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obtained by use of Einstein’s relation and Egs. (37)
and (39).

The equipotentials for the small-signal case are given
by

(Dn—=Dy)-2y0 Ap—Aps

0D, Api—Apy

Ax (82)

as obtained by expanding the logarithms. This result
may be written explicitly in terms of y by use of the
appropriate expressions for Ap and E,(°9. From it, the
distance along the slab between intersections of an
equipotential with the surfaces is given by

Ax= (D,.—Dp) . 2y0/0D0

for the small-signal case. This Ax is a direct measure
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of 9. It is large compared with the thickness 2y, of the
slab, since # has been assumed small.
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Hyperfine Structure and Nuclear Moments of Gadolinium*
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Study of the optical hyperfine structure of several Gd 1 lines using enriched isotopes shows that the spins
of the odd isotopes Gd'%® and Gd'* each are §. The ratio of the magnetic moments is x;(Gd!5) /u;(Gdw7)
=0.80-0.02. The magnetic moment for Gd'¥” obtained from two lines is —0.37+0.04 nm. Deviations from
the interval rule in these two lines can be accounted for with a quadrupole moment of approximately
1.0X1072 cm? for Gd'¥7 and 1.1X1072% cm? for Gd!%5. The known anomolous isotope shift between neutron

numbers 88 and 90 (Gd!*2 and Gd!'™) is accurately measured for several lines.

INTRODUCTION

PECTROSCOPIC measurements of the nuclear

moments of the heavier odd-neutron nuclei have
been hampered by the presence in the corresponding
elements of several even-even isotopes. With the
availability of enriched samples, however, it has
become possible to add to the rather scanty data on
such nuclides for comparison with predictions of the
unified shell model developed by Bohr! and by Bohr
and Mottelson.? The recent work of Mottelson and
Nilsson® shows that marked deviations are to be ex-
pected from the moments derived from the single-
particle model in those regions of the periodic table
where the nuclear deformations are large. Thus whereas
a spin I=7/2 was assigned by Klinkenberg? to the odd
isotopes 4Gd!%® and :Gd'® on the basis of the shell
model, it appears that if the nuclei are sufficiently
deformed the lowest level should be either 3/2~ or 5/2+.5

* Work supported by the National Science Foundation.

LA. Bobr, Kgl. Danske Videnskab. Selskab Mat.-fys. Medd.
26, No. 14 (1952).

2 A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab. Selskab
Mat.-fys. Medd. 27, No. 16 (1953).

3 B. R. Mottelson and S. G. Nilsson, Phys. Rev. 99, 1615 (1955).

4P. F. A. Klinkenberg, Revs. Modern Phys. 24, 63 (1952).

5 Reference 3, Fig. 2, p. 1616.

Previous studies®® with natural gadolinium have
been chiefly concerned with the isotope shifts, and
Murakawa?® has confirmed the anomalously large shift
between isotopes 152 and 154 that was expected by
analogy with Nd and Sm. This author, and somewhat
earlier Suwa,’ attempted to draw conclusions about the
spins and magnetic moments of the odd isotopes of Gd
from the unresolved structure underlying the strong
components due to the even isotopes. Both investi-
gators concluded that the spins were probably greater
than 3/2, and Murakawa assumed the value 7/2 in
estimating the magnetic moments. It is therefore
apparent that further study of the hyperfine structure
of Gd with separated isotopes was needed. The very
complete classification of the lines of both Gd 1 and
Gd 11 by Russell’® makes it possible to derive the nuclear
moments from the observed splittings.

The composition of the four samples of enriched
isotopes used in the present work, as compared with
that of natural Gd, is shown in Table I.

¢ P. F. A. Klinkenberg, Physica 12, 33 (1946).

"P. Brix and H. D. Engler, Z. Physik 133, 362 (1925).

