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The molecular-beam magnetic resonance method has been used to study the Zeeman effect of the rota-
tional states of 02. The ratio of the g-value of the rotational magnetic moment to that of the electron-spin
moment was found to be gx/gs =+(6 08&074)X10 s. The ratio of the g value of the unpaired electron spin
moments in 02 to that of the free-electron spin moment wasfound to

begs�(02)/g,

(free) = 1 —(190&13)X10 '.

INTRODUCTION

A THEORETICAL treatment of the Zeeman effect
of the rotational states of oxygen was first given

by Schmid, Budo, and Zemplen' in 1936. Recently
microwave absorption techniques have been applied
to the problem by Beringer and Castle' and by Tinkham
and Strandberg. ' The latter authors have extended the
theory to keep pace with improvements in experimental.
accuracy, as has Henry. 4

The work to be presented here is a molecular-beam
magnetic resonance study of the Zeeman eBect in oxy-
gen, undertaken to determine the rotational moment of
the ground state of 02, and to examine the total electron
spin moment. The 02 ground state is 'Z, with two un-
paired electrons giving a total spin of one. Problems of
detector sensitivity restricted our observations to the
first 4 rotational states, E= 1, 3, 5, and 7. Each rota-
tional state is split into a triplet by the difference in
the electron spin-spin energy for the three configura-
tions of the spin and rotational momenta: parallel,
antiparallel, or perpendicular (J=E+1, J=E—1,
J=E where J=K+ S is the total angular momentum).
Zeeman transitions of the type 6J=AE= 0, DM J=&1
were observed both at low fields, where all lines arisiog
within a particular J state are unresolved (i.e., only
the linear Zeeman energy is significant), and at higher
fields, where the 63f~ lines are resolved. In part of the
experiment a transition in the hyperfine structure of
atomic hydrogen was observed along with the oxygen
transitions to determine the ratio of the spin g-value
of the electron in atomic hydrogen to that of the
unpaired electrons in 02.

THEORY

In order to obtain a theory of the Zeeman eGect
suf5ciently accurate to describe the details of the spec-
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trum observable by the present method, it is necessary
to rederive the rotational fine-structure terms along
with the Zeeman terms. ~ This is done in the general
framework of the lambda-doubling theory of Van
Vleck. ' The calculation is straightforward, and we shall
limit our remarks to a discussion of the initial Hamil-
tonian and to those results of the theory which are
pertinent to the experiment.

The customary molecular notation is used in which
J, L, S, and K are the total, orbital, spin, and end-over-
end rotation angular momentum vectors. The pro-
jections of these vectors on the molecular axis, s, are
0 for J, A for L, and Z for S. Since K has no s component,
0=A+X. The projection of J on the external field
direction is 3f~.

The Hamiltonian for the rotational energy, fine
structure, and Zeeman effect for the 'Z ground state of
O' 0' is a sum of terms as follows:

(1) rotational kinetic energy, O E2/22ff, and spin-
orbit interaction, A (L S). If we write K= J—L—S,
A'/28=8, and expand, these terms give

8(J2 J 2)+8(L2 L 2)+8(S2 S 2)+gL S
+(2+28)(S L +SsLv) 28(J+ +JsLs)

28(JQ +J„S„);—
(2) spin-spin interaction of the unpaired electrons':

X2——2)~I (S,2—S'),
where Xi is a constant;

(3) spin-nuclear rotation interaction:

3es ——P,IS K,

where p~ is a constant;
(4) external field interaction with the orbital electron

moment:
K4=POL ' 87

where po is the Bohr magneton;
(5) external field interaction with the electron spin:

Xs=gsfsoS H,

~ The treatment of the Zeeman theory of 02 by Tinkham and
Strandberg, reference 3, is carried to the same order of approxima-
tion as the present work, although in a somewhat di6'erent form.

J. H. Van Vleck, Phys. Rev. 33, 467 (1929).
7 This form of the spin-spin interaction differs from the usual

form, X1(3S,~—S~) only in a diagonal constant. M. Mizushima
and R. M. Hill, Phys. Rev. 93, 745 (1954),also have used the form
2Xg(S,2 —S').
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where g8 is the g-value for the total electron spin in the
pertinent molecular state';

(6) external field interaction with the nuclear
rotation:

3'.p
——gir"p, pK H,

where g~" is the g-value for that part of the rotational
moment due to the rotational motion of the two oxygen
nuclei.

