
MOLECULAR BEAM MAGNETIC RESONAN CE METHOD

43. B. Lammert, Zeits. f. Physik 56, 244 (1929).
44. I. Langmuir, Phys. Rev. 8, 149 (1916).
45. I. Langmuir and K. H. Kingdon, Phys. Rev. 24, 510

(1924); 34, 133 (1929).
46. I. Langmuir and K. H. Kingdon, Proc. Roy. Soc. 21,

380 (1923).
47. A. Leu, Zeits. f. Physik 41, 551 (1927).
48. A. Leu, Zeits. f. Physik 49, 498 (1928).
49. H. Mayer, Zeits. f. Physik 52, 235 (1928); 58, 373

(1929).
50. E. McMillan, Phys. Rev. 38, 1568 (1.931).
51. S. Millman, Phys. Rev. 4'7, 739 (1935).
52. S. Millman, I. I. Rabi, and J. R. Zacharias, Phys. Rev.

53, 384 (1938).
53. T. E. Phipps and M. J. Copley, Phys. Rev. 45, 344

(1934).
54. I. I. Rabi, Nature 123, 163 (1929); Zeits. f. Physik 54,

190 (1929).

55. I. I. Rabi and V. W. Cohen, Phys. Rev. 43, 582 (1933).
56. I. I. Rabi, S. Millman, P. Kusch, and J. R. Zacharias,

Phys. Rev. 55, 526 (1939).
57. S. Rosin and I. I. Rabi, Phys. Rev. 48, 373 (1935).
58. H. Scheifers, Physik. Zeits. 37, 220 (1936); 41, 399

(1940).
59. M. v. Smoluchowski, Ann. d. Physik 33, 1559 (1910).
60. O. Stern, Zeits. f. Physik 2, 49 (1920).
61. O. Stern, Zeits. f. Physik 3, 417 (1920).
62. O. Stern, Zeits. f. Physik '7, 249 (1921).
63. O. Stern, Zeits. f. Physik 39, 751 (1926).
64. O. Stern, Zeits. f. Physik 41, 563 (1927).
65. O. Stern, Phys. Rev. 51, 852 (1937).
66. J. B. Taylor, Zeits. f. Physik 5'7, 242 (1929).
67. M. Volmer and I. Estermann, Zeits. f. Physik /, 13

(1921).
68. E. Wrede, Zeits. f. Physi/ 41, 569 (1927).
69. E. Wrede, Zeits. f. Physik 44, 261 (1927).

REVIEWS OF MODERN P HYSICS VOLUME 18, NUMBER 3 J ULY, 194 6

.. .xe .V. .o..ecu. .ar . ieam .V. .agne1:ic .resonance
.V. :et.ioi . .xe .%ac ioI.'rec uency Sjvectra

oI': A1:oms anc '.
V. :o..ecu. .es*

J. B. M. KELLOGG

Columbia University, Negro York, NevJ York

AND

S. Mn.LMAX'

f"olumbia University, ¹toYork, Xevt York and Queens College, Flusking, ¹tvYork

THE MOLECULAR BEAM MAGNETIC
RESONANCE METHOD

l. General Considerations

NEW method known as the "Magnetic
Resonance Method" which makes possible

accurate spectroscopy in the low frequency range
ordinarily known as the "radiofrequency" range

*This article was prepared in 1941 and has not been
revised to take into account the possible applicability to
the method of higher frequencies and other useful instru-
mental techniques developed during the war years. Other
ingenious magnetic resonance methods, recently published,
have been applied to the measurement of the proton
moment and of the h.f.s. reparation of caesium atoms in
the ground state.
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was announced in 1938 by Rabi, Zacharias, Mi11-

man, and Kusch (R6, RS). This method reverses
the ordinary procedures of spectroscopy and in-
stead of analyzing the radiation emitted by
atoms or molecules analyzes the energy changes
produced by the radiation in the atomic system
itself. Recognition of the energy changes is
accomplished by means of a molecular beam
apparatus. The experiment was first announced
as a new method for the determination of nuclear
magnetic moments, but it was immediately ap-
parent that its scope was not limited to the
measurement of these quantities only. It is the
purpose of this article to summarize the more
important of those successes which the method
has to date achieved.

Historically the molecular ray approach toward
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while
BH/Bz/0,

BH/By =BII/Bx = 0,

this will be the only magnetic force acting on
the atom. Thus if an atom with velocity, e, in
the x direction is shot through such a field of
length I, it will suffer a deflection, d, given by

1F, p, BH
d =—at'= ——t'=

2 2m 4E Bs

where E is the translational energy of the atom
of velocity v. Although the atom will be acceler-
ated only while in the field, in general it will have
a total deAection which is partly acquired while
it is in the field and partly after it has left the
field. The deHection formula as given above
must, of course, be modified to take account of
'this fact, but after this is done it turns out that
the only change is to substitute a factor "G" for
P, where G is simply a function depending upon
the geometry of the apparatus. In actuality, the
atoms passing through the field have a rather
broad distribution of velocities and this must
also be taken into account in experiments of
this type. If the deHection, d, is measured, p, may
be found.

Stern and Gerlach performed a molecular ray
deRection experiment on a beam of silver atoms.
Classically the values of p, and hence the values
of d should form a continuous range. According
to quantum mechanics only certain orientations
of p are allowed, and spectroscopic evidence indi-
cated that for the silver atom only two possible
orientations exist. The Stern-Gerlach experi-
ment shows that the beam of silver atoms is

the solution of problems in atomic and nuclear
physics received its first success in the classic
experiment of Stern and Gerlach (S4, G1) which

gave experimental proof of the space quantization
of atoms in a magnetic field. An atom in a
magnetic field, which we may take in the
s direction, experiences a change of energy
hS'= —p,H where p,, is the magnetic moment
in the direction of the field. The force acting on
this atom in the z direction is then

F,= ( B—W/Bz) = p, (BH/Bz)

for constant p, . If, moreover, the field is of such
a nature that

split into two parts in the magnetic field, i.e.,
that the values of p, are only two iri number.
Furthermore, the magnitude of the deRections
which produced the splitting was such as to
show that the magnetic moment p, is 1 Bohr
magneton (eh/4vrmc). This pioneering work was
followed by a series of determinations of atomic
magnetic moments by various investigators.

The range of the molecular beam deflection
method was further extended by Stern, Ester-
mann, and Frisch (F5, E3) in their experiments
on the proton magnetic moment. They demon-
strated the possibility of measuring magnetic
moments of the order of a nuclear magneton
(eh/4vr3fc), that is, of the order of 1/1800 of a
Bohr magneton. They worked with a low tem-
perature beam of hydrogen molecules sent
through a strong magnetic field of high gradient.
The hydrogen molecule has no net electronic
magnetic moment, and under the conditions of
their experiment the magnetic moment arises
only from the contribution of the two nuclear
magnetic moments and a magnetic moment
coming from the molecular rotation. They evalu-
ated the rotational moment from experiments
on pure parahydrogen which has no nuclear
magnetic moment and found the rotational
magnetic moment to be of the order of 0.9
nuclear magneton per rotational quantum num-
ber. Further deRection experiments performed on
orthohydrogen, when ordinary hydrogen was
used for the beam, could then be corrected for
the contribution to the moment coming from
the rotation. Their experiments revealed the
unexpected result that the magnitude of the
proton moment is not 1 but of the order of 2.5
nuclear magnetons.

Another important contribution was made by
Breit and Rabi (B4) who suggested a 'method

whereby molecular beam experiments could be
used to determine nuclear spins. In the Stern-
Gerlach type of experiment where high fields
are used the beam is split into 2J'+1 components,
where Jh is the electronic angular momentum
of the atom. If the nucleus possesses angular
momentum ik and a magnetic moment, each of
these 2J+1 components consists of 2i+1 indi-
vidual components which are all superposed in
the strong field. Breit and Rabi pointed out that
if the inhomogeneous field is not too large the
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FK'. i. Simple vector representation of a system pos-
sessing angular momentum and magnetic moment in
the same direction under the influence of a large fixed
magnetic field H and a small rotating field H~.

coupling of the electrons to the nucleus will not
be destroyed and that under these conditions the
beam should be split into (2J+1)(2i+1) com-
ponents. If J is known, the nuclear spin may
then be determined by counting components.
The suggestion was followed with an experiment
by Rabi and Cohen (R3) to show that the
nuclear spin of Na is ~3.

This method was immediately superseded by
a powerful modification suggested by Rabi and
first utilized in an experiment by Cohen (C1, M4,
F2, M2, M6, M3) which made it possible to
measure h.f.s. separations of the ground state of
atoms as well a,'s their nuclear spins. The method
was applicable even in eases where the h.f.s. was
too small to be observed spectroscopically.
Further modification of the method provided
the means for determining whether the h.f.s.
was regular or inverted (Ri, K3). Although the
h.f.s. of a stat@ was measured with a precision
of about 1 percent, it was not possible, except in
the case of the hydrogens, to calculate the

nuclear magnetic moments with anything ap-
proaching this accuracy, since such calculations
require the knowledge of wave functions of the
atomic state. With the exception of the magnetic
resonance method, the applications of the pro-
cedures of molecular beams to the determination
of atomic and nuclear moments and also to
problems. such as gas kinetics, diffraction of
molecules from crystal surfaces, and the measure-
ment of electric dipole moments has been beauti-
fully set forth in two books by Fraser (F3, F4).

The resonance method was then introduced.
This method, in addition to the previously
developed artifices of molecular ray techniques,
utilized the fact that an angular momentum and
its associated magnetic moment will suR'er a
reorientation in a rotating magnetic field if the
frequency of rotation of the field is equal to
the Larmor frequency of precession of the angular
momentum. These reorientation processes, or
non-adiabatic transitions, as they were called,
had been discussed (G4, M1) by Guttinger and
by Majarona, and in particular for the general
case of the rotating field by Rabi (R2).

The principle on which the method is based
applies not merely to nuclear magnetic moments
but rather to any system which possesses angular
momentum and a, magnetic moment. It is
possible to give a ra, ther simple qualitative
picture of the reorientation process in terms of
the classical model of a rotating gyroscope of
angular momentum Jk and possessed of a mag-
netic moment p. Such a system is represented
in Fig. 1, where for simplicity the angular
momentum and the magnetic moment are shown
in the same direction. The vector J will then
precess about H with the Larmor frequency
v=pH/Jk. Now suppose a small rotating field

Hi is applied to the system in such a manner
that initially it is perpendicular to both H and J,
and also such that its angular velocity of rotation
is in the same direction as the angular velocity
of the Larmor precession. This is the situation
represented in Fig. 1, and inspection of that
figure shows that the torque on J produced by
the addition of the field Hi is in such a direction
as to increase the angle between H and J. If II&
rotates with the frequency i, this effect is

cumulative, and the change in angle between
J and Mean be made large. It is 'apparent that
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if the frequency of revolution, f, of Hiab'out H is
markedly different from v, the net effect will be
small, since the added torque will rapidly get
out of phase with the precession. The smaller
the ratio Hi/H, the sharper the effect will be in
its dependence on the exact agreement between
the frequency of precession v and the frequency f.
Furthermore, if the sense of rotation of Hi is
opposite to that of the precession, the added
torque will tend to open the angle during one-
half of the. period of precession, to close it during
the other half, and the net effect will be small.
This latter fact is of prime importance in the
determination of the signs of magnetic moments.
For if the direction of ti had been opposite to
that of J (negative magnetic moment), the
sense of the precession would have been in a
direction opposite to that indicated in Fig. 1,
requiring a reversal of the sense of rotation
of Hg.

Any method (G2) which enables one to detect
the change in orientation of the angular mo™
mentum with respect to H for a given applied
rotation frequency provides the information f= v,

and one can therefore utilize this process to
measure the precession frequency and therefore
the gyromagnetic ratio, g=ti/J, if H is also
known.

The precise form of the initial conditions
previously described is not important and we

may consider H& initially at any angle P with
the plane determined by J and H but still per-
pendicular to H. In fact, according to quantum
mechanics, we must consider the initial condi-
tions of an ensemble of systems with a definite
projection of J in the direction of H as uni-
formly distributed over p. This only means that
some systems will increase and other systems
decrease their projections in the direction H.
Since most of the systems in which one is
interested have small angular momenta (&105),
the classical considerations given above have to
be reconsidered from the point of view of quantum
mechanics. The reorientation process is more
accurately described as one in which the system
having angular momentum Jk and magnetic
moment p, , originally in some ~tate with mag-
netic quantum number m, makes a transition
to another magnetic level, m'. An exact solution
for the transition probability for the case where

Hi rotates and is arbitrary in magnitude has
been given by Rabi (R2), He considers a system
of magnetic moment ti=gtioJ, where J is the
total angular momentum due to all causes and
po is the Bohr magneton. If g is positive, the
total moment is negative, as in the spinning
electron. If g is negative, the moment is positive.
In a magnetic field H the system precesses with
the Larmor frequency v=gtioH/h. For the par-
ticular case of J= 2, Rabi's formula is

sin' 8
+(k —'-)

1+/' —2g cos 8

Xsin' mtf(1+q' —2g cos 8)~. (1)

Here Pii, i& is the probability that the system,
originally in the state m= 2 is found in the state
m= —

2 after a time t spent in a magnetic field
of magnitude (H'+Hi2)&, where Hi rotates with
frequency f; g = v/f and is to be taken as positive
if the rotation of H~ is in the same sense as the
precession, and negative if in the opposite sense,
and tan 8=Hi/H.

