂfcub the average effect will be zero and no
tipping tendency will occur. The rotating field Hy can be easily.estab—
lished by using an oscillatory field Hy = 2H; cos wt, Hy = 0, Hz =0
which can be considered to be the sum of two fields rotating about the

Z-axis in opposite directions:

B = Hy coswt HY = H) coswt | (6)
Hy = Hy sinowt By = -H) sinwt -
HP% =0 H\zf.;': 0 (8)

If the frequency of oscillation of the applied field isw = %, then one
of the components will follow the precessing vector /-"-n and produce energy
transitions; the other component will be far off resonance and can be
neglected. This theory as now applied to the nuclear induction method
is an extension of the original work of Rabil0 and his co-workers in the
measurement of nuclear moments by the molecular beam resonance method.
Let us consider the magnetization effects in a macroscopic
sample. In the presence of a steady magnetic field we will find that
~the orientation of the individual nuclei due to their various energy
levels produces a resultant vectorial magnetic polerization M. The mag-

netization in the direction of the field can be expressed by

M =XH, (9)

where ). is the nuclear paramagnetic susceptibility given by the relation
. I+1 N2 | -

%o 3T W (10)

The magnetization then becomes

_ e

g = NI(I+1)720°F , Bl kT (11)

3kT




Q
We are interested in the various components of i, in particular
M,, the component along the field direction, and Hy ;, the component wve

shall detect.

From Equations 3, 4, and 5 we can write an expression for the rate .

of change of the macroscopic polarizat.ion vecfor (the magnetic moment per
unit colume) for a sample, such that

S ey | - S (2)

If cert.ain asaumptions are now hde that the oscillatory field Hj

' is much smaller than the steady field H, () €« Hy), and that the circular
frequency Wof the oscillatory field is in the neiéhborhood of the reso-
nance frequency ¢ such that |w- w°|<< Wy, Where w°=7 Ho'it is possible
to find a special solution to Equation 12 where M will be found to pre-
cess around H, at a steady engle © with an angular frequency W .

The three components of M can be written as:

Mx=|M|sinOCoswt (13)
My = l Ml sin ¢ sin wt (14)
Mz=|M|cosO (15)

vhere | M| is the magnitude of M. With H given by Equation 6, the angle
; X

@ is found to be such that

RA:SE =0 =7 (16)

tan @ = “pE
7H° -w Ho = 0O wo -w

where H'; = CU/ ¥ is the field whose Larmor frequency is (W . Equation 16
shows that if H, is greatly different from H:, the angle © will be esmall
because Hy is small.

Resonance conditions can be achieved by varying either w or Ho

and at resonance Hjy = H: (orw= wo) the angle @ will be found to be 90
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degrees. This means that

Mx=|H,coawot (17)
uy:, M " sincU_t (18)
M;= 0 (19)

and that M is perpendicular to the steady field Hy, and rotates about it
~at the Larmor frequency CUO°

- For wp w, but where w is in the neighborhood of &, the components
of M are found by substituting Equation 16 in the equations for the com-
ponents' Equations 13, 1k, and 15. If we permit cos @ =¢ "'(Ho - H:;)/Hl
to be the deviation of Hy from its fesonance value H: in units of \Hl‘ 5.
we can rewrite Equations 17, 18, and 19 to be

cos Wt

My=M———F—~
(1+$2)2 :

x (20)

sinwt

M ————%—(l 45 2) (21)

M.y

. .
M, =M ROYELS (22)

This rotating magnetic field is used to induce a voltage in a
coil having its turns in the X-Z plane, and the mefhod is therefore
termed "nuclear induction.”

The simple solution to Equation 12 as given is not that of a
practical nuclear case but is that for é system of free nuclear spins.
To consider the conditions of a practical situation cognizance must be
taken of the interactions occurring beéween the nucleus and the lattice,

and between ad,jacént spins. In the simplified case considered, M, was
found to be zero at resonance. In the case where other interactions are

also considered this is not true in general. The effects of these in-
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- teractions influence the equations of motion of M by introducing extra

terms that contain the so-called relaxation times. For a further dis-
cussion of the origin and effects of these terms reference is made to
the article of Pake.ll The spin-lattice relaxation time T, is related
to the period required for a nuclear thermal equilibrium to be achieved
and is a measure of the time required for the z component of M to at-
tain realigmment in the steady field. In addition to the applied
fields, there are local fields due to neighboring nuclei. Interactions
with these local fields tend to induce additional energy changes. These
interactions are called spin-spin coliisions and cause a destruction of
the phage relationship between the nuclear moment components and are
assocliated with a relaxation time T2 which is determined by the spread
in local magnetic field values at the nucleus. Usually one can assume
Tp to be less than T,. Additional comments on relaxation times will be
found in Appendix I and in reference 6.

Bloch7 has further solved a set of classical equations of motion
for the components of M obtained by modifying Equation 12 for the spin-
spin and spin-lattice coupling. The expression for the components of M

including these modifications becomes

T;.ﬂ':_x =7 _kyHo + M_H; sin <0t:| - MX/TQ (23)
_;‘:Y_ =y :Mzﬂl coswt - MXHO] - My/Tp (24)
ZI:Z =7 E-MxH]_ sinwt - MH; cos wt] + (M, - M,)/Ty (25)

It is convenient to introduce two new variables u and v through

the relationship




M, = ucosWt - v sinWwt (26)
M, = 3(u sinwt - v coswt), sign dependent upon sign of /° (27)
A complete solution of these equations is given by BlochT and detuils

may be found in Pake.ll The resultant nuclear moment M is resolved into

three components

2
M, = 1 + Topw) .M
14 (Tpaw? 4 (7H)2MT, (28)

in the Z direction,

Y HyTo (To AW ) :
1l + (T2Am)2 + (7 Bl)aTsz Mo (29)

=

parallel to the effective component of H,, and

- __=7E1T> | _
. 1+ (Toaw)2 + (77H)2TyTo Yo (30)

orthogonal to M; and leading H] by 90 degrees, whereAW=7'Ho W= wy -
and H) is half amplitude of the oscillatory field. It i1s assumed that
M,= M, for this particular solution. Then My can be written upon sub-

stitution of Equation 29 and 30 into Equation 27 as

(31)

My = o 2H, cos wt - 2TpAuH) sinwt
0’072 1l + (T2Aw)2 + (7Hl)dTlT2

where X, is given by Equation 10.

Since our detector coil is oriented along the Y axis, My is the'
physically observable quantity of interest. It can be seen from Equa-
~tion 31 that My has components both in-phase and out-of-phase with the
driving field H,. The component that one obéerve_s experimentally de-
pends upon whether the phase of the leakage Voltage signal (used for.

homodyning and detection as later explained) is in-phase, at 90 degrees,
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or at some other phase angle with respect to the oscillatory field H,.
Under conditions where the resonance is approached by & slow variation
of H, or Cothe v component corresponds to an absorption and gives a
symmetrical curve and the u component corresponds to a dispersion and
glves an anti-symmetrical curve. A fﬁrther discussion of these phase
relationships and the complex susceptibility is included in Appendix II.

For the nuclear induction system which utilizes the voltage in-
duced by this resonating magnetic field, it is desirable to have u as
large as possible, since it is this component of My that contributes

to the dispersion and the induction signal. Its largest value occurs

for
1 _
1+ (7 H,)2T,T5] 2
Aw=[ (7 8,) 11T (32)
To
when it has the maximum value
7 Tt (33)

¥,

Upax * [1 + (731)2'1'1'1’2]% .

This maximum increases monotonically with Hy, and for (7’Hl)2TlT22>l

becomes

1
Upax . = 3 [g_ﬂz - My (34)

These solutions indicate that for the nulcear induction signal to
be as large as possible H, should also be as large as possible. However
excessively large fields for Hj; introduce practical problems in the con-
struction of suitable driving and detecting coils and Hj is usually lim-
ited to a relatively small value compared with the steady magnetic field

H,. One can also consider the v term in Equation 26, since it is this




1k h
quantity that determines the out-of-phase portion of M, anéd the in-phese
portion of My. It is the v term that is a measure of the absorption
component of the signal. From Equation 31 we find that fpr resonance
conditions, AW = 0, it has a maximum

Voo = JHT .
max [l+ (7H1)2T1T2] M (35)

and does not increase monotonically with H; as does Upmgey but decreases
for extremely large values of Hy. The best choice to limit saturation is

(7Hl)2TlT2=l (36)
and then it also gives for a maximum

T2
[T—l M, (37)

In the practical case it is possible to have both the u and v

nj-

v,
MAXma x
"modes” affect the detected signal, since a slight disparity in the

phase of the leakage or driving field H; will alter the effect of the

induced signal as will be later discussed.

THE NUCLEAR INDUCTION METHQD

The preceding section pointed out that nuclei subjected to a
steadyvmagnetic field and a high frequency alternating field are forced
into energy transitions which give rise to a radiation of energy in the
form of a magnetic induction field in the radio-frequency spectrum. A
method is described whereby these radiations can be detected and measured.
Bloch, Hansen, and Packardl? have described a system which they have

called "nuclear induction."” This system utilizes a pair of crossed or-




15
thogonal coils for exciting the nuclel and detecting the induced emf.
The sample is surrounded by one coil which has its terminals connected
to a sensitive detecting system. A second coil adjusted for minimum
coupling with the detector coil impresses a high frequency alternating
megnetic field upon the sample. Both coils and the sample are sur-
rounded by & steady magnetic field oriented perpendicular to the plane
of the two coils. Radio-frequency energy of the proper freqﬁency causes
the nuclear polarization to be altered from its equilibrium position and
to rotate in step with the driving field and induce an emf in the de-
tecting coil.

Before considering the design of an apparatus sultable for de-
tecting this induction it is desirable to know something about the re-
quired magnetic field values, the frequency range over which the equip-
ment must operate, the magnitude of the impressed field H,, the charac-
teristics of the amplifiers and recording system, and the amplitude of
signal that one might expect from the nuclear sample.

First, the character of the signal expected should be considered
since this will determine the feasibility for the design of the system
and will lead to values for the necessary parameters. As an example,
reference is made to the most ideal nuclide, the proton, whose magnetic
moment 1s 2.7926 nuclear magnetons, and whose spin is %, Thus the gyro-
megnetic factor is 5.5852; it is the largest'T factor known. Since the
spin is % only 2I + 1 = 2 orientations are permitted for the nuclear
polarization in a magnetic field, psrallel and anti-parallel. For a
sample containing one cm3 of water at room temperature (T = 291° K.)

and having n= 6.9 x 1022 nuclei per cm3, the susceptibility is calcu-
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lated from Equation 10 to bejﬁ; 3.4 x 10719, For a magnetic field of
5000 gauss the magnetic moment density 'ﬁﬁfﬁ is found to be 1.7 x 10'6
gauss. The apparatus does not observe M itself, but detects the rate of
change of the inductiom By = hﬂMy, The frequency at which the apparatus
muet operate can be determined from the original expression for hV.