Of the terms in Xi, the first, B(J'—J,'), has the
expectation value B[J(J+1)—0'], which will be recog-
nized as the rotational energy of the symmetric top.'
The expectation value of B(L'—I„') is a constant for
a given electronic state, and is generally added to the
electronic energy. The terms B(S'—S.')+Al. ,s„with
the diagonal value B[S(S+1)—Z']+Aha, give the
principal part of the spin multiplet splitting within a
given electronic state of the molecule. The AI.,S, is of
course, the magnetic interaction of the electron spin
and orbital moments. For the 'Z state of 02, A.=O, and
the AAZ term is not present. The remaining parts of
3.'~ are oG-diagonal, appearing as perturbations of the
principle terms above, and giving rise to the fine
structure e6ects of rotational distortion of the spin
multiplet spacing, lambda doubling, and rho tripling
of the rotational levels. The Hamiltonian 3'.~ was used
in a discussion of 'II and 'Z state 6ne structures by
Hebb ' whose work was later expanded by Schlapp" to
obtain accurate expressions for the oxygen fine structure.

The terms K2 and X3 were treated by Kramers. "
The spin-spin term leads to the largest eGect in the
tripling of the oxygen rotational levels. Development
of the theory shows that the oB-diagonal elements of
K& contribute terms to the fine structure of precisely
the same form as GC2 and SC3, and that it is impossible
to separate these terms by an analysis of the field-free
spectrum. The Zeeman energies of interaction of the
external Geld with the magnetic moments associated
with S, and the nuclear rotation part of K, 3'.s and Xp,
are straightforward. The interaction of the electron
orbital moment with the external 6eld, BC4, leads to
two separate terms in the energy expressions. The
first is the usual electronic contribution to the rota-,
tional moment arising from a component of L de-

veloped along K by rotational distortion of the electron
orbital motions. '3 This contribution has a g-value, g~',
which is added to that of the nuclear rotation, g~", to
obtain the g-value of the total rotational moment of
the molecule, g~. The second term involves a com-

'The convention throughout this paper is to take the g-value
of an angular momentum vector as mills the ratio of the moment
in Bohr magnetons to the angular momentum in units of A. Thus
g, (free electron) =+2.00229.

P F. Reiche and H. Rademacher, Z. Physik 39, "."" (1926); 41,
453 (1927) and R. de L. Kronig and I. I. Rabi, Nature 118, 805
(1926); Phys. Rev. 29, 262 (1927).

"M. H. Hebb, Phys. Rev. 49, 610 (1936)."R. Schlapp, Phys. Rev. 51, 342 (1937).
~~ H. A. Kramers, Z. Physik 53, 422 and 429 (1929)."J.R. Kshbach and M. W. P. Strandberg, Phys. Rev. 85, 24

(1952).

ponent of L arising from perturbation of the orbital
electron motions by the spin magnetic 6elds, with
g-value g„. Both g~ and g„are much smaller than gg.
Not included in the terms above are any eGects of
centrifugal distortion.

Matrix elements of the Hamiltonian are calculated
in the Hund's case "c"representation, and the resulting
matrix diagonalized to a sufficient accuracy to match
the experiment.

It is necessary to carry the energy expressions only
to terms quadratic in the 6eld at the comparatively
low fields at which the measurements were made. The
rotational triplet energies are of the form

WZ X, K%1= (W )J=K, K+1

+ (W )J'=K K+1+ (W )J=K, K+1~ (1)

The 6eld-free energies are

(W') g rr B'x 2X——p, — —
(WP) J px=iB( +a1)—3X—sp&[s(J)]1,

(2a)

and the linear Zeeman energies are

(W') J Q [gs+—(s —1)t;rr]ppHMJ/x,

1 T(J)
(W)J K+1 ' g8

! 2x 2x[s(J)]1
'2x —1 T(J)

2~[s(J)]&
+gx

2x

2(B'—ii/2)
1&g„
l

ppHMz, (2b)
Ls(J)]1

where the various parameters are de6ned as follows,
consistent with the notation of Hebb":

g= J(J+1),
T(J)=)I.—[4J(J+1)+1](B'—-,'p,),
S(J)=X'—2X(B'——,

' )+[4J(J+1)+1](B'—-'„)'

[with the special case [S(0)]1=—X+ (B'—-,'p)]
B'=B—g &n[I (iil BI-.

I ~) I'/(&n —&x)],
)i=4+Xii[I (IIIAL l&) l'/(&n —&z)],

II 1+g «2 ii[(~ I
BL'„I 11)(rr

I
AL'.

I ~)/(« —&x)1,
gx= gz "+gz'= gir

+g «Zn[(& I
BLs I II) (11IL.I~)/(&n —&x)]

g,= 4 Re P,[(z I
AL „Irr) (11IL „Iz)/(z, —z,)].

