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these moments are p;1=2.5 and pe=2.0. The
agreement in the ratios is excellent and the
values of the moments agree as well as this
method of calculation allows. The values of the
moments one gets from the *Pgys Av's are too
small by a factor 1.36. This number is obtained
by taking the ratio of the expected Av’s from the
Goudsmit formula and comparing it with the
experimental results. However, from the con-
siderations given above, the diminished A» may
be due to the effect of a perturbation by a higher
configuration.

The experiment on gallium depended, as was
seen, very critically on the ratios of the zero-
moment peaks. We had occasion on this same
apparatus to measure the ratio of the sodium
and lithium hyperfine Ay’s given directly by the
ratio of the zero-moment peaks. We obtained for
this ratio Avn./Arwi=2.209840.0035. Millman,
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Kusch and Rabi,'® using the new and very-
accurate molecular beam resonance method, ob-
tained the value Awna/Avy;=2.2052+0.0002.
The discrepancy of % of 1 percent implies a
systematic error of this magnitude in the zero-
moment experiments. We believe, therefore, that
this gives a good indication of the precision of
the apparatus in locating zero-moment peaks.
The author wishes to thank Professor I. I.
Rabi for suggesting this application of atomic
beams to the measurement of quadrupole mo-
ments. He also wishes to express his great
indebtedness to Mr. D. R. Hamilton for his
continuously invaluable assistance during the
course of the research. The other members of
the molecular beam laboratory were generous in
making available their valuable experience.

16 The author is indebted to these authors for the com-
munication of this result before its publication.
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The molecular beam magnetic resonance method previ-
ously used for the study of molecules has been extended to
the study of atoms. Transitions between the members of
hyperfine structure multiplets of the ground state of
atoms have been observed directly. In this way the hyper-
fine structure intervals of the normal states of Li¢, Li?, K3°
and K¢ have been measured. Since the measurement of
frequency alone is involved, the results are of very high
precision. These spectra have been observed in external
magnetic fields varying from 0.05 to 4000 gauss, i.e., from
the ordinary Zeeman to the complete Paschen-Back region.
The lines in the pattern are completely resolved even at the
low fields. The h.f.s. separations derived from measure-

INTRODUCTION

ECAUSE 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

* Publication assisted by the Ernest Kempton Adams
Fund for Physical Research of Columbia University.

ments at different fields are in excellent agreement. Com-
parison is made between the ratio of the nuclear moments
of Li” and Li® as derived from the h.f.s. measurements with
the directly measured ratio. The two ratios are 3.9610 and
3.9601, respectively. They agree within the experimental
error of 0.04 percent. The h.f.s. separations are given both
in absolute frequency units and in wave numbers.

sec.”1X107¢ cm™!
Li¢ 228.22 0.007613
Li7 803.54 0.026805
Kso 461.75 0.015403
K% 254.02 0.008474

hyperfine structure multiplet 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
moment and the electrical quadrupole moments,
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respectively. Since the magnitudes of these
interactions depend on the angle between the
angular momentum of the nucleus and that of the
electronic 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,

Wp—Wp=hv (1)

and settle down to their lowest energy state.
Since the different F states correspond to different
orientations of the atomic magnetic moment,
this radiation has the character of magnetic
dipole radiation.

The region of frequency in which these radi-
ations are emitted lies in the rapidly developing
upper end of the technical radiofrequency range,
as most hyperfine structures of ground states
which have been observed are included between
the limits of 0.005 c¢cm™! and 0.4 cm™, i.e.,
between frequencies of 1.5X10% and 1.2X10Y
sec.”! or between wave-lengths of 200 and 2.5
cm. Because of these low frequencies the lifetime
of a hyperfine structure level is very long and the
intensity of spontaneous emission very feeble.
Direct observation of this radiation would be
very difficult.

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 stimulated
emission, to emit a quantum of this frequency in
the reasonably short time of about 10~ 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 because only the measure-
ment 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 sufficiently long lifetimes, as
well as to the ground states of atoms.

The problem of the detection of the induced
transitions between the hyperfine structure levels
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of the atom has been solved by the utilization of
atomic beams in a manner similar to that of the
molecular-beam magnetic-resonance method.!

In practice these methods have proved superior
to the older optical methods as well as to the
atomic beam method of zero moments. Measure-
ments of hyperfine structure with an accuracy of
0.005 percent are made without difficulty. The
high resolution which can be obtained is ex-
emplified by the fact that it was possible to
observe a clearly resolved Zeeman pattern of a
hyperfine structure line in a magnetic field of 0.05
gauss, and to obtain half-widths of observed
lines of 10—% cm™1L.

The principal physical question to which we
have applied these methods is the accurate
measurement of the hyperfine structures of Li’
and Li® and the comparison of the ratio of the
nuclear moments of Li” and Li® deduced from
such measurements with that obtained from the
moment values directly measured by the molecu-
lar-beam magnetic-resonance method.! Present
theory accounts for the h.f.s. of an atomic energy
level by the assumption that h.f.s. is due solely
to the magneticinteraction of the nuclear moment
with the external electrons. On the basis of this
assumption, the ratio, (Av)1/(Av)2, of the h.f.s.
separations of a given atomic energy state of two
isotopes should yield the ratio, ui/mz, of the
nuclear moments, in a manner which does not
involve the electronic wave functions since they
are the same for the two isotopes. If there are
nonelectromagnetic interactions between the
electrons and the nucleus, the directly measured
ratio of moments may be expected to differ from
that obtained from h.f.s. They would be the
same only if the additional interactions were
proportional to the magnetic moment, which is
hardly likely. Since the two nuclei (Li® and Li?)
differ widely in structure it seems that this case is
a particularly favorable one for searching for non-
electromagnetic interactions, particularly since
the ratio of the moments of the lithium isotopes is
accurately known from direct measurements.

