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The hyperfine-structure-interaction constants have been measured in the ground states of 18-min Br®
and 4.5-h Br®”, The method used was that of atomic-beam radio-frequency spectroscopy with radioactive
detection. The results are: |a(Br®)|=323.9(4) Mc/sec, |b(Br®)|=227.62(10) Mc/sec with a/b<0; and
a(Br¥") =166.05(2) Mc/sec and b (Br#m) = —874.9(2) Mc/sec. The magnetic-dipole and electric-quadrupole
moments of these isotopes were calculated from the measured interaction constants and known nuclear
data for the stable Br isotopes; these moments are: |u;(Br¥)|=0.5138(6)nm, |Q(Br¥)|=0.199(8)b,
Q/ur>0; pr(Bre)=1.3170(6)nm, Q(Br¥»)=0.76(3) b. The u;’s are corrected for diamagnetic shielding

and the Q’s are corrected for core polarization effects.

INTRODUCTION

HE nuclei Br’® and Se’ possess large quadrupole
moments, which might lead one to suspect the
existence of incipient collective effects in this region of
the periodic table.! The work described in this paper
was initiated to further explore this possibility. Addi-
tionally, the isomeric relationship existing between
Bré" and Br¥is an attractive feature which invites com-
parison of the nuclear moments of these two isotopes.

EXPERIMENTAL METHOD

The experimental method used was standard atomic-
beam magnetic-resonance spectroscopy with radioactive
detection. The “flop-in” atomic-beam apparatus, and
its allied equipment, was essentially the same as that
used for previous work and has been described in detail
by Garvin et al?> The main modification was the in-
corporation of a new “C”’ magnetic with very accurately
aligned pole tips. The uniformity of the C field was
thus considerably improved; in the case of the K%
resonances used for magnetic-field calibration purposes,
line widths at half-maximum intensity remained around
40 kc/sec for all fields from 0 to 500 G. This represents
an improvement in accuracy over the original apparatus
of about a factor of 50 at 500 G.

The Br® and Br®” were produced by bombarding
3- to 4-g lots of KBr crystals with thermal neutrons.
Bombardment times ranged from 15 min to 4 h de-
pending on the neutron flux used. The 18-min Br¥,
produced directly by neutron bombardment, quickly
decayed away; however, the decay of Br¥” to Br®
provided a continuous supply of this isotope, once
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secular equilibrium was attained. In this way, atomic
beams containing an appreciable percentage of Br®
could be produced for periods of time ranging from
Sto8h.

Elemental bromine was obtained from the target ma-
terial and dissociated into an atomic beam using the
same chamical procedures and discharge tube described
by Lipworth et al.! The atoms were collected on freshly
flamed platinum foils, which, though exhibiting only
809, of the collection efficiency of silver surfaces used
earlier, were more uniform and consistent in their
behavior.

THEORY

The general theory needed for the determination of
spins, hyperfine structures, and nuclear moments of
free atoms by the method of atomic-beam radio-fre-
quency spectroscopy is given detailed discussion in two
review articles,?* and application of the method to the
particular case of bromine isotopes is fully treated by
Garvin ef al.® Therefore, only the results of the theory
that are necessary for an understanding of the measure-
ments reported below are given here. The meanings of
the various symbols are quite standard and are the same
as those adopted by Garvin et al.

The Hamiltonian (in units of Mc/sec) is

3(1-3)P+31-J—1(I+1)J (J+1)

Je=al-J4+b
20 (2T —1)J (2T —1)
ol /uoH
—gr—J—g'—1I., (1)
h h
where

I-N=3[FF+)—TJ(T+D-II+1)],

a is the magnetic-dipole-interaction constant, and b is
the electric-quadrupole-interaction constant. g; and g7’
are related to the electronic and nuclear magnetic
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dipole moments by
wr=gsJ (Bohr magnetons)
ur=gr'I(M/m) (nuclear magnetons).

