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Hyyerfine Structures in La III. Nuclear Magnetic Moment of Lanthanum

M. F. CRAMFQRD AND NQRMAN S. GRAcE, McLennan Laboratory, University of Toronto

(Received February 8, 1935)

Hyper6ne structures of the resonance lines of La III have been measured and the hfs separa-
tions of 6s'SI/2, 6p'PI~2, 3, 2 determined. A consistent value of 2.8 nuclear magnetons is ob-
tained for the magnetic moment of the lanthanum nucleus from these separations. The g{I)
factors of several M odd 2 odd nuclei with I= 7/2 are compared.

TABLE I. Hyperpne structure separations and intensities in
the resonance lines of La III.

WAVE-
LENGTH

CLASSIFICATION Hfs SEPARATIoNs, cm 1, INcREAS-'
ING v~

3517A

3172A

6s 2Sy/2 6p 2Po

6g 2&j~2 —6p 2P'3/2

10 6 3 9
0.000 0.240 1.093 1.327

10 7 3 10

10 8
0.000 1.02

10 8
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3O. E. Anderson, Phys. Rev. 45, 685; 46, 473 (1934).
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Research 9, 625 (1932).' A. B. McLay and M. F. Crawford, Phys. Rev. 44, 986
(1933)~' M. F. Crawford and S. Bateson, Canadian J. Research,
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YPERFINE structures in La I and I I have
been studied by Meggers and Burns, '

White and Anderson' and Anderson. ' The latter
investigators have shown from their measure-
ments of La I structures that the nuclear
mechanical moment of »La"' very probably is
7/2 8/2m. The value of the nuclear magnetic
moment also is of interest. As it can be deter-
mined most unequivocally from the hyperfine
structures of a one-electron spectrum we have
measured the structures of the resonance. lines
of La III and from the observed separations
evaluated the nuclear magnetic moment.

La III4 was excited by an electrodeless dis-
charge' in LaC13 vapor. The lines were photo-
graphed in the fourth, fifth and sixth orders of
the department's new twenty-one foot concave
grating' with exposures as short as ten minutes.
The resonance lines 3517A and 3172A (6s2S
—6P '&) were clearly resolved into four and two

components, respectively, with the separations
and intensities (visual estimates) listed in Table
I. The intervals recorded for each multiplet
transition are the averages of measurements
made in two orders on several sets of plates.
The observed intensity is placed above and the
theoretical intensity below each component.

The structure of 3517A, which is completely
resolved, can be interpreted uniquely when the
theoretical intensity relations7 are taken into
consideration. The analysis gives the doublet
splitting of 6s'S&~& as normal and equal to 1.09
cm ', and that of 6p'P&~& as normal and equal
to 0.237 cm—'. The interval factors calculated
on the basis of I= 7/2 from the above separations
are a„=0.272 cm ' and a6„(1/2) =0.059 cm '.

The structure of 3172A is not completely
resolved. Six components are predicted whereas
two are observed with a separation of 1.02 cm ',
slightly smaller than the splitting of 'SI/& de-
termined from 3517A. This decrease is attrib-
utable to a small splitting in the 6p'P3/2 term.

The magnitude of the 'P3/~ splitting was
determined. by a graphical analysis. ' A graph of
the hyperfine pattern as a function of the ratio
a6„(3/2)/a6, was constructed using I=7/2 and
a6, ——0.272 cm '. The components were assigned
their theoretical intensities and the centroids
(of intensity) of the two groups, each with three
components, were then drawn. The position on
the graph where the separation between the two
centroids equalled 1.02 cm ', the measured
interval, corresponded to a6„(3/2) =0.010 cm '.
The total hyperfine separation of 'P3/2 derived
from this value is 0.12&0.02 cm '.

'H. E. White arid A. Y. Eliason, Phys. Rev. 44, 753
(1933).

8 R. A. Fisher and S. Goudsmit, Phys. Rev. 3'7, 1057
(1931).
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Independent calculations of the nuclear g-

factor can be made from the three interval
factors a6„ a6„(1/2), a ,6(3/2) .