This question has already been discussed in an
earlier paper' where a comparison was made
between the directly measured moment ratio and

11, I. Rabi, S. Millman, P. Kusch and J. R. Zacharias,
Phys. Rev. 55, 526 (1939).
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the ratio obtained by Manley and Millman? from
the h.f.s. ratio measured by the atomic-beam
zero-moment method. The ratio of moments as
determined from h.f.s. was subject to con-
siderable uncertainty, and the discrepancy of
about 2 percent between the two ratios, although
outside the experimental error, was not con-
sidered sufficiently great to give conclusive indi-
cation of a real physical effect.
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THEORY OF THE EXPERIMENT

The levels which compose an h.f.s. multiplet
are, by the rules of quantum mechanics, charac-
terized by total angular momenta, F=1+4J,
i+J—1,74+J—2, - -+, where 7 is the nuclear and
J the total electronic angular momentum. The
lowest Fis J—2if J>7 and ¢—J if 2> J. Transi-
tions between the levels are governed- by the
selection rules for magnetic dipole radiation,

AF=0, +1; Am=0, +1,

where m is the magnetic quantum number.
Only in the absence of an applied magnetic
field will the transition |F—F’|=1 result in a
single line. In a magnetic field the Zeeman effect
of this line will be observed. For sufficiently weak
fields the Zeeman pattern can be calculated in the

2 J.H. Manley and S. Millman, Phys. Rev. 51, 19 (1937).
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usual way by the Landé g formula:
F(F+1)+J(J+1) —2(G+1)
2F(F+1)
F(F+1)—=J(J+1)+i(t+1)
2F(F+1) ’

gr=4gyJ

+g: (2)

Neglecting the second term and restricting our-
selves to atoms for which J=% we have for the
two F states, 7+% and 71—1,

gy g7
and iy = — —,
2:+1 2i+1

(3)

it =

respectively. The weak field Zeeman lines should
therefore be found at frequencies:

Wp—We-

Fo1 gr  moll
;——-'—(MF-*—W’LFvl) —

%41 b

(4)

V=

For 25, states (g;=2) we have two sets of lines
corresponding to the wand o lines of spectroscopy.
The = lines, for which Am = 4-1, have frequencies,

2m+1 ,uof[

; — ()
i+3

and the o lines, for which Am=0, have fre-

quencies,

v=Av+4

2m uoll
v=Av+ , (6)
i+% h
where in (5) and (6), Av=(Wpr—Wp_1)/k and is
the frequency corresponding to the energy differ-
ence between the two F states, 7+3% and i—3%,
(expressed in sec.™!) at zero magnetic field.

The = lines represent transitions caused by the
component of the oscillating magnetic field
perpendicular to the constant field, H, and the ¢
lines arise from the component parallel to H.
This is opposite to the usual assignment because
we are dealing with magnetic dipole radiation.

As an example we shall consider the magnetic
levels of the h.f.s. multiplet of a 2S; state for a
nuclear spin of §. These are indicated in Fig. 1
by means of the customary energy level diagram.
The transitions which give rise to the = lines are
represented by solid lines and those which give
rise to the o lines by means of dotted lines. The
spectrum is indicated in the lower portion of the
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diagram. The energy separation between adjacent
magnetic levels is uoH/(1+%) and the frequency
difference between two adjacent = lines as well as
between two adjacent ¢ lines is 2uoH /[ (2+3)A].
It may be seen by use of Egs. (5) and (6) or by
reference to Fig. 1 that the frequency separation
of the two F levels in an h.f.s. doublet at zero
field, Av, is given by the mean of the frequencies
of all the lines in the Zeeman pattern at a low
magnetic field, by the mean of all the = lines, by
the mean of all the ¢ lines, or by the mean
frequency of any symmetrical pair of lines.
When AF=0, the frequencies of the lines are
given by,
1 ,LLQI[
y= — (7
i+5 h

since Am=41. However we shall present no
experiments to fit this case in the weak field
region.

In the region of high-magnetic field (uo/#>> Av)
the total angular momentum, F, is no longer
constant and a more suitable description is given
in the manner customarily employed for the
Paschen-Back effect, i.e., in terms of m; and m,
the components in the direction of H of the
nuclear and electronic angular momenta, re-
spectively. The energy of the states is given® by
the formula,

Wi am g =m g ol +m sg st
+[AW/(i+3) Jmms.  (8)

The selection rules for the transitions are
Ami= =21, Amsy=0and Am;=0, Am;= +1. From
this equation it is clear that at large values of H
the transitions for which Am ;= 41, Am ;=0 give
rise to lines whose frequencies become inde-
pendent of the field and approach the limiting
value Av/(2i+1), since the term m;guoH is still
relatively small in comparison with the term
[AW/(i+3) Jmm, for the highest fields used in
our experiments (about 6000 gauss). This happy
circumstance is very important for these experi-
ments because it is then possible to measure Av
with the use of frequencies which lie in the region
of Ay/(2:+1). One can thus avoid some of the
technical difficulties involved in the use of
extremely high frequencies.

" 3E. Back and S. Goudsmit, Zeits. f. Physik 47, 174
(1928).
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The preceding considerations are only ap-
proximate. To utilize the full power of our
experimental method one must employ the exact
theory of the energy levels of an h.f.s. multiplet
in a magnetic field. We shall follow the customary
usage by defining the Landé g factor as the
negative ratio of the magnetic moment, expressed
in units of uo, the Bohr magneton, to the angular
momentum expressed in units of 4/27. The g,
values of the ground states of all the alkali
atoms are, therefore, positive, while the g; values
of the alkali atoms are negative, since the
moments are positive. The energies of the
magnetic levels as a function of the field are
given! by the formulae:

AW
Wipsim= —————+giuwHm
2(21+1)
AW 4m 4
S, 1+—»~~x+x?) O
2 2i+1
for F:1'+%v WL:%*%, 1—%’ e _(1’_%)’
AW )
Wistain = —————£gpol1(i+3)
2(21+1)
AW
+—2'(1:*:x) (10)
for F=i+}; m=+(i+}),
AW
Wi»i,m= T +gz,uon
2(2¢41)
AW 4m 5
—A 1+ x—}—x2) (11)
2 2i+1

for F=i—%; m=i—4%,4i—%, ---—(1—1), where
the parameter x in Egs. (9), (10) and (11) is
defined by

x=(gr—g)mll/AW. (12)

Figs. 2a and 2b exhibit graphically the behavior
of the ratio W,,/AW as a function of the parameter
x for nuclear spins of £ and 1, respectively. For
weak fields where x? and g; may be neglected,
Egs. (9)-(12) yield the same result as Egs. (5)
and (6).

