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Levels in Zr": Experimental
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The levels in Zr" have been studied by analyzing the radiations
of Nb" in magnetic and scintillation spectrometers employing
various coincidence techniques. Multipolarities of most of the
transitions have been determined from internal conversion co-
efficients and E Lratios-. A decay scheme (I) for Nb' has been
proposed which assigns the following excited states in Zr'0: 1752
kev (0+), 2182 kev (2+), 2315 kev (5—), 3081 kev (4+), 3453
kev (6+), and 3595 kev (8+). Evidence has been discussed for a
few weak additional transitions potentially involving three addi-
tional levels (decay scheme II). Following the suggestion of Ford,
the levels in decay scheme I have all been interpreted as arising
from the proton configurations (Pi/3)', (gg/9), and (gg/gpi/9) The

half-life of the 3595 kev 8+ state has been experimentally deter-
mined as 3&(10 sec, in good agreement with the half-life ex-
pected for a 141.5-kev E2 transition between 8+ and 6+ states,
each involving a (ggig)9 configuration.

The relative population of the two 0+ states of Zr', both by
de-excitation of the 2+ state of that nucleus and by the beta
decay of Y", indicates that these states result from highly mixed
(pi/9)' and (ggn)' configurations.

Hindrance factors for several transitions indicate that the other
positive parity states are largely generated from the (gg/9)9

configuration.
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HEREAS many even-A nuclei are known in
which the low-lying states represent essentially

pure collective excitations, it is unusually difficult to
find an even-A nucleus with relatively pure single par-
ticle states. This difhculty arises because it is unusual
to And an energy gap in the single particle spectrum,
both above and below the orbitals which produce the
single particle states. Only in such cases can we expect
even the lowest levels to be composed of relatively pure
configurations.

A nucleus which fulfills these stringent requirements
is Zr". It is a 40-proton and 50-neutron ensemble. Ex-
perimental evidence' on the levels in Sr" can be inter-
preted to indicate that there is 1.85 Mev between the
approximately degenerate pg/3 and fs/~3 orbitals and the
Pi/3 orbital. The g9/3 orbital lies about 0.9 Mev above the

p»3 orbital and then there is a gap of several Mev as a,

result of the completion of a 50 nucleon shell. Therefore,
for the proton levels in Zr", there is probably an energy
gap just below the filled pi/9 orbital and an energy gap
just above the completely empty g9~2 orbital. As origi-
nally pointed out by Ford, ' the only low-energy config-
urations to be expected from such a situation are the
(pi/3)' ground state and (pi/ggg/3) allcl (gg/3)' configur-
ations.

Since these configurations can give rise to 0+, 0+,
2+, 4+, 6+, 8+, 4—,5—levels, their population
requires a decaying nucleus of high spin. Of the two

possibilities Nb" and V", only Nb" has a high spin.
This is known both from the existence of two meta-
stable states through which the Mo" 0+ ground state
must decay to populate the Nb", and the fact that the
proton-neutron configuration (41—49) should be g9/9'

and g9~2
' with a corresponding spin of 8 or 9.
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' Lazar, Eichler, and O'Kelley, Phys. Rev. 101, 727 (1956).' K. W. Ford, Phys. Rev. 98, 1516 (1955).

Accordingly, Nb" was selected for study. In previous
studies of Nb" there was a considerable lack of agree-
ment on the positron end point and the existence of
certain gamma rays. ' ' The only suggested decay
schemes' ~ contradicted the well-studied Y'0 decay and
implied a low spin for Nb".

More recently, a revised decay scheme based on
crystal nuclear spectroscopy has been presented. ' "
This decay scheme is in agreement with a great ma-
jority of previous experimental results and with the
decay of Ygg. It involves a high spin (8,9+) for the
Nb" ground state and confirms the existence of most
of the states predicted by Ford. '

It is the intention of the present paper to reinvesti-
gate the decay of Nb", using the more precise measure-
ments of beta-ray spectroscopy and more complete
coincidence measurements. Such a reinvestigation is
justified in view of (1) the large energy difference

( 6.1 Mev) between the ground state of Nb" and the
ground state of Zr" suggested in the most recent decay
scheme studies~" and expected on the basis of empirical
neutron and proton binding energy data, " (2) the
potential population of a considerable number of high

spin states in view of the high spin of Nb" and the
large energy difference, and (3) the unique properties
of Zr" outlined above which make it susceptible to a
straightforward comparison between experiment and

' G. K. Boyd, Oak Ridge National Laboratory Report ORNL-
229, 1949 (unpublished), p. 31.