8 K. Murakawa, Phys. Rev. 96, 1543 (1954).

?S. Suwa, J. Phys. Soc. (Japan) 8, 377 (1953) and Phys. Rev.
86, 247 (1952).

10H. N. Russell, J. Opt. Soc. Am. 40, 550 (1950).
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F1c. 1. Intensity
distribution of Gd 1
25015 from two mix-
tures of the isotopes.
The dotted curves
indicate the posi-
tions assumed for
the individual com-
ponents. The dashed
curves represent
their sum.
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In the present work the spectrum was excited in a
Schiiler tube with demountable cathode, cooled in
liquid nitrogen, similar in design to that described by
Arroe and Mack.!! The hyperfine structure was re-
solved by means of a Fabry-Perot etalon crossed with
a three-prism glass spectrograph in the external-beam
mounting. The etalon mirrors were nine-layer dielectric
films of ZnS and cryolite, which give a reflectance of
over 959, and negligible absorption throughout the
region of the spectrum from 4200 A to 5900 A. With
the larger spacers used, these yield a calculated resolv-

A5856.22 A 41'5d6s” a°D3 — 41%6s 5d(a°DN6p 2°F,

1
Gd 57 G d155
1570 |58 . 1550
¢ P 156 ¢ .
156 1 |
0 32 54 73 9 23 .43 57
g — mK
A4436.1A Unclassified
157
Gd Gd'
158 157a b 155a
b
c d 156 c d
156) I
0 6 53 @l [l 0 .34 .64 ~86
o — mKk

Frc. 2. Hfs of Gd 1 24436.1 and 5856 from
enriched isotope samples.

110, H. Arroe and J. E. Mack, J. Opt. Soc. Am. 40, 386 (1950).

enet’ Lot .
™ T T T

T

e

d 158 ¢ b 156

ing power to excess of 105, but the Doppler width
of the lines limited the effective resolution to approxi-
mately 8X105.

Gd!%5 and Gd!57

On plates taken with the samples enriched in the odd
isotopes the hfs of Gd!* and Gd!'*” were found to be
very similar except that the Gd!® splittings were about
four fifths as large as those of Gd'%". All observed lines
with ¢"'F° as the lower term show a structure consisting
of three resolved components with the strongest toward
the red. (A\5015 is typical of these.) Most lines with
a°D° as the lower term show only a single slightly
broadened component for the odd isotope and a weaker
satellite which can be attributed to the most abundant
even isotope in the sample. A few lines with this lower
term however have structure with three or four resolved
components. The unclassified line 4436.1 A shows five
components on Gd'% plates and four barely resolved
components on Gd!% plates.

As shown in Table I, the samples enriched in the odd
isotopes contained enough of the even isotopes to
appreciably distort the observed patterns. This dif-
ficulty was partially overcome by adding a known
(roughly equal) amount of the natural mixture. If the
observed contour of the pattern than behaved as ex-
pected, the interpretation given to the original pattern
was assumed to be correct. Essentially this is a method
of extrapolating to zero concentration of the even
isotopes.

Results of intensity measurements on the line A5015
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(a"'Fs°—3"Gy) for both the enriched and mixed Gd!®”
samples are given in Fig. 1.2 The dashed curve was
obtained by assuming a value of 3/2 for the spin, giving
each component its theoretical intensity and shifting
their positions until the composite curve made the best
fit with the observed contour (solid curve). The posi-
tions of the even isotopes were assigned in accordance
with isotope shift data obtained using natural Gd. Only
the diagonal components of the hfs needed to be con-
sidered since the intensity of the off-diagonal ones
comprises only about two percent of the total intensity.
No other assumed spin value will give a contour that
fits the one observed. Results for Gd!%® were similar to
those shown for Gd'¥". From this it is seen that the
many lines with a three-component structure may be
interpreted on the basis of a structure for the odd
isotopes consisting of four components which degrade
toward the red.