By taking the differences of the energies of the

48S. Millman, I. I. Rabi and J. R. Zacharias, Phys. Rev.
53, 384 (1938).
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F1G. 2. The variation with magnetic field of the energy
of magnetic levels of a normal h.f.s. doublet of a 2Sj state.
(a) describes the case when 7=% and (b) the case when
1=1. The solid lines correspond to the levels arising from
the state F=7-+13 and the dotted lines to the levels arising
from the state F=1—1%.

states between which transitions are allowed and
dividing by %, the frequencies of the lines as a
function of the field are obtained. These fre-
quencies are shown in Figs. 3 and 4 in units of
A, for nuclear spins of ¢ and 1, respectively, in
the region of the weak field and intermediate
field Zeeman effect.

The values of the field, H, corresponding to
any value of ¥ may be found from Eq. (12), if
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Av is known. The values of H in Fig. 3 are
appropriate to the case of K3. However, the
curves apply equally well to any atom in a 25,
state whose nuclear spin is § if a suitable
conversion is made from the field parameter x to
the field H. Similarly the values of the field in
Fig. 4 correspond to the case of Li%. The curves
apply to the case of any atom in a 2S; state whose
nuclear spin is 1 for an appropriate conversion
of the parameter x to the field. The full lines
represent the w(Am= 41) components and the
dotted lines the o(Am=0) components. The
approximate equations (5) and (6) which de-
scribe the Zeeman pattern at weak fields give the
frequencies of the lines only in that range of the
field for which the center of gravitv of the
Zeeman pattern lies very near to Av. The center
of gravity shifts to higher frequencies for in-
creasing values of x. This corresponds to the
Zeeman effect at intermediate fields and Egs.
(9)-(12) must be used to describe this case.
Terms in g, may be neglected in calculations of
the Zeeman effect in the weak and intermediate
field regions, since at these fields the interaction
energy of the nuclear moment with the applied
field is small compared to other interaction
energies. The two lines (F,m)<> (F—1,m—1)
and (F, m—1)< (F—1, m) are represented by a
single line in Figs. 3 and 4. Actually these lines
constitute a close doublet, except in the case
m==+(i+%), whose frequency separation is
2g:uoH/h. This energy cannot be indicated on the
scale of our curves, nor could this doubling be
experimentally observed at the very small fields
at which we observed the Zeeman effect of the
line | F—F'|=1.

The convergence of the frequencies of all the
lines for which Am;= 241, Am,;=0, to a value
independent of the field can be seen from Figs. 2a
and 2b. Table I lists the transitions for the case
of a nuclear spin of 3. This case is chosen because
it applies to the experiments described in this
paper; the extension to other cases can easily be
made. In .designating the states involved in a
transition, the first number in the ‘parenthesis
denotes the F value of the state, and the second
number, the m value. This designation does not
imply that these states are characterized by a
definite total angular momentum, but rather
that each of these states is derived from a
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definite (F, m) state by an ‘“‘adiabatic” trans-
formation. The expressions for the frequencies of
the lines in Table I are derived from Eqs. (9)-(11)
and are valid for all values of x. However, when
x2>1 a simple expansion of the terms in the
frequency expressions indicates that the fre-
quencies approach limiting values of Ar/4 inde-
pendent of field, except for the term giuol/h. In
the general case the limiting frequency is

Av/(2i+41).

(o) 30
H (gauss)

I16. 3. The frequencies of the components of the Zceman
pattern of the line |[AF| =1 as a function of the magnetic
field. The values of x are appropriate to any atom in a 25,
state with a spin of §, but the indicated values of I1 cor-
respond to the case of K39 only.

Figures 5 and 6 give the frequencies of the
lines, in units of Av, associated with the transi-
tions Am ;= +1, Am ;=0 as a function of the field
parameter x, for K3° and Li7, respectively. The
curves have been calculated by use of the
expressions in Table I. The two sets of curves are
different for the two atoms, even though their
nuclear spins are the same, because the term
gimoH /h, though small, is not negligible and has a
different value for each nucleus. The values of g;
which have been used in these calculations are
—0.260/18375 and —2.167/1837! for K3® and Li’,
respectively. The range of x covered in each of
these figures is such as to include an experi-
mentally convenient range of field, and the
indicated values of field are appropriate only to
the one nucleus in question. Since x itself may be

5 P. Kusch, S. Millman and I. I. Rabi, Phys. Rev. 58,
1176 (1939).
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expressed in terms of the field through the use of
Eq. (12), Av can be calculated from the frequency
observed for any one transition at some known
field. The value of g; need not be known with
great precision since the contribution of the
term g.uofl/h to the total frequency is small.
Moreover, the magnetic field need not be
accurately determined since the transition fre-
quencies vary slowly with field for large values of
I1, and in certain regions are practically inde-
pendent of field.