The sums are taken over all permutations of the elec-
tronic quantum numbers which yield nondegenerate
molecular II states. The parameters 'A, p, , and 8' show
the mixing of II states in the Z ground state (mani-
fested as oG-diagonal matrix elements of 3C& in the
spin-spin and spin-nuclear rotation interactions, and in
the rotational kinetic energy term). The energies Er,



J. M. HENDRIE AND P. KUSCH

T(J+1
2J+3+

LS(J+1)7'J[(J+1)'—MJ']
(~)z K=[(gs gz)—yoH]'

2(J+1)'(2J+1)(2J+3) (Wo)g K—(go)J„,z J~,

and E& are the electronic energies of the Z state and the various 0 states of the molecule. The quadratic
Zeeman energies are given by

T(J+1) —

t g„y X—(8' —-', p) g~2J+3—
(

1——~+ 1—(2J+3)
LS(J+ )]'- ~ LS(J+1)]'-gs

(ll )J K (II )J+1,K=X

(J+1)(J'—Mg')

2J (2J—1)(2J+1)

T(J—1)
2J—1+

LS(J—1)]'

(II )z-z—(& )z—l, z-z-s

2J—1—
T(J—1) -

P gnat X—(8'——,'ll) g„ 1

I 1——
I

—1—(2J—1)
[S(J-1)7» i gs& [S(J—1)]' - gs

(&')J-K—(& )z—l, z=r

(J+2)[(J+1)s—iaaf'~s]

w
2 (J+1)'(2J+1)(2J+3)

T(J) ( g.) (2J+1)[ll—(&'—s~)] g.»+1~
[s(J)7». i g,) Ls(J)7»

(W )J K+1 (+ )J+QZ J'+1

T(J) ll-(&'-si) g~
2J+1&

~

1——~+ 1+(2J+1)
[S(J)7» ~ gs& [S(J)]» - gs

(W)J K+1 (+)1—l, z J—1

(J—1)(J'—Mg')

2J'(2J—1)(2J+1)

4x+1—[T(J)]'/S(J)
+(gsi4oH jfz)s Wgsg&(poHM g)

ge[S(J)]»

1+T(J)(J3'- sl )/S(J)

xLS(J)]'

+g sgz (I40H1»IJ) (2c)
4x'[S(J)7»

The expressions (2c) include all terms of the form gs',
and those terms of the form gsg~ and gagz which con-
tribute as much as one part in 5000 of the quadratic
splitting. All terms of the form g„', g~', and g„g~ have
been dropped in (2c) since they are negligible at the
Gelds used.

The mean frequency in cycles per second, f(E,J),
of the set of transitions of the type hM&= ~1 arising
in a particular state E, J is given by

f(E,J)
= (I a/h)[a(E, J)gs+b(E', J)gz+c(E,J)gn] (3)

The quantities a(E,J), b(E,J), and c(E,J), which are
tabulated in Table I, are the bracket terms which ap-
pear as coeKcients of gs, gz, and g„ in (2b). They have

been evaluated for the observed transitions by use of
the experimental values o'f X, 8', and i4 given by Miller

and Townes. '4 The bracketed term in (3) is of course,
the total g-value, gq(E, J) of the state E, J. In much of
the experiment it was convenient to measure the ratio
of two transition frequencies rather than determine the
magnetic field for each transition. The set (3) may be
put in a useful form for comparison to the data by
dividing by f(1,1). The resulting ratio equations, to a
suQicient accuracy, are of the form

f(E,J)/f(1, 1)=2a(E,J)
+2[b(E,J) a(E,J)]gz/gs+2c—(E,J)g„/gs. (4)

The quadratic separations of a set of transitions of
the type hM J =&1 of a state E, Jmay be conveniently
expressed in terms of the mean frequency, f(E,J), of
the set:

b(E,J)=d(E,J)[f(E,J)]s. (5)
14 S. L. Miller and C. H. Townes, Phys. Rev'. 90, 537 ($9/3).
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Here 8(E,J) is the separation between adjacent transi-
tions of the type AMJ =&1 and the quantities d(E,J)
are calculated from (2c) and are tabulated in Table II.
The total quadratic width of a set of hMg= &1 transi-
tions of a state E, J will be (2J—1)b(X,J). State

K,J GT(K,J)
(10-» sec)

b(Z,J)
calculated

(kc/sec)

b(X,J)
observed
(kc/sec)

TAnLE II. Quadratic separations of oxygen states The tabu-
lated values of S(IC,J) refer to a magnetic field strength in which
the f(1,1) frequency is 164.1 Mc/sec.

1525
321-
209
99
78
45
40
26

5.6646
1.272
1.917
1.500
1.854
1.536
1.820
1.550

1,1
12
32
3,4
5,4
5,6
7,6
7,8

1513~2
313&2
214

APPARATUS

The apparatus was a modiGcation of one previously
described. "For the present experiments it was neces-
sary to change only the source, the radio-frequency
components, and the C Geld.