If it is assumed that the 2P;/, ground state of Br
arises from a pure 4s%4p° configuration and that this
ground state represents a case of pure L-S coupling,®
then the hyperfine-interaction constants are given (in
units of Mc/sec) by the expressions®?

pot  prm 2L(L+1)
a: — —
BX108 I M J(J+1)

T2y ()

and
eQ 271
b=— ——Q(L,J,Z:)(1/7). ©)
hX108 2742
For two isotopes x and y we have, from Eq. (2),
a(x) I(x)
pr(@)=pr(y)———. 4
a(y) I(y)

This equation can be used to calculate the unknown
nuclear moment ur of an isotope from its “a” value,
provided the ur and “@” value of another isotope of
the element is available. This equation is valid under
the assumption that the hyperfine anomaly can be
ignored and would thus be expected to hold quite
accurately® for the 2Py, state of Br. Alternatively, an
explicit expression for ur can be obtained by eliminating
the unknown (1/7) term from Eq. (2) if we use an ex-
pression given by Casimer” for the fine-structure sepa-
ration (in units of cm™). We then have

0= (ue’/he)Z:(2L+1)3C(L,Z:)(1/7%) , ©®)

where Z; is the “effective charge” that the valence
“hole” experiences while inside the electron core; Z;
can be estimated from optical spectroscopic data with
an accuracy of about 5%,. Solving Eq. (5) for (1/7%)
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FiG. 1. Schematic energy-level diagram for Br®; I=1, J=4.

6 John Gordon King and Vincent Jaccarino, Phys. Rev. 94,
1610 (1954).
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Fic. 2. Schematic energy-level diagram for Br8»; I=5, J=3.

and substituting the result into Eq. (2) yields (in units
of the nuclear magneton)

M aX108  J(J+1)(2L+1)
pr=I1— Z 3C/F
2L(L+1)

(6)

m [2

To obtain an expression for Q involving only directly
measurable quantities, either Eq. (2) or Eq. (5) can
be used to eliminate the (1/7%) term from Eq. (3). The
use of Eq. (2) gives

(RLL+1 5 ;
_]I‘( /a). (7

DATA AND RESULTS

The hyperfine-interaction constants ¢ and b5 were
determined for Br® and Br®” by measuring the fre-
quencies of 15 rf resonances for each isotope at mag-
netic fields ranging from 5.57 to 504.33 G. The “‘ob-
servable” flop-in transitions studied are shown in the
schematic energy-level diagrams of Figs. 1 and 2 for
Br# and Br®m respectively. These diagrams, which
show the correspondence between high- and low-field
transitions, are drawn under the assumption that u;s is
positive and that the hyperfine levels exhibit normal
ordering for both Br® and Br¥m. In constructing the
diagrams, we made use of the known nuclear spins®
I(Br®)=1and I (Br®™)=>5. Observable transitions (i.e.,
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TABLE L. Br® resonance data and final results.* Data pertaining to all observed Br® resonances. The best values of @ and b obtained
by the least-squares fit, and the goodness-of-fit parameter x2, are also given. Symbols in columns: 2: resonance frequency of K* field-
calibration isotope; 3: magnetic field; 4: uncertainty in magnetic field; 5: Br® resonance frequency; 6: uncertainty in Br8" resonance

frequency; 7, 8: frequency residuals.

Type of VK H AH VBr Avpy Residuals (Mc/sec)

resonance (Mc/sec) (G) ((®) (Mc/sec) (Mc/sec) g'>0 gr' <0
@ 4.0 5.567 0.005 6.275 0.060 0.015 0.014
a 16.0 20.75 0.01 23.650 0.067 0.057 0.051
a 25.0 30.92 0.01 35.400 0.067 —0.010 —0.018
a 50.0 55.19 0.01 64.338 0.015 0.013 0.001
a 100.0 93.04 0.01 111.450 0.015 0.004 —0.011
B 4.0 5.567 0.005 7.620 0.067 —0.001 —0.002
B 16.0 20.75 0.01 28.400 0.083 —0.032 —0.037
B 25.0 30.92 0.01 42.400 0.033 0.003 —0.004
B 50.0 55.19 0.01 75.938 0.015 0.007 —0.005
B8 100.0 93.04 0.01 129.145 0.015 0.005 —0.013
a 200.0 149.71 0.01 186.555 0.015 0.008 —0.002
a 400.0 238.621 0.008 314.238 0.020 —0.005 0.003
B8 200.0 149.71 0.01 212.010 0.020 0.010 —-0.014
B 400.0 238.621 0.008 352.270 0.020 0.015 —0.009
B 1100.0 504.329 0.007 834.740 0.015 —0.004 0.003

a gr’' >0 gr' <o Average of gr’ >0 and g1’ <0
a= =323.9(2) Mc/sec

323.77(8) Mc/sec}x2 =22,

a=—324,01(8) Mc/sec) o __ a
b= —227.63(3) Mc/sec }x2—2-1» ]b[

b= 227.60(3) Mc/sec

those for which ms changes to —my in the high-field
limit) within the F=I+J hyperfine level are desig-
nated by «, while those within the F=I4-J—1 level
are labeled 8. The resonance data were analyzed by
using an improved version of the computer program
described by Garvin ef al.,° which was modified for use
on the IBM-7090 digital computer.