For each transition (F, m)< (F, m—1), there
will be a pair of lines, one arising for F=44+3 and
the other arising for F=1—1%, provided only that
m does not have the value 7+ and that m—1
does not have the value —(¢+3%), since the m
values =+ (¢+3) do not exist for the state F=7—3.
At a fixed field the expression for the mean
frequency of each pair of such lines -does not
depend on the value of the nuclear g factor.
These pairs of lines are identified in Figs. 5 and 6
by the fact that at low fields the two members of
the pair have very nearly equal frequencies. The
line originating in the state F=4+% is indicated
by a full line, and that originating in the state
F=1¢—1 by a dotted line. Regardless of the value
of the nuclear spin all of the lines arising from
the transitions Am;=+1, Am;=0, except the
lines (i+3, —i—3)<(G@E—3% —i+3) and (143,
i+ e (+1, i—1) may be arranged in such
pairs. It may be seen by reference to Table I
that the sum of the mean frequencies of all the
pairs of lines added to the sum of the frequencies
of the single lines is identically equal to Av, for a
constant value of x. This is true not only for our
case where ¢=2, but for any atomic system
described by Eqs. (9)-(12). This property per-
mits the determination of Av even if neither g;

TABLE 1. The transitions Am;= 1, Amy=0 for an atom

in a 25y siate whose nuclear spin is §, and the expressions
for the frequencies of these lines.

TRANSITIONS EXPRESSION FOR FREQUENCIES

(2,2 (2,1) IAv[(14x) — (1 +x4x2) 3 J4-ginoH /b

(2,1) <> (2,0) FAv[(14x+a?)i— (1) i ]+ gimd /b
1,1)e(1,0) Av[(14x+x2)t—(14x2)} ]—giuoH /R
(2,00 (2, —1) A [(1+a)d— (1 —x+a) ]+ ginoH/
(1,00 e (1, —1)  3a[(A4+a)d— (1 —x+5%)? ]—ginH /R

2, - e1,—1) 1A[(1—x+x2)t—(1—x)]—gimH/h
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nor the value of the field is known, by the simple
expedient of observing the frequencies of all the
lines at some fixed field and making the appro-
priate summation.

If the field is known the value of g; can be
found from the frequency separation of the
members of each pair of lines. Such a determi-
nation will not be very accurate since we are
measuring the rather small frequency difference,
2g:u0H/h, between two lines whose total fre-
quency is large compared to this difference. With
the molecular-beam magnetic-resonance method
for determining nuclear g values, the quantity
gaoH/h was measured directly as a first-order
effect and could, therefore, be determined much
more precisely than in the present experiments.

METHOD

In order to detect the transitions between the
energy levels, produced by the oscillating mag-
netic field, we utilize the change in atomic
magnetic moment produced by the transitions.
As in the molecular-beam magnetic-resonance
method, the atoms are deflected in an inhomo-
geneous magnetic field, then pass through a
homogeneous field and are finally deflected in the
opposite direction by a second inhomogeneous
field to strike a detecting filament. The transitions
occur within the homogeneous field region where
the oscillating field is situated. Transitions cause
a drop of intensity at the detector only if the
moment of the atom in the second deflecting
field is appreciably different from its value in the
first.

This experiment is different from the previous
experiments in which molecules were studied
because the magnetic moment of the atom is a
function of the magnetic field and therefore the
deflections in the inhomogeneous fields depend
not only on the gradient but also on the magni-
tude of these fields. For example, we consider a
transition which at high fields may be regarded as
one in which m; changes by one unit (Eq. (8)).
Clearly at high fields the atomic moment remains
practically unchanged because ms, and therefore
the electronic moment, is the same in both states.
If the second deflecting field is large (x>>1) there
will be almost no difference between the paths
of atoms which have made these transitions and
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Fi1G. 4. The frequencies of the components of the Zeeman
pattern of the line |[AF| =1 as a function of the magnetic
field. The values of x are appropriate to any atom in a 2S5
state with a spin of 1, but the values of I correspond to
the case of Li¢ only.

the paths of atoms which have not. However, if
the deflecting field is small (x~1) the difference
in magnetic moment between the two states is
great and the paths correspondingly different.

The magnetic moment of the atoms as a
function of the magnetic field may be obtained
from the Egs. (9)—(12), since up,m= —0Wp, /.
These are:

Mitgm
S —em
Mo
x+2m/(21+1)
- _ —(g—g) (13)
2[1+4mx/(27+1) a2 ]t
for F=i4+3; m=i1—3%,1—3%, - —(—1),
Hirb sty f‘i{ﬂii) (14)
Mo 2
for F=1+%; m=+(+1), and
Hi-3,m
e —gm
Mo
x+2m/(2i+1)
(gr—gi) (15)

2L+ dma/(2i41) +x) ]

for F=i—§;, m=i—%, 1—%, ---—(1—1%), where
ur,m/po is the magnetic moment of the atom in
units of the Bohr magneton, for any state
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characterized by the quantum numbers F and m.
Figs. 7a and 7b show a plot of these moment
values for spins of § and 1, respectively. For the
use to which these moment values are to be put,
we can safely neglect the term in mg;. It can be
seen from the formulae, and from the curves
which they describe, that in cases where Av is
small (0.01 cm™), the inhomogeneous field must
be relatively weak, since the field corresponding
to any value of x is proportional to Av. For K39,
for example, a value of the inhomogeneous field
of about 50 gauss (x=0.3) would be appropriate
for the detection of transitions for which
Am;=+1, Am;=0. The resonance frequencies
required for the production of transitions depend
only on the magnitude of the homogeneous field
and not on the values of the field in the deflecting
magnets. The choice of field values in the latter
merely determines the ease with which the
transitions in the homogeneous field are detected.