If the experimental conditions are so arranged
that Hi/H«1, this formula becomes

g2

&(&.—s) = sin' ntfL(1-g)'+g8'$&. (2)
(1—a)'+a8'

It follows from the last equation and from the
definition of g that, if the rotation of H~ is in
the same sense as the Larmor precession, and if
the respective frequencies are in resonance, then
g=+1, and the probability that the system will
suffer a reorientation of its magnetic moment with
respect to the field direction is Pii, i&

——sin' xtf8',
which can be made as close to unity as one pleases
by experimentally choosing the correct values
for t and 8. Moreover, if one were to leave every-
thing unchanged except the direction of rotation
of Hi (or of the Larmor precession, by reversing
the direction of H'), the transition probability
would become

g2

Pii u =, sin n'tf(4 8 ) ~,

4 —0' .

a qoantity much less than unity. Hence from
this qualitative difference, and'a knowledge of
the sense of rotation one can infer the sign of
the moment.
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Although the above formulae are derived for
a- spin of ~~ it is of course true that many systems
exist with spins greater than ~. For these higher
spins the general formula given by Majorana
(G4, M1) applies, i.e.,

P&, , „&——. (cos a/2) '~

&& (J+m)!(J+m')!(J'—m)!(J—m')!

2J' ( 1)x(tan. &/2) 2x—m+m' - 2

&-0 (X—m+m')!(J'+m —X)!(J—m' —X)!

In this equation a is defined through the relation
sin2 2n=P&i, i&, where P&i, ii is obtained with
the use of Eq. (1) for a system with a spin of —,

'
which has the same p/J and which is situated in
the same magnetic field as the system under
consideration. Any term in the summation con-
taining factorials of negative numbers is to be
omitted.

It is to be noted, however, that the -Majorana
formula need only be used when quantitative
information is sought concerning the distribution
of the reoriented molecules in state m among
the other states, m'. For purposes of measuring
the Larmor precession frequency of a nucleus
one need only make use of the idea that when
f=i a maximum number of reorientations will

take place.
Although Rabi's theory requires Hj to rotate

in a plane perpendicular to H, no experiments
have been performed which make use of a
rotating field. In practice it is more convenient to
use an oscillating field for Hi. Although for this
case the situation is not quite as clear as for the
rotating field, Bloch and Siegert (83) have shown
that the transition probability is approximately
the same for weak oscillating fields near the
resonance frequency, and the formulae for P&L
remain the same except that e is to be replaced by
8/2. The oscillating field may be considered as the
superposition of two fields rotating with the same
frequency but in opposite directions and with
amplitudes one half the oscillating amplitude and
it is this fact which accounts for the replacement
of 8 by 8/2. The reorientation is produced by the
component which rotates in the same sense as the
precession. The other component has no effect on
the system. There is one unfortunate result which
apparently accompanies the substitution of an

oscillating field for a rotating one, namely that it
becomes impossible to determine the sign of the
moment, since it is impossible to tell which of the
two rotating fields is producing the transitions.
However, it has been pointed out (MS) that in
the actual experimental set-ups a rotating field of
known direction is produced by certain end
effects of 'the oscillating field and that this field
may be used in the determination of the sign. A
discussion of this effect will be reserved until the
details of the apparatus have been described.

The above description. has been given' for a
simple system containing only one angular mo-
mentum vector with its associated magnetic
moment which interacts with an applied external
field. More generally it is necessary to corisider
complicated systems containing two or more
coupled angular momenta which interact with
each other as well as with the external field. For
this case it is simpler to view the resonance
reorientations as taking place when the frequency
of the oscillating field is in resonance with the
frequency given by the Bohr relation

(3)

where W„and W represent the energies of two
states of the whole molecular system in the
magnetic field. The selection rule which governs
these transitions in the cases which we will dis-
cuss is Anz = &1where nz is the magnetic quantum
number of the system, It may be pointed out here
that the method detects not only transitions from
state m to n, but also the reverse transit on n to
m. One of these corresponds to absorption of
radiation and the other to stimulated emission.
As Einstein has pointed out, these processes
are equally probable. This descrip'tion in the
absence of interactions within the system is
equivalent to the earher description because the
energy difference between, successive states of
spin quantization are then all equal to IiH/J,
whence the Larmor frequency is the same as the
frequency given by Eq. (3).

2. Experimental Arrangement
I

The experimental recognition of these transi-
tions can be accomplished with the aid of the
type of molecular beam apparatus which is
described below. The essential features of such an
apparatus are those which deal with the produc-
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FIG. 2. Schematic diagram of a molecular beam apparatus and of some molecular paths. The two
solid curves in the upper part of the figure indicate the paths of two molecules having different
moments and velocities and whose moments are not changed during passage through the apparatus.
The two dotted curves in the region of the 8 magnet indicate the possible changes in path for one
of these molecules if its component of magnetic moment has been either increased or decreased in the
region of the C field. The motion in the s direction has in each of the curves been greatly exaggerated.

tion and detection of a beam of molecules, the
provision of suitable experimental conditions for
reorientations to take pIace, and the recognition
of such reorientations.

Figure 2 shows the arrangement of magnetic
fields and slits in such an apparatus. Molecules
effuse from a source slit at 0 into a highly
evacuated chamber. A very small fraction of
these molecules will pass through the collimating
slit S and reach the detector at D. In the absence
of any inhomogeneous magnetic deflecting fields
the molecules traverse straight-line paths OSD
and form the so-called "direct" beam.

The source frequently takes the form of a small
oven made of some suitable material and equipped
with knife-edge slits. This oven is then main-
tained at a temperature such that the vapor
pressure of its contents is a few tenths of a mm of
mercury. The molecules emerge in all directions
from such a source, but with an intensity distri-
bution which is proportional to cos a (the angle n
is shown in Fig. 2). Since it is necessary to use
narrow collimating slits, a few hundredths of a
mm wide at most, the number of molecules which

go to form the beam is only an extremely small
fraction of the total number of molecules leaving
the source. Some disposition must, of course, be

made of the non-beam-forming molecules, and
the ordinary procedure is either to freeze them
out on the walls of the apparatus, or if this is not
feasible, e.g. , in the case of the permanent gases,
to use fast pumps to eliminate them. Some such
procedure is necessary in order to keep the
pressure in the apparatus sufticiently low so that
a substantial fraction of the molecules of the
beam do not suer scattering by other molecules.
The slits Fi and Fm do not serve to limit the beam
in any way since they are ordinarily from five to
ten times as wide as the source and collimating
slits. They do, however, serve to isolate the main
portion of the apparatus from the relatively high
pressures ( 10 ' mm Hg) which may prevail in
the oven chamber.

The "intensity of the beam, " which may be
defined as the number of molecules arriving at
unit area of the detector per second, depends on a
number of factors. Subject to the restriction that
the beam be collision-free, the intensity is pro-
portional to the source pressure and the useful
area of the source, and is inversely proportional
to the square of the distance from the source.
Consequently when large intensities are needed it
is advantageous to work with beams as short as
possible. While the intensity may be increased by
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increasing the source pressure, there is a limita-
tion on the gain that may be obtained in this
manner, for the source pressure may not be in-
creased beyond the point where the mean free
path of the molecules becomes comparable' with
the width of the source slit. Otherwise collisions
at the slit will give rise to a "cloud" in front of
the slit which will act as a virtual source of much
greater width than the actual source. Since the
intensity is proportional to the source area, and
since it is usually necessary to work with narrow
beams, the slits are made as long as other features
of the apparatus, notably the inhomogeneous
fields, will permit and as narrow as is consistent
with reasonable intensity and ease of adjust-
ment. Slits less than 0.0t mm wide are seldom
used, and for this slit width diffraction effects are
negligible, since the dearoglie wave-length as-
sociated with the moving molecules is of the
order of one angstrom unit or less.

The use of such narrow slits renders it neces-
sary that the source and collimator be accurately
parallel. This may most easily b'e accomplished
by making both slits parallel to a plumb line
through the intermediary of the cross hair of a
telemicroscope. Horizontal setting of the slits by
means of a level would at first seem a feasible
method, but the spreading of the beam in the
gravitational field of the earth makes this pro-
cedure impractical. ~ Whenever possible, final ad-
justment of the slits to parallelism is brought
about by means of the molecular beam itself. A
most satisfactory device for accomplishing this
has been described (M6).

Returning now to a consideration of Fig. 2,
suppose the A and 8 magnets are excited and
produce inhomogeneous fields whose gradients
(BH/Bs)~ and (BII/Bs)s are in the directions
indicated by the arrows. A molecule with mag-
netic moment p will be deflected in the direction
of the gradient if p„ the projection of p in the field
direction, is positive, and in the opposite direc-
tion if y,, is negative. The molecules for which
0.=0 will therefore, unless their moment is very
small or their velocity very great, be thrown to
one side or the other by the A field and miss the
collimating slit. However, molecules which leave

*However, at least one experiment makes use of this
deRection of a horizontally collimated beam in the earth' s

~

~

~

ravitational field. See O. Stern, Phys. Rev, 51, S52
1937}.

the oven in a direction other than OS may'now
pass through the slit. In general, for a molecule
having any value of p, and speed v it is possible
to find an initial direction for the velocity of the
molecule at the source such that it will pass
through the collimating slit. Such paths are
indicated by the solid line of the diagram. If d~
denotes the deflection at the detector from the
line OSD suffered by the molecule due to
the A field alone, it may be expressed by
dz =p, (BH/Bs)zGz/4Z, where G~ is a, factor
which depends on the geometry of the apparatus.
If no change in p, occurs in passing from the A to
the 8 field region, then, since the directions of the
gradients of the two fields are opposed, the
deflection d& —

II,,(BH/—Bs)&G&/4E produced by the
8 field will be opposite in direction to the deflec-
tion produced by the A field. Thus if dz =ds the
molecules are' returned to the detector in the
manner indicated and form a "refocused" beam.
This focusing is independent of the velocity
distribution of the molecules and only requires
that (BH/Bs)AGQ —(BII/Bs) sGs, a condition which
may be easily satisfied. It is found experimentally
that when the fields A and 8 are properly ad-
justed the number of molecules reaching the
detector is almost the same with the magnets A
and 8 on as with them o8.

The magnet C prod'uces the homogeneous field
II; In addition there is situated in this region a
pair of parallel wires carrying an oscillating cur-
rent which produces an oscillating .field perpen-
dicular to H. If the reorientation which we have
described changes the value of p„ the conditions
for deflecting the molecules back to D by means
of the 8 field no longer prevail. The molecule will
follow one dotted-line path or the other depending
upon whether p, has become more positive or
changed sign. In either case the molecule will
miss the detector and a decrease in the detector
reading will result. We thus have a means of
knowing when the reorientation eR'ect occurs.

As a numerical example we shall consider an
apparatus having the following dimensions: the
source and collimating slits are each 0.01 mm
wide, the A field is 25 cm long and begins 10 cm
from the source slit, the 8 field is 30 cm long and
begins 52 cm from the source, the collimating slit
is 37,'cm from the source, and the distance of the
detector from the oven is 92 cm. Under these
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conditions the ratio of the geometrical factors
G~/Gs=1. 11, and for focusing the reciprocal of
this ratio is required for the corresponding
gradients. Assume a gradient in the A field of
SX10' gauss/cm. Then if the beam is composed
of molecules eÃusing from a room temperature
source with a Maxwellian distribution and having
J= ~~and p = 1 nuclear magneton, and if all these
molecular moments suR'er a reorientation in the
region between the A and 8 fields, the intensity
at the position of the detector will drop to about
10 percent of the value it would have if no such
reorientation took place. The deflection from the
refocused position of molecules having the most
probable velocity will be 0.05 mm. It is because
of this small deRection that it is necessary to
work with narrow beams.