The oxygen source was a small chamber attached to
the bottom of a cold trap. The oxygen gas passed from
a storage manifold at atmospheric pressure to the
chamber through a needle valve and a 0.32-cm diameter
nickel tube which was soldered to the cold trap for a
considerable length to insure thermal equilibrium of the
gas at the trap temperature. The chamber pressure
ranged from 1 to 4 mm Hg, and the exit slit was 0.0033
cm wide and 0.325 cm high. In planning the experiment
it had been thought that the source temperature should
be kept low, in order to obtain as large a population as
possible in the low-rotational states. The lowest tem-
perature easily attainable was 77'K, by use of liquid
nitrogen. In fact, tests at 77'K and at room tempera-
ture, 300'K, showed that the available beam intensity
in the low-rotational states of interest was about the
same at both temperatures. At the lower temperature
the scattering of the beam was so severe that the total
beam intensity was reduced to the point where the
advantage gained from increased population of the
low-rotational states was lost entirely. Even with no
advantage in beam intensity, however, it was worth-
while to make observations at the lower temperature
because of the reduced line-width and increased de-
Qecting power of the magnets, and all observations on
oxygen were made with the source at 77'K.

In the experiment to determine g8 in 02, it was
necessary to make a rapid interchange of beams of
hydrogen atoms and oxygen molecules. The hydrogen
atom source was a Wood's discharge tube which re-

mained stationary in an appropriate position to supply
the hydrogen beam, while the oxygen source chamber
was in this case attached by a heavy copper bar to a
cold trap which could be rotated under vacuum by
means of a ground joint. A rotation of the trap inter-
posed the oxygen source between the discharge tube
and the fore slit to give an oxygen beam.

The oscillating magnetic Geld necessary to induce
the various transitions was supplied by radio-frequency
currents in a copper loop with a length of 1 cm along
the beam. Studies of the residual Gelds of the deQecting
magnets indicated that a longer transition region would
result in substantial line-broadening due to field in-
homogeneity. In most of the measurements of the 02
Zeeman spectrum at low fields, the copper loop was
enclosed in a grounded shield. The rf current at fre-
quencies below 50 Mc/sec was supplied by a General
Radio Type 805 C oscillator, and at frequencies above
100 Mc/sec by a General Radio Type 757 oscillator. In
both cases the frequency could be varied continuously
and was stable over the time required to observe the
transition maximum, and to measure the frequency at
the maximum.

A uniform magnetic field perpendicular to the beam
was produced in the C region by a set of Helmholtz
coils. The narrow width of the vacuum envelope in the
C region made it possible to put the Helmholtz coils
outside the apparatus, and to have them of sufhcient
size to give a uniform field over the 1-cm transition
region. The coils had a mean diameter of 25 cm, and
at a current of 75 amp drawn from storage cells pro-
duced a Geld of 120 gauss. The current in the Helmholtz
coil was monitored continuously by a potentiometer
connected across a standard resistance in series with
the coils. A mercury rheostat was manually adjusted to
maintain a constant current.

a(Z,J) b(Z,J)

TABLE I. Numerical coeKcients for the linear Zeeman fre-
quencies of Eq. (3). The quantities a(E',I), b(E,J) and s(E,J)
are the bracket terms which appear as coeKcients of gg, g~, and
g~ in Eq. (2b), except for states of the type I=IF 1, where the-
signs of a(X,J) and b(K,I) are reversed to give positive fre-
quencies in Eq. (3).

11
1,2
32
3,4
5,4
5,6
7,6
7,8

0.500000
0.483996
0.317328
0.247357
0.197357
0.165797
0.141987
0.124612

0.500000
0.516004—1.317328
0.752643—1.197357
0.834203—1.141987
0.875388

0—0.407048—0.407048—0.223409—0.223409—0.154238—0.154238—0.117822

"A. G. Prodell and P. Kusch, Phys. Rev. 88, 184 (1952).

LINE WIDTHS AND INTENSITIES

The line widths are attributable to four eGects: the
natural width, rf power-broadening, quadratic splitting,
and Geld inhomogeneity. The natural width arises from
the uncertainty in the transition energy due to the
Gnite time a particle spends in the transition region
and is given by hfht=i. For oxygen molecules at
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77'K, 6f= 20 kc/sec, and for hydrogen atoms at
300'K, hf=222 kc/sec.

Power-broadening results from use of a stronger
oscillating field than is necessary to obtain the maximum
transition probability. A common technique in beams
experiments to eliminate power-broadening is to ob-
serve transition intensity as a function of rf power,
and to set the rf power at the lowest level for which a
small increase in power gives no increase in transition
intensity. This procedure was followed for the hydrogen
line, which had a signal-to-noise ratio of about 45 (12-
cm intensity against 2 to 3 mm of noise on the galvan-
ometer scale). The oxygen lines were of smaller intensity,
however, with signal-to-noise ratios of 2 to 4, and it
was difFicult to judge the proper level of the rf power.
In these circumstances there was a strong tendency of
the observer to adjust the rf power to a level higher
than was necessary. Further, in some of the observa-
tions on unresolved lines at low Geld the rf power was
set well above the optimum level for d Mg ——+1 transi-
tions in order to develop multiple transitions, 63f~
=~2, &3. The advantage of such a procedure was in
the proportionately larger moment changes associated
with the multiple transitions and in the improved
defIecting power of the apparatus which resulted. It.
should be pointed out that for unresolved lines the
transition statistics are not improved by developing the
multiple transitions. At high magnetic fields, however,
where all lines are resolved, the intensity of an in-
dividual AMJ=+1 transition may be increased by
superposition of a multiple-quantum transition. A
profile of a resolved line at 120 gauss, previously
published, " shows the AM J——~ 1 transitions with
widths of about 50 kc/sec at a power level sufficient
to develop the double- and triple-quantum transitions.