24 —_
B F=2;m=2em-=1 ]
.23~ -
B X
I 4 8 12 16 20 24 28
el 1 | } L1 Il 11 I| | | Ii |1 jl
1000 2000 3000 4000 5000
H(gauss)

F16. 5. The field dependence of the frequencies of the
lines associated with the spectrum of K2 resulting from the
transitions Am;==+1, Am,;=0.
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APPARATUS AND EXPERIMENTAL PROCEDURE

The apparatus used in these experiments was
the same as that used in the determination of
nuclear magnetic moment by the molecular-
beam magnetic-resonance method. The inhomo-
geneous fields were about 50 cm long. At the
position of the beam, fields of about 12,000 gauss
and gradients of the order of 10° gauss per cm
could be attained. These long magnets and high
field gradients were required in the older experi-
ments because the systems which were to be
deflected had moments of the order of a nuclear
magneton. In the present experiments where the
moments are of the order of a Bohr magneton,
such deflecting power is unnecessary; in fact,
these same fields were used in the older experi-
ments, with beams produced by evaporating the
alkali metals, to remove the atomic portion of the
beam and to permit the study of molecules. The
reduction of deflecting power for the present
experiments is easily accomplished by limiting
the currents in the field coils to very small
values. The field values varied from 50 to 100
gauss. The ratio of field gradient to field was
about 8. While the field values in the deflecting
magnets need not, in general, be critically ad-
justed for observing atomic transitions, special
care must be taken for some particular cases.
For example, for the case 1=$% the transition
(F,0)<>(F', —1) will yield no change in the
moment of the atom in the deflecting field if it
corresponds to the value of the field parameter x
of about 0.27. For such a field value the transition
cited would be unobservable.

The high frequencies which were required in
these experiments were produced by a tuned-
plate tuned-filament oscillator with Western
Electric 316A tubes. The design of the oscillator
followed closely that suggested by the manu-
facturers of the tube. The frequency of the
oscillator was continuously variable and could
be set to any desired value to better than one
part in 20,000. All frequency measurements were
made by use of a General Radio heterodyne
frequency meter, Type 620-A. The accuracy of
frequency determinations is governed by the
precision with which one can set on a zero beat
frequency and read the scale. This precision for a
single setting was about one part in 20,000. In
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F16. 6. The field depend-
ence of the frequencies of
the lines associated with
the spectrum of Li7 result-
ing from the transitions
Ami=+1, Am;=0.
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practice, however, determinations of frequency
were made by observing the position of zero beat
frequency between the high frequency oscillator
and several harmonics of the wave meter. The
frequencies so deduced showed excellent internal
consistency and the average of observations on
several harmonics of the meter probably gives a
frequency with a precision of better than one
part in 20,000. The frequency of the quartz
crystal against which the wave meter is calibrated
is known to better than one part in 100,000 and
therefore introduces no error within the precision
of our measurements. The stability of the oscil-
lator was so great that no detectable change in
frequency occurred over a period of several
minutes. The high order of stability is also
evident from several examples of the Zeeman
pattern to be presented later.

The oscillating magnetic field was produced, as
in the previous experiments,® by the passage of
the oscillating current through two flattened

¢S. Millman, Phys. Rev. 55, 628 (1939).

parallel tubes in the gap of the magnet which
supplied the homogeneous magnetic field. The
oscillating field was approximately perpendicular
to the fixed field. The presence of a component of
the oscillating field parallel to the fixed field was
probably due to the circumstance that the atomic
beam did not traverse the field at a point midway
between the two wires as well as to the fact that
the current distribution in the tubes at very high
frequency is considerably different from that at
low frequencies. It is to be expected that both
« and o transitions would occur, even though the
o transitions will be considerably weaker than the
7 transitions.

The oscillating fields required to induce the
transitions AF= +1 are much smaller than those
used in the previous experiments on molecules.
The reason for this is that the torque per gauss
exerted on the electron is much greater than on
the nucleus, since nuclear moments are of the
order of 1/1000 as great as the electronic moment,
while the change in angular momentum and the
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m= |/2

\
(b)

F1G. 7. The variation of magnetic moment of an atom in
a 25} state with magnetic field. (a) describes the case when
s=4% and (b) the case when =1,

m= 3%

-1.0

time during which the torque acts is approxi-
mately the same for the two cases. This is a very
fortunate circumstance because it obviates the
necessity of using high power ultra-high fre-
quency oscillators. Indeed, the transitions oc-

MILLMAN AND

RABI

curred with oscillating currents of only a few
milliamperes.

REsULTS
K39

Figures 8-11 show the weak field Zeeman
patterns of the line F<> F—1 of K3 under various
experimental conditions. That of Fig. 8 was
obtained for a fixed field of 0.25 gauss and an
oscillating field sufficiently large to show the ¢
components. It is to be noted that only two of the
three possible ¢ lines appear. The reason for the
absence of the line (2, —1)< (1, —1) can easily
be found by an inspection of Fig. 7a, where it is
seen that when the value of x in the deflecting
fields is about 0.5 (H~80 gauss for K3%) no
change in the magnetic moment of the atom will
result in this transition. Even though the
calibration constants for the deflecting magnets
at low field values were not known with any
degree of accuracy, the above explanation was
easily verified by increasing the current in the
deflecting magnets by about 50 percent. This
increase resulted in a field value at which all
transitions were accompanied by appreciable
moment changes. Fig. 9 shows the resulting
pattern, with none of the expected lines missing.
The fixed field value in this case, as calculated
from the separations of the lines, was about 0.2
gauss. The intensity of all the ¢ lines in Figs. 8
and 9 is low since the component of oscillating
field parallel to the fixed field is quite small
compared with the perpendicular component.
The lines (F, —1) < (F’, 0) and (F, 0) < (F', —1)
are most intense since F can take on the two
values, 2 and 1, and each of the lines is really an
unresolved doublet. The separation between the
members of a doublet in a field of 0.2 gauss is
only about 100 sec.™ for K3® so that the line is
not measurably affected in width but is merely
raised in intensity.