The inhomogeneous fields are ordinarily pro-
duced by iron electromagnets wound with a few
turns of heavy water-cooled copper through
which large currents may be sent from banks of
heavy-duty storage batteries connected in par-
allel. A cross section of the pole faces of such a
magnet is shown in Fig. 3. The e6'ective bound-
aries of the gap are formed by portions of two
circular cylinders whose intersections are sepa-'

rated by a distance 2e. The iron faces of the gap
are then the magnetic equipotentials correspond-
ing to the field produced by two parallel wires
carrying currents in opposite directions and whose
centers coincide with the intersections of these

FrG. 3. Cross section of pole pieces of magnets
producing inhomogeneous fields.

cylindrical surfaces. VA may therefore assume,
for purposes of rough calculations, that the field
distribution in the gap is the same as that pro-
duced by the currents Howing in such wires.

The properties of such a field and its gradient
may readily be calculated (R4, M11), and are
found to be ideal for these experiments. At
z=1.2e the gradient is nearly constant over the
region y =+0.7u to y = —0.7a, and for this posi-
tion of the beam the ratio of gradient to field is
about 1/a. An Armco iron field with a 1 mm gap
and wound with 4 turns will give a field in the gap
of about 10,000 gauss for a current of 200 amp.
With an "a" value of about 3i. cm gradients of
80,000 gauss/cm are easily obtainable.

The magnet C producing the homogeneous
magnetic field may be a single yoke magnet of
Armco iron. This magnet is carefully annealed in
a hydrogen atmosphere a,nd the pole faces and
spacers are surface-ground and lapped to produce
a gap'of constant width of about 0.6 cm.

Although the gradients of the two inhomo-
geneous fields roust be in opposite directions for
refocusing to be possible, it is essential that all
three magnetic fields be in the same direction and
that the three magnets be close together to pre-
vent reorientations of the molecules in regions of
weak, rapidly-changing field between the mag-
nets. To diminish these reorientations further
iron slabs are attached to the ends of the inhomo-
geneous magnets. These slabs increase the va, lue
of the field in the gaps between the magnets and
make the changes of field more gradual. This
arrangement insures a fairly strong field along
that portion of the path of the beam where
changes in the over-all moment of the molecule
affects its refocusing, i.e., from the beginning of
the A field to the end of the 8 field, and thus
limits transitions between the quantum states to
the region of the oscillating field where they may
be controlled and studied.

The oscillating field 8 may be produced by a
high frequency current flowing through two
copper tubes bent in the form of a "hairpin" as
shown in Fig. 4. These tubes are inserted in the
gap of the C magnet so that the high frequency
field is approximately perpendicular to the homo-
geneous field. The beam traverses the path be-
tween the legs of this hairpin as shown by the
dotted line. The resultant field in this region is
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FIG. 4. Perspective sketch of
"hairpin" shape copper' tubes
carrying radiofrequency current.

therefore oscillatory in character and vibrates
with a frequency equal to the. frequency of the
current in the tubes. The tubes are supported by
heavy copper tubing through which electrical and
water connections may be made outside the
apparatus and are supplied with current by
coupling a loop-in series with them to the tank
circuit of an oscillator. The frequencies used in
the various experiments have ranged from 0.3 to
1100 megacycles.

Since the value of the magnetic moment of any
nucleus is calculated from a known magnetic field
and an observed frequency, it is essential that
these quantities be known to a high degree of
precision. The frequency of the oscillating field

may be easily determined to better than 0.01
percent by measuring the frequency of the oscil-
lator with a commercial crystal-controlled hetero-
dyne frequency meter. A calibration of the
homogeneous magnetic field of the C magnet in
terms of the current through the exciting coils
may be made in the usual way by measuring the
ballistic deflection of a galvanometer when a flip
coil is pulled from the field. However, in the ex-
ample of an atomic spectrum to be given later, a
method of field measurement will be described
which is much more accurate and better suited to
these experiments.

There are in use at the present time three types
of detector of the molecular beam which are
capable of measuring small changes of intensity:
the Pirani gauge (FS, E3, K4, E1), the ionization

gauge (D1, .J2, H5), and the surface ionization
detector (T1). Each of these detectors is limited
in its application, and only one, the surface
ionization gauge, is useful in the measurement of
extremely small intensities. Both the Pirani and
the ionization gauges are slow in response to the
beam. The forrper is of use only in the detection
of beams of the light permanent gases, and the
latter, up to the present, has been used only for
the heavier elements. The surface ionization
detector has been applied to the detection of
beams of the alkali metals, of indium, barium,
and gallium, and of molecules containing one of
the alkalis. All three detectors give a linear re-
sponse to beam intensity. '

The Pirani and ionization gauges are similar in
that both are manometers which measure the
change in pressure produced by the entrance of
the beam through a small slit into an otherwise
closed chamber. The effect in the case of the
Pirani is to increase the heat conduction from a
warm nickel ribbon to the walls of the chamber
enclosing it. If the nickel ribbon forms one arm of
a balanced Wheatstone bridge, the change in
resistance of the ribbon, because of its change in
temperature, will produce a galvanometer deflec-
tion which is proportional to the beam intensity.
In the ionization gauge; electrons are accelerated
from a hot filament to a positively charged grid.
Collisions of these electrons with the atoms or
molecules in the chamber produce positive ions
which are collected by a negatively charged plate.
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The change in this positive ion current when the
beam enters the gauge can then be measured, and
will be proportional to the change in presstire.

The difficulty with this type of detector is that
very small pressure changes must be measured in
the presence of comparatively large background
pressures. On admission of the beam into such a
manometer the pressure builds up until an equi-
librium value, p„ is attained such that as many
molecules leave the chamber per second as enter
it. If there is no scattering of the molecules of the
beam between source and detector, and if the
detector is at the same temperature as the source,
this final pressure is given by p, =pa/mr' where r
is the distance from source to detector, p is the
pressure in the source, and a is the area of the
source slit. Thus for a beam length of 92 cm, a
source pressure of 1 mm of Hg, and a source slit
0.0j. mm wide and 2 mm high, the change in
pressure in the manometer produced by entry of
the full beam is of the order of 10 ' mm Hg. If
this pressure change is to be measured to
percent, one is faced with the problem of reading
pressure changes of the order of 10 "mm Hg in
the presence of a background pressure of the
order of 10 ~ mm Hg.

. The change in pressure in the manometer pro-
duced by the hearn may be increased-by a factor
Eby providin'g the entrance to the chamber with
a canal-shaped opening. If this canal is aligned
with its length along the beam direction, it will

offer no resistance to the passage of the beam
molecules i@to the gauge whereas it will offer
resistance to the exit of these same molecules
after they have acquired random motions in the
manometer chamber. X values as large as 50 have
been successfully used with Pirani gauges.

Unfortunately these manometers suffer from
the disadvantage that an. appreciable time must
be allowed for the chamber to fill and empty, and
this time lag is also increased by the same factor,
E.Since the manometers are always possessed of
zero drift and some unsteadiness, it has been the
custom in the Columbia laboratory to take six
readings of the intensity, and then to average
these readings to obtain a single observation.
Thus with a time lag of 30 seconds a single ob-
servation will take 5 minutes, which is un-

pleasantly long.
Because the background pressure itself fluctu-

ates by about 10 percent, a single manometer
uncompensated for these fluctuations would be
worthless for the detection of weak beams. It is
customary to build two manometers as nearly
alike as possible, and then mount them with one
facing the beam and the other facing away from
the beam. The electrical connections are then
made in such a manner that the background
pressure fluctuations balance out.

For those molecules for which it is suitable, by
far the most satisfactory detector in use at
present is the surface ionization detector. In this
method of detection a thin tungsten filament is
placed in the path of the molecular beam. The
impinging neutral atoms or molecules re-evapo-
rate from the tungsten as positive ions, each
having given up an electron to the surface. The
fraction of atoms that re-evaporate as positive
ions is very close to unity if the tungsten surface
is kept sufficiently hot and if the difference be-
tween its work function and the ionization po-
tential of the atom or molecule is appreciably
greater than kT. The ions are collected by a plate
which surrounds the filament and which is kept
at a potential of about —10 volt with respect to
the filament. For the length of apparatus and slit
widths described earlier the ion current has to be
ampli6ed. This is achieved by connecting the
collector to the control grid of an FP 54 vacuum
tube. 'The insertion of a high resistance (about
4)& 10io&u) in the grid circuit converts the collector
current into an appreciable grid potential which
causes an increase in the plate current of the
tube. With the normal tube plate current bal-
anced out, the change in this current is a direct
measure of the number of atoms or molecules
impinging on the tungsten surface.

The work function of a pure tungsten surface
is sufficiently high (4.5 ev) to detect beams of Cs,
Rb, and K atoms, since their respective ioniza-
tion potentials are less than 4.5 ev, but not high
enough to detect Na or Li atoms whose ionization
potentials are 5.1 ev and 5.4 ev, respectively.
However, when the tungsten is heated in an
atmosphere of oxygen of about 1-mm pressure, it
may be made to acquire a stable oxide coat which
serves to increase the work function of the sur-
face. In this manner Na, Li, In, and Ga atoms
were detected. When this procedure is applied to
detect Ba atoms, with ionization potential of only
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5.2 ev, it fails. This may be explained by the
circumstance that Ba atoms require a relatively
high surface temperature (about 1800'K or
greater) for re-evaporation and that oxide coats
are known to be unstable at high temperatures.
The proper filament temperatures are about
1200'K for Cs, Rb, and K, 1300'K for Na,
1350'K for Ga and In, and 1400'K for Li. It is,
however, possible to detect a barium beam with a
pure tungsten filament kept at a temperature of
1800'K or higher. The mechanism of this de-
tection is not quite clear (H3, G3).

The surface ionization method of detection has
many significant advantages over the two de-
tectors previously described. The surface detector
is very sensitive. It will detect an ion current of
about 10 " ampere, or about 6000 atoms per
second. For a detector area of 5X10—' cm' this
implies a beam intensity of 12X10' atoms per
cm' per sec. , which is equivalent to a beam pres-
sure of the order of 10 "mm of mercury. This is
a much sma11er number than the minimum
detectable by the pressure gauges. Moreover, the
detection is independent of pressure Quctuation
in the chamber, since the ionization potential of
any residual gas is well above the detectable
limit. The eR'ect of poor vacuum in the apparatus
is merely to scatter some of the molecules and
decrease the beam intensity. Any unsteadiness
thus resulting is caused by fluctuations in the
number of molecules arriving at the detector.
Finally, one must not overlook the ease and speed
with which measurements are made with this
detector. A complete resonance curve may be
obtained in ten miriutes or less. This in turn
makes the data more reliable, since changes in
experimental conditions are less likely to occur in
short time intervals than in long periods.

The chief limitation on this method is the fact
that only a few atoms have low enough ionization
potentials to be detected in this manger. How-
ever, in the nuclear moment work to be described,
it was possible to observe resonance curves of
other nuclei such as H, Be, F, and Al by studying
them in molecules having an alkali atom as one of
the constituents. The presence of the alkali
serves to give the molecule a low ionization
potential. It is found experimentally that all
alkali containing molecules 'can be detected in
the same manner as the respective alkali atoms.

Thus molecules containing K, Rb, or Cs can be
detected with a pure tungsten surface, while
molecules having either Na or Li as a constituent
require an oxide coat on the tungsten for the
detection. It is found, however, that the filament
temperature required to detect alkali-containing
molecules is in general slightly higher than that
needed for the detection of the corresponding
alkali atom.

As an example of the power of this method of
detection we may cite the fact that Li' resonance
curves were observed for Lim molecules. In this
experiment when Li was heated in the oven, the
emergent beam was predominantly atomic and
the atoms were completely thrown out by the
strong deflecting fields. Only about 0.6 percent of
the beam was in the form of Lim and of this 0.6
percent only 4 percent failed to reach the de-
tector when the Li' nucleus was reoriented in the
oscillating field region. Thus the whole depth of
the Li' resonance curve represented about one
part in 4000 of the total beam.

Using an apparatus especially designed for high
intensity Zacharias (Z1) has been able to experi-
ment with the atomic radio frequency spectrum
of K" in its natural abundance (one part in
8000). His results could not have been obtained
without the use of the surface ionization detector.

TYPICAL RADIOFREQUENCY SPECTRA

In order to clarify the procedure and to illus-
trate the power of the method, examples of its
application wi11 be given which serve to bring out
the methods by which information has been
obtained as to nuclear magnetic moments, nu-
clear spins, rotational magnetic moments, elec-
tric quadrupole moments, molecular interaction
energies, and hyperfine structure separations.

1.Resolved Molecular Spectra. Nuclear

The radiofrequency spectrum of the deuterium
molecule, a portion of which is shown in Fig. 5,
provides an ideal example of a completely re-
solved molecular spectrum. The experiinent (K1)
was performed on deuterium molecules emerging
from a source maintained at the temperature of
liquid nitrogen.