In the low-Geld measurements on oxygen, where
unresolved envelopes of transitions were observed, the
quadratic splitting of the component transitions caused
a broadening of the envelope. To minimize the effect,
observations were made at fields sufIiciently low so
that the quadratic splitting was considerably less than
the natural line-width. The "high" and "low" fields
referred to in this paper are defined by the quadratic
splitting: a "high" field being one at which the com-
ponent transitions of the f(1,1) and f(1,2) lines are
resolved, and a "low" field being one for which the
quadratic splitting contributes little to the width of the
unresolved envelope. All of the "high"-field measure-
ments refer to a Geld of 120 gauss, while typical "low"
fields were 1.0 to 16 gauss.

The field-inhomogeneity broadening was reduced to
a small part of the total line-width by use of a short
(1-cm) transition region.

The intensity of a given transition depends upon the
rf transition probability, the efIiciency of detection of
the apparatus, and the populations of the states in-

volved in the transition. In general the rf transition
probability increases with increasing rf power to a
maximum of 0.72 and then falls to a constant value of
0.50 for a further increase in rf power. ' For the hydro-
gen line, the rf power was set in such a way as to give
a transition probability near the maximum. For the
oxygen lines, the rf power was generally on the high
side, for reasons discussed earlier, and the transition
probability closer to 0.50.

The Pirani gauge detector depends on the thermal
conductivity of a gas at low pressure for its action. The
detection efFiciency of the gauge is therefore propor-
tional to (molecular mass) l. A hydrogen beam is
detected readily, and an oxygen beam less so by a
factor of four, for the same number of particles reaching
the gauge per second. The magnitudes of the refocused
beams were, for hydrogen, 40 to 45 cm, and for oxygen
16 to 20 cm of galvanometer-scale deQection. The
hydrogen beam could have been increased by increasing
the source pressure. For the 77'K oxygen beams, on the
other hand, scattering immediately in front of the
source slits limited the pressure in the source to a value
which gave:about 20 cm of refocused beam.

The fractional population of an oxygen state E, J
of rotational and fine-structure energy W'(E,J) is
given by the Boltzmann expression

(2J+1) exp[ —W'(E,J)/kT]
P(E,J)= (6)

Qx, J(27+1) exp[ —W'(E,J)/kT j

TABI.E III. Populations of oxygen rotational states
at 77'K and 300'K.

State Z,J
1,0
1,1
12
32
3,4
33
5,4
5,6
5,5
7,6
7,8
7,'7

%in J
1.76
4.91
8.47
6.50

11.68
8.75
7.20

10.42
8.49
5.20
6.82
5.77

77oK
%inMz

1.76
1.64
1.69
1.30
1.30
1.25
0.80
0.80
0.77
0.40
0.40
0.38

%in J
0.46
1.34
2.26
2.11
3.79
2.93
3.35
4,85
4.06
4.05
5.31
4.63

300oK
% inMg

0.46
0.45
0.45
0.42
0.42
0.42
0.37
0.37
0.37
0.31
0.31
0.31

Table III gives the populations of oxygen rotational
states at 77'K and 300'K. The fractioii of the refocused
beam appearing in a given transition is equal to the
sum of the fractional populations of the two states
involved multiplied by the transition probability. For
a refocused oxygen beam of 20 cm, the individual 63fq
transitions in f(1,1) and f(1,2) had an intensity of 4.8
mm at maximum transition probability. Because of
the reduced populations in the rotational states above
E, 7=3, 2, the individual AMJ transitions disappeared
into the noise and were not observable. At low Gelds,

"P. Kusch, Phys. Rev. 93, 1022 (1954) and 101, 627 (1956). "H. C. Torrey, Phys. Rev. 59, 293 (1941).
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however, the superposition of all of the single and
multiple transitions available in a state E, J into an
unresolved envelope made possible observation of states
up to E, J=7, 8.

The intensity of the hydrogen line as observed on
the galvanometer scale was about 25 times the maxi-
mum intensity observed for any resolved oxygen line.
The center of the line could, therefore, be determined
to high precision.