Figures 3 and 4 show some typical intermediate-field
resonance curves traced out for Br® and Br%™, re-
spectively. Tables I and IT show resonance data and
final results for Br® and Br®~. Only ¢ and b were
allowed to vary during the data-fitting process because
of the high accuracy with which g; and g/’ are known®
for Br™ and Br®.

Br® resonance curves
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=227.62(5) Mc/sec}b/ a<0.

In Table I the values of a, b, x% and the frequency
residuals are given where we assume both g;//>0 and
gr’ <0. Although the normal ordering of levels assumed
in Fig. 1 is apparently verified, no conclusion can be
drawn from the data collected concerning the sign of
gr'. Therefore, by taking the average of the results for
these two cases and by doubling the errors quoted in
Table I to give a 959, chance that the actual values lie
inside our error limits, we have as the final results
for Br®,

|a(Br®)| =323.940.4 Mc/sec,
and
|b(Br®) | =227.624-0.10 Mc/sec,

where /a<0. By using these results and the solution
of Eq. (1) at H=0, one obtains for Br® the zero-field

Br®m resonance curves
T T

T T T
(13/2,-9/2}—{13/2;11/2H
transition
H=238.62 G

AN

F1G. 4. Intermediate-field
resonance curves for Br8om,
The two types of points
shown in the upper figure

o
T T T T 1 T T T7
| N T T N N S |

£ 530 70 0 750 750 represent separate inde-
S V(BrEOm)  ( Mec/sec) pendent scans of the reso-
H T T nance line. The point with
& or “"/2"7,:_2)‘("/2'“9’” a horizontal line through
Hozss ez 6 ] it corresponds to an rf-off
8 7 exposure taken immedi-
I 7 ately following the highest-

6 ; ] counting rf-on exposure.

4 -

i

ol 1 1 L ) 1
190 230 77270 310 .350
( Mc/sec)

V(Br8om)



Hfs

TaBLE ILI. Br®" resonance data and final results.® Data per-
taining to all observed Br8 resonances. The best values of ¢ and
b obtained by the least-squares fit, and the goodness-of-fit param-
eter x2, are also given. Symbols in columns: 2: resonance fre-
quency of K¥ field calibration isotope; 3: magnetic field; 4: un-
certainty in magnetic field; 5: Br®¥” resonance frequency; 6: un-
certainty in Br®m resonance frequency; 7: frequency residual.

Type of 154 H AH VBr Avpr Residual
resonance (Mc/sec) G) ((®©)] (Mc/sec) (Mc/sec) (Mc/sec)
o 4.0 5.57 0.03 2.400 0.025 —0.029

a 8.0 10.87 0.03 4.800  0.020 0.000

] 16.0 20.75 0.05 9.400 0.025 0.016

« 32.0 38.24 0.03 18.000 0.020 —0.007

3 70.0 71.63 0.01 36.375 0.015 0.006

B8 8.0 10.87 0.03 2.700  0.020 0.003

B 16.0 20.75 0.05 5.200 0.025 0.039

B 32.0 38.24 0.02 9.550  0.015 —0.001

B 70.0 71.63 0.01 18.150 0.015 —0.006

B 100.0 93.044  0.009 23.950  0.012 ~0.005

a 200.0 149,714 0.008 88.838 0.023 0.013

a 400.0 238.62 0.01 161.710  0.010 —0.002

B 200.0 149.71 0.01 41.235 0.015 —0.001

B 399.988 238.62 0.02 77.277 0.010 0.009

B 1100.0 504.329 0.007 284.610 0.015 —0.002

agr>0

a= 166.047(9) Mc/sec)_,_
b=—874.9(1) Mc/sec }x2—4'7'

hyperfine-structure separations

|Av(5/2,3/2)| = (5/2)a+(5/4)b=525.241.2 Mc/sec
and

Av(3/2,1/2)| = (3/2)a— (9/4)b=998.04=1.0 Mc/sec.