The nuclei of the Dg molecule have spins of 1
and obey the Bose statistics. The lowest rota-
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FrG. 5. Portion of radiofrequency spectrum of the deuterium molecule, The deep central
resonance curve arises from reorientation of molecules for which J=O, I=2. The other six
resonance curves are associated with reorientations of molecules for which J=i, I= i.
The symbols Az, AL„etc. when used in conjunction with Table III enable one to identify
the transition that corresponds to any one of these resonance minima.

tional state of this homonuclear molecule, J=O,
is therefore a state in which the wave function of
the nuclear spins is symmetrical and the total
spin angular momentum, I, is either 0 or 2. For
the next higher rotational state, J=1, the wave
function for the two nuclear spins is anti-
symmetrical and the total spin angular mo-
mentum is i. For the state J=2, the wave
function is again symmetrical and I is either 0
or 2. Thus the even rotational states are populated
only with ortho-D2 molecules, and the odd
rotational states only with para-D&. At liquid
nitrogen temperatures almost all the Dg mole-
cules are in these 6rst three rotational states, and
they are therefore all we need consider. The
relative concentration of the molecules in the
states of given J and I is shown in Table I. The
concentrations are calculated on the assumption
of an ortho-para ratio of 2 to 1, which is the
normal high temperature equilibrium ratio for
Dm. The fraction of the molecules in a given
rotational state which have a given value of I
will then be given by (2I+1)/Z(2I+1).

Thus 9.3 percent of the molecules of the beam
will have J=O and I=O. Consequently these
molecules will have no magnetic moment and
will be completely inert in the apparatus.

The molecules with J=O, and I=2, will com-
prise 46.7 percent of the beam. But a molecule
with rotational angular momentum equal to zero
is one in which the internuclear axis is oriented in
every direction with equal probability inde-

pendent of the nuclear spin orientation. Since
these molecules are in the 'Z state there is no
resultant electronic moment and all interactions
between each nucleus and the rest of the molecule
become independent of the orientation of the
nucleus in the external magnetic field. Further-
more, the magnetic interaction of the two nuclear
moments averages out to zero because the mutual
energy of two dipoles averaged over all possible
orientations of the line joining them is zero.
Therefore each of the two nuclei in the molecule
has a definite energy in the external magnetic
field depending on its own orientation and inde-

pendent of the orientation of the other nucleus.
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We thus have an example of a simple system of
angular momentum and associated magnetic
moment without any molecular interaction.
These are exactly the circumstances under which
the reorientations will occur if the Larmor fre-
quency of precession

and the frequency of the oscillating field are in
resonance, and under which the rigorous theory
for the transition probabilities in the oscillating
field applies.

The reorientations of these molecules for which
J=0, I=2, give rise to the deep central resonance
curve of Fig. 5. The position of the minimum, the
depth, half-width, and asymmetry of this reso-
nance curve are of physical interest.

In these experiments the procedure was to keep
the frequency of the oscillating field constant and
vary the frequency of the Larmor precession by
varying the field H. The minimum of the curve
corresponds to the condition v =f The m. agnitude
of g =

~ p ~
/I may then be immediately calculated

from Eq. (4). This equation gives the value of p
in units of ergs/gauss. If p is to be expressed in
units of the nuclear magneton, ek/4mMc, where
3E is the proton mass, and if g is to be defined as
the ratio of the magnetic moment in nuclear
magnetons to the spin I, Eq. (4) may be re-
arranged to read, for the condition v =f,

4m f f
g= .—=1.3120X10 '—.

e/Mc H H

The specific charge of the proton in electromag-
netic units, e/Mc, is obtained directly from the
Faraday which has the value 9650.6 e.m. u. per
gram equivalent on the physical scale. On the
same scale the atomic weight of H' is 1.00813.
After correcting for the mass of the electron the
quantity e/Mc becomes 9578.0 e.m. u. per gram.
It may be noted here that the ratio off to H only
fixes the value of g. The spin must also be known
before the magnetic moment can be calculated.
Inserting the values f=1300 megacycles and
H = 1992 gauss obtained from the curve of Fig. 5
one obtains g=0.855 and hence, since the spin is
one, p =0.855 nuclear magneton.

The depth of the central resonance minimum is
in good agreement with the predictions of the

TABLE I. Relative concentration of para-D&
and ortho-D2 molecules.

0
1
2
8

Total spin

0, 2
i
0, 2
1

Stat. mt.

6
9

30
21

Rel. conc.

0.559
0.328
O.i05
0.004

theory. In what has been said so far, it has been
tacitly assumed that if the transition probability

q) is close to unity for any molecule of the
beam, it is also one for all the molecules. That
this cannot be true may be seen from the follow-
ing considerations. The molecules of the beam
emerge from the source with a velocity distri-
bution which is approximately determined by
their Maxwellian distribution in the source itself.
But the formula for the transition probability at
resonance contains the factor sin' ~f18, where t is
the length of time the molecules are in the
oscillating field. Hence, if experimental condi-
tions are so arranged that this factor is 1 for, say,
the most probable velocity of the molecules, it
will not be 1 for any other velocity. The faster
molecules will not be in the oscillating field long
enough, and the slower molecules will be in the
field too long. The net effect of the velocity
distribution is to so modify the transition proba-
bility that only about 75 percent of the systems
are reoriented. Recalling that the central mini-
mum of Fig. 5 is caused by the reorientations of
only those molecules for which 1=0, I=2, and
that these molecules form only 47 percent of the
beam, it is seen that the beam intensity at the
position of the minimum should be decreased by
75 percent of 47 percent, or 35 percent, in excel-
lent agreement with the experimental results.

The observed half-width (width at half depth)
of the resonance curve is also in reasonable
accord with the theory. The expression for P&L
for small values of 0 shows that if 8 is still suffi-
ciently large to make the argument in the sin'
factor equal several times x, the. average of this
factor over the velocity distributions will not
deviate much from 0.5 as H and therefore u,

departs from its resonance value. In this case
the factor /8t (1—g)'+q8'1 determines the shape
of the resonance curve and the half-width of the
curve is approximately Af =28f in frequency or
AH=Hi in gauss units if Hiis the magnitude of'



336 J. B. „M. KELLOGG AN D S. M I LL MAN

the oscillating field. In this region, . therefore,
decreasing Hi decreases the half-width of the
resonance curve proportionately. However, as 8

is decreased to the point where it is no longer
, correct to say that the average of the sin' factor

is 0.5, we must use the entire expression for
P&p, n to calculate the half-width. , This has
been done by Torrey (T2), taking into considera-
tion the velocity distribution. He shows that the
best transition probability and narrowest reso-
nance curve is obtained when vt8=0 6wh. ere t is
the time spent in the oscillating field by a mole-
cule moving with the most probable velocity.
A further decrease in Hi not only serves to
decrease the transition probability but also
widens the resonance curve slightly. When the
optimum value of Hi is used, the half-width of
the curv'e is given by trav =1.07 where bv is the
width in frequency at half-intensity. If the curves
are much broader than this it is an indication
either that the curve contains fine structure or
that the magnitude of the oscillating field is
too large.

It will be noted that the central resonance
minimum of Fig. 5 is not symmetrical about the
field value for minimum intensity; that there is a
broadening of the curve toward the high field

side. This asymmetry arises from certain end
efFects produced by the oscillating field and

may be used for the determination of the sign
of the moment (MS). Consider now the magnetic
field H& produced by the oscillating current in
the wires shown in Fig. 4. When the direction of
the current in the wires is as indicated by the
arrows, the directions of the field at representa-
tive points along the beam path is that shown by
the circled arrows. At D the contribution to the
oscillating field is chieHy from the sections A
and A', and the field direction here is approxi-
mately that of the beam axis, whereas in the
greater portion of the beam path in the oscil-
lating field, from Ii to G, the field is vertical.
With respect to the moving molecule the field

has therefore turned in the sense indicated by
the arc of the circle, the plane of which is vertical
and at right angles to the strong homogeneous
field. When the current in the wires has reversed,
the field directions are as shown by the triangled
arrows. Again the field has turned in the same
sense as before. Similar considerations show that

the turning sense of the lines of force at the de-
tector end of the oscillating field is the same as
the one. just described for the source end. Thus
with respect to the moving molecule the per-
turbing field is strictly oscillatory only in the
region from I' to 6, while at the end regions the
field is a superposition of oscillation and rotation.
Furthermore the sense of the rotation is known.

If we assume for calculations of orders of
magnitude that the turning of the field through
an angle of 90' takes place in a distance about
twice that between the axes of B and 8', then
for molecules having thermal velocities of the
order of 10' cm/sec. it is equivalent to a rota-
tional frequency hf, of 3X10' cycles per second.
Since the oscillating

fieldp

ca be resolved into
two component fields, one rotating in the same
direction as the end rotation just described a,nd
the other in the opposite sense, the effective
perturbing field at the end regions rotates with
a frequency f+Af if the Larmor precession is in
the same sense as this end rotation, and with .a
frequency f Af if th—e precession is in the oppo-
site sense. A resonance curve plotting intensity
against value of strong homogeneous field, H,
will show a principal minimum at the position
Hp given by v =pHp/Ik and an additional mini-
mum (which may or may not be resolved from
the principal minimum) at a field value given
either by Hp+AH=(f+Af)Ih/IJ, or by Hp AH-
=(f Af)Ih/p. S—ince the .sense of the Larmor
precession depends only on the direction of H
and on the sign of the magnetic moment we may
determine the sign of p, by a mere glance at a
resonance curve obtained for a known II direc-
tion, or better still by observing two curves
corresponding to opposite field directions. No
quantitative consideration as to the shape of
the asymmetry need be given for the sign de-
termination. A more detailed calculation of this
asymmetry has been given by Stevenson (S5).

The asymmetry in this case is such as to
assign a positive value to the deuteron moment,
in agreement with the sign obtained by a
different method (Ri, K3).

The magnetic resonance method has been
applied by Alvarez and Bloch (A1) to the
determination of the magnetic moment of the
neutron. Here again one deals with a system
which interacts only with the external field, and
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hence only one resonance minimum is to be
expected. While it is entirely possible in principle
to perform a resonance experiment on a beam of
neutrons in the type of apparatus described
above, it is impractical to obtain a sufficiently
narrow and intense neutron beam for this pur-
pose. In consequence, except for the use of the
oscillating field, an entirely diferent experi-
mental set-up was employed. Reference to their
original paper should be made for the details of
the apparatus and for a description of their
method of detecting the reorientations. Their
final result, obtained after counting some 200
million neutrons is ~pA ~

=1.935&0.02 nuclear
magnetons. 'The sign of the magnetic moment of
the neutron was found to be negative by
Powers (P1).

We turn now to a discussion of the other six
minima of Fig. 5. These minima arise from re-
orientations of the deuteron moment in those
molecules which have J=1, I=1, and which
comprise 33 percent of the beam (see Table I).
When the rotational quantum number is not
zero, the various interactions between the
molecular constituents are no longer zero and
the energy of a nucleus in the external magnetic
field depends not only on its own orientation but
also on the orientation of the other nucleus and
on the'orientation of the rotational angular
momentum of the moIecule. Since in a strong
magnetic field there are 2J+1 possible orienta-
tions of J, and for each of these there are 2I+1
possible orientations of I, .there are altogether 9
energy states of these molecules.

Transitions from a state with J= 1 to one for
which JW1 cannot occur in these experiments
because, if for no other reason, such a transition
involves an energy change for which the fre-
quency as determined from Eq. (3) is far greater
than the frequencies employed in these experi-
ments. There are, however, twelve possible
transitions between the nine energy levels into
which the state is split by the various inter-
actions. These transitions give rise to two six-
line spectra: the so-called "nuclear spectrum"
characterized by hm&=0, bml = +1, wherein
the nuclei only suffer reorientation, and the
"rotational" spectrum for which Am g = ~1,
d,mi =0. It is the six-line nuclea. r spectrum
shown in Fig. 5 which is now the subject of

discussion; the rotational spectrum will be con-
sidered later. Each of the nine levels will contain
3.7 percent of the beam molecules. Since, as
mentioned previously, transitions from level a
to level b are counted as well as those from level b

to level a, each of the six minima of the nuclear
spectrum should be 7.4 percent of the total beam
intensity if the effect of the velocity distribution
is neglected, and about 5 percent of the total
intensity if the velocity distribution is included.