This can be rewritten in a different form where a constant Q)has been
added to convert to the most commonly used units of cycles per second,
gauss, and nuclear magnetons. The frequency is found to be

V=TH \P (38)
vherey= 0.76229 x 103. For a field of 5000 gauss, \ then must be

2l1.3 x 106 cps. This frequency is a linear function of magnetic field
strength unless perturbed by electric quadrupole effects and doubling

or halving the magnetic field will still permit the radiations to lie 'in
a practical radio-frequency range for a crossed coil system. Certain ad-
vantages aré obtained from using the highest magnetic field possible and
these will appear later in a discussion of the voltage available from
the nuclear megnetization. If the sample takes the form of a sphere, the
flux linkage through a turn about the equatorial circle is equal to that
caused by a magnetic field of magnitude 8W73 times the moment éensity.l3
For this case the linkage through such a single turn will be the same

as if a uniform field of 1.43 x 10“‘6 gauss were linking the turn. Sup-
pose the spherical sample is placed in a coil oriented along the Y axis
and in a steady magnetic field of 5000 gauss in the Z direction, then by
means of a split coil, orthogonal to these two axes, an alternating
field H, = 2Hy coswt is applied. The signal from the nuclear polari-

zation will be present in the detector coil only near a resonance. The
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amplitude for the components of this polarization,ﬁ‘as previously. shown

will be
M, = (l—fsﬁ— cos Wt (20)
_ M

"y T (1 +s52)p sinot (21)
ST (22)
where

S = _HO..-___H; (39)

By

is the deviation of H from its critical value, Hg in units of the half
smplitude of H,. A curve of the function 1/(1 +§ 2)% ig given as Figure
2. The ordinate is proportional to My, the component of M in the direc-
tion of the detector coil and thus to the amplitude of the induced vol-
tage. To induce transitions successfully the driving field H; should be
larger than the internuclear fields. If 1 gauss is chosen as an ac-
ceptable value for Hy, the field H, will be 2 gauss and the problem be-
comes one of detecting a field 6f about 1.5 x 10'6 gauss 1in a field of
the same frequency but of a magnitude 1.33 x 106 times larger. Upon
comparing the field component My with the driving field H, it is found
that a time quadrature relationship exists.

Consider nov methods whereby the voltage appearing at the termi-
nals of our detector coil can be increased. The largest sample volume
capable of being enclosed by the coil will provide the greatest quantity
of nuclei and hence the largest moment density ﬁov Since the voltage at

the coil terminals is proportional to the total flux-linkage turns, the




18

i
L1

TN
o | LA N
] Y

Figure 2. The amplitude of generated voltage for rapid pass-
age when using a sweeping field Hg cos w t. The ordinate is pro-
portional to the amplitude of My. The abscissais the variation in

Ho from the resonant value H: in units of the half amplitude of H,
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coil can be a multiplicity of turns, and in addition can be tuned to
resonate at the emission frequency 21.3 mc by an external capacitor.
The detector coil gain is increased by the Q of the resonated LC net-
work. Distributed capacity will 1imit the amount of inductance that
can be used and still ma;ntain resonant conditions. A Judicious choice
mst be made between the interlinking factors of coil diameter, length,
end turns, since they affect the Q and the sample size directly. Res-
onating the detector coil will not improve the inherent signal-to-noise
ratio, but will increase the observed signal-to-noise ratio by the in-
creased signal-to-tube noise at the input stage. A coil suitable for
holding a sample of 2 few cubic centimeters volume can be constructed
with a Q between 75 and 150. The thermal (Brownian) noise from such a
coil should be less than 1 microvolt in a 5 kc band range and could be
further decreased by limiting the band-width or increasing the Q.

The magnitude of the voltage present at the detector network
terminals cgn now be calculated. The induction will be
By = Uty ()
and the flux linkage will be

F = WNAM, (41)

The voltage generated is the rate of change of this flux linkage and will

be
dF I 2
gl & DA DB P SSWE 5 q 1078 (42)
c dt mMc(3kT)(1 +82)2
and the root-mean-square voltage is
1 4ywM -8
Vems = = ~—— T HNQWAL (43)
T8 Tf2 (a2 + n2)2 3




vhere d is the coil diameter, h the coil length (both in cm), and A_the
sample volume. A coil having 22 turns of #20 enameled wire with a diam-
eter of 1.9 cm and a length of 1.27 cm will have a calculated free air
Q of 3803f Because of necessary shielding this will drop to a value
near 200. If a sample volume of 3 cwd is assumed, the voltage expected
at the coil terminals will be 0.12 volt, a very sizeable signal that can
be detected without further radio-frequency amplification. Unfortunately
not all nuclei provide such a large signal. For example, if the voltage
is caiculated for the deuterium resonance occurring in a similar sized
sample of normal tap water (0.0156 percent Dy0) at the same magnetic
field one finds only 1.8 microvolts available. This is nearing the
limits of practical circuit noise and is a measure of the sensitivity
in the best equipment. This voltage could be increased by a factor of
three of four‘by using a larger number of turns on the detector coil
providing the Q was not decreased. Doubling the magnetic field will in-
crease the signal another fourfold and one can then expect the signal to
be about 2.9 microvolts which should exceed the thermal noise of the
coil. Since both M and W vary directly with the magnetié field H the
detector coil voltage varies as the square of the magnetic field for a
given nuclide.

Consider now the effects of the strong field Hy, = 2H; cosWt.
This is somewhat more than 106 times larger than the nuclear induction

field and it is necessary to reduce the coupling of this field with the

detector coil by a large factor to prevent saturation of the early am-

*k complete discussion of coil design for optimum Q and form size can be
found in referemce 1k, pp. L63,4T5.
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plifier stages. Under ideal conditions a reduction of th requiring an
angular orientetion of the orthogonal coils to 20 seconds could be
achieved, but a reduction of 106 would require an angular adjustment to
10-6 radian or 0.2 second. Even were such an adjustment possible,
couplings through distributed capacity, coill non-uniformity, etc. would
prevent this much decoupling. Fortunately a method is available where-
by this coupled leakage flux can be utilized.

A common method for increasing the selectivity of a system and
at the same time reducing the band-width and thereby decreasing moise is
the use of the superheterodyne principle, where some lower intermediate
frequency is choaen for further amplification and detection. In this
apparatus this intermediate frequency is chosen to be zero and the leak-
age signal, with modification becomes the local oscillator voltage source.
In order to make use of the superheterodyne principle it is desirable
to havevthe input signsl modulated. This is done by adding to the
steady magnetic field a considerably weaker oscillating field H, = Hj
cos Wyt . ‘This wegker field causes the steady field to be swept back
and forth across the resonance value Hg at a constant repetition rate
and the resulting induction from My is turned on and off periodically.

As has been pointed out, the leakage signal from H) and the sig-
nal generated by My aere 90 degrees out of time phase so that if the
leakage voltage and the modulated signal are added a resulting phase
modulation will be observable but the magnitude change will be small.

In order to pass this through an ordinary diode detector the leakage
must be shifted in phase by 77/2, apd the resulting emplitude changes can

then be readily detected.




Four methods are used for adjusting the amplitude and phase of
the leakage voltage. The coils are first oriented nearly perpendicular
by careful machining of the forms and supports. The fields are then
further adjusted for a minimum coupling through tilting the r-f field
by moving one section of the Hy field coil parallel to the Y-axis. This
reduces the out-of-phase compcnent of the leakage induced invthe detec-
tor coil to nearly zero. This component is the one mssociated with the
absorption or the "v mode." Electrostatic coupling between the coils
is minimized by the use of & grounded Faraday shield. There yet re-
mains the problem of reducing and adjusting the in-phase component of
leakage which continues to couple with the detector coil. This com-
ponent corresponds to the "u mode" or dispersion of the nuclear induc-
tion signals and is the leakage that we use as a local oscillator volt-
age. This u mode leakage is adjusted through the use of two flux di-
verting devices; one called a loop#:and the other a paddleo‘ A schematic
of the loop is shown in Figure 3. The turn of the loop which lies in
the Y.Z plane is coupled uniformly with the coils producing Hy regard-
less of angular position about the X axis; however, the turn perpendicular
to this plane changes its degree of coupling with the detector coil in
the X.Y plane upon rctation about the X-axis. Balance can therefore be
achieved by a continuous rotation of the loop until a minimum of coupling

exists between the Hy transmitter and the detector coils. The loop is

H#This method was suggested, in correspondence, by Dr. H. E. Weaver, Jr.,
presently at University of Zurich, who credits F. Western of Varian As-
sociates, San Carlos, California.

QA complete discussion of the action of the paddie is given in reference
12, pp. LT7-478.
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Figure 3, A schematic of the "loop" control. Circulating cur-
rents are limited by the resistor R to moke the loop impedance

predominately resistive
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Figure 4. A single line diagram showing the interconnection of
the equipment used in performing the nuclear induction
experiment




kept predominately resistive througgnuse of a current limiting resistor
of about 10 ohms. A vernier adjustment on this minimized coupling is
then further made through use of a paddle consisting of 'a small semi-
circular disc of thin copper foil located above the center-line of the
Hy coils. Since radio-freqﬁency flux lines are not permitted to pass
through the copper sheet, they are diverted along the y axis and there-
by induce in the detector coil an in-phase component of H) voltage which
can be adjusted for a suitable oscillator voltage level. An additional
mechanism is provided for small phase adjustments and oscillator level
by injecting into the input stage radio-frequency energy directly from
the transmitter through a very small capacity and suitable R-C phase
shifters. A single line block diagram illustrating the interconnec-
tions of the various equipment is given in Figure k.

Consider now how further improvements in signal-to-noise ratio
may be obtained for extremely small nuclear signals. In general one
can improve signal-to-noise through a decrease in band-width of the
system. If tﬁe modulating field Hy is chosen to be in the low audio
frequency range, the output of the detector will be essentially this
frequency with higher order harmonics and noise. These can be amplified
by high gain audio stages to any desired level. If the sweeping fre-
quency 1s made to be 100 cps, thereby avoiding a multiple of the 60-cycle
line frequency, the equipment can be designed to give optimum gain at
this frequency. Elimination of the higher harmonics can be attained
through use of a twin-T R-C filter network in the audio amplifier which
can provide 15-20 db. of attenuation at 120 cps. The 100-cycle noise

minimized signal can then be passed into a phase synchronizesd detector
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which receives its phasing voltage from the same source as the coils
producing Hmo The output of the phase synchronous or "lock-in" detec-
tor is a direct voltage signal whose polarity is a function of the phase
of the incoming signal, and the amplitude of which is proportional to

the incoming amplitude if the input signal is smaller than the synchroni-
zing signal. For large nuclear signals the narrow band amplifier and
lock-in detector can be by-pasgsed and the resonance displayed directly
on an oscilloscope which has its horizontal plates connected to the
source of the modulating voltage Hy. A resonance obtained in such a
menner is shown in Figure 5 for the pure absorption or "v mode" and in

Figure 6 for the dispersion or "y mode."” For such a display it is
necessary that\Hm be large compared with the signal line width, since
H, is maintained at a constant value. In the use of a synchronous de-
£éctor a modification must be made in the system so that the large
steady field may be slowly varied across the resonance value Hg. It is
possible to achieve the same effect by slowly varying the resonant fre-
quency through the resonant value W, and this is frequently done, the
choice depending upon which is more convenient. In general, searching
for unknowns is performed by varying the magnetic field, whereas pre-
cise measurements of nuclear moment ratios usually utilize a constant
field and varying radio-frequency. The speed of passage must necessari-
ly be less than the time constant of the lock-in recorder system.