In Table II, a, b, x2, and the frequency residuals are
given for g;/ >0 only. That the sign of g7’ is positive and
that the level ordering is normal for Br®™ was estab-
lished both by trying to fit the data using a negative
gr’, and by starting g;/ with a negative value and then
allowing it to vary freely while fitting the experimental
data. In the first case, a value of x*=50.9 was obtained
as compared with x*=4.7 given in Table II. In the
second case, a positive value of g7’ consistent with that
obtained using Eq. (4) was obtained. Doubling the
errors given in the table, we get for Br®¥=

a(Bré¥) = 166.054-0.02 Mc/sec,

b(Br¥m)= —874.9 0.2 Mc/sec,
and

Av(13/2,11/2) = (13/2)a+ (13/20)b
=510.624-0.25 Mc/sec
and

Av(11/2,9/2)= (11/2)a— (5/12)b
=1277.804-0.18 Mc/sec.

The nuclear magnetic-dipole moments are calculated
from Eq. (4) by using the a values given above, the a
values of the stable Br isotopes measured by King and
Jaccarino,® and the corresponding u;’s tabulated by
Walchli.? When this is done, we obtain |u;(Br%)|

8 Thomas Myer Green, III, Ph.D. thesis, Lawrence Radiation
Laboratory Report UCRL-8730, 1959 (unpublished).

9H. E. Walchli, Oak Ridge National Laboratory Report,
ORNL-1469 Suppl. II, 1955 (unpublished).
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=0.5122(6) nm (uncorrected for diamagnetic shield-
ing) and p7(Br#")=1.3131(6) nm (uncorrected for dia-
magnetic shielding). If we multiply by the appropriate
diamagnetic shielding factor tabulated by Kopfer-
mann,’® we obtain the diamagnetically corrected
moments | |ur(Br)|=0.5138(6) nm (corrected) and
wur(Br#™)=1.3170(6) nm (corrected).

Barns and Smith! have recommended a value Z;=31
for the effective charge seen by the valence hole in Br.
When this value and the values of the a’s obtained above
are substituted into Eq. (6), one finds |7 (Br®) | carcutated
=0.47 nm (uncorrected), and ur(Br®™)acuiatea=1.20
nm (uncorrected). These are in reasonable agreement
with the preceding uncorrected values.

The nuclear quadrupole moments are obtained from
Eq. (7). Use of the results given above, and the ap-
propriate relativistic correction factors tabulated by
Kopfermann, yield |Q(Br)|=0.191 b (uncorrected)
and Q(Br¥®m)=0.73 b (uncorrected). Multiplication of
the above by the factor C=1.040, as suggested by
Sternheimer,’® to account for electron-core polariza-
tion effects, gives for the corrected quadrupole mo-
ments |Q(Br#)|=0.199(8) b (corrected) and Q(Br&m)
=0.76(3) b (corrected). Because of the inaccuracies
inherent in corrections of this kind, uncertainties equal
to the Sternheimer corrections themselves have been
assigned to the final values. Furthermore, even though
the algebraic sign of Q(Br®) is not determined by the
experimental data, Egs. (2) and (3), plus the relative
signs of ¢(Br®) and 5(Br¥) given in Table I, indicate
Q(Br®) /ur (Br®)>0.

DISCUSSION

Both the independent-particle shell model given by
Mayer et al.® and the collective model by Bohr et al.,4
are able to account for the known spins and parities of
the Br¥® and Br®” nuclei, as indicated below. Calcula-
tions based on neither nuclear model, however, give
good quantitative agreement with the measured nuclear
moments. Therefore, just as in the case of Br’® dis-
cussed by Lipworth et al., Br® and Br®= “probably
represent transition cases where neither very weak nor
very strong coupling of the individual nucleons to the
nuclear core exists.

Application of the Shell Model

In view of the fact that Br”, Br™, and Br® all have
spins §, while the last two have positive quadrupole
moments,®8 it seems safe to assume that the proton

1 Hans Kopfermann, Nuclear Moments, English transl. by E.
E. Schneider (Academic Press Inc., New York, 1958).

1L R. G. Barnes and W. V. Smith, Phys. Rev. 93, 95 (1954).