PROCEDURE

Since the apparatus was arranged to focus at the
detector molecules which had the same morn. ent through-
out the trajectory, a transition was observed as a de-
crease in signal at the galvanometer. Two methods were
used to determine the center of a line. The first was to
approach the line alternately from higher and lower
frequencies, each time noting the frequency which
seemed to correspond to a maximum in line intensity.
The average of 10 to 20 such observations was than
taken as a single determination of the line frequency.
The second method was to measure the frequencies of
two equal-intensity points on the line, one each side of
the center. The average of 4 to 6 such pairs of points
then formed a determination of the line frequency. In
either method a second line was similarly measured, or
perhaps several other lines, and then the whole se-
sequence was repeated several times. During such a
run the C-field current was continuously monitored by
a second observer who also recorded the data. Since the
deQecting magnet currents were not monitored, the

deflecting fields drifted somewhat in the course of a
run, and contributed a time-variable component to the
C field. This field drift was generally monotonic, and
always of small magnitude, so that the procedure of
observing two lines alternately several times permitted
the effect to be removed from the data by appropriate
interpolation.

In observing some of the weaker lines where the
signal-to-noise ratio was poor, it became clear that
there was considerable danger of introducing a preju-
diced repetitive error. To avoid such errors the C field
was changed between each set of observations. The
observer was told that the field had been changed, but
not the direction or magnitude of the change, and he
then had to make a fresh and unbiased determination

TABLE IV. The ratios of line frequencies observed in,
the Zeeman spectrum.

of the line frequencies. This technique gave a large
number of independent values of a frequency ratio,
each of low precision but with random errors. Field
drift was compensated in these measurements by
alternating the order of the two lines in successive ratios.

The frequency measurement of the rf field was made
with a General Radio 620—A wave meter. With this
instrument, frequencies were measured in terms of an
internal crystal oscillator which was found to be stable
to several parts per million over long periods of time.

RESULTS

A. Oxygen Zeeman Spectrum

Experimental results on the frequency ratios f(E,J)/
f(1,1) are given in Table IV. These are the mean fre-
quencies of the sets of transitions within the states E, J,
and are given in the theory by just the terms linear in
the field. The quadratic terms contribute only a sym-
metric splitting of the lines about the linear frequency,
and cubic and higher power terms are negligible at the
fields used in these experiments. The experimental
frequency ratios may be used with Eqs. (4) in a least
squares solution for g&/gz and g„/gz. The result of
this calculation is

grr/gs=+ (6 08+0. 74) X.10

g„/gs = —(1.613+0.028) X 10 3,

where the errors are standard deviations. The accuracy
is poor because the quantities gK and g„give small
eftects in the spectrum compared to the gq terms. It
will be noted that the gs coeKcient ratios, a(E,J)/
a(1,1), given in Table IV, fail by a substantial margin
to give the observed frequency ratios. If the frequency
ratios are calculated from (4) with the gx/gs and g~/gs
values determined above, the results fall well within
experimental error, as shown in Table IV.

In terms of the customary definition of the gyro-
rnagnetic ratio, where the moment is measured in terms
of the Bohr magneton,

grt=+(1.22&0.15)X10 4,

g„=—(3.226+0.056) X 10 '.

The part of gK which refers to rotation of the two oxygen
nuclei about one another, gz", is just ~(re/M)—
= —2.72&(10 4, where m and M are the electron and
proton masses, respectively. The electronic part of
g~, g~', is then

12
32
3,4
5,4
5,6
7,6
7,8

I f(K,J)/f(~, i)3.b.

0.969334&0.000043
0.635727&0.000050
0.495512&0.000046
0.395262&0.000031
0.332145~0.000023
0.284374&0.000044
0.249706&0.000034

a {K,J)/a {1,1)

0.967992
0.634656
0.494714
0.394714
0.331594
0.283974
0.249224

Lf(K,J)/f(&,& )peale

0.969309
0.635770
0.495496
0.395265
0.332171
0.284316
0.249695

g& 8 Re&nL(~
I
~l ulil)(1111'wl~)/(&n —&z)]

=+ (3.94a0.15)X 10-'.

These values may be compared with those of Tinkham
and Strandberg, ' who quote gz. ———(1.35&0.30)X 10 '
and g„=—(2.94&0.05) X 10 '.The gx values are in excel-
lent agreement, while those for g„dier by substantially
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TABLE V. Total g-values of the oxygen rotational states.

State Z,J
1,1
1,2
32
3,4

gg(E,J)
1.001017&0.000013
0.968323~0.000018
0.63&"6&0.000028
0.494918+0.000014

State K,J
5,4
5,6
7,6
7,8

g~(Z, J~

0.394584&0.000020
0.331764~0.000014
0.283857&0.000018
0.249379&0.000014

more than the stated errors. ' lt should be noted that
Tinkham and Strandberg obtain g~ and g„ from a
least-squares Gt of microwave spectra under the assump-
tion that gs(Os) has the free-electron value, 2.00229,
to a precision of &60X10 '. As is discussed in the next
section, the present experiment shows that gs(Os)
deviates from the free-electron value by —190)&10 '.
Although the deviation is not large, it is amplified by
the fact that the g& terms dominate the Zeeman energy
expressions, and this may in part account for the lack
of agreement in the g~ values.