4 D. N. Kundu and M. L. Pool, Phys. Rev. 76, 183 (1949).
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FIG. i. Low-energy internal conversion lines of Nb". Spectrum
made with two gaps of the small "orange" spectrometer. Resolu-
tion ~1%;instrument set to give 0.8%, difference results from
source thickness.

theory. In the present paper, the experimental facts
are presented with the minimum of discussion consistent
with this presentation. In the paper which follows a
more complete interpretation is attempted.

II. EXPERIMENTAL

A. Source Preparation

Isotopically pure sources of Nb" are dificult to
prepare. By the use of (p,e) reactions on Zr~ samples
enriched to 97% and 99% it was possible to obtain
samples which decayed with a 14.6 hr half-life over a
period greater than 8 half-lives. In order to achieve this
purity it was necessary not only to have isotopically
enriched Zr", but also to wait several hours after
bombardment before chemically separating the nio-
bium. Protons of twenty-two and thirty Mev were
used to give a maximum Nb" yield, and at these en-

ergies a considerable amount of Nb" was formed by
the reaction Zr"(p, 2e)Nb". Fortunately, however, this
impurity can be very largely removed by the simple
expedient of waiting, since the half-life of Nb", 1.9 hr,
is short in comparison with the Nb" half-life. In spite
of these precautions, however, and in spite of the purity
indicated by the ha1f-1iIe measurements, the presence

of ~0.2% Nbss and ~0.3% Zr (the daughter of
Nb") was proven by the existence of weak internal
conversion lines indicative of these isotopes. (See
Table I.)

The Zr~ was bombarded in the form of the oxide,
Zr02, in a hollow stainless steel needle and in an
aluminum foil, After bombardment, the target was dis-
solved in a mixture of hydroQuoric and hydrochloric
acids. The sample was fumed to dryness a number of
times and then taken up in a minimum amount of a
solution 9 normal in hydrochloric acid and 1.0 normal
in hydroQuoric acid.

The separation of carrier-free Nb" from the target
material was performed by an anion exchange pro-
cedure based on the work of Kraus and Moore."This
procedure involves the use of hydroQuoric acid. Conse-
quently, columns, pipettes, and beakers of polyethylene
and crucibles of platinum had to be used. The anion
exchanger was Dowex 1—10m, 100 mesh. Column di-
mensions varied from 6 to 10 cm in length and 3 to 5
mm in diameter.

The hydroQuoric-hydrochloric acid solution contain-
ing the target material was placed on top of the column
and allowed to pass into the resin bed.

The niobium, forming negative complexes, sticks to
the resin in a narrow band, whereas the zirconium
passes through with practically no adsorption. Elution
with a few column volumes of the same solution elimi-
nates zirconium quantitatively, without affecting the
niobium.

A change of the eluant concentration to 6 normal in
hydrochloric acid and 0.11 normal in hydroQuoric acid
makes the niobium appear in the event after approxi-
mately five column volumes. Gamma-ray sources were
directly produced from the eSuent by drying a small
amount of the solution on a polystyrene backing and
covering the dried source with a second piece of poly-
styrene to prevent contamination of equipment, In
most cases, before making a beta source, the separation
procedure was repeated using a smaller column (50 pl
free column volume). The niobium is thereby concen-
trated by adsorption in the first step and subsequently
eluted in the second step in a further puri6ed and con-
centrated form (about 4 drops). Beta-ray sources were
made by two diferent techniques. The first produces
relatively thin sources on a thin backing with, however,
smaller amounts of total activity. In this method, an
aliquot from the eS.uent of the first or second column
separations is boiled down to dryness. Care must be
taken not to destroy the chloride and Quoride complexes
during this procedure. A considerable fraction of the
activity may then be taken up in absolute alcohol, pre-
sumably as the halides of niobium. A single drop of this
alcoholic solution spreads very widely over a piece of
150-pg/cm' aluminum foil from which a strip, 1 mmX7
mm, containing a maximum activity may be cut. The

"K. A. Kraus and G. E. Moore, J.Am. Chem. Soc. 73, 9 (1951).
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FIG. 2. High energy in-
ternal conversion lines of
Nb~. Spectrum made with
three gaps of the large
"orange" spectrometer.
Resolution 1%%ue. Weak ex-
ternal conversion lines are
visible as a result of the
thick Pt backing.
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strip of aluminum foil containing the activity is used
directly in the beta ray spectrometer. A source produced
in this way is almost invisible,

' and has an estimated
source thickness of 50 pg/cm'. The second way to pro-
duce beta-ray sources has the advantage of concentrat-
ing a greater amount of activity in the useful source
area, but has the disadvantage of yielding thicker
sources. It consists of evaporating the niobium fraction
of the second column separation (about 4 drops) on a
polystyrene or platinum backing. A source thickness of
200-500 pg/cm' resulted. The thickness is believed to
be due to resin and/or impurities in the reagents. This
type of source was used for the determination of the
energies and intensities of "the higher energy internal
conversion lines.