There is one startling feature of this six-line
D2 spectrum, namely the large energy separations
of the lines. In order to bring out this point it
is necessary to consider briefly the results ob-
tained from the analysis of that portion of the
spectrum of ortho-H2 molecules in the state
7=1, I= 1 which arises from reorientations of
the nuclei. The situation for the para-Dg mole-
cules having J=1, I=1 is exactly the same,
except for intensity considerations, as that for
these ortho-H2 molecules. The six-line nuclear
spectrum for H2 molecules in this state is shown
in Fig. 6. It is found that it is possible to account
very accurately for the separations of these lines,
for the asymmetry of these separations, and for
the variation of these separations with field on
the assumption that the only interactions which
need be considered are: (1) the interaction with
the external magnetic field, (2) the interaction
of the two nuclear magnets with each other
(the "spin-spin" magnetic interaction), and (3)
the magnetic interaction between the nuclear
spins and the molecular rotation (the spin-orbit
interaction). The data enable one to evaluate
the interaction constapts (Ki). The value of the
spin orbit constant II (H2), which is essentially
the magnetic field at the position of the nucleus
produced by the rotation of the molecule, is
found to be 27.2 gauss. The value of the spin-
spin interaction constant II"(H,), is 34.1 gauss.
Since this constant is defined by the relation
H"(H2) =(lip/r')A„w ehre pi is the magnetic mo-
ment of the proton, and (r ')A„ is t-he average
value of the reciprocal of the cube of the effective
internuclear distance of H2, we may also calcu-
late it from direct measurements of p, i and the
results for r ' obtained from band spectra
analysis. The values of II"(H2) obtained by the
two methods are in excellent. agreement.

If one iTiakes the assumption that only these
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same types of interaction are necessary to ac-
count for the spectrum of D2, one is led to exactly
the same expressions for the energy levels for
D2 in the state 7=1, I= 1 as for H2 in the state
2=1, I=1 except that, of course, the values of
H' and H" are difFerent. However, the value of
H'(D2) should be one-half the value of H'(H2)
since the angular velocity of rotation of the D2
molecule is half as great as that for H2 and the
internuclear distances are so nearly the same for
the two molecules. This last assumption can be
made with some confidence since it has been
shown experimentally that the ratio of the
rotational magnetic moments of the two mole-
cules is 2:1 within the experimental error of
0.2 percent. Similarly the value of the spin-spin
constant, H"(D2) =(Iii//r')A, for D2 can be ob-
tained since jii//pi* and I/I/r' are both known.

With these assumptions it is possible to predict
completely the nuclear spectrum of 92. The
positions of the predicted minima are indicated
by the dotted vertical lines in Fig. 5. The agree-
ment with the experimental positions of the
minima is wholly unsatisfactory.

A theory which will account for the positions
of the deuterium nuclear lines, which is con-
sistent with the results obtained from the H2
spectrum, and what is more important, is con-
sistent with results obtained from an analysis of
the spectrum generated by the reorientations of
the deuteron in the molecule HD, can be con-
structed if, in addition to the interactions pre-
viously listed, it, is assumed that the deuteron
has an electric quadrupole moment (K2). A nu-
clear electric quadrupole moment will exist if
the nuclear charge distribution departs from

spherical symmetry. A quadrupole moment is
taken as positive if the charge is elongated along
the axis of spin, and negative if the opposite is
true The. way in which a nuclear quadrupole
moment manifests itself is through the fact that
its energy in an external electric field depends
not only on its position, but also on its orienta-
tion with respect to the gradient of the field.
In an atom this field arises from the electronic
charge distribution. In a molecule the field arises
from the other nuclei as well as from the
electrons.

On the assumption that there are these three
types of interaction to consider, i.e. , spin-orbit,
with interaction constant H', spin-spin with
interaction constant H", a'nd electric quadrupole
with interaction constant H"', expressions for
the nine energy levels of para-D2 in a strong
field have been derived. These expressions have
been calculated to the third order perturbation
and are listed in Table II. H' and Si/ are first-
order perturbation terms, C2 an'd C~' are second-
order terms, and Cs is the third-order term. The
definitions of the quantities are as follows:
Q. =xiii/xiii is the ratio of the rotational magnetic
moment of the D2 molecule in the first rotational
state to the magnetic moment of the deuteron,

(H//+H///)/3 .
Cm= L(H/+3Si/)'+18Sipj/(1 a)H-

C2' = (H' —3Sii) '/(1 n)H;—
Cl= (H'+3SD)'(H' —9S~)/(1 —n)'H'.

The details of the derivation of the expressions
for these energy levels, together with a complete
discussion of the experimental data and results
may be found in reference (K2).
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These energy expressions are then differenced
with the restriction Am~=0, hmz ——&1, and the
resulting differences set equal to kfo, where fo is
the fixed frequency of the oscillating field with
which the experiment is conducted. Solving for
II the expressions for .the magnetic fields at
which the resonance minima will occur are
obtained. These expressions are listed. in Table
III, wherein we have substituted Ho for &f0/izzi

The asymmetry in the positions of the six
minima about the central minimum can be used
to identify the experimental lines with the field
values given in Table III; and when this is done,
the correspondence is as given by the symbols
Azi, Az„etc. of the curve and the table. (This
identification is better made from the data taken
at higher field values than those of Fig. 5.)
If now the symbols Azi, Az„etc. are used to
designate the experimental field values at which
the resonances occur, it is seen that, if the third-
order perturbations are neglected, the following
set of equations may be obtained:

2(3Szi —H') =Azi —Az= 89 gauss,
2(3Sp+H') = B~ Bz 146—gauss——,

2(6Szi) = Czi —Cz, ——232 gauss.

From these equations values of S& and H' may
immediately be found. More exact determina-
tions made at higher frequencies and including
the slight correction arising from the third-order
terms give the values

H'=14.00 gauss and S~ =19.62 gauss.

Since the quantity Szi is defined as (H"+H"')/5,
the experiments with D2 are incapable of pro-
viding a determination of either H" or H"'
separately Howev. er, the value of H" may be

TABLE II. Energy expressions for para-Dz molecules
in a strong magnetic field.

deduced from the experiment on Hm as discussed
above and is found to be 10.5 gauss. This gives
the value 87.6 gauss for H"'. Detailed considera-
tion of the results shows that H'" is positive.
This sa.me interaction constant, H"', may be
obtained from 'experiments on the rotational
spectra (R7) of D2 and HD arising from the
transitions hnsg=~i with 6m~=0 and from
the nuclear spectrum (K2) of HD. Furthermore,
in HD the interaction constants H" and II'"
can be separately evaluated from the data and
hence the value of H'" does not depend on the
subtraction of a calculated quantity H" as in D2.
If the results of all these experiments are in-
cluded the value of H'" is found to be 87.2

Pgauss.
In the detailed theory the definition of H"' is

e'q'Q/2p& where Q is the electric quadrupole
moment of the nucleus and —2eg' is the gradient
of the electric field produced by the other
charges of the molecule at the position of the
nucleus. Nordsieck (N1) has calculated the
quantity g' and gives its value as 1.193&&1024

cm '. Thus, since the experiment gives H"', the
value of Q may be found. It is 2.73X10 "cm'
and is positive.

2. Resolved Molecular Spectra. Rotational

In addition to the types of transition discussed
above, there are also the transitions associated
with hang = ~1, km~ =0 which give rise to radio-
frequency spectra from which the same con-
stants H', H", and H"' may be found and which
also provide a, determination of the rotational
magnetic moments of Hm, HD, and Dm.

Ramsey (R7) has measured these rotational
moments for the first rotational state and finds

yzz(H2) =0.879, yzz(HD) =0.660, pic(D2) =0.441.
The analysis of the spectra'proceeds along lines

fitJ tPtI

1 1

1 0
1 —1

0 '1

0 0
0 —1.

—1 1
—1 0
—1 —1

Energy

—pa( H+nH+H' Sg) —)—pg)( +nH +2S~ —C2' )—pg)( —H+nH-H' —Sg)—Cg + C3)
—yg)( H +2') +Cg' )—i ii( —4') —2C3)
—p.g)( —H +2SD —C2' )—yg)( H aH H'- Sa+Ca — +—CI)
—pg&( —aH +2' +Cm' )—pfg) (—H AH+ H' —. 5D—)

1
1
0
0-1

0~—1+-+0
0~1-1~0
0~1—1+-+0

Magnetic field in gauss

H, —II'+3S&-C&'+0 +0
Hp-H'-3')+ Cg' —Cg+ CI
Hp+0 -6')-CI'+0 -2'
Hp+0 . +6')—Cg'+0 +2'
Hp+H'+3')+ C2'- Cg- CI
Hp+H'-3') —Cg' —0 +0

Line

design-

ationn

~z
BI,
CL,

~B
Al,

TABLE III. Expressions for magnetic field values at which
para-D~ resonances will occur.
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entirely similar to that given previously for D&

except that for this case the energy expressions,
of which examples have been given in Table II,
are to be di8erenced for constant mr. If one forms
these differences, he immediately discovers that
there is no single resonance minimum for the
state J=1 which can . be used for the direct
determination of its. However, if Hp is now used
to designate the value of the. external field de-
Fined by Hp hfp/ps, an——d if only the First-order
perturbations are included, it turns out that the
actual minima should be displaced symmetrically
about Ho. Thus the value of the field at the
center of the pattern may be used to obtain an
approximate value for p~. If the higher order
perturbations are-included, together with a small
diamagnetic correction, the rotational magnetic
moments are found as given above. Actually
the minima are not symmetrically located about
the position Hp. There is a slight shift which may
be accounted for by the second-order perturba-
tion, and this small asymmetry may be used
to show that the signs of the moments are
positive.

The rotational magnetic moment of a molecule
arises from the circulation of charge in the
rotating molecule Frisch a. nd Stern (F5, E3),
who made the first determination of the rota-
tional magnetic moment of the H2 molecule in
the state J= 1 by means of a magnetic deHection
experiment, point out that their result, iiii~0. 9
nuclear magneton, is in disagreement with the
assumption of an H2 molecule rotating as a
rigid body. The rigid body model gives an

electronic contribution which is far too large and
predicts a negative sign for the moment. The
observed magnetic moment is such that one
might picture the electronic cloud as almost
stationary with the two nuclei rotating inside it.
A theoretical calculation of this effect was given
by Wick (W1), who also showed that the rota-
tional moment should be proportional to J.
This calculation has been extended by Ramsey
to show that the moments should be in the
inverse ratio of their reduced masses. This is in
excellent agreement with his experimental re-
sults, given above.

The proportionality of the moments to J has
received confirmation from the results on Hp.
If the temperature of the source is raised from
that of liquid nitrogen to that of dry ice, the
rotational state J'=2 of Hp is appreciably popu-
lated. Since J'=2 is a para state in Hp, the re-
sultant nuclear' spin, I, is zero, and consequently
there is no interaction between the rotation and
the nuclear spin. Thus for H& at dry ice tempera-
ture another minimum should appear in addition
to the six minima. arising from the transitions
between the nine levels of H2 in the state J=1.
The upper curve of Fig. 7 taken at a frequency
of 2.4198 megacycIes and with the source at
liquid nitrogen temperature shows the six lines
expected from the state J=1.When the source
was maintained at dry ice temperatures the lower
curve was obtained showing a line midway be-
tween Az, and As. (The 8 and t." lines are not
shown on the lower curve. ) The g value corre-
sponding to this minimum is 0.879, and since
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this line must be caused by changes of re& for
the state J=2,- the rotational magnetic moment
of this state must be 1.757 or just twice the
moment for the state J=i.

3. Nuclear g's from Unresolved
Molecular Spectra

The complete resolution of molecular radio-
frequency spectra is not essential for the determi-
nation of nuclear g values. The only restriction
that is imposed o'n molecules used for such
purposes is that their-ground state be -'Z, i.e.,
one characterized by zero electronic angular
momentum. If the molecules are not in the .'Z
state, the interaction of the nuclear spin with
the electronic angular momentum is of the order
of magnitude of its interaction with the applied
field FI. Moreover the electronic moment is so
much larger than the nuclear moment that the
deflections in the A and B fields will be almost
entirely caused by this electronic moment and
the apparatus will accordingly be insensitive to
changes in nuclear orientation. This does not
mean that the method will necessarily fail when
applied to systems having electronic -angular
momentum. In fact, resonance experiments on
the alkali atoms which have an electronic angular
momentum of h/2 have met with notable success.
The considerations merely indicate that such
systems are not the most desirable ones for the
investigation of nuclear magnetic moments.

The majority of nuclear g values so far found
by the resonance method have been obtained
from molecules which yield resonance curves
formed by the superposition of many lines. The
particular molecular constituent to which the
resonance curve. corresponds may be identified
by finding the resonance minimum common to
two molecules containing the same nucleus.
For example, if resonance curves are taken for
LiC1, LiF, and NaF, the g values common to LiC1
and LiF are those of the lithium isotopes, while

'~

the g value common to LiF and NaF is that of
Quorine.