The half-widths of the lines in the Zeeman
patterns shown in Figs. 8 and 9 are considerably
greater than can be expected by use of the
relationship,

AvAr~1 (16)

where A7 is the time spent by the atoms in the
radiation field and Av is roughly the half-width
of the curve in frequency units. For potassium
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atoms at a temperature of about 550°K the
average time spent in a radiation field 4 c¢m in
length is approximately 7 X 1075 sec., so that the
lines should have a half-width of the order of
1.5X10* sec.”’. The experimental widths range
from 15X10* to 30X 10* sec.”® and are chiefly
due to the large oscillating fields used in the
observation of these curves. When the oscillating
field is made extremely small, a pattern of the
type shown in Fig. 10 is observed. The com-
ponent of oscillating field parallel to the fixed
field is so small that the ¢ lines are no longer
observable. The two inner lines have a half-
width of about 2X10* sec.™ and the two outer
lines of about 4X10* sec.”!. This well resolved
Zeeman pattern was observed for a field of about
0.05 gauss. Fig. 11 shows an unresolved Zeeman
pattern at a field slightly greater than that used
for the pattern in Fig. 10. The lack of resolution
is due to the excess of oscillating field.

In Table II are listed the expected transitions
and the observed frequencies of the centers of the
lines shown in Figs. 8, 9 and 10. It is seen that
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¥16. 8. The Zeeman pattern of the line, |AF| =1, of K3,

the frequency differences between the successive
lines are constant within the precision of measure-
ment of the frequencies of the lines. This is in
agreement with the predictions of Egs. (5) and
(6). From the observation of a large number of
curves of the type shown in Figs. 8, 9 and 10 we
find for Av of the ground state of K3 the value
(461.754-0.02) X 108 sec.”! or 0.015403 cm™! if we
take the velocity of light”as 2.99776 X 10% cm /sec.

7F. G. Dunnington, Rev. Mod. Phys. 11, 65 (1939).
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The Av of K3 has also been determined by
observations on transitions for which Am ;= 41,
Am =0, at high magnetic fields. The frequencies
of these transitions as a function of the field are
indicated in Fig. 5. In Table III are listed the
frequencies observed for these lines at a field of
3950 gauss. The third column lists the mean
frequencies of the double lines together with the
frequencies of the single lines. Av is the sum of the
frequencies listed in this column. In column 4 of
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¥16. 9. The Zeeman pattern of the line, |AF| =1, of K39,

observed for a larger value of the inhomogeneous field than
that of Fig. 8. .

Table III we list the values »/Av appropriate to
the mean frequency of each of the doublets for a
field of 3950 gauss. The last column gives the
calculated Av. From the evaluation of three sets
of similar observations we obtain for Av the value
(461.754-0.02) X 108 sec.”™. The complete agree-
ment between the two independent methods of
calculating Av indicates that the high field
method of obtaining the h.f.s. separation of the
ground state is as reliable as the method involving
the measurement of the energies of the transitions
between different F levels at very weak fields.
If the frequency interval between the two
components of any double line is measured for a
known field, the value of g; can be obtained as
explained in an earlier section. The value which
we obtain from such measurements for g; of K3?
is —0.261/1837. This is to be compared with the
value —0.260/1837 obtained by the molecular
beam magnetic resonance method. The present
value is the less accurate because the field values
were not very well known and the frequency
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difference between two lines is subject to con-
siderable error, even though the frequencies of
the lines themselves are very well known.

K41

The hyperfine structure separation of the
ground state of K* was measured in fields of
0.15 to 0.5 gauss in the same way as the Ay of K??
was determined at low magnetic fields. The
nuclear spin is the same for both isotopes of
potassium and Egs. (5) and (6) apply to K* as
well as to K3?°. We find the value (254.0240.02)
X108 sec.™® or 0.008474 cm™ for the Av of K*.
The ratio (Av)a1/(Av)3e is 0.55012-£0.00006. This
value is also the ratio of the nuclear moments of
the two isotopes if we assume that hyperfine
structure is due solely to the magnetic interaction
of the nucleus with the atomic electrons.

Li®

The hyperfine structure separation of the
ground state of Li® was measured in fields of 0.25
to 1.5 gauss. Since the spin of this nucleus is 1,
the Zeeman pattern will contain only five com-
ponents, three = lines and two ¢ lines. Fig. 4
indicates the expected frequencies of these lines,
in units of A», as a function of H. The observed
Zeeman pattern for a field of 0.24 gauss is given
in Fig. 12. The central component does not vary
in frequency with the field for very small values
of H. The frequency associated with this = line,
therefore gives Av of Li® without any further
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Fi16. 10. The Zeeman pattern of the line, |AF| =1, of K39,
observed for very low amplitude of oscillating field. Only
the = components appear.
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Fi16. 11, The Zeeman pattern of the line, |AF| =1, of K39,
for approximately the same fixed field as in Fig. 10, but for
a very much larger amplitude of oscillating field.

calculation. The same result is, of course, ob-
tained by averaging the frequencies of the out-
side 7 lines, or by averaging the frequencies of
the two ¢ components. Table IV contains a list
of frequencies of the observed lines. The slight
departure from the expected uniformity of the
spacing of the lines can be explained on the basis
of the observation that the outer = lines are
broader than any of the inner lines. These outer

TaBLE I1. Lines in the Zeeman patterns of K3 shown in Figs.
8, 9 and 10, and their observed frequencies.

OBSERVED FREQUENCIES
(MEGACYCLES)
TRANSITION FiG. 8 Fi1G. 9 Fic. 10
2, -2)e(1, —1) 461.21 461.64
2, -He@, -1 missing
C P i } 461.58 | 461.64 | 461.72
(2,0)«(1,0) 461.74 461.76
8 838 ?g } 461.91 | 461.92 | 461.79
2, e, 462.12
2,2)e(1,1) 462.28 461.87
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lines, therefore, overlap the adjacent o lines to a
greater degree than does the central = line. This
circumstance leads to a slight shift of the outer =
lines toward the center of the pattern and a shift
of the o lines away from the center. The value of
Av is found to be (228.22+0.01) X 10¢ sec.™* or
0.007613 cm™.