The total g-values of the oxygen rotational states are
given in Table V.

The quadratic splittings at 120 gauss of the three
states for which observation of the resolved transitions
was possible are given in Table II.

In both of the states in which a statistically signifi-
cant body of data was obtained for the splitting,
E, J=1, 1 and 1, 2, the observed and calculated split-
tings diGer by substantially more than the estimated
experimental errors. The source of the difference is
unknown.

B. g~ of Oxygen

In a series of runs at high fields, sixteen independent
sets of measurements of the two frequencies f(1,1) of
oxygen and fH of the line $Ii, art 1,0~ 1, —1——]of the
hydrogen hyperfine structure were obtained. The fre-
quency of the hydrogen line is given by"

fH= l»HL(1+r')' —(1—r) j+grt o&/h, (7)

where r=[gz(H) —gzjtssB/hhvH, gz is the proton g-
value, and A~I is the hyperfine splitting. All of the
parameters in (7) are known to high precision from
other experiments:

At H= 1420.40573+0.00005 Mc/sec, '

gg (H)/gr —658.2171+0.0——006 s'

2gz/gr= 657 475—+0 00. 8&ss.

"Differences in sign between the papers of Tinkham and
Strandberg and the present work are due to the different g-value
conventions used. Thus, our g-values ga, g~,g~", and g~' are of
different sign than those of Tinkham and Strandberg, while g„ is
of the same sign. A factor of 2 difference appears in the numerical
coefficients of the sums over II states because of the method of
summing used by Tinkham and Strandberg: see p. 943 of refer-
ence 3."J.E. Nafe and E. B.Nelson, Phys. Rev. 73, 718 (1948).

se P. Kusch, Phys. Rev. 100, 1188 (1955).
s~ Koenig, Prodell, and Kusch, Phys. Rev. 88, 191 (1952).
s' J.H. Gardner and E.M. Purcell, Phys. Rev. 76, 1262 (1949);

J. H. Gardner, Phys. Rev. 83, 996 (1951).

where g1,=1, the electron orbital g-value. From the
observed hydrogen frequencies we determine the cor-
responding values of r. The ratio of f(1,1) of oxygen to
r does not contain tsar/h:

f(1,1)/r= -', gs(Os)/gz(H) L1+gz/gz(Os) j
X f»H/i1 —gr/g~(H) j} (9)

The experimental value of the ratio f(1,1)/r is

f(1,1)/r= 709.0466&0.0071 Mc/sec, (10)

where the error is the standard deviation of the data.
To a sufiicient accuracy for our purpose the hydrogen
g-value, gz(H), is equal to gz(H), the spin g-value of the
electron bound in the hydrogen atom. "The gs(H), in
turn, diGers from the spin g-value of the free electron
by a well known relativistic correction":

g q (B)/g, (free) =
gtt (H)/g, (free)

= sL1+2(1 n')Ij=1 —(17 SX10 '). (11)

The combination of (9), (10), and (11)yields the ratio
of the spin g-value of the unpaired electrons in 02 to that
of a single free electron:

gs (Os)/g, (free) = 1—(190&13)X10-'.

Since g, (free)/gl. ——2.002292 s' we also have

gs (Os)/gz, =2.001910&0.000026.

Rigorously, this value of gs(Os) should also carry the
notation E, J=1, 1 since only the f(1,1) transition
entered into its determination. Since, however, the
calculated ratios f(E,J)/f(1, 1) agree within experi-
mental error with the observed ratios after a suitable
choice of the constants g~ and g~, there is no evidence
of a deviation of the value of gs(Os) in states of E, J
other than 1, 1 from the value given above.

As noted above, the observed high-Geld quadratic
splitting of the f(1,1) transition fails to agree with the
calculated value by 12 kc/sec. If this difference is the
result of an undetected systematic error in the measure-
ment of f(1,1), then an additional uncertainty of 6
parts in 160 000 must be assigned to the ratio
f(1,1)/r. The quantity gtt(Os)/g, (free) then becomes
1—(190~40)X10 '

The deviation of —190X10 ' between gtt(Os) and
g, (free) may be compared to a similar deviation in
atomic oxygen. Rawson and Beringer'4 have measured
the atomic g~ values of the 'P~ and 'Pg states and Gnd

gZ('&t)obe/gz('&t)esto=1 —s (174X10-'),

gJ( J 2)obs/gJ( Ps)oslo= 1 s(240X10 ).
where the calculated gz values are both given by
sLgz, +g, (free)j, with gz equal to unity and g, (free)

s' N. P. Mott and H. S. W. Massey, Theory of Atomic Collisions
(Clarendon Press, Oxford, 1949), second edition, p. 72.