The interpretation of the structure of the lines A5856
(6°Ds°—3°Fg) and M436.1 (unclassified) are given in
Fig. 2. The presence of four components for the odd
isotope confirms that its spin is 3/2 in each case. The
evidence from A4436.1 however is not conclusive be-
cause of the unknown J-values for this line. Thus all
available evidence indicated that 7=3/2 for both Gd!%5
and Gd'¥.

The hfs of the odd isotopes show marked deviations
from the interval rule in lines where the positions of
three components could be accurately measured or
estimated. For example, using the interval rule and
the separation of the first two components gives 110
mK for the total width of the structure for Gd!¥’ in
A5015. This would place the fourth component well
outside the observed contour and 20 mK from its
position deduced from the intensity curve. The line
A5103 exhibits a similar behavior. There are no identi-
fied levels which could perturb the terms involved in
these two lines so these deviations from the interval
rule have been ascribed to a quadrupole moment.

The hfs of a term is expressed by the following
equation®®:

Ac=3AK+B{K(K+1)— (4/3)IJ(J+1)(I+1)},
where K=F(F+1)—I(I4+1)—J(J+1), and

3 eQ (3 coszﬁ—l)
B:——— .
8 helJ (2I—-1)(2T—-1) i Av(My=J)

Ac is the displacement of the hfs level from the center
of gravity of the term. In order to use this equation
for the evaluation of the nuclear -moments the in-
terval factor 4 must be expressed in terms of the
coupling constants a; for the individual electrons and

2 The name kayser (abbreviated K) and the symbol ¢ are used
for cm™. The abbreviation mK is used for the millikayser
(10%K).

13 H, Kopfermann, Kernmomente (Akadamische Verlagsgesell-
schaft M. B. H., Leipzig, 1940).
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TasLE I. Composition of the enriched isotope samples
compared with natural Gd.

152 154 155 156 157 158 160

Nat. Gd 0.2 2.86 15.61 20.59 1642 2345 20.87
Gdres 0.5 12 723 177 4.6 2.9 0.8
Gdre7 004 011 123 73 69.7 199 1.72
Gd#2 149 9.7 273 193 101 117 7.0
Gdre 03 332 386 159 5.5 4.5 2.0

[(3 cos?0—1)/r*]av(ry=7) must be evaluated in B.
With the assumption that the terms are formed by pure
LS-coupling these calculations can be made from the
LS-coupling wave functions. A summary of these
calculations for the terms of the lines analyzed in the
present work is given in the appendix.

The lines which were used for the determination of
the magnetic and quadrupole moments were the lines
A5015 (4f75d%6s a*Fs°—4f75d%6, z'Gy) and A5103 (aM'F;°
—3!Gs). These lines were chosen because they have a
relatively wide hfs and are not disturbed by close
neighboring lines. Also the LS-coupling wave functions
for these levels may be easily determined using the
method of Gray and Wills.™

Since only the positions of the diagonal components
could be obtained from the intensity curves it was
necessary to take into account the hfs of both the initial
and final terms when calculating the moments from the
hfs of a line. This was done by subtracting the hfs of
the initial term from that of the final term. As an
example the separation of the first and fourth com-
ponents in A5015 is given by

Ac(1—4)={(51/2)4 (a"Fs°)— (102B (a"F5°)}
—{(57/2) A (z1Gs)— 114B(2"Gy)}.

Substituting the values given in the appendix for the
A’s and the B’s it was found in all cases that to within
experimental accuracy the aq’s could be neglected and
that the ratio of the coefficients of @, and ¢, were con-
stant for a given line. Results of calculations on the two
lines considered along with the necessary data are

TaBLE II. Summary of calculations to determine the nuclear
moments from the structure of A5015 and A5103.