An analysis of the most desirable magnitude for the modulating
voltage Hy has been made by Weaverl? who anslyzed the effect of the de-
tecting system on the form of the recorded resonance signal at the out-

put of the synchronous detector. The analysis was carried out on both
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the u and v components and it was found that mexiwum signals are given
for modulating field amplitudes of the order of the natural line width.
Thus when searching for unkﬁowns a large modulating amplitude should be
used. For conditions of slow passage where a picture of the true line
width is desired for determining spin or Ty, the modulating field should
be small compared with the nstural line width. It is interesting to
note that direct oscillographic déisplay gives the absorption and dis-
persion components directly, whereas the use of a synchronous detector
gives the derivative plot of these same functions and the amplitudes are
no longer necessarily comparable with the true signal amplitudes.

The frequency of the modulating field should be low enough that
the nuclei have time to "relex" before again passing through a resonant
condition. This requires that Ty and T, be less than 0.0l second for
a typical case. T, is difficult to predict and in many cases 18 of the
order of seconds or even minutes. In general Ty in solids is too long
to permit meesurement by these techniques and one is restricted with but
few exceptions, notably finely powdered metals, to liquid samples. In
liquids it is possible 1o greatly reduce T; by the addition of a quantity
of paramsgnetic ions which act as catalysts due to the action of their
relatively large fields. Such catalysts affect the nuclei being measured
only minutely because their Larmor resonance frequenciés are far re-
moved from that of the nuclei under examination.

In most cases it is more practical to use a cylindrical sample
in the form of a test tube than to provide a spherical shape. This in-
creases the number of nuclei that can be contained in a solenoidal coil

of given radius over that of a spherical sample and improves the sample-
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to-coll coupling. Figure T gives a curve showing the effect of sample
shape on signal samplitude for a constant volume sample in the form of a
thin hollow cylinder. The optimum coupling occurs for the case where
the sample fills the coil volume. Extending the length of the sample
more than one coil diameter beyond the coil ends produces little addi-
tional effect.

Experimental results have shown that the chemicel structure of
compounds and molecules affect the local fields at the nucleus. Proctor
and Yulb first observed this compound dependence in nitrogen compounds
and shortly thereafter Dickinsonl7 reported similar effects in fluoriﬁe.
A summary of the reported shifts is given in reference 3 including those
determined by the author for vanadiuml® and selenium.19 These shielding
effects vary in magnitude from near zero to as high as 0.156 percent in
selenium (H25e03) which is the largest reported to date. Shielding ef-
fects in metals are larger due to the local fields generated by the
conduction electrons and vary from 0.02 percent for lithium to 1.5.per-
cent for cesium. The shielding effects produce a shift in the observed
frequency of resonance from that of a truly unshielded nucleus. Because
of these éhielding effects it 1s extremely lmportant that full details
of samples and techniques be given in the publication of nuclear moment
data. Many other effects such as beats between nuclei in slightly dif-
ferent fields,20 nutational transients,Ql and lattice orientation ef-

22

fects are not further discussed.
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EQUIPMENT DESIGN

High stability of the magnetic field and frequency generating

sources is necessary for a precise determination of nuclear magnetic

moments. The accurate measurement Of megnetie fields in the kilogauss re-

glon by direct Amperian means is a difficult task and for convenience one
uses an alternate standard for determining the magnetic field. The 7
ratio for a nucleus is a constant which permits one to use the magnetic
resonance from a measured nuclide as a secondary field strength indica-
tor. When using such a standard the absolute accuracy of all subsequent
measurements can be no greater than that of the known standard. Very
precise measurement of the 7 factor for the proton has been made in cali-
brated magnetic fields,?3 and in an inverted cyclotron thus providing
an excellent nuclear standard. To measure the”) ratios of other nuclides
requires a stabilized homogeneous field, a sensitive detector unit, and

a means for determining the frequency of resonance, as wel]l as other
auxiliary equiplént as illustrated in Figure 4. This section deals with

the design, operation and characteristics of this apparatus.

THE MAGNETIC SYSTEM

A suitable magnet must not only provide a stable and variable
field, but must also provide a high homogeneity throughout the sample
volume. To produce such a field an electro-magnet of the double E frame
type was constructed having pole pieces with a 12-inch diameter similar

to those available from Varian Associates, Paloc Alto, California. Pole
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caps reduced the diameter to 8 inches at the 1.7hk-inch gap. The pole
caps were hand lapped to within 0.001 inches of parallel and after two
years of use no measurable change has occurred.

The cross section of the megnet yoke is 5.25 inches by 12 inches
and the magnet is 39 inches high and 33.25 inches wide. It weighs ap-
proximately 3500 pounds. The yoke is fabricated from ASTM A107 GR1010-
1020 hot rolled steel and the poles and caps from ASTM Al107 GR1025 steel.
All bott joints sre machined surfaces and are held tightly in piece by
1.25-T7 RC machine stud bolts, the ends of which were milled flat and
attached to the poles and yoke by a press fit. Allen head machine
screvs were used for attaching the pole caps to the pole pileces. These
were recessed and covered with plugs of pole cap material. A half-
section detail illustrative drawing of the magnet and coll assembly is
given in Figure 8, and a photograph of the magnet amd its supply in
Figure 9.

The coils for the magnet were commercielly fabricated and con-
sist of four comcentric windings, each having 5000 turns of #17 enameled
magnet wire. The resistance of the windings varies in a menner such
that the four layer resistances from inside to outside are 9%.5, 117.5,
141.5, and 16595 ohms. A constant turns per winding rather than a con-
stant resistance per winding provides a nearly uniform ratio of henp
generation to cooling surface for each winding. In normal use the
wvindings are series connected end present a resistance to the external
circuit of 517 ohms at 23° C. The two coils are then series connected.
Each coll has approximately 101,000 feet of wire or 640 1lbs of copper.

Each winding is cooled by a concentric layer of 3/16-inch copper tubing




33)°

TAP 1-8NC

2 COPPER TUBING

5000 TURNS # 17 ENAM.
INSUL. .007 MICA SHEET

22.751 5k
22.749
QUARTER
ECTlO
I J 7
- .,
ﬁ ©: Illllllallll[l[l 0nan0naaonn;
l t //// Y/[ﬂ
‘ I
. b [1aLsf
'r'j l 117.5% =
~id ‘Y ‘ 9458 ‘2
) ‘
B j IR
o L 3 T
Gy ) 7N
_IL ;ir 3 _? “1 : ‘_
S| N | E
4:::_1‘__] ; |
é---“ b =an N
=1 |sra9ll Y
ettt e 0 TR |
s 500 ] | b
B 504 [ bod T
9}

WATER INLET
WATER OUTLET

s omr

1+ -7NC
J) REAM FLAT BOTTOM

HALF DETAIL

QUARTER VIEW-FRONT

Figure 8. Detail, section, and quarter-view of electromagnet

114







35 . ,
vhich is insuleted from the wire by fish paper and 0.007-inch mica. The
entire unit is sealed with insulating compound. For cooling, a water
flow of 2 to 3 gallons per minute is required at full magnet power.

When assembled each coil weighs approximately 750 lbs.

The magnet is excited by direct current from an a-c power source
and rectifier and is capable of supplying 16,500 gauss at i1ts full rated
current of 2 amperes and 4KW power. A plot of the magnetic flux charac-
teristics as a function of exciting current is given as Figure 10. Ad-
ditional interchangeable pole caps have been provided that will give a
pole diameter of 12 inches at the 1.75 inch gap. The fleld strength
when using these caps is also indicated in Figure 10.

By using & nuclear resonance detector the homogenelty of the
magnetic field has been checked at several locations and at several field
strengths. A graph showing the deviations of the field strength over
the 8-inch pole caps at a field of 9600 gauss is given in Figure 11.

The magnet had been operated for several hours prior to taking the
measurements and & uniform hysteresis condition had been established by
cycling the field around the ambient value several times. Field homo-
geneity was determined by photographic records of the resonance from
deuterium in D2O in a 0.5 cm3 sample.

Power for energizing the magnet is supplied from a 3-phase full-
wvave rectifier operating from the 460-volt mains. This rectifier is
capable of supplying 3800 volts at 2 amperes continuously. A gross fil-
tering of the 360-cycle ripple is performed by an L-C filter section.
The direct current output is series regulated by means of a high gain

direct coupled regulator amplifier which controls the voltage drop across
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Figure I1. Deviations in the magnetic field strength in gauss for the 8 inch pole caps

a field of 9600 gauss




8 parallel connected 304-TL triode tubes. Provision for operating these
tubes in the most suitable region for all values of megnetic field is
made by controlling the level of the rectified voltage by means of
powerstats in the primary supply lines. Schematic wiring diagrams for
the power supply and the current regulator are given as Figure 12 and
13 respectively.

The direct coupled current regulator receives its error signal
from the magnet current which flows through a precision manganin re-
sistor of about 50 ohms. The temperature of the resistor is held con-
stant for a period of time, longcompared with the measurement period, by
submerging the resistance winding in an oil bath which is cooled by tap
water passing through copper tubing. A photogreph of the resistor in-
stalled in the series regulator cabinet is given a&s Figure 14. The vol-
tage drop from this series resistor is balanced against the voltage from
a reference standard, and the deviation from balance is used to regulate
the current. During search for new resonances and in the slow passage
technique it is necessary to vary the magnetic field at a very slow rate.
This is done by causing a motor to drive a multi-turn potentiometer con-
nected in the standard battery circuit. Different "scanning" speeds are
achieved with the same drive motor by electrical switching of the scan-
ning potentiometer. The wiring diagram for this circuit is given as
Figure 15.

By direct measurement the control traﬁsconductance for the entire
regulator system 1s in the range 50 to 65 mwhos depending upon the supply
voltage for the series tubes. The usual operating value corresponds to

a system sensitivity of about 63.8 ].m/}w° Thus, & change of 1 v in the
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voltege reference will cause a change of 0.638 gauss in the magnetic
£ield in the region 1000 to 10,000 gauss.

The high frequency regulation of the system provides an instan-
taneous stability of greater tham 0.0l gauss, but a slow drift which can
amount to as much as 1 gauss per minute is attributed to changes in the
circuit resistances, the "standerd" reference voltage, and amplifier
drift. High frequency response is damped out by an R-C filter at the
amplifier input and by the magnet time constant which is about 5
seconds.

In order that the nuclear magnetization be modulated for detec-
tion purposes, & small alternating field in the low audio fregquency
region is epplied in the direction of the steady fleld by means of a
pair of Helmholtz coils wound on the spectrometer head case. These will
be described in detail in a later section, but are actually part of the
meagnetic circuit. The modulating coils receive thelr excitetion current
from either a Hewlett Packard 200C audio oscillator and a 6L6 output

amplifier, or from a sweep generator built into the spectrometer. Modu-

lating fields from zero to sbout 10 gauss are savailable.