s4 E. B.Rawson and R. Beringer, Phys. Rev. 88, 677 (1952).
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=2.002292. Kambe and Van Vleck" have examined
corrections to gs('Pt)„~, and gs('Ps)„t, arising from
departures from Russell-Saunders coupling in atomic
oxygen, motion of the nucleus, relativistic corrections,
and interference of the external magnetic Geld with the
various magnetic interactions within the atom. Their
results are that corrections of —171)(10 ' and —232

» K. Kambe and J. H. Van Vleck, Phys. Rev. 96, 66 (1954).

X10-s must be applied to gs('Pt)..t. and gq('Ps)«~„
respectively, in excellent agreement with the experi-
ments. Presumably eGects similar to those discussed
by Kambe and Van Vleck occur in 02, and account for
the deviation between gs(Os) and g, (free) observed in
the present experiment.

We gratefully acknowledge the generous assistance
of Professor Henry Foley in the clariGcation of theo-
retical questions.
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Hyperfine-Structure Separations and Magnetic Moments of Rb", Rb", Rb", and Rb "f
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Measured by an atomic-beam magnetic resonance method, the hyperfine-structure separations and
magnetic moments of four neutron-de6cient isotopes are found to be

Rb ' Br=5097&13 Mc/sec, ps=+2.05+0.02 nm;
Rb~, trav =3094.1+2.4 Mc/sec, tsr =+1.50&0.02 nm;
Rb, dr=3183.3&5.8 Mc/sec, as=+1.42+0.02 nm;
Rbn, Dr =3077.5&5.1 Mc/sec, nr = —1.32&0.02 nm.

I. INTRODUCTION
" 'N several previous papers, '—' accounts have been
~ ~ given of the measurements of the spins of four
neutron-deGcient isotopes of rubidium and a metastable
state of one of these isotopes. Also, the hyperGne struc-
ture and magnetic moment of Rb" have been measured

by the zero-moment atomic-beam method. ' In this
paper, report is made of the measurement of the atomic
hyperfme structures (hfs) of Rb" Rb" Rb", and Rb~
by use of the atomic-beam magnetic resonance method,

and radioactive detection. A diferent method of pre-
paring the radioisotope Rb" for atomic-beam purposes
is discussed in some detail, because the low intensities
used in the previous work had to be augmented to
obtain suKcient sensitivity to determine the sign as
well as the absolute value of the hfs. Because of the
small numbers of atoms produced in the Berkeley
60-inch cyclotron, special procedures were employed in
the search for resonance lines to minimize the amount
of material required. No attempt was made to deter-
mine the hfs any more accurately than was necessary
to determine the sign of the moment.

t This work was done under the auspices of the U. S. Atomic
Energy Commission and the Once of Naval Research.' Hobson, Hubbs, Nierenberg, and Silsbee, Phys. Rev. 96, 1450
(1954).

'Hobson, Hubbs, Nierenberg, Silsbee, and Sunderland, Phys.
Rev. 104, 101 (1956).

', Hubbs, Micr'enbdrg, Shugart and Silsbee, Pliy's. Rev. 104, 757
(1956).

II. ISOTOPE PREPARATION

For most of these experiments, the radioisotopes were
produced by alpha particles on natural Br and Br".
The chemical extraction and beam preparation have
been described in reference 2. However, in order to
increase the signal-to-noise ratio, absorber foils were
used to select the particular (n, kN) reaction desired.
In a general way this procedure improved matters
except for Rb", for which the (cr,rt) reaction yield is
very poor. Although several curves were run using this
reaction, it was decided to use (p, rt) reactions on Kr in
an attempt to increase the Rb" yield. Fortunately Kr"
is 57% abundant, compared with 12% for Kr", so that
production of Rb" is favored over that of Rb ' The
improvement in signal-to-noise ratio over the Br bom-
bardments was about 4 to 1. In addition, runs using
the Kr~(p, rt)Rbs4 reaction provided an independent
assignment of spin 2 for Rb~.

In practice approximately 2 liters of krypton at
atmospheric pressure is contained in a water-cooled,
rectangular tube of cast aluminum with a 1-mil alu-
minum window at one end for the 12-Mev proton beam.
Following suitable exposure to a proton beam of
approximately 25 microamperes, the assembly is allowed
to stand for several days to permit the short-lived
activities to decay. After the krypton is frozen out and
replaced with air, the entire assembly is washed with
several hundred ml of water containing controlled
amounts (~20 mg) of RbBr carrier. This is boiled
away' to a few dr'ops of RbBr solution, and the concen-