Figure 8 shows a, proton resonance curve (M9)
obtained with the molecule KOH. This curve
was obtained in a different manner from the
ones previously discussed in that the magnetic
field was held constant and the oscillator fre-
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FK', 8. Proton resonance curve in KOH.

quency varied. The magnetic. moment of the
molecule is of course a resultant of the magnetic
moments of the nuclei and that due to the rota-
tion, and for the oven temperatures required to
produce a vapor pressure of a few tenths of a
mm of Hg (600'C), the rotational quantum levels
having large J's are well populated. Experiment
shows that despite these large J's the chief
contribution to the moment comes from the
hydrogen nucleus. When this molecule passes
through the strong homogeneous field, the coup-
ling between the nuclei and between any nucleus
and the rotation is broken down, and the indi-
vidual components precess about the field with
their respective Larmor frequencies.

Utilizing the method of measurement of mag-
netic field described later the experiments with
beams of KOH molecules yielded the most
precise determination of the proton moment
yet made. The effect of the other moments in
the molecule is merely to broaden the resonance
curve. The half-width of. the curve shown in

Fig. 8 is only three times as great as one would
expect if there were no interactions between the
nuclear moments and between the nucleus and
the rotation. Viewed classically this broadening
arises from the contribution of the other con-
stituents of the molecule to the magnetic field at
the H nucleus. This contribution depends on
the relative orientations of the constituents as
well as on the strength of the rotational magnetic
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dipole moment of the molecule. A simple con-
sideration shows that such broadening does not
disturb the symmetry of the resonance curve.

We will arrive at the same result if we consider
the broadening from the point of view of energy
levels and the Bohr frequency relationship. The
proton moment with a spin of ~ can take up
two orientations in a magnetic field. If there were
no other interactions in the molecule we would

get two discrete energy levels. The presence of
the other constituents in the molecule will serve
to split each'level into a closely spaced multiplet.
Transitions between the two multiplets will no
longer correspond to a single frequency. For the
case under consideration the interaction energies
are very small and the transitions frequencies
do not deviate much from the frequency corre-
sponding to two single levels.

It should be mentioned that in calculating
magnetic moments from the observed field and
frequency of a resonance minimum a correction
arising from the diamagnetism of the atoms
must be introduced. This correction, although
negligible for hydrogen, increases with atomic
number and may be as large as —,

' of one percent
for nuclei of large Z. The Larmor rotation of the
electrons in the molecule produces a magnetic
field at the nucleus which opposes the external
field. The real field acting on the nucleus is less
than the applied field so that the value of f/H
which we take from the observed resonance
minima is too small. The chief contribution to
the correction field at the nucleus comes from
the electrons of the atom of this nucleus. This
contribution is given by the integral

2~peer sin' 8drd 8 =H,

where p is the charge density and ra is the Larmor
frequency, eH/2mc. Since for a single electron
the expression 8 can be written in the form

sin' Hd0
e]lq ~ - 2 e ply e'H t'3q

c (r~ t 3 c Er) 3mc' Er)
sin Od8

For an electron of quantum number n the value
of (1/r) is Z/con' if we neglect penetration and

screening, where Z is the atomic number and ao is
the Bohr radius. Since there are 2n' electrons
for each n, the contribution to the field at the
nucleus is approximately

2Z8 II
35$c'co

X (number of electron shells).

This correction is to be subtracted from the
measured value of H. It thus serves to increase
the magnitude of the nuclear moment.

4. Atomic Radiofrequency Spectra (K'7, MS)

Because of the existence of nuclear spin the
ground states of many atoms consist of a set of
closely spaced energy levels. Each level of this
hyperfine structure rnultiplet corresponds to a
value of the total angular momentum of the
atom. The spacings are, caused chiefly by the
feeble interactions of the magnetic and electric
fields of the electrons with the nuclear magnetic
mom'ent and the electrical quadrupole moments,
respectively. Since the magnitudes of these inter-
actions depend on the angle between the angular
momentum of the nucleus and that of the elec-
tronic configuration, the states of different total
angular momentum, F, will differ in energy.

Left to themselves, the atoms would radiate
this energy in the form of electromagnetic
radiation of frequency given by the Bohr formula

t Eq. (3)$ and. settle down to their lowest energy
state. This radiation has the character of mag-
netic dipole radiation.

The region of frequency in which these radia-
tions are emitted lies approximately between
1.5X10' and 1.2X1.0" sec. '. Because of these
low frequencies the lifetime of a hyperfine struc-
ture level is very long and the intensity of
spontaneous emission very feeble. Direct ob-
servation of this radiation would be very dificult.
However, it is possible to illuminate the atom
with electromagnetic radiation of the correct
frequency and of such -intensities as to cause it
to absorb, or, by the Einstein process of stimu-

A calculation by Dr. W. E. Lamb, Jr., with the
use of the Fermi-Thomas atom model gives as
the expression for the correction to the field

H =0.320X10 4Z4~'H.
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lated emission, to emit a quantum of this
frequency in the reasonably short time of about.
10 4 second. If such a process is detected it
offers a direct method of measuring hyperfine
structure. Such a method has many important
advantages over existing optical methods. Firstly,
the results are simple to interpret since we are
concerned with only one atomic energy level;
secondly, the accuracy is very high bees, use only
the measurement of the frequency of a radio
wave is involved; thirdly, it is possible to
measure extremely small energy separations.
It is, of course, clear that similar considerations
apply to all metastable states which have suK-
ciently long lifetimes.

Under appropriate conditions the emission or
absorption of a quantum of energy is accom-
panied by a change in the effective magnetic
moment of the atom, and hence the change may
be detected by the same methods as described
above. The radiation is provided by the oscil-
lating field.

The discussion given here will be limited to the
case for 'which the electronic angular momentum,
J, is equal to 2. If J is greater than 2 the situation
is more complicated. Furthermore with J=-,'
there can be no quadrupole interaction energy
and we may then assume that the h.f.s. is caused
solely by the magnetic interaction of the nuclear
moment with the external electrons. The atomic
systems to which the resonance method has been
applied and which fulfill this requirement include
all the alkali metals and indium.

The levels which compose an h.f.s. doublet are,
by the rules of quantum mechanics, characterized
by total angular momenta F=i+2i and i-~p,
where i is the nuclear angular momentum.
Transitions between the two levels are governed
by the selection rules for magnetic dipole radia-
tion, AIi =0, &1; hm 0, &1, where m is the
magnetic quantum number in a magnetic field
the energies of these levels as a function of the
field are given by the formulae (84):

W*+4,-= — +go &m
2(2i+1)

EWE 4m
+ i

1+ x+x' i, (6)
2 E 2i+1 ) '

for F=i+-', ; m=i ——,', i—-'„. —(i —,')—;

aS'
S"'+~,~(.+~) = ——

.2(2i+1) ~S'
ag;poII(i+-,') + (1&x), (7)

2

for F=i+2, m-= a(i+p);

W; i,
———— +g;lips

2(2i+1)

d Wt' 4m
(8)

2 ~ 2i+1 )

for 7=i —— m=i —— i —— ~ ~ ~ —qi ——j where1, ' 1 ' 3 '/ '
2 ) 2I 2P

the parameter x is defined by .

x = (g;—g;)poll/& W

and 6$'=hei is the energy di8'erence between
the two F states i+-', and i—~~ in zero magnetic
field. This also defines the symbol Av which we
shall have frequent occasion to use.

In these equations the customary usage has
been followed and the g factors have been defined
as the negative ratio of the magnetic moment,
expressed in units of iio, the Bohr magneton, to
the angular momentum expressed in units of
Ii/2ir. Thus, for example, the g; values of the
ground states of all the alkali atoms are positive,
while the g; values of the alkali atoms a,re
negative, since the moments are positive. For the
alkalis g;= 2.

Figure 9 exhibits graphically the behavior of
the ratio Wv, /6 W as a function of the parame-
ter x for a nuclear spin of 2. The solid lines corre-
spond to the levels arising from the state F=2,
and the dotted lines to the levels arising from the
state F= i.

By taking the differences of the energies of the
states between which transitions are allowed and
dividing by h the frequencies of the lines as a
function of the field are obtained.

It is important to realize that whereas the
transitions are induced in the region of the
oscillating field, the existence of these transitions
will only be recognized if, as a result of the
transition, the magnetic moment of the atom in
the 8 field is different from its magnetic moment
in the A field. The dependence of the magnetic-
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moment of the atom on field may be found, since

pi ——B—Wi, jan&. A plot showing the atomic
moment as a function of x is shown in Fig. 10,
again for the case i=-', . The full lines and the
dotted lines have the same significance as before.
Although in some cases a strong field, such as one
characterized by x=3, may be advantageous for
the use in the C magnet it is not in general
desirable in the deflecting magnets, since the
change in magnetic moment resulting from a
transition will be negligible at such large fields,
unless as a result of the transition the, sign of the
moment in the 8 field has changed.

In the absence of an applied magnetic field,
Eqs. (6)—(8) show that all the magnetic levels
belonging to a given value of Ji coalesce, and
therefore under .this condition the transition
DE=i will result in a single line of frequency
6 =hW/h. In a magnetic field the Zeeman effect
of this line will be observed. When the departure
from zero magnetic field is only a few hundredths
of a gauss, the splitting of each of the F levels is
suSciently great to observe a completely resolved
pattern of Zeeman lines instead of the single line

of frequency A~.

FiG. 9. Variation of energy levels with magnetic field of
an atom in a 'Sy state for a nuclear spin of $. The solid
and dotted lines correspond to the levels arising from the
states F=2 and 8= 1, respectively. The parameter X is
proportioned to H/6$; where 6$" is the energy difference
between states F=2 and F= 1 at zero magnetic field.
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FIG. 10. Dependence of the magnetic moment in mag-
netic field for an atom in a 'Sy state with a nuclear spin
of $. As in Fig. 9 the solid lines refer to m levels of the state
F 2 and the dotted lines to F=1 levels.

Figure 11.exhibits the Zeeman pattern taken in

a field of 0.05 gauss of the
~

EI"
~

= 1 of K" which

has a nuclear spin of ~. The lines are characterized

by the selection rule hm = ~1 and are caused by
transitions produced by the component of the
oscillating field perpendicular to the constant
field H; Lines arising from transitions for which
Am=0 are caused by the component of the
osci11at'ing field which is para11e1 to II.These lines

are missing in this pattern because the oscillating
field was very feeble, and since the oscillating
field was predominantly at right angles to the
fixed field, the component of the oscillating field

parallel to H was insuS. cient to give rise to such
transitions. awhile these transitions have been
observed for larger oscillating fields, the broader
resonance curves so obtained impair the resolu-
tion. If still larger oscillating fields are used, the
whole pattern has the appearance of one broad
resonance curve. With different field direction
arrangements it is of course possible to make the
6m=0 transitions more pronounced than those
that are accompanied by a change in the magnetic
quantum number of unity.

In weak fields where x«1, it is permissible to
neglect the terms in g; and x' in Eqs. (6)—(8).



MOLECULAR BEAM -MAGNETIC RESONANCE METHOD

Under these conditions the equations show that
the frequency corresponding to the center of
gravity of such a pattern as that of Fig. 11 is the
frequency hv. Each of the two central lines of
Fig. 11 actually comprises a very close doublet
whose frequency separation, 2g;zisH/h is too
small to be observed. Thus, instead of the six
lines which might be expected from cursory
perusal of the energy level diagram, only four are
experimentally observed. It is to be noted that
this method for the determination of hv requires
no knowledge of the magnetic field H other than
that it is small.

The method outlined above for the determi-
nation of hv is perfectly general, but it has not
always proved easy to use because of experimental
difhculties which arose with the use of very high
radiofrequencies. In the case of K" the h.f.s.
separation is about 460 megacycles, a frequency
which. lies in a region then easily realized in the
laboratory with existing commercial vacuum
tubes (e.g. , Western Electric 316A). On the other
hand, the zero 6eld h.f.s. separation of Na", for
example, is about 1770 megacycles, and the
production and accurate measurement of such
frequencies was considered quite difficult at the
time these experiments were performed.

Two methods will now be presented which lead
to precise measurement of large Av's without the
use of very high frequencies. Reference to Fig. 9
shows that for large values of x the energy levels

split into two groups whose components are
approximately parallel. Thus it appears that the
frequencies of the lines arising from transitions
between two adjacent levels of a given group are
ratherinsensitive to x if x is large (i.e., for
large H). In fact the difference in energies of such
levels depends primarily on bv and i and only
slightly on H and g;. Since H can easily be
determined to 1 percent, uncertainty in its value
produces a negligible effect on the value of Av.