THE FREQUENCY MEASURING SYSTEM

The fundamental instrument for determining the frequency is a
Rauland Army Signal Corps BC-221-AC frequency meter. This frequency
meter is factory calibrated at points about 333 kc apart in the region
. normally used. Using the factory celibration, errors in the order of

1000 ¢ycles are found in certain portions of the spectrum and a further




error is introduced by the rounding off of interpolation data. This
error has been greatly reduced bty the use of an additional Millen type
90501 secondary frequency standard which has output in 10 kc steps
throughout the low megacycle region. The BC-221 is zeroed with the
Millen in accordance with its celibration curve at the 10 kc point near-
est the resonant value. In this manner practically no deviation is
noted from the calibration curve and new interpolation data may be found
if desired. Dial calibrations on the BC-221 permit direct frequency in-
terpolation to within 60 cycles for any frequency near 6 mc and to with-
in 30 cycles in the frequency range between 2 and 4 mc. Each of the
frequency sources is crystal calibrated with a 1000 kc crystal. When
being used they are left running continuously and reach equilibrium
temperature after a few hours. Each crystal is brought to zero beat
with the 10 or 20 mc signal from the National Bureau of Standards Station
WWV. Deviations in frequency between the two crystals does not exceed
more than a few cycles per second for periods of several hours and some-
times even days.

Fbr purposes of monitoring the transmitter a Rational HRO re-
ceiver is available. Beat notes between the transmitter and the in-
ternal heterodyne oscillator of the BC-221 can bte more easily followed
on the receiver than with the BC-221 itself. The vertical plates of an
oscilloscope can be connected to the HRO second detector output and with
60-cycle line frequency applied to the horizontal sweep 1t is quite easy
to telil by the Lissajous pattern when the tramsmitter and BC-221 hetero-
dyne oscillator pass through the point where their frequency difference

is 30 or 60 cycles.
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FREQUENCY MEASURING TECHNIQUES

When using the gyromagnetic ratio of the proton as a means for
determining the magnetic field strength our problem changes from that of
measuring the magnetic flux to that of determining the frequency of res-
onance for the proton sample. If the magnetic field is held constant
during a ratio measurement, we may determine the gyromasgnetic factor of
an unknown with respect to that of the proton by measuring the resonant
frequency for each and computing their 7y ratio, that is, since v =5TWH;
Px/p =Tx/Ty (1)
We need not know the value of the magnetic field. In the event that the
magnetic field fluctuates this relation is no longer true. Once any
other nuclide has been measured with sufficient accuracy it may be used
as a secondary standard.

For accurate frequency measurements a method must be used where
& continuous check can be kept on the accuracy of the frequency meters.
This is accomplished in the following manner. The Millen secondary fre-
quency standard is adjusted to within one or two cycles per minute of
the 10 mc signal from WWV. It is then decoupled from the receiver and
the crystal controlled output of the BC-221 is then also brought to
within one or two cycles per minute of the 10 mc signal from WWV. The
WWV signal is then removed from the receiver and the Millen and BC-221
are heterodyned together. If the beat note between them is less than
two cycles per second they are probably adjusted to the same side of the

WWV carrier, but if the beat note is more than two cps one is readjusted
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with WWV and the difference is brought to a minimum. Since a difference
frequency of 2 cycles per second is not audible through the HRO audio
gystem it is necessary to detect this beat by noting the fluctustion in
the AVC voltage which will vary periodicelly at the difference fre-
quency if both signals are adjusted for approximately the same amplitude
at the receiver input.

An alternate technique is to modulate one of the carriers or
supply an audible heterodyne by means of & third very weak oscillater.
The AVC voltage will fluctuate and alter the intensity of the audible
tone at the difference frequency. The 10 k¢ multivibretor output of
the Millen is checked by comparing the output near 1 mc with marker
pulses from a Tektronix Model 180 Time Mark Generator by using a
Tektronix 513D oscilloscope. During measuring periods the ocutput of
the Millen standard is beat continuously with the WWV carrier in a
separate receiver and the difference frequency produces an audible
fluctuation in the standard frequency tones that WWV transmits. The
BC=-221 calibration is get of the closest 10 ke point from the resonant
frequency before each reading is taken. Over-all calibration checks
are made at the beginning and end of each run.

In the event that the resonant frequencies for the two nuclides
being measured are far apart, a second BC-221 frequency meter is used.
This auxiliary meter is calibrated in the same manner as the others.
Once the 10 kc points have been established no further adjustments are
required after each reading since the dial is varied by only a very
small amount. A quick check is usually msde a few times during a run

as well as at the beginning and end. Frequently when the resonant
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frequencies are far apart three receivers are used, one to heterodyne
with the transmitter at each frequency, and one to beat with WWV. 1In
this manner much time can be saved since only the transmitter frequency
must be readjusted and there 15 1e5l opportunity for the magnetic field
and frequency meters to drift. Power for all the frequency measuring
equipment as well as for the spectrometer itself is obtained through
Raytheon voltage stabilizers.

During the period of a "run" certain fluctuations and drifts
occur in the meagnetic field. In general the régulation of the field
is about 1 part in 100,000 but long time drifts are considersbly larger
than this. These are observed in the data by a continual changing of
the resonant frequencies in the same direction. To correct for this
drifting, a graphical plotting of the frequencies is made with respect
to time and a linear field interpolation is performed. If the fre-
quencies do not indicate a linear or continuous drift no time interpo-
lation is employed.

When the magnetic field is held constant it is necessary to vary
the transmitter frequency uniformly across the resonance. This is ac-
complished by causing the condenser controlling the transmitter fre-
quency to be rotated by a small motor. During a run which usually
consists of about 15 different readings, the resonance is always ap-
proached from the same frequency direction. On alternate runs this
direction is reversed. Measurement of the resonant frequencies is
performed alternately, however in this case the resonant frequency is
approached by the frequency meter first from the lower side and then

from the upper side for each nuclide. This technique tends to lessen




the effects of dial backlash and systematic error. Usually the output
of the recording meter is watched and when the center of resonance is
reached the frequency meter is brought to zero beat with the transmitter.
The scanning speed is slow enough that from 10 to 30 seconds is re-
quired to pass through the complete resonance curve. Some error is
introduced by the fact that the recorder and lock-in detector have a
time constant associated with them that prevents the immediate repro-
dueing of the line center at the moment of attaining this center. Con-
sequently, the frequency that is determined is in slight error, the
amount depending upon the signal width, amplitude, and scanning speed.
Usually the time constant of the recorder is kept short compared with
the time to traverse the signal width, but on extremely wesk signals
this can not always be achieved because the longer time constant is
required to integrate out the noise components. In these cases the
error in measuring the frequency may be several hundred cycles. An ad-
ditional error is introduced by the pen drag, which for an Esterline
Angus recording meter is in the order of 3% at full scale. For small
amplitudes and relatively large signals having a small amount of high
frequency noise the noise component keeps the pen in motion a suf-
ficient amount of the time to reduce the pen drag to a point where it
can be neglected.

An additional error that may be quite large is that due to the
incomplete balancing of the spectrometer for either the u or v mode,
in which.case the resulting curve is a mixture of the two modes. The
true center of resonance may not be where it would appear to be and

errors as large as half of the signal width can be made. Usually they
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are much smaller and with careful balancing the line center can be
determined to within 10 percent of the line width.

Under conditions where the resonances are quite close together
in frequency, direct measurement of the frequencies can be taken from
the recorded tape. In such a method a signal from the secondary fre-
quency standerd is fed into the spectrometer system and heterodyning
with the transmitter causes "pips" to be recorded on the tape at the
standard frequencies. Interpolation of the resonant frequency can then
be made directly on the chart and is linear for closely spaced reso-
nances. For resonances separated by more than 100 ke the interpolation

will be modified by system non-linearities.

THE NUCLEAR INDUCTION SPECTROMETER

Spectrometer is the name given to the remsining nuclear induc-
tion equipment. It consists of the radio-frequency treansmitter, the
"head" unit, the high sensitivity radio-frequency amplifier and detec-
tor, the narrow~band high gain aud;o emplifier, the synchronous detec-
tor and recorder circuits, and thelcircuits for supplying the modulating
fleld, Hp cos Wpt. Each is discussed in the following paragraphs. A

photograph showing the equipment in operation is included as Figure 16.

The Head Unit

The proper design and construction of the head unit will, for
the case of weak signals, determine the success of the experiment; for

it is in this unit that a balancing of the radio-frequency fields is







made and the fundemental signal-to-noise ratio established. The unit
must be constructed with great rigidity to prevent vibration in the
magnetic field due to the forces created by the currents in the oscil-
lator and modulating field coils which interact with the strong fixed
field. The individual components must be precisely machined to give a
smooth and continuous adjusting action for precise balasncing. An as-
sembly detail drawing of the head unit is included as Figure 17. The
head is immersed in the strong magnetic field and no ferro-magnetic ma-
terials are pérmitted to be used, since they would cause impairment of
the magnetic field homogeneity in the region of the sample. In this
unit it is desireble that all metallic parts except the coil windings
themselves be given a sllver plate to prevent high r-f losses and a
resulting reduction in Q of the tuned circuits. The supports for the
transmitting and detecting coils can be made from any insulating ma-
terial useble in the megacycle r-f range such as Plexiglas, Lucite,
polystyrene, or other vinyl plastics.

For certain research purposes it may be desirable that a head be
provided that has no inherent residual proton resonance. Each of the
above listed meterials has an abundance of hydrogen nuclei and gives a
large proton signal from the small amount of material contained within
the coils. With high sensitivities it is possible to detect the copper
isotope resonances due to the copper from which the coils are wound. In
order that a proton-free head be availaeble one unit was constructed from
the fluorocarbon compound teflon and is discussed here in detail. |

The detector coil is wound on the teflon bobbin L in Figure 17.

In the frequency range 2-3 mc, for which this particular unit was
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Figure 7. Assembly and detail drawing for nuclear induction head unit
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designed, optimum Q can be achieved for a ratio of diameter to length

of about 1. The coil is wound with 65 turns of #32 double Yormex in-
sulated copper wire with a space factor of 0.6 and to a length of 1
inch. The free air inductance if 60 microhenries. Placing the coil in
the shielded silver plated brass box A reduces this inductance by about
50 percent due to the induced eddy currents in the cross braces C and

| side plates R. This also reduces the free air calculated th from 140
to less than 100. Insertion of the sample reduces this Q even further.
The transmitter coil 1s wound with half its turns on form M and half on
form J. It 1& wound with about 65 turns of #26 double Formvar and is
adjusted through trial and error to have the same in-place inductance
as the detector coil in order that the system might track over the
usable frequency range. Since the transmitter coil does not determine.
the frequency of the oscillator, a greatly reduced Q can be utilized.
The power that must be dissipated is of the order of a few watts so
that a reasonably large wire size is desirable. Coupling between the
transmitter and detector field is adjusted by the physical machining of
the compqnent M which is held to within a fraction of a degree of the
desired 90 degrees.

These coils are mounted in a brass box A, énd supported and
shielded by brass plates C. One half of the transmitier coil can be
translated along the Y-axis by means of a finely machined thread on
assembly D. The coil support J is gulded by a machined brass insert K
which moves in a slot milled in the rear plate B. The whole assembly
is enclosed with side plates R on which ere wound coile of Helmholtz

Proportions containing 15 turns each of #16 double cotton covered
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magnet wire. These provide a modulating field of sbout 1.6 gauss per
ampere.

Fine balance of the in-phase component of the transmitter field
H) is mede by rotation of the loop control P on its 3/8~h0 threads.
The paddle control/N is similarly rotated by its 1/4-40 threaded shaft.
Electrostatic coupling between the transmitter and detéctor coil 1is
minimized by a Faraday shield formed by grounding non-shorting wires
threaded through holes in the coil support M. The entire unit is held
firmly in the magnetic field by a support rod passing through mounting
brackets B-2 and is given further support by wedging between the pole

faces with brass or wooden wedges.