For the 6s electron of La III g(I) is given by
the formula'

3 a6, .n', ff 1838
g(I) =

8Ra'Z;Zo'X(1/2, Z,)

where Z„.=57, Z, =3, n//=2. 646, X(1/2, Z;)
=1.43, and c6,——0.272 cm—'. These values sub-
stituted in Eq. (1) give g(I) =0.814. According
to Fermi and Segre" the right-hand side of
Eq. (1) should be multiplied by a correction
factor when the 'S sequence is non-Rydbergian.
Although only two members of the 'S sequence
of La III have been identified, extrapolation
from the quantum defects of the corresponding
sequences of Cs I and Ba II indicates that the
correction factor is approximately equal to
1/1.05.' The inclusion of this factor in Eq. (1)
reduces the value of g(I) to 0.78.

In the case of the p electron g(I) is given by
the formula'

«n(j) Z' j(j+1)(f+k) &«, Z')
g(I) = —1838. (2)

Av l(1+1) X(j, Z;)

For the 6P 'P'/2 state j=1/2, f =1,Z;=Z —4=53,
X(l, Z,)=1.06, As=3096 cm ', X(j, Z„)=1.35,
and a6„(1/2) =0.059 cm '. The substitution of
these values in Eq. (2) gives g(I) = 0.82. For the

6p 'P3]2 state only three of the above factors
have different values, namely: j=3/2, X(j, Z~)
=1.06, and a6„(3/2)=0.010 cm '. These data
substituted in Eq. (2) give g(I) =0.88.

The g(I) values 0.78 and 0.82 calculated from
the splittings of S&/2 and 'P&/&, respectively, are
in good agreement. The former is the more
reliable since the experimental error in the 'S~/g

separation is considerably smaller than that in

the 'P&~2 separation. According to our judgment
the former merits four times as much weight as
the latter. This weighting gives g(I) =0.79.

The g(I) derived from the 'P3/2 is not suffi-

ciently accurate to merit consideration in esti-
mating the most probable value of g(I) It, .

9 S. Goudsmit, Phys. Rev. 43, 636 (1933).
'" E. Fermi and E. Segre, Zeits, f. Physik 82, 729 (1933).

however, agrees with the latter well within the
limits imposed by the experimental error in

aa„(3/2). Thus the hyperfine splittings of the
three terms 6s '5'/2, 6p 'P&/2 3/Q give a consistent
value of 2.8 nuclear magnetons for the magnetic
moment of the lanthanum nucleus.

The g(I) of La has also been computed by
Anderson' from the hyperfine structures of
Sd '6s 4F of La I. His value, 0.72, is in fair
agreement with ours, but as his treatment of the
.three-electron configuration involves a number
of approximations in addition to those made in

the one-electron problem our value appears to
be the more reliable.

It is interesting to compare the g(I) factor of
57La"' with those of other M odd Z odd nuclei
that have the same spin. 55Cs"' is one of these.
As Cs I and La III are members of the same
isoelectronic sequence the g(I) values derived
from the splittings of their 6s'S~~~ states can be
compared with some assurance. According to
Jackson" the splitting of the 6s'S'/2 state of
Cs I is 0.305 cm '. The g(I) obtained from this
separation by a computation similar to that used
for 6s 'S of La III is 0.74. This is in good agree-
ment with the values derived from other terms
of Cs I."""Thus the g(I) factors of Cs and
La are nearly equal. Whether or not the small

difference is significant is difficult to decide since
the formulae used in the calculation of g() are
only approximate.

»Sb"' also is of the 3f odd Z odd type with
I=7/2" and g(I) =0.87. This g(I) value, ' com-

puted from the interaction constant of a Ss

electron in a two-electron configuration of Sb IV,
is not as accurate as those of Cs and La. Al-

though a comparison cannot be made with great
certainty, it appears that the g(I) of nSb"'
is not very different from those of La and Cs;
and for the present limit of accuracy the possi-

bility of these three nuclei having the same

magnetic moment certainly is not precluded.