Similarly, if the uncertainty in g; (obtained, say,
from nuclear resonance curves) does not exceed 1

percent, it will not affect the value of hv. If the
frequency of the doublet lines arising from
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transitions such as (Ii, m)-+(F, m') are observed
at the same va, lue of H and hence of x for both F
values and the same m and m', hv may be ob-
tained without the knowledge of g;. That the
average frequency of such a doublet does not
depend on g; may be verified by inspection of
Table IV which gives the expressions for the
frequencies of these lines in the special case i =

Furthermore a simple expansion of the ex-
pressions for these frequencies for x'))1 shows
that aside from the factor g;psH, which is fairly
small even for the highest fields used in these
experiments, they all tend toward the frequency
hv/4 as x increases. In the general case the
frequencies tend toward Av/(2z+1). This means
that it is possible to measure dv with the use of
frequencies which lie in the region Av/(2i+1).

As a matter of fact, if all the transitions are
observed, it is not necessa, ry to know either g; or
H. It may be seen by reference to Table IV that
the sum of the mean frequencies of all the
doublets added to the sum of the frequencies of
the single lines is identically equal to hv for a
constant value of x. This is true not only for the
case i = +2, but for any atomic system described by
Eqs. (6)—(8). Thus

»= v(z+-'„z+v~+~s z ——',)+v(z+$, —z —g~z —$, —z+$)
-4+3/2

+-,' g Pv(i+~~, m&-vi+ —'„m —1)+v(i $, m~ —,', m —. 1—)J—
m 4-f



J'. B. M. KELLOGG AN D S. M ILL MAN

TABLE IV. Expressions for transition frequencies for atoms
in a magnetic Field. J= & i= $.

Transitions

(2, 2)+-+(2, 1}

(2, 1)+-&(2,0)
{1,1)+-&(1,0)

2, 0)+-+(2, —1)
& o)~(1 -&)

(2, -2)~(1, -1)

Expression for frequencies

M~ t(1+~)—(&+~+~')~l +geo&/&

(&+ + ')~-(&+ ')~l+g'8o&l&
4» (1+~+~')&—(1+~')~ —W o&/~

M. (1+~~)~-(1-~+~)~l+g'~ulh
pa~ (1+~~)&-(1-~+&~}& —g;I OH/a

Q ~ t(1-~+~')~+(1-~)l —g'v«/&

where, . for example, the term v(i+-', , i+-,'~i+-,',
i——,') means the frequency of the line charac-
terized by the transition F=i+ip, ppp=i+ip++F-
=i+—,', en=i ——,'. This expression for Av is valid
for any value of the nuclear spin other than -', .
Only the first two terms apply in the case of I=-,'.

All three of these methods have been. used in
the case of K"with identical results for the h.f.s.
of the ground state.

If the field is known the value of g; can be
found from the frequency separation of the mem-
bers of each pair of lines. Such a determination
will not be very accurate since one is measuring
the rather small frequency difference, 2g,ppH/h,

. between two lines whose total frequency is large
compared to this difference. With the molecular
beam magnetic resonance method for determining
nuclear g values, the quantity g;ppH/k is meas-
ured directly as a first-order effect and can,
therefore, be determined much more precisely.

If the factor 2i+1 does not o6er a suflicient
reduction in frequency, the hv can be determined
by observing the frequency of two lines at the
same field, since such data would yield two
equations for the two unknowns x and hv. For
such a procedure to be sufficiently sensitive one
has to choose two lines whose frequencies vary
with field at a different rate, e.g. , the lines

(2, —2)+-+(2, —1) and (2, 1)p-p(2, 2) in the region
of x=0.5. In this way the h.f.s. of the ground
state of RbPi and Cs"' were satisfactorily meas-
ured with a precision comparable to that ob-
tained by observing a transition between the two
Ii levels at zero field.

MEASUREMENT OF MAGNETIC FIELD

Once the hv of the ground state of an alkali
atom and the nuclear spin are known, a measure-
ment of the frequency of certain of the lines can
be utilized in the precise calibration of the mag-

netic field (M9), for the expressions for the fre-
quencies may then be solved for x and therefore
for the field H. Her'e again, the term g IjpHp 'ls only
a small correction term. However, not all lines
are satisfactory for this purpose. One must choose
a line whose frequency varies markedly with x,
e.g. , the line arising from a transition such as
(2, —1)~(2, —2) of Fig. 9. This line would be
satisfactory in all regions of x up to the limit
of the oscillator frequency. The transition
(2, —2)~(1, —1) can be used for field measure-
ment only in the region of x up to.1.5 or 2, and
the transition (F, 0)~(F, 1) can be used only for
low values of x. Since the Av's of the alkali atoms
differ widely in magnitude, we have here a
method of calibrating fields in any' region up to
about 5000 gauss even if the range of available
oscillator frequencies is limited.

For precise calibration of a field at which a
nuclear resonance curve is observed it is essential
that the atomic transitions be observed at the
same field setting as that used for the nuclear
resonance work. , This eliminates the error intro-
duced by the lack of reproducibility of field for
the same current in the exciting coils.

Because of the effect of the stray field of the A
and 8 magnets on the C magnet, 'it is necessary to
arrange experimental conditions in such a way
that one can proceed from an observation of an
atomic transition to the study of a nuclear reso-
nance curve without any change in the value of
the inhomogeneous fields. This requirement ap-
pears at first sight impossible to fulfill since the
detection of nuclear reorientations generally re-
quires large field gradients, while such gradients
will tend to remove the alkali atoms completely
from the beam. Thus while most nuclear reso-
nance curves were obtained using gradients of
about 10p gauss/cm, the radiofrequency spectra
of the alkali atoms were studied with gradients of
about 500 gauss/cm. However, if one observes
the resonance curve of a nucleus with a large g,
and further chooses particular atomic states, it is
possible to overcome this apparent difficulty and
observe a nuclear and atomic transition for the
same setting of the deHecting fields. The study of
a proton resonance curve does not require very
high gradients since the g value is large and a
reorientation in the nucleus results in a relatively
large moment change. Moreover, reducing the
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field gradient to the point where the depth of the
resonance curve begins to decrease because of the
decrease in deflecting power does not affect the
width of the resonance curve. If now advantage
is taken of the fact that some states of an alkali
atom have zero magnetic moment at certain
values of magnetic field it becomes feasible to
observe atomic and nuclear transitions in rapid
succession without any changes in the apparatus
conditions other than the switching of oscillators.
In the moment diagram shown in Fig. 10 atoms
in the states (2, —1) and (1, —1) have no
magnetic moment at x = ~. Thus if the deflecting
fields are set at the zero moment value, atoms of
the states just mentioned will reach the detector
undeflected. If, however, a transition to state
m = —2 or to the state m =0 has taken place, the
moment of the atom in the second deflecting field
will be appreciably different from zero and the
atom will not reach the detector.

Use has been made of these "zero moments" in
early atomic beam experiments (C1, M4, F2, M2,
M6, M3) to determine the nuclear spins of the
alkali atoms. In the case of Na23 a zero moment
position occurs at 316 gauss. In Rb" there are
two such positions, one at 361 gauss and another
at 722 gauss. In Cs"3 there are zero moment
positions at 821, 1642, and 2463 gauss, re-
spectively. The proton resonance curve exhibited
in Fig. 8 was obtained with the deflecting fieids*
set at the second zero moment position of Cs"'.
The line used for this calibration was the one
characterized by the transition (4, —2)~(4, —1).

The procedure just outlined for accurate cali-
bration of magnetic fields requires that the
atomic beam which yields the field calibration be
detected at about the same time as the molecular
beam yielding the nuclear resonance curve. In
some cases this is automatically fulfilled. For
example, when NaOH is inserted in a silver oven
and heated to a temperature of 650'C about -,'of
the molecules dissociate yielding an atomic beam
of Na, which can be used for field calibration.
The remaining third is in the molecular NaOH
form which can be used for obtaining a proton
resonance curve. For other cases ovens have been
constructed containing two separate chambers

* It is important not to confuse the magnitude of the
deflecting fields with that of the homog'eneous field.

which merge only in the region of the slit. It is, of
course, necessary to choose substances that have
the requisite vapor pressure at approximy. tely the
same temperature. KOH at 600'C has about the
same vapor pressure as Cs or Rb provided that
the alkali metals are not inserted into the oven in
their pure form, but are generated in the oven
from a mixture of calcium sh'avings and the alkali
chloride.

PRECISION

A nuclear gyromagnetic ratio is determined
from the measurement of a magnetic field and an
oscillator frequency. For a resonance curve free
from any molecular interaction the minimum of
the curve represents the condition for which the
oscillator frequency is the same as the Larmor
precession frequency. The frequency of an oscil-
lator can easily be measured with a precision of
0.01 percent and the limiting factor in the accu-
racy with which a nuclear g can be determined is
the measurement of magnetic field. If atomic
transitions are used to calibrate the magnet it is
possible to determine fields in terms of the known
gyromagnetic ratio of the electron and the fre-
quency of the observed atomic line with a, pre-
cision of about 0.03 percent. The precision with
which the zero field hyperfine structure of the
ground state of the alkalis can be measured is
about the same as the precision with which the
heterodyne frequency meter (General Radio
Type 620A) can be read, which is slightly better
than 0.01 percent. In almost all of the atomic
transitions the half-widths of the lines are not
wide enough to affect the precision.

When one nuclear g is accurately known, it is
then possible to measure any other g,with a high
degree of accuracy by observing the two re-
spective resonance curves at the same settings of
magnetic field. The limitation on the precision of
such measurements arises from the fact that in
most cases molecular interactions tend to widen
the resonance curve considerably. For wide
curves it is not only difficult to locate the mini-
mum but it is also not certain that the minimum
represents the condition for which the oscillator
frequency matches the precession frequency of
the nucleus, since the nature of the molecular
interaction is not clearly understood.
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RESULTS

Tables V and VI list the results for nuclear
magnetic moments and h.f.s. separations ob-
tained by the molecular beam magnetic resonance
method. In Table V the observed g values listed
in column two'do not include any diamagnetic
corrections. These corrections are given sepa-
rately in column five and serve to increase the
magnitudes of the moments. In Table VI column
three gives the results for the splitting of the
ground state of the atoms in wave numbers,
wherein we have used for c the value 2.99776X10"
cm/sec. It is obvious that these tables are not to '

be considered as complete tabulations of the
results of all work on h.f.s. and nuclear moments.
Only those results obtained by the resonance
method are listed here. For a more complete
compilation the reader is referred to the article by
Bethe and Bacher (B2) in The Reviews of Modern

Physics. These authors also give a table of
nuclear spins together with a resume of the
literature up to that time.

Hydrogen (Kl, K2, R7, M9)

The nuclear gyromagnetic ratio of FP has been
determined from the measurement of its Larmor
precession frequency in the molecules'HD, KOH,
and NaOH. It has also been evaluated from the
magnitude of the dipole interaction of the two
proton moments in the hydrogen molecule. The
values all agree to within their experimental
errors. The most precise determination of the
proton moment comes from the experiments on
the alkali hydroxides. The g value so found is
5,5791~0.0016. Since the nuclear spin is —,', the
moment is 2.7896 nuclear magnetons. This mo-
ment is the most accurately known of any so far
determined.

Nuclear g values for the deuteron come from
experiments on the molecules HD and D2; The
ratio p&/pz has been carefully determined and is
found to be 3.2570&0.001. Combining this with
the value of the proton moment gives 0.8565
nuclear magnetons for the deuteron moment.

From a study of the radiofrequency spectra
arising from transitions corresponding to re-
orientations of the rotational angular momentum
in H2, HD, and D2,

' Ramsey has determined the
rotational magnetic moments of these molecules

TAsLE V. Nuclear moments measured by the molecular
beam magnetic resonance method.