The Radio-Frequency Amplifier and Detector

Exeluding the head unit, the radio-frequency amplifier and de-
tector is the most important part of the spectrometer. A schematic
diagram of the amplifier appears as Figure 18. The amplifier tube is
a 6AKS or WE 4OMA. The inductance of the detector coill in the head
unit is modified by the variable slug-tuned coil L3 which is resonated
by condenser C3 and made to track with the rlate network LL,Ch by use
of the small padder capacitors. Half of a 6SN7 tube is used to operate
a milliammeter to determine when head balancing has been achieved. A
small voltage is fed to the grid of the r-f amplifier from the trans-
mitter phase shifter (sée Figure 19) to cancel the leakage voltage or
to supply quadrature voltage if necessary or desired. In general use,

some leakage is desired to cause the GALS diode to operate in the linear
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portion of its operating curve. In this lnstrument from 0.3 to 0.5
volt of leakage is desireble. The signal due to the resonance has an
alternating component at the modulating frequency & which is passed

to the input of the high gain audio amplifier.

The Transmitter

The transmitter consists of a single electron-coupled 5763
oscillater which is capable of supplying the transmittér coils with
about ten watts of r-f power. Its schematic diagram is Figure 19.
The r-f amplitude is controlled by the potential of the 5763 screen.
The networks 1L1,Cl and 12,C2 and the transmitter head coil are ad-
Justed to track with the receiver networks over the tuning range. C1,
C2,C3, and Ck are a single shaft variable condenser. When frequency
scanning is preferred this tuning condenser is driven by an external
motor and a 100:1 reduction worm gear which provides a scanning rate of
8 few kiloeycles per minute. This motor arrangement can be seen in
the photograph of_Figure 16. The R-C phase shifting network supplies

a very small signai to the detector input grid for balancing purposes.

The Amplifier

The audio modulation from the detected resonance is amplified by
the high gain amplifier of Figure 20. Low noise 5693 tubes are used in
a feedback smplifier. A twin-T feedback network tuned to the modulating
frequency is used to reduce the bandwidth of the system when the selec-

tor switch is placed in the "narrow" position. A graph showing the
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amplifier gain characteristics with and without a network tuned to 500
cps 1s given in Figure 21. The signal at the output of the 5693 is then
either displayed on an oscjilloscope in the form showe previously in
Figures 5 and 6 or is coupled by means of a cathode-follower stage to
the input of a half-wave phase sensitive detector which receives its
sjnchronizing voltage from the external modulating field voltage source.
The phase of the synchronizing voltage can be adjusted to compensate for
circuit phase sghift.

The output of the phase sensitive detector is direct volt;ge,
the polarity of which is dependent upon the phase relationship of the
input and synchronizing voltages. The fluctuations in the d-c level
are smoothed out by the selection of a suitable capacitor at the time
constant selector switch. The amplitude of this direct voltage varies
from about 0.1 volt (due to noise) to 150 volts at system saturation.
The d-c signal is applied to the recorder chassis where & vacuum tube
voltmeter circuit causes the d-c signal to be recorded by either an
Esterline Angus recording milliemmeter or a Brown Electronik recorder.

The wiring for the recorder chassis is shown in Figure 22.

The Modulating Field

The modulating field is supplied by 15 turns of #16 enameled
double cotton covered wire wound into pancake coils which are cemented
fifnly in place in milled grooves on either side of the brass box sur-
rounding the head coils. For a homogeneous modulating field the coils

should have Helmholtz proportions, which for this instrument give a
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résulting average coil dismeater of 2 1/2 inches. The coils are driven
by a 6L6 amplifier which receives its driving signal from ome of three
sources ag illustrated in Figure 23. These sources are an extermal
oscillator such as the Hewlett Packard HP-200C or its eguivalent, a
fixed frequency R-C phase shift oscillator shown in Figure 23, or =

variable freguency internal oscillator illustrated in Figure 2h.

' THE RESONANCE MEASUREMENTS

A detailed deseription of a series of neasurelent; on 17 isotopes
of 13 elements will be given in the following paragraphs. The instru-
‘ments and technigues used are those that have been described in the
earlier sectiens. It has been stated that the characteristics of the
sample affect the amplitude and resonance frequency of any nuclide. A
Getailed deseription of each experiment willrbe glven and in pertieunlar
as it concerns the seample conditions. Liquid samples are usually pref-
erable because of the narrow resonances and because the nuclear relaxa-
tion times can be easily changed to produce optimum resonance eonditions
by the additiorn of paramagnetic ions, commonly referred to as iagnetic
catalysts. Usually manganese ions are added by dissolving 2 small
amount of the sulphate or chloride into the sample solution. A minimm
of catalyst is used in order that excessive magnetic shielding effects
are not produced by it. In some instances signals have been observed
with satisfactory signal-to-noise ratios without the additien of a

catalyst.
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Unless otherwise noted the sample volume was approximately 3
cubic centimeters and was positioned into the central portion of the
detector coil. A standard 15-mm test tube was the sample holder. The
'position of the spectrometer head was fixed in the portion of the mag-
netic field giving the most homogeneous field region; the centerline of
the sample fell 1 cm in front of the vertieal center line of the pole
face and on the horizontal centerline.

Where possible the sample was prepared so as to contain the two
nuclei being measured, but where this was not possible because of chem-
ical or other reasons the samples were alternated or otherwise prepared
as later described.

Because of the many shielding effects which prevent the measuring
of the exact value of the proton and other magnetic moments, any value
given for the magnetic moment (F) of a nuclide would not have the pre-
cision possible in the frequency ratio measurements. Therefore a
Qtaﬁdard velue for the nuclear magnetic moment of the proton has been
chosen to be 2.79267000 mm (rucleer magnetons) and all values of
nuclide moments are compared with this. This value does not include
corrections for the diemagnetic effects of the orbital electrons. This
value is in essential agreement with the value qof Dumond and Cohen?>
as determined by the method of least squares and as discussed on pages
8 and 78 of reference 3. At the present time diamagnetic corrections
are known to an accuracy of only 5%.26 These corrections have there-
fore not been used in computing the magnetic moments listed herein but

are tabulated in reference 2.
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The most significant data listed are the nuclide fregquency ratios,
since for a constant value of magnetic field the ratio of the freguency
of resonance for nuclides is proportional to their gyromagnetic ratio.
It is this ratio that has been measured and compared with the results
of other leboratories. In many instances direct comperisons of results
are not possible. In those cases comparisons have been made through
the use of frequency ratio products such that V,/ \)y is compared with
(\)x/ B,) < (V,/ Uy). The ratios used in these calculations were chosen
either on the basis of the published probable errar, or the results of
this vork were used. In the data tebulation given for each nuclide
vill be found the degrees of freedom and the standard deviation (),
which is the square root of the sum of the squeres of the deviatioms
from the mean divided by the degrees of freedom. The probasble error of
the mean is calculated from this value of the standard deviation by use
of "t" tables such as given on page 119 of Ionden27 at the 50 percent

Probablility level.

LITHIUM

The resonances of the lithium isotopes 6 and 7 were cbserved in
a saturated aqueous lithium chloride (LiCl) solution comtaining 0.2
molar menganous sulphate (MnSO),) as a magnetic catalyst and 0.2 cm3 of
deuterium oxide (Dp0). Two experiments of 8 and 9 ratic meesurements
vere performed to measure the lithium to deuterium frequency ratio at

fields of 10,000 end 12,000 gauss respectively. The results of these
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measurements are given in Teble I where the average
VLi 6/0D 2 = 0.958638 * 0.000038 (45)

Using this ratio, the proton moment, spin I = 1, and Levinthals28
deuteron to proton ratio of 0.1535062, thé magnetic moment is found to
be
pLi 6=+ 0.821921 m (46)
The positive sign was indicated by comparison with the deuterium reso-
nance known to have a positive moment.

The lithium 7 to sodium 23 frequency ratio was determined in a
single experiment of 9 ratio determinations at a magnetic field near
3250 gauss. The resulting ratio as given in Table I is
VLi 7/VRa 23 = + 1.469225 + 0.000003 (%7)
Using the known spin, I = 3/2, a sodium to proton ratio of 0.2645182,
and the proton moment, the magnetic moment is-

JI1 7= + 3.256003 mn (48)
The positive sign for the moment was confirmed by comparison with the
sodium resonance which was known to be positive. These results are

compared with other reported values in Table II.

SODIUM

Four experiments of,@ frequency ratio measurements each were
performed on a 4 em3 aqueous solution of sodium chloride (NaCl) con-
taining 0.2 molar MnSO), and Do0. The measurements as tabulated in

Table I were made in fields of 6300 and 7000 gauss. The sodium to

deuteron frequency ratio was found to be
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Table I. Nuclide Frequency Ratio Meesurements for
Lithium, Sodiwm, Aluminum, Phespherus,

and Chlerime
Data Standard Degrees Probable
Table Fuclide Frequency Deviation of Error
Number Ratio Ratio (x 10-6)  Freedom  (x 10-6)
1 Li 6/D 2 0.958636 18 8 5
2 Li 6/D 2 0.9586k40 1k 1 29
Average Li 6/D 2 0.958638 80 15 38
3 Li 7/Na 23 1.469225 11 7 3
b Na 23/D 2 1.72327h 75 8 18
5 Na 23/D 2 1.723298 68 8 17
6 Na 23/D 2 1.723157 31 7 8
7 Na 23/D 2 1.723128 33 7 9
Average Na 23/D 2 1.723167 100 30 34
8 Al 27/Na 23 0.985078 32 8 8
9 Al 27/Na 23 0.985022 13 8 3
10 Al 27/Na 23 0.985066 8 _8 _2
Average Al 27/Ra 23 0.985055 21 2l 12
11 P 31/11 7 1.041619 87 8 21
12 P 31/11 7 1.041610 21 8 5
Average P 31/Li 7 1.041611 63 16 30
13 P 31/Na 23 1.530350 81 6 22
1k P 31/Ne 23 1.530382 9 5 30
Average P 31/Na 23 1.530366 84 11 4o
15 C1 35/p 2 0.638302 31 7 8




Table II.

.
&0

Comparisons of Resulis for Lithium,
Sodium, and Alvminum

Probable
Comparison Method Ratio Error Reference
Lithium 6 to Lithium 7
Direct Measurement 0.378657 0.0000015 29
Direct Measurement 0.37865725 0.00000072 30
(L1 6/D 2)(D 2/B)(H/Na 23)(Na 23/L1 7) 0.378649 0.000010  This Work*
Lithium 7 to Proton
Direct Measurement 0.3886341 0.0000002 31
Direct Measurement 0.38862 0.00002 32
Direct Measurement 0.388613 0.000013 33
Direct Measurement 0.388625 0.000038 34
Direct Measurement 0.388637 0.000010 35
(11 7/Na 23)(Na 23/H) 0.3886368 0.0000008 This Work#
Sodium 23 to Proton
Direct Measurement 0.26450 0.00003 34
Direct Measurement 0.26454 0.00007 32
Direct Measurement 0.2645182 0.0000001 31
Direct Measurement 0.264514 - - - - 35
(Ne 23/D 2) (D 2/H) 0.264517  0.000005 This Work*
Aluminum 27 to Proton
Direct Measurement 0.26056 0.00003 3h4
Direct Measurement 0.26062 0.00011 32
Direct Measurement 0.2605694 0.0000002 31
Direct Measurement 0.260579  0.000008 35
(A1 27/Na 23)(Na 23/D 2)(D 2/H) 0.260565  0.000006 This Work*

*The precision of these results is impaired by the necessity of using
fregquency rqtio products to obtain the listed valne.