12 R. Sternheimer, Phys. Rev. 86, 316 (1952).

18 Maria Goeppert Mayer and J. Hans D. Jensen, Elementary
Theory of Nuclear Shell Structure (John Wiley & Sons, Inc., New
York, 1955).

4 A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab.
fgls(l;glgg)Mat. Fys. Medd. 27, 16 (1953); S. G. Nilsson, ¢bid. 29,
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TasLE III. Theoretical configuration and moments for Br® and Brs=,

Configuration w1 (nm) Q (barns)
Model Nuclide Proton Neutron Calc. Meas. Calc. Meas.
shell Br® C(psr)* (fs12)* a2 L(p1/2)* (gos2)*Tus2 1.84 0.51 0.03 0.20
e
Bréom C(par2)*(fs12)Tas2 L(p1/2)°(8912) T2 1.20 1.32 0.20 0.76
Br#® |301+4) |301—)
Collective
Brém |301+) |413+)
TaBLE IV. Some known data pertaining to odd-odd isotopes of Br and to even-odd isotopes of Se.
Neutron Even-odd K1 Q 0dd-odd ur Q
configuration nuclide I (nm) (barns) nuclide I (nm) (barns)
C(fsi2)5T502 Se7s s 0) +1.1 Brs 1 (—0.55) (40.27)
C(pr/2) (ges2)*use Se?? 3 +0.53 <0.002 Br® 1 (40.51) (40.20)
[(ges2)"Jus2 Se™ z —1.02 +0.9 Brém 5 +1.32 +0.76
[(ger2)"Tus2 Se™ 3 —1.02 +0.9 Brs? 5 (+1.63) (40.76)

configuration for Br isotopes is [ (ps/2)*(fs/2)%]s/2, as
suggested by Mayer and Jensen.!

The neutron configurations for Br® and Br®™ can be
chosen in such a way that (a) the spins are correctly
predicted by use of one of the Brennan and Bernstein'®
coupling rules, (b) the neutron configurations are the
same as ones previously assigned to even-odd nuclei
with valence neutrons lying in the same shell-model
sublevel as those of the Br isotopes, (c) the positive
parity of Br® and the negative parity of Br®™ are
properly accounted for,'® and (d) the relative signs of
ur and Q for Br® and the absolute signs of u; and Q for
Br¥™ are predicted correctly. These criteria lead to
the unique shell-model configuration assignments in
Table III.

As we said, neither of these configurations leads to
accurate predictions of the nuclear moments. Calcula-
tions using “effective nucleon-gyromagnetic ratios”
give the results shown in Table ITI. These possess the
correct algebraic signs but are quantitatively far from
the experimentally measured values.

Some known data pertaining to the odd-odd isotopes
of Br as well as datal® pertaining to related even-odd
isotopes of Se are given in Table IV. The results for
Br’¢ and Brs? were obtained by Green ¢t al.,':* and the
neutron configurations for these isotopes were also
assigned by these authors. For Br"¢, Br®, and Br¥, the
relative signs of ur and Q have been well established
but the actual signs given in Table IV, although the
most likely on the basis of the data, are not definitely
known. From this table the correspondences between
a given Se isotope and the Br isotope that has the same

15 M. H. Brennan and A. M. Bernstein, Phys. Rev. 120, 927
(1960).

16D, Strominger, J. M. Hollander, and G. T. Seaborg, Rev.
Mod. Phys. 30, 585 (1958).

neutron configuration is quite clear. Two points are
particularly noteworthy of mention:

(a) There is apparently a one-to-one correspondence
in the order of neutron-level filling in Se and in Br.
This indicates, as predicted by the shell model,”® that
the presence of the odd-proton configuration has little
effect on the neutron configuration.

(b) The difference in the signs of the magnetic
moments (or at least the relative signs of ur and Q) of
Br’® and Br®, which at first sight seems surprising
because of other similarities between these isotopes
[e.g.,Z(Br™)=I(Br*); |u(Br')| ~ |u(Br)| ; | 0(Br™)|

=~ |Q(Br®)|], is reflected by a similar dlﬁerence be-
tween Se™ and Se’ and is apparently due to radically
different neutron configurations.