Nucleus

H'
H'
Li'
Li'
Be'
@10

Bll
C13
N"
N16
F19
Na"
AP~
CP'
Cl3'
K39
K40
K4'
Kr83
Rb~
Rb'
gn113
In115
Cs133
QalSS
Ba137

Observed g value

5.5791+0.0016
0.8565&0.0004
0.8213&0.0005
2.1688~0.0010
0.784 ~0.003
0.598 +0.003
1.791 &0.005
1.402 ~0.004
0.403 &0.002
0.560 +0.006
5.250 +0.005
1.4765 &0.0015
1.452 &0.004

, 0.547 ~0.002
0.454 +0.002
0.260 &0.001

0.143 &0.001
0.2148t
0.536 &0.003
1.822 &0.006
1.22 +0.01
1.22 &0.01
0.731 &0.002
0.554 &0.002
0.619 &0.002

Spin i Moment

1/2
1

3/2
3/24

3/24
1/2~
1
1/2

+2.7896
+0.8565
+0.8213
+3.2532—1.176
+0.598
+2.686
+0.701
+0.403

0.280
1/2 +2.625
3/2 +2.215
5/2 +3.630
5/2* +1.368
5/2* +1..136
3/2 +0.391
4 -1.290
3/2
9/28
5/2
3/2
9/2
9/2
7/2
3/2
3/2

+0.215—0.967t
1.340
2.733
5.49
5.50
2.558
0.831
0.929

Diamag-
netic

correc-
tion
(%)

0
0
0.01
0.01
0.02
0.03
0.03
0.03
0.04
0.04
0.06
0.08
0.10
0.14
0.14
0.16
0.16
0.16
0.38
0.39
0.39
0.58
0.58
0.67
0.68
0.68

*Nuclear spans uncertain.
t Unpublished preliminary result. See discussion in text.

TAB?.E VI. Hyperfine structure separations of the alkali
and indium atoms in the ground state, as measured by
the magnetic resonance method.

Atom

Li'
Li'
Na"
K39
K"
K4'
Rb8 '

Rbs~
fn113
In"3
CS113

sec. 1X10~

228.22 ~0.01
803.54a0.04

1771.75~0.07
461.75&0.02

1285.7 +0.1
254.02~0.02

3035.7 +0.2
6834.1 ~1.0

11387 &4
11413 &3
9192.6 ~0.5

cm 1

0.007613
0.026805
0.059102
0.015403
0.042887
0.008474
0.10127
0.22797
0.3799
0.3807
0.30665

in the first rotational state and finds for their
values 0.879&0.007, 0.660&0.005, and 0.443.

&0.003 nuclear magneton, respectively. He also
evaluates the high frequency contribution to the
diamagnetic»susceptibility of H2, and the de-
pendence upon orientation of the diamagnetic
susceptibility of the hydrogen molecule in the
erst rotational state.

From the analysis of the radiofrequency spectra
of the molecules HD and D2 certain molecular



MOLECULAR BEAM MAGNETI C RESONANCE METHOD

interaction constants are obtained. The most
important of these is the interaction of the
electric quadrupole moment of the deuteron with
the inhomogeneous electric 6eld of the molecule.
This leads to a value of the quadrupole moment
of 2.73&(10-"cm'

The existence of this quadrupole moment
implies that the ground state of the deuteron is
not an S state but may be a mixture of 'S& and
'Di. On this basis Rarita and Schwinger (R8)
derive an expression for calculating the neutron
moment from the observed values of yv/pic. This
value of p~ is —1.911&0.001 wherein the pre-
cision measure includes only experimental errors
in the determination of pv and xiii. The value of

p~ obtained from a simple subtraction y~ —p~ is
—1.933&0.001.These results are to be compared
with the value —1.935&0.02 obtained by Alvarez
and Bloch (Ai) for the moment of the free
neutron. The uncertainty in the latter experi-
ment is thus too great to yield an experimental
check on the theoretical predictions.

obtained from the relation

$2i/(2i+1) j7av7

y6 L2i/(2i+1)16hv6

is 3.9610&0.0004. The excellent agreement of
this result with that given above for the directly
measured ra.tio may be taken as confirmation of
the belief that the h.f.s. is caused solely by the
magnetic interaction of the nuclear moment
with the external electrons.

Beryllium (K8)-
The nuclear resonance curves of Be' were ob-

tained from the molecules (NaF BeF~) and
(KF BeF2).The observed g value is 0.784+0.003.
The nuclear moment was found to be negative.
No experimental results are available concerning
the spin of this nucleus. Theoretical predictions
(R9') coupled with the observed negative sign of
the moment make it highly probable that the
spin is —,', and if we assume this value the mag-
netic moment becomes —1.76.

Lithium (R6, RS, K7)

Nuclear resonance curves of the isotopes of
lithium have been observed in the'molecules LiF,
LiCI, LiBr, Lil, and Li2. The resonance curves are
generally deep and narrow. The observed nuclear
gyromagnetic ratios are 0.8213&0.0005 and
2.1688&0.0010 for Li' and Li', respectively. The
spin of Li' is 1 and that of Li' is —,. The nuclear
moments are then 0.8213 and. 3.2532 nuclear
magnetons. The ratio of the moments has been
accurately determined by observing the two
resonance curves at a fixed field. The result for
the ratio pp j7)/p&L,.6& is 3.9601~0.0015.

The d v of 'the ground state of the Li' atom has
been determined by studying the Zeeman lines in
fields of 0.25 to 1.5 gauss. The Lkv of Li' was ob-
tained both by the direct observation. of the
Zeeman lines in a field of 0.15 gauss and by
studying the lines characterized by the transition
AI'=0, km=~i at fields of about 3500 gauss.
Both methods yield identical values for the h.f.s.
of Li .The measured Av's are (228.22&0.01)X10
and (803.54&0.04) &(10' sec. ' for Lie and Li',
respectively. The ratio of the moments p7/p& as

Boron (M10)

The nuclear g values of the boron isotopes have
been measured by observing the resonance curves
in the alkali tetraborates and metaborates. The
gyromagnetic ratios are found to be 0.598~0.003
for B" and 1.791+0.005 for B".The spins of
these nuclei have not been measured. The theo-
retical predictions (R9, F1,Si) are 1 for B"and —,

'
for 8".If these values are assumed, the magnetic
moments become 0.598 and 2.686, respectively.

Carbon (H3)

The results of the experiment with the less
abunda. nt isotope of carbon has recently been
published by Hay. The resonance curves were
observed with the use of the molecules KCN and
NaCN, wherein the concentration of the C"
constituents had been enriched. The measured g
value is 1;402&0.004. The spin of C" is not
definitely known. Although experiments with
alternate intensities of band spectra (T3) indicate
that a spin of 3, is more probable than that of
~~, simple theoretical predictions (R9) together
with the experimental results of Ha,y make a spin
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of ~ much more probable than that of ~3. If we
assume a nuclear spin of —,

' the magnetic moment
is 0.70k.

Nitrogen (K9) Z2)

The resonance curves for N" were observed
with the use of the N2, LiCN, NaCN, and KCN
molecules, while those of N" were obtained with
the use of an enriched sample of Nq gas. The
results with N'~ were not sufficiently conclusive
to determine the sign of the moment. The ob-
served g valuesare 0.403&0.002 and 0.560+0.006
for N" and N", respectively. The nuclear spin of
N" is known to be 1 while that of N" is ~2

(W2, K5). The magnetic moments are then 0.403
and 0.280, respectively.

Fluorine (R6, RS)

The molecules LiF, NaF, and KF give fluorine

resonance curves. The Nap molecules offer a
particularly' good source for narrow and deep
fluorine resonance minima. The observed result
for the g value is 5.250&0.005. Since the spin of
this nucleus is ~, the magnetic moment is 2.625.

Sodium (M8, K9)

The nuclear resonance curves of Na have been
studied with the use of the molecules NaF,
NaCN, and Na2. The contrast between the reso-
nance curves observed in these three cases is
most startling. In NaF the curve is very broad
and shallow with a maximum observed drop in

intensity at the resonance minimum of 4 percent.
In NaCN the resonance curves are considerably
narrower while the drop in intensity at the
minimum is as much as 9 percent. In Na2 the
curves are very narrow, comparing very favor-
ably with observed hydrogen or lithium reso-
nance curves. Drops in intensity as large as 55
percent have been observed. The differences are
caused by the different molecular interactions
that exist in the three molecules. The observed

g value for Na, however, is the same for each of the
three sources and has the value 1.4765&0.0015.
Using the known nuclear spin of ~3 the moment
becomes 2.215 n.m.

The hyperfine separation of the ground state of
the sodium atom was obtained in fields of about
5000 gauss fromm the lines characterized by the

transitions AF=O, Am=. ~1. The result for this
is (17.71.75+0.07) X10' sec. '.

Aluminum (M7)

Nuclear, resonance curves of aluminum were
observed with the molecules NaC1 AIClg and
KC1 A1C13. The observed g value is 1.452+0.004.
When this result is compared with that calcu-
lated by means of the Goudsmidt formula from
observed h.f.s. work of Jackson and Kuhn (J1)
and of Heyden and Ritchl (H4) for va, rious as-
sumed values of nuclear spin it lends added sup-
port for a spin value of 5/2. The moment is
then 3.630.

Chlorine (K6, S3)

The resonance curves of the isotopes of chlorine
were observed with the use of molecular beams of
LiC1 and RbC1. The g values found were 0.547
and 0.454 for CP~ and CP', respectively. Band
spectra results give a spin of 5/2 for each of these
nuclei (E2, S2). Assuming these spin values, but
bearing in mind that band spectra results for
spins as high as 5/2 are not conclusive, the
moments become 1.368 and 1.136, respectively.

Potassium (Zl, K9)

The nuclear resonance curve of K" has been
observed with the use of the molecular beam of
K2. The observed nuclear g is 0.260&0.001.This
value together with the known value of the spin

2 yields a moment of 0.391 for K". No similar
nuclear resonance curves have been observed for
the less abundant isotopes of potassium.

The atomic radiofrequency spectra have been
studied for each of the three isotopes. The case of
K'9 has been amply discussed in the preceding
pages. The hv of the ground state was found to be
(461.75&0.02) X10' sec. '. The h.f.s. separation
of K" was obtained from the Zeeman pat-
tern in fields of 0.15 to 0.5 gauss. The result is
(254.02&0.02) X10' sec. '. Since the spin of K4'

is the same as that of K"we may use the ratio of
the h.f.s. values of the two isotopes and the
measured value of the moment of K" to obtain
the magnetic moment of K4~. Its value is found to
be 0.215.

The radiofrequency spectrum of the K"atoms
has been studied by Zacharias (Z1) in various
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magnetic fields. He has succeeded in determining
the nuclear spin which he finds to be 4, in
measuring the 3 v of the ground state with a pre-
cision comparable to that obtained for K" and
K4', and in showing conclusively that the mo-
ment is negative. All of his work was done with
K" in its natural abundance which is about one
part in 8000. The value of the A v is (1285.65 &0.1)
X10 sec. '. Again the moment of K40 can be
calculated from that of K" by using the known
spins and the measured values of the Av of the
ground state. The result is —1.290.

Krypton

A resonance curve has been obtained for
krypton by Retherford and Kellogg (unpub-
lished). The g value found is assigned to Krss and
is 0.2148. The spin is uncertain but is probably
9/2. The moment is negative.

Rubidium (MS, K6)

The nuclear resonance curves of the rubidium
isotopes have been studied with the use of the
Rbs molecules. The curves are quite broad and do
not permit an accurate determination 'of the
nuclear g values. The results are 0.536~0.003 and
1.822&0.006 for the g values of Rb" and Rb"
Using the known spins the moments become
1.340 and 2.733, respectively. These give a value
of 2.038&0.010 for the ratio ys7/ass. The hv's of
the ground state of these atoms have been
obtained by studying the frequencies of the lines
characterized by the transitions hF =0, Am = &1
in strong magnetic fields. The results are
(3035.7+0.2) &(10s sec. ' and (6834.1&1.0) X10s
sec. ' for the h.f.s. values of Rb" and Rb", re-
spectively. These results together with the spins
yield the value 2.0261&0.0003 for the ratio of
magnetic moments. Thus within the experimental
error this ratio is in agreement with thy, t derived
from the ratio of the measured nuclear moments.

Indium (Hl, H2)

In the radiofrequency spectra of the ground
state of the indium atoms lines characterized by
the transition AF =0, hm = &1 were observed for
In'" as well as for In"'. The results show that the
nuclear spin of In'" is 9/2, the same as that of
In"5. The ratio of the h.f.s. separation of the

ground state of In"' to that of In'" was found to
be 1.00224&0.00010. This, is also the ratio of the
magnetic moments of the two isotopes. For In"'
the h.f.s. value is (11413&3).X10s cycles/sec. and
the nuclear moment is 5.49&0.04 nuclear mag-
netrons. The moments of both isotopes are
positive.

Barium (H3)

The resonance curves of the odd isotopes of
barium were observed by Hay using atomic
barium. Since the electronic moment is zero,
there is no interaction of the nucleus with the
electronic configuration as is true in the case of
the alkalis. The resonance curves are narrow, as
one would expect. The observed g values are
0.554&0.002 and 0.619+0.002 for Ba"' and
Ba"'. Spectroscopic results (B1) point strongly
toward a spin of —', for each of these isotopes,
giving the values 0.831 and 0.929 for the mag-
netic moments of these nuclei.

B2.

83.
B4.
C1.

E2.
E3.
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