0
JNa 23/9D 2= 1.723167 + 0.00003k (h9)
Using the spin, I = 3/2 , and the deuteron to proton ratioc 0.1535062 the
nuclear moment wvithout diamagnetic correction becomes
p Fa 23 = + 2.21612h mm (50)
Table II gives a comparison of this result with other published values.
The sign was confirmed positive by comperison with the deuterium reso-

nance.

ALUMINUM

A 1.5 cm3 sample of ssturated aqueous NaBr conteining 0.2 molar
MnSOy vwas sealed in a 6-mm glass tube and placed in a 15-mm test tube
which vas then filled with several cm3 of saturated aquecus aluminum
chleoride (AlCl3) . Three sets of 9 measurements each were obtained to
determine the sluminum to sodium frequency ratio at a field of 7000
gausi. The regults of these meagurements as listed in Table I indicate
the aluminum to sodium ratio to ve
VAl 27/O Na 23 = 0.985055 * 0.000012 (51)
Using a spin value I = 5/2, and the sodium to proton retio 0.2645182
the magnetic moment is calculated to be
p AL 27 = + 3.638360 m (52)
The sign was confirmed positive by comperison with sodium. Table II
compares the product of this ratio and the gsodium to proton ratio with

oether published data.
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PHOSPHORUS

Four experiments were performed to determine two phosphorus fre-
quency retios. The phosphorus 31 to lithium 7 retio was measured in
two experiments of 9 ratio determinations each. The sample was a 2 cm3
secaled glass vial of saturated agueous LiCl submerged in concentrated
phosphoric acid (H3P0h) in a 15-mm test tube. The phosphorus 31 to
sodium 23 ratio was measured in two experiments and 12 ratio determina-
tions. The sample in this case was H3PO) into which a sealed tube con-
taining approximately 1.5 cm3 of saturated aqueous sodium bromide (NaBr)
with 0.05 molar MnSO), was placed for a reference source. The resulis
of these measurements are tabulated in Table I where the average ratios
are shown to be

DP 31/VLi 7 = 1.041611 + 0.000030 (53)

it

OP 31/VNa 23 = 1.530366 + 0.000040 (54)

"

Using a spin I = 1/2, and the sodium to proton ratio of 0.2645182, the
magnetic moment is calculated to be

p P 3L=+ 1.130500 mn (55)
A comperison of this result with other published ratios is given in

Table III.

CHLORINE

The resonance of chlorine 35 was observed in a 3 cm3 saturated
aqueous solution of rubidium chloride (RbCl) containing 0.1 cw3 of Ds0.

The chlorine resonance was measured with respect to the deuterium res-
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Table II1. Comparisons of Results for Phosphorus

and. Chlorine
.
Probable
Comparison Method Ratio Error Reference
Phosphorus 31 to Lithium 7
Direct Measurement 1.04182 0.00005 - 36
Direct Measurement 1.041611 0.000030 This Work
Phosphorus 31 to Proton
Direct Measurement 0.40498 0.0004 37
Direct Measurement 0.40481 0.000k4 3k
Direct Measurement 0.L4o4B8o4 0.000010 35
(P 31/Na 23)(Na 23/H) 0.404810 0.000012 This Work#*
(P 31/11 T7)(Li 7/H) 0.L40o4808 0.000017 This Work#*
Chlorine 35 to Proton
(C1 35/Na 23)(Na 23/H) 0.0980066 0.000290 34
Direct Measurement 0.9799 0.00007 37
(c1 35/Rb 85)(Rb 85/H) 0.0979820 0.0000079 38
(c1 35/Rb 85)(Rb 85/H) 0.0979796 0.,0000020 This Work#*
Chlorine 35 to Deuterium
Direct Measurement ' 0.63827 0.00006 29
Direct Measurement 0.638302 0.000008 This Work

*See footnote to Table II pertaining to indirectly determined wvalues.
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onance at a field of 10,000 gauss. The results of this experiment of 8
ratic measurements gave the chlorine to deuterium frequency ratio as
listed in Table I to be
VCl 35/9D 2 - 0.638302 + 0.000008 (56)
Using a spin, I = 3/2, and Levintha1528 deuterium to proton ratio, the
magnetic moment is calculated to be
p CLl 35= + 0.820905 mm (57)
Only one direct chlorine to deuterium measurement has been reported in
the literature. Two additional chlorine ratios are reported herein
under the paragraphs on rubidium and vanadium measurements. Comparisons
with other reported chlorine ratios are made in Table III where all
ratios have been converted to that with respect to the proton. The sign

of the moment is positive.

VANADIUM

The measurements on vanadium 50 were taken in a series of 7 ex-
periments having 8 ratio measurements each. The sample consiéted of
271 mg of vanadlum in the form of vanadium oxytrichloride (VOCl3) of

‘vhich about 10 percent was vanadium 50. Vanadium 50 occurs at an en-~
richment of about 0.25 percent in nature. This sample was produced in
the Calutron electro-magnetic process at Oak Ridge Netional Laboreatory.
The VOCl3, a liquid at normal temperatures, was sealed in s smell tear
drop vial of about 0.5 em3 volume and Placed in a test tube containing
an aqueous solution of 2 mg of RbCl and 0.1 cm3 D20= Measurements

were made at fields of 10,600, 11,800, and 14,000 gauss. The results
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of these experiments are compiled as given in Table IV. No other

measurements have been reported on V 50. The values as listed are

YV 50/ VRb 85 = 1.032631 * 0.000029 (58)
YV 50/¥C1 35 = 1.017583 *+ 0.000011 (59)
YV 50/PD 2 = 0.649518 *+ 0.000008 (60)

Using a spin I = 6, an rubidium 85 to proton ratio of 0.0965520833 and

the before listed deuterium to proton ratio the magrnetic moment is found

to be

pv50=+ 3.34128 m (61)
The sign was determined to be positive by comparison with the

deuteron and rubidium resonances.

COFFPER

Four experiments were performed to measure the nuclear resonance
of copper. Two of these were for the measurement of copper 63 and
copper 65 in a sample containing a mixture of CugCly, and CuCl, and a
separate sealed off vial of saturated aqueous NaBr. The remaining two
tests measured the copper to sodium frequency ratio in a sample of
finely powdered metallic copper and in a NaBr sample. The conduction
electrons contribute to the local field in the metal and cause a con-
siderable resonance shift. The finely powdered copper particles have
sufficient surface formed oxide to limit eddy currents in the sample
and hence permit the copper metal resonance to be detected. However it
is a broad resonance in the order of 3 to L gauss width at 3 db. points.

Measurements were made in a magnetic field near 6600 gauss.




Table IV. Wuclide Freguency Matie Neaswemsnts fer
Vanadium, Copper, Gallium, and Selenium

Data Standard Degrees Probable
Table Nuclide Frequency Deviatign of Error
Number Ratio Ratio (x 10-6) Freedom (x 10-6)
16 vV 50/D 2 0.649518 33 7 8
17 V 50/Rb 85 1.032624 67 7 16
18 V 50/Rb 85 1.032525 53 7 13
19 V 50/Rb 85 1.032743 98 1 2k
Average V 50/Rb 85 1.032631 75 21 29
20 vV 50/C1 35 1.017598 17 B { 4
21 V 50/C1 35 1.017621 43 7 11
22 vV 50/C1 35 1.017530 18 7 5
Average vV 50/C1 35 1.017583 29 21 11
23 Cu 63/Ne 23 1.002008 66 7 16
P Cu 63/Na 23
(metal) 1.004371 59 8 14
25 Cu 65/Na 23 1.073475 42 8 10
26 Cu 65/Na 23
(metal) 1.075960 ko T 11
27 Ga 69/Na 23 0.907381 46 8 11
28 Ga 69/Na 23 0.907316 35 8 8
Average Ga 69/Na 23 0.907349 L1 16 20
29 Ga 71/Na 23 1.152872 33 8 8
30 Se 77/D 2 1.242100 82 8 19
31 seTl in
(H28e03/H28e) 1.001498 19 8 5
32 SelT in

(HpSe0y /HySe05) 1.001570 120 8 27
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The results of these measurements are listed in Table IV and are
compared with other published values in Table V. Using the previously
stated value for the sodium to proton ratio and 2 spin, I = 3/2 for the
copper isotopes, the magnetic moment is calculated to be
p Cu 63 = + 2.220586 mm (62)
J Cu 65= + 2.378967 mm (63)

The sign is confirmed to be positive by comparison with the so-
dium resonance. A check in system consistency can be made by comparing
the ratio of copper 63 to copper 65 in the CupCly, and in the metal.
These calculations give the ratios to be
YCu 65/ OCu 63 = 1.071324 + 0.000019 for copper salt (64)
YCu 65/VCu 63 = 1.071277 * 0.000018 for copper metal (65)

A comparison with other laboratory results is given in Table V.

GALLIMM

The nuclear resonances of gallium.69 and gallium 71 were measured
with respect to sodium 23 in three experiments of 9 ratio measurements
each. The sample consisted of a solution of gallium chloride (GaCl3)
made by dissolving gallium metal in hydrochloric acid. A small amount
of NaCl was dissolved in the solution to provide the sodium resonance.
Measurements were made in magnetic fields of 6100, 6900, and 7200 gause.
The signs of both nuclides were confirmed to be positive by comparison
with the sodium resonance. The results of the measurements appear in
Table IV and are summarized here.

VGa 69/ VNa 23 = 0.907349 + 0.000020 (66)




Table V.

7T

Comparisons of Results for
Copper and Gallium

Probable

Comparison Method Ratio Error Reference
Copper 63 to Sodium 23

Direct Measurement 1.00209 0.00005 Ty

Direct Measurement 1.0022 0.0002 41

Direct Measurement 1.002008 0.000016 This Work

Copper 63 to Proton

Direct Measurement 0.265056 0.000053 34

Direct Measurement 0.26515 0.00005 32

(Cu 63/Fa 23)(Na 23/H) 0.265049 0.000005 This Work*

Copper 65 to Proton

Direct Measurement 0.28391 0.00006 34

Direct Measurement 0.28404 0.00009 32

(Cu 65/Fa 23)(Na 23/H) 0.283954 0.000004  This Work*
Copper 65 to Copper 63

Direct Measurement 1.0711 0.0002 41

Direct Measurement 1.07178 0.00005 36

(Cu 65/Na 23)(Na 23/Cu 63) 1.07132k4 0.000019 This Work#*

In metal:(Cu 65/Fa 23)(Na 23/Cu 63) 1.071277  0.000018 This Work*
Gallium 71 to Sodium 23

Direct Measurement 1.1529 0.000k4 43

Direct Measurement 1.152872 0.000008 This Work
Gallium 71 to Gallium 69

Direct Measurement 1.27059 0.00008 ko

Direct Measurement 1.2701 0.000k4 43

(Ga 71/Na 23)(Na 23/Ga 69) 1.27059 0.000023 This Work#*

#*See footnote to Table IT pertaining to indirectly determined values.
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VGa 71/Y Na 23 = 1.152872 ¢+ 0.000008 (67)
Using the known spin I = 3/2 end the 0.2645182 sodium to proton ratio,
the calculated nuclear moments become
p Ga 69 = + 2.010809 rm (68)
pGa TL =+ 2.554922 m | (69)
A calculated ratio of the nuclides is coppared with previously measured

and published data in Table V.