GdisT  Gdiss

A5015 Ac(1—2), mK —41 —34
Ac(1—2)/0.594

=0,—1.700,—12.0X10%Q  Ac(1—4), mK —90 —72
Ac(1~4)/1.59

=a,—1.702,+0.67X 107%Q a—1.70a, —57 —46

0(10°2 cm?) 10 11

25103 Ac(1—2), mK —36 —31
Ac(1—2)/0.561

=a,—2.060,—8.38X10%Q  Ac(1—4), mK —81 —62
Ac(1—4)/1.49

= gy —2.060,+0.54X 10730 2,—2.06a, —55 —42

(107 cm?) 11 14

4 N. M. Gray and L. A. Wills, Phys. Rev. 38, 248 (1931).
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TasLE III. Summary of isotope shifts. The position of the
components are given in mK with the 160 component taken as
the origin.

160 158 157 156 155 154 152

5015 (a¥'F°—31Gy) 0 42 ~T78 85 ~112 141 262
5103 (a''F,°—2"Gg) 0 42 ... 84 ... 138 261
4374 (D°—»%F;) 0 57 ~104 ~116 154 192 365
4402 (a®D®—9y°F;) 0 58 ~107 ~119 163 202 384
4436.1 (unclassified) 0 75 ... 148 ~242 492

summarized in Table II. The positions of the com-
ponents in A5015 are those obtained from the intensity
curve. The positions in A5103 are those estimated
directly from -the plates by setting with microscope
and cross-hair and are thus more uncertain. Only
the differences Ag(1—2) and Asc(1—4) were used in
the calculations because these were considered to be the
most accurately determined separations. However, the
positions of the third component in A5015 calculated
from the derived values of a;, a,, and Q agrees with
the value obtained from the intensity trace to within
1 mK.

The values of a, and @, were determined from the
two equations in the second column in Table II. The
results for Gd!*" were

a;=—05 mK,
a,~—5 mK.

The experimental uncertainty in a, is estimated to be
about 109,.
The Fermi-Segré-Goudsmit formula was used to
determine ur from a;:
8 Ra?ZZ?

a=-
3 1836m,°

(1—%)%&(]',2)(1—5)(1—5).

Since the spectrum of Gd is not extensively enough
classified to allow a direct determination of

22 do
5)
NG dn
the value 0.319 for Gd 1 obtained by an indirect method
by Brix'® was used. The relativistic correction «(%,64)
=1.60 was taken from tables in Kopfermann.’®* The
Crawford-Schawlow correction!® is (1—8)=1—0.053
and the Bohr-Weisskopf correction!” is (1—e)=1
+0.016. Substituting these values into the above
equation gives
4s=0.266u7/1
or
I=—0.37 nm for Gd'%".

15 P, Brix, Z. Physik 132, 579 (1952).}

1 M. F. Crawford and A. L. Schawlow, Phys. Rev. 76, 1310
(1949).

17 A. Bohr and V. F. Weisskopf, Phys. Rev. 77, 94 (1950).
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The average value of the ratio of the magnetic mo-
ments obtained from Table II and the total splitting
of the lines A5856 and \4436 is

pur(Gdss)

——=0.80+0.02.
u I(Gdlfﬂ)
This gives ur=—0.30 nm for Gd!%,

The quadrupole moments deduced from the two lines
are consistant to within experimental accuracy which
was estimated to be about +309%,. Giving the deter-
minations from A5015 more weight in averaging, the
best values are

0=1.0X10"% cm? for Gd1¥7,
0=1.1X10"% cm? for GdI%,

The correction factors for Q considered by Sternheimer!s-
have been neglected. The experimental uncertainties
given include only that part which arises from the
accuracy of measurements. Additional uncertainties
which might arise during the calculations such as
deviations from LS-coupling and approximations made
in calculating (#—*)s are much harder to estimate and
have not been included.

The value for the nuclear spin 7 =3/2 is in agreement
with the value predicted by Mottelson and Nilsson.?
The values for the quadrupole moments are about
thirty percent lower than the interpolated values used
by Mottelson and Nilsson in making their prediction
but using the present value one still obtains 7=3/2 for
the Gd isotopes from their level scheme.