Li7

The Av of Li’ was first measured in strong
fields by observing the transitions for which
Am;==+1, Am;=0. As has already been pointed
out, this procedure enables one to obtain Av
with the use of applied frequencies in the
neighborhood of Av/(2¢+1) which in the case of
Li7 are about 200 megacycles. Fig. 6 indicates the
expected frequencies of transition, in units of
A, as a function of the field parameter x.

In Table V are listed the transitions for the
values of the field used in these experiments. By
reference to Fig. 6 it may be seen that the
frequencies of transition do not vary rapidly
with the field for the fields used in these experi-
ments. The first column lists the transitions. The
second column lists the corresponding frequencies
of the lines at a field of 3060 gauss. Column 3
lists the frequencies of the single lines and the
mean frequencies of the double lines. The sum of
the frequencies in this column yields Ar. The
fourth column lists »/Av calculated from the

TABLE III. The frequencies observed for the lines Am;
=41, Amy=0 for K* at a field of 3950 gauss and the Av
calculated from these lines. In the third column, marked v,
are tabulated the frequencies of the single lines and the mean
frequencies of the double lines. The sum of the frequencies in
this column is equal to Av. The quantity v/Av tabulated in
the fourth column is that appropriate to the mean frequencies
of the double lines.

OBSEVRVED
FREQUENCY v Av
(MEGA- {MEGA- (MEGA-
TRANSITION CYCLES) CYCLES) v/Ay CYCLES)
(2, =2)e (1, —1) | 119.904 | 119.904
(1,0 e (1, —1) | 117.347
116.562 |0.252439 | 461.74
(2,0)e>(2, —1) | 115.776
(1,1)«>(1,0) 114.961
114.167 |0.247235| 461.78
(2,1)e>(2,0) 113.374
(2,2) (2, 1) 111115 | 111.115
Sum 461.75
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F16. 12. The Zeeman pattern of the line, |AF| =1, of Lis.

expressions listed in Table I, while the fifth
column gives Av as obtained from columns 2 and
4. A similar set of data is given in the last four
columns of the table. For this latter set of
observations the field did not remain constant.
This drift in field occurred because of the rather
long time required to observe the shape of the
resonance line as well as to find its frequency.

A number of sets of observations similar to
those given in Table V was made. In addition ob-
servations were made on the lines (1, 0) < (1, —1)
and (2,0)<> (2, —1) in the neighborhood of
x=3.5 where the frequencies of the lines take on
maximum values and therefore do not vary
rapidly with H. From all observations we find
for Av of the ground state of Li’ the value
(803.544-0.04) X 10° sec.™! or 0.026805 cm™.

The lines tabulated in the second half of
Table V are shown in Fig. 13. The average half-
width of the lines is 4.7 X 10* sec.~. The tempera-
ture of the oven from which the lithium issued
was about 1000°K, so that the most probable
velocity of the lithium atoms is about 1.7 X105
cm/sec. By use of Eq. (16) we find that the
theoretical width of the lines is about 4.3 X104

TABLE IV. Lines in the Zeeman paitern of Li®, shown in Fig.
12, and their observed frequencies.

OBSERVED

TRANSITIONS (w}xrchchYEcI\S:Z)
& -G —3) 227.83
G —-DeG -3 228.01
1 1 1
e RSy 22822
GhHe G 228.43
G HeGd) 228.62
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sec.”!., The observed half-widths are thus in result differs from our value of 0.026805 cm~! by

agreement with those theoretically expected.
The value of g; which we obtain for Li7 is
—2.18/1837. This value is to be compared to the
value —2.167/1837 obtained from the molecular
beam magnetic resonance method.! The agree-
ment is satisfactory in view of the errors in the
determination of this quantity by the present
method as discussed in the case of K?.
Subsequent to our measurement of the h.f.s.
of the ground state of Li’ by the methods
indicated in the preceding paragraphs, Jackson
and Kuhn® have obtained the value 0.0275
+0.0003 cm™! from observations of -the splitting
of the atomic lines 2S,—2P; and 2S;—2P3. Their

8D. A. Jackson and H. Kuhn, Proc. Roy. Soc. Al173,
278 (1939).

considerably more than their experimental error.
It, therefore, seemed worth while to measure the
Ay of the ground state of Li” by direct observation
of the Zeeman pattern of the line F<> F—1 at
very low magnetic fields. Such measurements
required frequencies in the neighborhood of 800
megacycles, which lie above the upper frequency
limit of the Western Electric 316A tube. How-
ever, in view of the very small amplitudes of
oscillating field required for this work, we
attempted to utilize the second harmonic of an
oscillator whose fundamental frequency range
was in the neighborhood of 400 megacycles. We
were able to observe the 7 components, but
because of the small amplitudes of the oscillating
field which induced the transitions, the ¢ lines

TABLE V. The lines resulting from the transitions Am;= =1, Amy=0 for Li" at high magnetic fields and the Av calculated
from these lines. The columns marked v contain the observed frequencies in megacycles. The column headed v’ lists the frequencies
of the single lines and the mean frequencies of the double lines. The sum of these frequencies is equal to Av. All observations
recorded 1n the left-hand side of the table were made at a field of 3060 gauss. The lines on the right-hand side of the lable are

shown in Fig. 13, and were observed at the indicated fields.

TRANSITION Mc we e e Mc cavss e e
(2,2)e(2,1) 182.38 182.38  0.226937  803.46 183.18 3455 0.227985 803.46
(2,1)e(2,0) 190.51 0.237075 803.58 190.52 3450 0.237087 803.58
(1,1) e (1,0) 200.65 195.38 0.248666  803.58
‘(2, 0)e (2, —1) 199.78 0.249693  803.42 198.82 3440 0.247388 803.66
1,0)e (1, —1) 209.96 20487 0.261284  803.56 210.19 3420 0.261572 803.58

2, -2)e(1, —1) 220.72 220.72  0.274705 803.66 219.79 3410 0.273570 803.42
Sum 803.55 Mean 803.54 Mean 803.54
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were not observed. Fig. 14 shows the Zeeman
pattern of the line F<> F—1 at a field of 0.15
gauss. The frequencies of the observed lines are
tabulated in Table VI. The average half-width
of the lines is 5X10* sec.” in agreement with the
theoretical expectations. The value for Av of Li’
which we obtain from a number of sets of
observations similar to that of Fig. 14 and
Table VI is (803.5440.03) X108 sec.™® or
0.026805 cm™'. The result is in excellent agree-
ment with that obtained from observations at
high field.