SELENTUM

The resonsnce frequency of selenium 77 was measured relative to
that of deuterium in Do0O. The selenium sample was 2 cm3 of liguid HoSe
vhich was solidified with liquid nitrogen and sealed in a high pressure
‘boiler gauge tube which held the sample in the liquid condition at room
temperature. The deuteron resonance was found in a 1 cm3 sample of Do0
containing 1 molar MnSO). Because of the sample size the selenium and
deuterium nanplel” were interchanged for each resding but the head unit
was not moved during the experiment and both samples were subjected to
the same magnetic field area.

A value for the selenium resonance vas measured simultaneously
at Stanford Univeraitym‘ but was found to differ from this measured
value. To determine the cause for this large difference two edditional
experiments were performed. In the first of these the Do0 sample was

replaced by a sample of HoSeOl and the frequency of the Se 77 resonance

vas determined in both the HoSe and the HpySe0). In the second experi-

ment the HoSeO) was replaced by HESeO3 and the Se T7 frequency again




measured. The results of these experiments indicated that a large shift
occurs in the selenium resonance in these compounds with the resonance
of the HoSe sample occurring at the lower frequency (field constant) and
thus exhibiting the least diamagnetic shielding due to the chemical or
compound effects. These measurements were made at a magnetic field
near 9100 gauss. The results of these experiments are given in Table
IV. A comparison with the results of Dharmatti and Weaverlm is made
through the use of our Se 77 ratio determinations and the sodium to
proton, and deuterium to proton ratios, and the results are tabulated in
Table VI.

Using our measured Se 77 ratio from HoSe the magnetic moment for
spin, I = 1/2 is calculated to be
p Se T7= + 0.5324786 m (70)
The sign of the moment was found to be positive by comparison with the

deuterium resonance.

BROMINE

The resonsnce frequency for the bromine isotopes 79 and 81 was
measured with respect to the sodium 23 resonance in a saturated agueous
solution of sodium bromide (NaBr). Measurements were made in fields
near 7200 gauss where 28 ratio determinations were made. The resonances
were very narrow and the signal-to-noise ratio was greater than 200 to 1.
The results of these measuremenfs are given in Table VII and compared
with those reported by others in Table VI. The ratios found vere

YBr 79/VNa 23 = 0.9471L0 * 0.000009 (71)
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Table VI. Comparisons of Results for Selenium, Bromine,
and Rubidium
Probable
Comparison Method Ratio Error Reference
Selenium 77 to Proton in H,SeO,
Direct Measurement 0.190964 0.000053 Ly
H2$e7703/328e77)(H28e/D 2)(D 2/H)  0.190956 0.000003  This Work*
Bromine 79 to Proton
Direct Measurement 0.25059 0.00005 32
(Br 79/Na 23)(Na 23/H) 0.250536 0.000003 This Work*
Bromine 81 to Sodium 23
Direct Measurement 1.0209 0.0003 4s
Direct Measurement 1.020965 0.000014 This Work
Bromine 81 to Bromine T9
Direct Measurement 1.0778 0.0003 45
Direct Measurement 1.07775 0.00005 36
Direct Measurement 1.077897 0.000012 This Work
Rubidium 85 to Proton
Direct Measurement 0.09655208  0.00000001 39
Direct Measurement 0.09661 0.00004 37
(Rb 85/D 2)(D 2/H) 0.0965531 0.000010 This Work*
(Rb 85/c1 35)(C1 35/D 2)(D 2/H) 0.0965558  0.000022  This Work*
Rubidium 87 to Proton
Direct Measurement 0.327228 0.000014 ke
Direct Measurement 0.32718 0.0000T - 34
Direct Measurement 0.32718 0.00016 32
Direct Measurement 0.32721338 0.00000055 39
(Rb 87/A1 27) (Al 27/Na 23)(Wm 23/H) 0.327085 0.000012 36
(Rb 87/Na 23)(Na 23/H) 0.3272198 0.000026 This Work#*
Rubidium 87 to Rubidium 85
Direct Measurement 2.033380 0.000028 7
(rRb 87/H)(H/Rb 85) 2.0333899 0.000004 39
(Rb 87/H) (H/Rb 85) 2.033351 0.000016 This Work#*

*See footnote to Table IT pertaining to indirectly determined values.
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YBr 81/VNa 23 = 1.020965 + 0.000DLk (12)
The magnetic moments have been calculated using the known spin I = 3/2
and the sodium to proton ratio and are found to be
p Br 79= + 2.098991 nm (73)
u Br 81 = + 2.262597 nm (7h)
The sign of the moment is confirmed to be positive by comparison with

the sodium resonance.

RUBIDIUM

The nuclear resonances of rubidium 85 and 87 were measured with
respect to the resonance of chlorine 35 and deuterium in a saturated
aqueous sample of rubidium chloride (RbCl) containing a small amount of
Dp0. Table VII lists the results of four experiments of 32 ratio meas-
urements on Rb 87. These results are compared with those reported from
other lsboratories in Table VI, Using the spin I = 5/2 for Rb 87, and
I= 3/2 for rubidium 85 and the previously uged values for the dé;teron
to proton, chlorine to deuteron, and sodium to proton ratios the magnetic
moments have been calculated to be
B Rb 85 = + 1.348217 mn (75)
p Rb 87 = + 2.7h151 mm (76)
The sign of both isotopes was confirmed to be positive by comparison

with the known resonances of sodium and deuterium.



Table VII. Nuclide Frequency Ratio Measurements
for Bromine, Rubjidium, Cesium, and Thallium

Data Standard Degrees Probable
Table Nuclide Frequency Deviation of Error
Number Ratio Ratio (x 10'6) Freedom (x~10'6)
33 Br 79/Na 23 0.947140 37 8 9
34 Br 81/Na 23 1.020967 L 8 9
35 Br 81/Na 23 1.020963 22 9 5
Average Br 81/Na 23 1.020965 3L 17 1k

36 Br 81/Br 79 1.077897 56 9 12
37 Rb 85/C1 35 0.985429 76 6 20
38 Rb 85/C1 35 0.985L419 38 7 9
39 Rb 85/C1 35 0.985k445 13 T 31
Average Rb 85/C1 35 0.985431 46 20 18
Lo Rb 85/D 2 0.628985 20 8 5 .
41 Rb 87/Na 23 1.237041 3k 8 8
42 Cs 133/D 2 0.854481 28 8 7
43 Cs 133/D 2 0.854503 50 5 14
Average Ce 133/D 2 0.854496 38 13 18
L T1 205/T1 203  1.009827 75 8 17
45 T1 205/T1 203 1.009822 48 8 11
46 T1 205/T1 203  1.009800 34 9 8
Average T1 205/T1 203  1.009816 55 25 22




CESIUM

The nuclear magnetic resonence freguency of cesium 133 was meas-
ured with respect to the resonance frequency of deuterium in a sample
of agqueous cesium nitrate (CaNO3) having a 0.3 molar Do0O concentration.
The ratio was determined in 15 measurements during two experiments at
fields of 11,750 and 12,250 gauss. The results of this test tabulated
in Table VII gives the cesium to deuterium ratio to be
VCs 133/0D 2 = 0.854496 + 0.000018 (17)
The sign of the nuclear moment is confirmed to be positive, and the
nuclear moment without diamagnetic correction is calculated with the
use of the deuterium to proton ratio and I = 7/2 to be
pCs 133 =+ 2.56421 mm (78)

A comparison with other published values is given in Teble VIII.

THALLIUM

The ratio of the nuclear moments of the thallium isotopes T1 203
and Tl 205 was measured in a 6 cm3 semple of 1.1 moler thallous acetate

(T1(C2H302)) in 2 field of 2900 gauss. Because of the large frequency
3

difference between the thallium resonsnce and a convenient reference
nuclide the thallium was not measured with respect to any other element.
The ratios obtained for the two thallium isotopes are listed in Teble

VII and compared with other reported values in Table VIII.



Table VIII. Comparisons of Results for Cesium and Thallium

Probable
Comparison Method Ratio Error Reference
Cesium 133 to Deuterium
Direct Measurement 0.85449 0.0000k 36
(cs 133/H)(H/D 2) 0.85293 0.00091 37
(cs 133/L1i T)(Li T/H)(H/D 2) 0.85428 0.00030 34
Direct Measurement 0.854496 0.000018 This Work
Thallium 205 to Thallium 203
Direct Measurement 1.00986 0.00005 ko
Direct Measurement 1.00983 0.00005 36
Direct Measurement 1.0098 0.0002 50
Direct Measurement 1.009838 0.000001 48
Direct Measurement 1.009816 0.000022 This Work
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PRECISION OF EXPFRIMENTS

Using the nuclear spectrometer herein deseribed it is possible
to measure frequencies to within about 60 cycles. In the region used
this amounts to about 1 part in 100,000. Additional accuracy in the
determination of frequencies could be achieved through use of an oscil-
loscope and Lissajous figures and a calibrated audio oscillator. This
was not justified with the present equipment because it is not possible
to determine the center of the resonance curve to any better than the
60 cycle limit. This minimum error 1s determined in general by the
ability to read the dial of the frequency meter once a line center has
been established. It is possible to observe the point of zero-beat be-
tween the oscillator and the frequency meter to within two cps, but
backlash in the dial, and vernier accuracy does not permit reading and
interpolating to better than the 60-cycle limit. The limitation in
the measuring of the center of the line width varies with each nuclide
and is dependent upon the signal-to-noise ratio present as well as upon
the degree of balance of the r-f modes, and the field inhomogeneity.

In general, for a symmetrical curve, it is possible to estimate the line
center to within 5 to 10 percent of the line width. During the nuclide
frequency measurements the magnetic field was held constant and the fre-
quency was varied to detect the various resonances. In such a systenm,
any drifting of the magnetic field causes a direct error to be recorded
in the measured ratio. In fact, for most of the cases listed the mag-

netic field error was by far the largest error present. When new bat-
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teries were installed as the voltage reference source the leng period
drift of the magnetic field was constant at a rate of about =0.05 gauss
per minute at fields near 10,000 gauss. Under extreme conditions of
drift the rate became as high as ~0.5 gauss per minute. New batteries
vere stabilized for a period of 24 hours under normal current loed be-
fore using them as a standard voltage reference source. Most of the
field instability is due to drift in the high gain direct coupled
amplifiers used in the magnet regulator.i The high frequency response
and stability of the current regulator was such as to give a maximum
field fluctuation due to noise and momentary impulses in the order of 1
part in 102 to 1 part in 106 for periods of 0.05 seconds and introduced
negligible error. A curve of the magnetic field strength versus time
gives a straight line indicating a linear field drift at a uniform rate
for periods as long as 8 hours. At least four different sets of voltage
standard cells were used over the period of several months in which the
measurements were made and each time the same linear changes were ob-
served so that it was felt safe to apply a lineer time interpolation to
the frequencies meagured for each experiment. Occasionally an unac-
counted for shift would occur in the absolute field strength and the
drift would continue on from that point with the same linear rate. Be-
cause of these shifts the frequency time interpolations were made only
from adjacent points and no data was retained where an obvious Jump had .
occurred. A sample of the method used in computing the listed values
is given as Appendix IV.