Also, the systematic trends in Table IV seem to
support the configuration assignments and signs of
nuclear moments given above for Br® and Br®” as
well as those given for the other Br isotopes by other
authors. In particular, the positive signs of u7 and Q for
Br®? seem very likely in view of the similarity exhibited
between this isotope and Br=,

Application of the Collective Model

Even though the mass number of Br® and Br®™ lies
far outside the range where collective aspects of nuclear
motion would be expected to be important, the possi-
bility that collective effects might be significant is
indicated by the low shell-model quadrupole-moment
estimates in Table III, and by the apparent collective
nature of the Br?® nucleus.!

To decide upon collective-model configuration assign-
ments for Br® and Br®", one must derive appropriate
values of the nuclear-deformation parameter § from the
measured quadrupole moments. In this way, one obtains
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5(Br®)=0.24 and 6 (Br®¥")=0.12. That these values are
so different probably reflects the inadequacy of a
strong-coupling approximation.

Unique collective-model configurations can be ob-
tained for both Br® and Br®¥~ if any value of 6 between
0.1 and 0.3 is assumed correct. This is accomplished by
imposing upon acceptable configurations the following
reasonable requirements: (a) they are plausible on the
basis of the Nilsson level-filling diagrams,* (b) they
give the correct spin values when the Gallagher and
Moszkowski coupling rules are used,'” (c) they give the

17C. J. Gallagher, Jr., and S. A. Moszkowski, Phys. Rev. 111,
1282 (1958).

AND Brsom B 589
correct nuclear parities, and (d) they account correctly
for the relative signs of the ur and Q for Br® and the
absolute signs of the u; and Q for Br®™, The only con-
figurations that satisfy all these requirements are given
in Table III.
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D. G. RAVENHALL
University of Iilinois, Urbana, Illinois

AND

RoBErRT HERMAN AND B. C. CrARrk
Research Laboratories, General Motors Corporation, Warren, Michigan
(Received 1 June 1964)

A detailed examination is made of the charge distributions predicted for calcium by experiments with
electron scattering and muonic x rays. It is shown that, contrary to earlier suggestions, the electron differen-
tial cross sections, with both relative and absolute measurements, and the 2p — 1s x ray energy all predict
charge distributions which are in agreement to within experimental error for the three analytic expressions
employed. Parameter values for these shapes—Fermi, family II, and modified Gaussian—are given. There
is an indication from the electron-scattering relative cross-section analysis, however, that charge distribu-

tions with less charge at the extreme edge are favored.

1. INTRODUCTION

HE purpose of this paper is to consider if the in-
formation on the size and shape of nuclear charge
distributions presently available from electron scatter-
ing and from muonic x rays is in agreement. The com-
parison of these two kinds of experiment can be re-
garded from various viewpoints. The first question is
whether or not the muon-nuclear interaction is en-
tirely electromagnetic. Assuming that this has been
settled affirmatively over the large separations involved
in these experiments, we would like to know to what
extent the two experiments complement each other in
determining nuclear charge distributions. The neces-
sity for an investigation of such a well-appreciated
question at this late date requires justification. The
main aim of our calculational program has been to con-
tinue and extend the analysis of electron elastic scat-

* Supported in part by the U. S. National Science Foundation.
T Most of this material was presented in Paper I4 of the Stanford
American Physical Society Meeting, 28 December 1962.

tering experiments. Conversations with experimenters
at Chicago and Stanford, however, led us to appreciate
the following apparent paradox in the presently quoted
investigations: Measurement of absolute electron cross
sections at small angles by Crannell et al.,! and of muonic
x rays by Anderson ef al.,2 and by a CERN-Darmstadt
collaboration,® seemed to discriminate against one type
of charge distribution, the family II, and to agree
better with the more commonly used Fermi distribu-
tion.* Both of these two types of charge distribution are
roughly constant inside the nucleus, and drop smoothly
to zero at the nuclear edge, but they differ in the func-
tional form assumed for the surface. It was one of the

1 H. Crannell, R. Helm, H. Kendall, J. Oeser, and M. Yearian,
Phys. Rev. 121, 283 (1961).

2 C. S. Johnson, E. P. Hincks, and H. L. Anderson, Phys. Rev.
125, 2102 (1962).

3 P. Brix, R. Engfer, U. Hegel, D. Quitmann, G. Backenstoss,
K. Goebel, and B. Stadler, Phys. Letters 1, 56 (1962).

4 This terminology is described fully in Sec. 4.