" D. A. Jackson, Proc. Roy. Soc. A147, 500 (1934). See
also V. W. Cohen, Phys. Rev. 46, 713 (1934).

"N. P. Heydenburg, Phys. Rev. 46, 802 (1934)."L.P. Granath and R. K. Stranathan, Phys. Rev. 46,
317 (1934).

'4 According to S. Tolansky (Proc. Roy. Soc. A146, 182
(1934)) I (Sb"') =5/2. His value is based mainly on the
structures of three unclassified lines of Sb II. I (Sb'") =5/2,
however, is definitely incompatible with the completely
resolved structure of the classified line 3735A (Ss6s 'Si
—5$6P 'Pp) Qf Sb IV'.
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Two other M odd Z odd nuclei 27Co"" and
uSc4' " have I=7/2 and g(I)-factors 0.77 and
1.0, respectively. These g(I) values which the
respective writers give only as estimates are of
the same order of magnitude as those of 55Cs"',

+ K. R. More, Phys. Rev. 46, 470 (/934). See also H.
Kopfermann and E. Rasmussen, Naturwiss. 22, 219 (1934).

"H. Kopfermann and E. Rasmussen, Zeits. f. Physik 92,
82 (1934).See also H. Schuler and Th. Schmidt, Naturwiss.
22, 758 (1934).

57La'" and 51Sb"'
The apparent regularity in mechanical and

magnetic moments pointed out above suggests
that the nuclei Cs, La, Sb and possibly
Co" and Sc" have some structural feature in
common.

In conclusion the authors wish to thank Pro-
fessor E. F. Burton, Director of the McLennan
Laboratory, for his interest in this investigation
and for the facilities placed at our disposal.
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Symmetry Properties and the Identity of Similar Particles
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It is demonstrated that in a system of

unsimilar

particles,
the permissible wave functions are either symmetrical or
antisymmetrical with respect to interchanges of the par-
ticles, if the following principles are assumed to be valid:
(1) The interchange of two like particles produces no
change in any measurable property of the system. In par-

ticular, if p is to be a permissible wave f'unction, 1' p must
be unaltered by such an interchange. (2) All the wave
functions obtained from a given permissible wave function
by permuting the similar particles are also permissible
wave functions for the same eigenvalue.

T has often been remarked that the principle
- - of antisymmetry of the wave function for
electrons appears in quantum mechanics as
something simply superimposed on the theory to
take into account the Pauli exclusion principle.
Also in the treatment of photons a corresponding

principle of symmetry must be superimposed to
obtain the Bose-Einstein statistics, which one
must assume photons to obey in order to obtain
the Planck radiation law. These and other facts
have led to the empirical principle that for any
given type of particle only symmetrical states
occur or else only antisymmetrical states. It is

the purpose of this paper' to show that this
empirical principle follows logically from other
more fundamental principles, vis. :

(1) The interchange of tvoo tike partictes in a
dynamical sysfern mil/ produce no change in any
measurable property of the system.

* Now at the Massachusetts Institute of Technology.
'E. E. Witmer and J. P. Vinti, Phys. Rev. 43, 780

(1933).

(2) &tl the mathematical quantities obtained
from a given permissible mathematical quantity
appearing in the theory, by permuting the similar
particles, are also permissiMe. We have in mind
especially the quantity lt.

These two principles together we shall call the
principle of the identity of similar particles. They
appear to be necessary from the physical point
of view; in other words they are physical axioms.
It has often been assumed that wave functions
neither symmetrical nor antisymmetrical would
distinguish between like particles but explicit
proofs are lacking. We shall show that the sym-
metry or the antisymmetry follows from the prin-
ciples stated above.

Let there be N particles of the type considered,
besides other particles. The coordinates (x;, y;,
s, , o;) including spin o.;, if present, of the ith
particle we shall indicate by x;. The wave
function of the system may be indicated as
follows:

4'(+li &2& ' ' '&N
y b) ~