ISOTOPE SHIFTS

Isotope shifts were measured in five lines on plates
taken with enriched Gd!®? and Gd'** samples. The
results are summarized in Table ITI. It is confirmed
that the shift Gd!®2— Gd!'* is anomolously large when
compared to the other shifts caused by the addition
of two neutrons in the same element. The average
values for the ratios Ac(158—160):Aq(156—158):
Ac(154—156):Ac(152—154) obtained from the five
lines were 1.00:1.01:1.32:3.02. The center of gravity
of the 155 and 157 patterns in the line A5015 were
estimated from the intensity curves of the line from
enriched 155 and 157 samples. The 155 and 157 com-
ponents appeared as single, slightly broadened com-
ponents-in the lines A4374 and A4402. However the
157 component was never separated from the 156
component and the positions of these two components
had to be estimated from the center of gravity of the
composite line on plates taken with different mixtures
of the isotopes. These more uncertain values are
preceded by ~ in the table. All other values should
be assigned a probable error of 1 mK.

18 R, Sternheimer, Phys. Rev. 95, 736. (1954).
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APPENDIX

The factors 4 and B were evaluated for the terms
4f75d%s a''Fs°, a''F;°, 4f75d*(a'°F)6p2zGs, 2''Gs. These
calculations were made by first writing out the LS-
coupling wave functions for the terms using the method
of Gray and Wills."* The interval factors were obtained
from the zero-order functions by evaluating the matrix
elements of H,, the z-component of the magnetic field
produced at the nucleus by the electrons.!® The results
were

1 37 3 1
A(a“Fs°)=——~aa+-ad’+—ad”+—ad’”,
16 80 80 5

74 1177 143 51
A(a"F°) = a5+ ad'4 ad’'+—ad"”,
1120 2800 2800 175

1 37 1 8
A(Z”Gs)=—ap'+——ad’+—ad"+—ad"’,
6 90 30 45

1341 81 25
A(MGg) =——a,'+———a,” +—ap’ " +-—~ad
1860 8640
227 409
+—a)"+——a"
4800 1800

a/, /', and a,” are the single electron-coupling

constants in the notation of Breit and Wills.?0
The (3 cos®—1)avry=r) were calculated from the
zero-order functions using the same method used by
Schmidt? in calculating and quadrupole moment of Ta.
% For a more detailed description of the method see S. Suwa,
J. Phys. Soc. (Japan) 8, 734 (1953).

0 G, Breit and L. Wills, Phys. Rev. 44, 470 (1933).
2T, Schmidt, Z. Physik 121, 63 (1943).
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The results were

3 cos?—1
anng(_____)
73 Av

84 14 48 1
175 175 175 1 \rs/ a

143
AFe=] Rt ~+_ l( )
350 100
84 14 48 1
MGy= ——’—R’———~R"+——S} (*——)
175 175 175 75d3 Av

2 1
().
5 76113 Av
197
s (),
2250 2625 754

47 54 1
e 2 );
675 1’5P3 Av

150
R’, R”, and S are relativistic corrections tabulated by
Kopfermann.? (rsi%)a and (re;%)a were calculated
from the fine structure separations using the relation

( ae® ) $nt

7,,,[3 Av Ra2Z¢)\ (l,Z)’

where {; is the spin-orbit parameter for an #l electron
in the notation of Condon and Shortley.?2 The effective
nuclear charge was taken to be Z;=Z— 11 for d electrons
and Z;=Z—4 for p-electrons.SThe values {s=864K
and {e,=1240K given by Murakawa® were used.

A(,Z;) is another relativistic correction given by
Kopfermann. These values yield

(003/1’543)“= 28 and (a03/7'6p3)Av=3-3-

2 E. U. Condon and G. Shortley, Theory of Atomic Spectra
(Cambridge University Press, London, 1935).

916
HGy={ ———R’
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