The overall accuracy of any measurement shoﬁld lie betvween 1 part

in th and 1 part in 10° depending upon signal conditions. The precision
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of the experiments were, in general, much better than this. - As an
example consider the sequence of measurements on venadium and rubidium.
The measured value for the VYV 50/Cl 35 ratio was found to be
YV 50/ OC1 35 = 1.017583, eand by using the individually measured ratios
for DV 50/ Rb 85 and O C1 35/ DRb 85 the calculated vV 50/ JC1 35
ratio is 1.017586. Here the deviation is 3 parts in lO6 and is well
within the calculated probable error of 0.000011. A similar case, but
one in which the confidence limits are much less due to a smaller number
of measurements, is the ratio of VP 31/VLi 7. Here the directly meas-
ured value was 1.041611 and the calculated value using the individually
measured VP 31/VNa 23 and VNa 23/ DLi 7 ratios is 1.041614. -The dif-
ference is again 3 parts in 106 but the probable error of the directly
measured value is 0.000030.

No limits of error have been given for the values of the nuclear
moment since the value obtained will vary with compound and chemical
shielding. Neglecting the diamagnetic correction, which was not applied
to these values, the absolute value should be accurate to 0.1 percent

for all nuclides and to 0.0l percent for most of the nuclides.

SUGGESTED IMPROVEMENTS

Operation of this equipment has brought forth a mumber of sug-
gested improvements which should be considered in the congtruction of
future units.

The magnet stability could be improved and the drift lessened

appreciably by replacing the direct coupled amplifier with a high gain



feedback amplifier and chopper system. Short period stabilities of the
order of 1 part in 107 should be obtainable for veriods of a few seconds
and the long term drift would be virtually eliminated except for changes
caused by the standard cell voltage and precision series current meas-
uring resistor.

Increased spectrometer sensitivity through the use of more
rigidly constructed head units and the use of a cascade coupled r-f in-
put stage would permit the use of smaller sample sizes and a resulting-
ly smaller fielé volume which would tend to decrease the line width
through increased field homogeneity.

Use of a high speed pen recorder such as the Brush d-c amplifier
and 100 cycle recording pen would permit faster and more uniform reso-
nance responses and better center frequency determinations. High reso-
lution equipment would permit direct observation of the resonance and
beating frequency on the spectrometer oscilloscope for some of the

stronger nuclide resonances.
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SUMMARY

The magnetic mu-eﬁts of nuclei in matter will in general result
in a nucleer paramagnetic polarizetion upon reaching an equilibrium in
a constant magnetic field. A radio-frequency field at right angles to
the constant field causes a precession of this total polarization ebout
the steady field. When the radio-frequency field is adjusted to a fre-
quency corresponding with the Larmor frequency for the nuclei there
results a component of the nuclear polarization at right angles to both
the constant and the radio-frequency field which is used to induce a
voltage in a suitably placed pick-up coil mounted with its axis perpen-
dicular to both of the applied fields. The instrument used to detect
this is based upon the "nuclear induction" equipment of Bloch, Hansen,
and Packardl? and is called a nuclear spectrometer. The design, develop-
ment, and construction of a new improved instrument and its associated
magnet and equipment have been discussed in detail. The spectrometer
was then successfully used to measure the resonance frequency ratios
for 17 isotopes of 13 elements in a fixed magnetic field with a pre-
cision greater than that heretofore available. Twelve of these fre-
quency ratios have not been previously measured and the remaining are
in agreement with other published values. The design and construction
of this spectrometer now makes feasible continued search for the reso-
nanceg of elements such as rhodium 103, tungsten 183, uranium 235.and

the rare earths which all have gyromagnetic factors near 0.2 or less.
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Appendix I. Relaxation Times

In order to observe the effects of energy transitions that take
place under resonance conditions it is necessary that an uneven distri-
bution of nuclei occur among the various Zeemsn energy levels. Since
the transition probabilities for absorption and induced emission are
equal, there would otherwise be no net asbsorption of energy. The mag-
netic field at the nucleus is composed of the applied field plus per-
turbing fields due to interactions between the nuclei and the atoms.
These interactions permit energy to be transferred to the surroundings
and a thermal equilibrium can be established. The energy difference
between nuclear Zeeman levels in the fields used is much less than the
equilibrium thermal energy (xT) where T is the lattice temperature.

The distribution of population between the various magnetic energy states

is governed by the Boltzmemn factor

my THH
Np1 . kT - - 4my 7HH
N—m2_ . -~ 'rle € ¥T (79)
kT

where Ny, and N, are the number of nuclei in states m; and my, and
where the magnetic quantum numbers m; are given values I=>my=-I. The
distribution ratio is given for small values of Ehmi’7ﬁH/kﬁ] by the ap-

proximate expression (when amy= -1)

Npy (upper state) _ 1 - ThHE (80)
N> (lower state) kT

From this we can easily see that & sample in the earths very small field

would have almost equal distributions between the energy levels. Should
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the same sample be subjected to a stronger field the energy distribu-
tions would become more unequally divided in the amount given by Equa-
tion 80. This equilibrium distribution is also a function of the
Boltzmann thermal energy kT. Applying energy to the system in the form
of a resonating oscillatory field in an amount h V redistributes the
alignment of the nuclei in the applied steady magnetic field and changes
the volume susceptibility of the sample, since the nuclear magnetic
susceptibility of a gross nuclear sample is determined by the equilibri-
um alignment of the nuclear magnetic polarization in the magnetic field
vhich is a direct function of the number of nuclear particles aligned
in their specified quantized energy states in the magnetic field. The
energy h V that is supplied is very much less than the average energy
kT. The new nuclear alignment represents a state of higher stored
energy than before and one says that the "spin temperature" has been
raised. The coupling of this nuclear energy to the atom is loose, being
through the spin-lattice force fields; however, it is this coupling that
permits a new equilibrium to be reached after a time T, called the "spin=-
lattice" relaxation time.

As an example of this spin temperature phenomenon consider a
sample first subjected to the earths magnetic field where the energy
distributions are about equal in the various energy states. Then sub-
Jject this sample to a suddenly applied strong magnetic field of many
oersteds. The spin temperature at the first moment (Tstart) must be
higher than the room temperature T because of the sudden application
of the strong field since the original population distribution is

instantaneously unchanged. After a certain period of time however,
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transitions take place, the spins are reoriented, and the spin tempera-

ture has cooled to the room temperature T. The time required for Tgtart

to approach T is called the spin-lattice relaxation time T;, or the
thermal relexation time. It is the time required for all but l/e of the
equilibrium excess to reach the lower energy state. Bloch® describes
this as the time for the Z component of Fﬁ to attain alignment in the
field, and terms it the longitudinal relaxation time.

One might also expect spin-spin interactions to occur between
like nuclei precessing with equal rotational frequencies &3 thereby
tending to induce transitions between the Zeeman energy levels in each
other. These interactions are termed spin-spin collisions and do not
affect the total spin system energy but do limit the lifetime of a spin
state and contribute to the frequency breadth of the resonance state.
The magnitude of the frequency spreadékﬂo due to the local field Hioc

caused by spin-spin interactions is

Sy g —%Q Hioe *# THioc (81)

Thus one can say that if two nuclei are precessing in-phase at a time

t = 0 they will have lost their phase relationship within a time of the
order of l/Kab. For protons this is of the order of 10-% seconds. This
phase memory time is called the spin-spin or transverse relaxation time

and is denoted by

T2 =-g—ajo— . (82)

To is usually found to be less than T;.
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Appendix ITI. The Ruclear Complex Susceptibilities

The solutions for the particular case of slow passage in nuclear
resonance have been given., The particular solution fqr My, the compo-
nent of the polarization vector along the Y-axis, Equation 31, has been
repeated here

2Hy coswt - ZH1Tp Awsin wt
l+ (Tedw)a + (rrHl)al‘lTe

My = oWy (31)

If one now expresses the oscillating field H, as given in Equation 7

in terms of a complex number
g = oH, e i(wt +7/2) (83)

and the magnetization, Equation 9, as the complex expression

M="XH (84)

o P s

where a complex susceptibility is introduced such that

A=A AR

a second equation expressing My can be written where

My, =)"(2H) coswt) - L' (2H; sinowt) (85)
' Upon comparing Equations 31 and 84 the expressions for the

components of the susceptibility can be written as

o (To Aw)
(X’ B %T2rXo 7H° 14+ (T2AOJ)2 + (frHl)zflT2 (86)

and

1
n . 1
'X - ETQXO THo ;l_+ (TQACU)e + (7 Hl)zrlTe (87)
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Upon cousideration of the phase relationskips ome can see that 1t is
thej("_ component that is in-phase with the field N;.
| 'J.'he power abscrbed by the nuclesr sample per unit velwme is

| = 27/
Az-%‘,ﬁ . H-aM ' (88)

t=x 0

and 1f H and @i/dt are colinear with the field 2H;, upon substituting
Equltioﬁ 82 and 8k amd integrating, the power absorbed is fownd to be
A= m2wp ~ (89)
and 1t 1s seex that the " compoment 1s the portion of the cemplex
snlcojtibilify that corre:jonb to.absorption. This abscrbed pover is
small and is in the order of 10~J watts for a 1 ew3 sample of water at
room temperature. 4 |

It 1s ouily seen that fer a giver set of field cenditioms the
optimm valme fer K" eccurs fer AW= O vhen X" becemes

1
1+ (7:p)%mT,

IS 27 %% (90)

The compewent /' is out-of-phase with the retating field amd
sivel'thc dispersion vhich will asymptotically apmroach the same maxi-

mum value as x" forAcux[l + (THy) 111'2]% vhen (7 H;)2%,T, > 1.
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 Appendfx III. Sample Calculations
These calculations are those performed for determining the re-

ported values for the Phosphorus 31 to Sodium 23 ratio.

E&viations
Deviatigns Squared
Date Taken from Table XXI. ' {x 10-6) (x 10-12)
1.530428 78 6084
1.53037T7 27 729
1.530178 172 2558L
1.530355 > 25
1.530351 1 1
1.530370 20 400
1.530397 L7 2209
Average 1.530350 39032
i
o~ = (39032 x 10-12/6)2 - = 0.000086
P.E. = 0.6745 o~ a3 = 0.000022
Deviations
Deviatigns Squared
Data Taken from Table XXII. (x 1079) (x 10-12)
1.530516 134 17956
1.530332 50 2500
1.530254 128 16384
1.530387 5 25
1.530423 4 1681
1.530235 47 21609
Average 1.530382 60155

o = (60155 x 10“12/5)% = 0.000110

1
P.E. = 0.67T45 o n™2 = 0.000030

Table XXI average 1.530350
Table XXII average 1.530382
Set average 1.530366

O~ average = [(39032 + 60155) x 10“’12/1‘11’lt = 0.000091

P.E. average = 0.6T45 G~ n'é f[30.67h5)(91 b4 10f6)/é]% 2 0.000042
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