From the measured values of the Av of Li® and
Li” we obtain for the ratio (Av);/(Av)¢ the value
3.5209. Using the expression for the ratio of the
nuclear magnetic moments of two isotopes of the
same element, we obtain:

pr o (20/2i4-1); (Av);
——— =3.961040.0004.
we  (2¢/2141)6 (Av)e

(17)

This is to be compared with the moment ratio
of 3.96340.004 obtained from the direct moment
measurements by the molecular beam magnetic
resonance method.

In view of the accuracy with which the ratio of
the Av’'s was determined with the present methods
it was decided to improve the directly measured
moment ratio. Accordingly resonance curves of
Li% and Li” were obtained in LiCl by keeping the
homogeneous field fixed and varying the oscillat-
ing frequency. The ratio of the g values of the two
nuclei is given directly by the ratio of the fre-
quencies at which the minima occurred. No
knowledge of the field is required. In the earlier
experiments the frequency remained fixed and
resonance minima were observed by varying the
current in the exciting coils of the homogeneous
magnet. Since the value of the magnetic field de-
pends not only upon the current in the coils but
also on the previous history of the magnet it was
found that errors due to nonreproducibility of
the field were of the order of 0.1 percent. The
results obtained with the improved procudure
give for the ratio u7/us the value 3.96014-0.0015.

COMPARISON WITH PREVIOUS MEASUREMENTS

These results are, in the main, in excellent
agreement with the results of hyperfine structure
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measurements by spectroscopic and atomic beam
methods, which have previously been made on
the same atoms. Since the present results are of
far greater precision they can serve as a criterion
of the spectroscopic and atomic beam methods.
It appears that the precision of these experi-
mental methods was sometimes overestimated.
In the case of K3 the present results agree with
those of Jackson and Kuhn® and of Meissner and
Luft!® who used spectroscopic methods, and with
the results of Millman! and of Fox and Rabi'
who worked with the atomic beam methods of
zero moments. Our result for the Av of K# is in
good agreement with that determined by Man-
ley'* by atomic beam methods. However, the
ratio (Av)s/(Av)s here obtained is in slight dis-
agreement with his results. The discrepancy falls
outside his limits of error which were more
stringent for the ratio than for the absolute
values.

For Li’ there exist the h.f.s. measurements by
Jackson and Kuhn?® and the atomic beam meas-
urements of Fox and Rabi.? The present result
is in agreement with the result of the atomic beam
methods, and is lower by some three percent than
the value of Jackson and Kuhn.® Manley and
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F16. 14. The Zeeman pattern of the line, |AF| =1, of Li".
A very small amplitude of oscillating field was used, so
that the o-lines do not appear.

Millman? measured the ratio (Av);/(Av)s with
atomic beam methods. Their value is lower than
ours by about 2 percent.

9 D. A. Jackson and H. Kuhn, Proc. Roy. Soc. A165, 303
1938).
( 10 K) W. Meissner and K. F. Luft, Zeits. {. Physik 106,
362 (1937).

11 S, Millman, Phys. Rev. 47, 739 (1935). .

12 M. Fox and I. I. Rabi, Phys. Rev. 48, 746 (1935).

18], H. Manley, Phys. Rev. 49, 921 (1936).
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TABLE VI. Lines in the Zeeman pattern of Li? shown in Fig.
14 and their observed frequencies.

OBSERVED
FREQUENCY
TRANSITION MEGACYCLES
(2, =2)e(1, —1) 803.22
@2, e (1,0
2,001, =1) | 803.45
2, H<e(1,0) }
2,2)e(1,1) 803.84
Discussion

The measurements of the ratio u7/us show that
the ratio of the nuclear moments of the isotopes
of lithium derived from h.f.s. measurements is in
excellent agreement with the directly measured
ratio. Within the limits of experimental error,
there is no indication that nonelectromagnetic
interactions between the electron spin and the
nucleus, if they exist at all, have any measurable
effect on atomic energy levels. This result does
not preclude the possibility of a spin independent
force of the nonelectromagnetic type. Such inter-
actions with the nuclear constituents would not
be revealed by these experiments since they
would merely cause an equal shift of both h.f.s.
levels of a given atomic energy state and would
not, therefore, affect the h.f.s. separation of the
state.

KUSCH, MILLMAN AND RABI

The precise agreement between the values of
the h.f.s. splitting as determined from observa-
tions at high and at low magnetic fields shows
that the quantum-mechanical expressions for the
variation of the energies of the magnetic levels of
h.f.s. multiplets in external magnetic fields are
accurate to at least one part in 10% This is the
most searching test to which these expressions
have been subjected. As a consequence the pro-
cedure may be inverted and the Zeeman effect of
the hyperfine structure used as a field measuring
device for other purposes, such as the more exact
determination of nuclear moments.

As indicated by the results of these experi-
ments, the radiofrequency method applied to the
measurement of hyperfine structure is capable of
greater precision than other known methods. The
resolution, or the power of distinguishing between
very close levels, as here exhibited appears to
represent an advance by a factor greater than
10 This is shown by the ease with which a well-
resolved Zeeman pattern is obtained in fields as
low as 0.05 gauss. It should be possible to in-
crease the precision of frequency measurements
even further by a more refined high frequency
technique. These methods should be applicable
to the study of nuclear quadrupole moments of
light atoms which produce only small departures
from the interval rule and may, therefore, escape
detection by other methods.
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