B. Equipment

The gamma-ray spectrum and gamma-gamma co-
incidence studies were made by means of conventional
scintillation spectrometers, utilizing 1-,'X1—,

' inch and
3X3 inch NaI(T1) crystals, Dumont 6292 and E 1197
photomultiplier tubes, and a 36 channel analyzer of the
Hutchinson and Scarrot design. "The continuous posi-
tron spectra and conversion lines were studied in two
different six-gap beta-ray spectrometers. ""I'he second
spectrometer was essentially a scale-up of the first spec-
trometer, but had the advantage of operating at higher
energies and at higher resolution for a given trans-

"G. W. Hutchinson and G. G. Scarrot, Phil. Mag. 42, 792
(1951)."O. B.Nielsen and O. Kofoed Hansen, Kgl. Danske Videnskab.
Selskab, Mat. -fys. Medd. 29, No. 6 (j.955).

"O. B. Nielsen (to be published).

mission. Figure 1 shows an internal conversion spectrum
made employing only two gaps of the small beta-ray
spectrometer, whereas Fig. 2 was made using three gaps
of the larger spectrometer. The transmission of the
larger spectrometer under the conditions employed was
considerably greater and important in detecting the
weaker lines.

These six-gap beta-ray spectrometers were also used
for internal conversion-gamma and positron-gamma co-
incidences. The coincident spectra from a 1-,' inch&(1 —,

'
inch NaI(T1) crystal placed immediately behind the
source were displayed directly on the 36 channel ana-
lyzer. The high transmission of the six-gap spectrom-
eters was particularly appropriate for these coincidence
measurements. This arrangement requires no light
guide from the crystal to the photomultiplier. Conse-
quently, the resolution of the crystal and photomulti-
plier is not impaired.

In the measurement of the lifetime of the 8+ level,
the coincidence equipment of the beta-ray spectrometer
(resolving time, 2r= 10 r sec) together with a 3.5X10 '-
see delay line were used.

IIL $-RAY SPECTROSCOPY

A. Internal Conversion Lines

The internal conversion spectrum of Nb" consists of
two low-lying lines of high intensity, a number of rela-
tively weak lines up to 2200 kev, and an unusually
strong line at 2315 kev. Two portions of the internal
conversion spectrum of particular significance are shown
in Figs. 1 and 2. The separation of the 132.7- and 141.5-
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TABLE I. Conversion electron data for Nb" and impurities.

Isotope
(parent)

Nb~
Nb~
Nb~
Nb90
Nbo
Nb90
Nb~
Nb~
Nb'0
Nb0
Nb'0
Nb'0
Nbo
Nb90
Nb90
Nb~
Nb'0

Nb95
Nb'5

Zr89

Electron
energy
(kev)

114.7
130.3

~ ~ ~

123.5
139.2

~ ~ ~

353.9
369.2

~ ~ ~

978 (?)
1120
1734
1834(&)
1963(P)
2119(?)
2164
2297

215.7
233.7

891

Shell

Energy sum
this research

(kev)

132.7
132.8

~ 0 ~

141.5
141.5

~ ~ ~

371.9
371.7

~ ~ ~

996(?)
1138
1752
1852(?)
1981(?)
2137(?)
2182
2315

234.7b
235.4b

9080

Energy sum
Hok et al.

(kev)

132.9
132.9
133.0
141.6
141.7
141.6
371.9
371.4
371.5

~ ~ ~

1130
1767

2201

235.6
236.4

910.4

Energy determined
by external con-

version in Pt

2310

Transition en-
ergya assumed

(kev)

132.7

141.5

371.9

996(r)
1138
1752
1852 (&)
1981(?)
2137(P)
2182
2315

236

910

a The energies are generally believed to be accurate to +0.7%.
~ This line was double. There was a shorter lived component as well as the 90-hr Nbgs.
o There was an indication this line was double, containing a shorter lived component which may be the internal conversion line corresponding to the

900-kev gamma line.

kev lines from each other is sufFicient for gamma co-
incidence measurements.

A previous study of the energies and intensities of
the conversion lines of Nb" has been published by Hok
et aL ' Except for a few weaker lines and the strong line
at 231S kev, the experimental results presented in this
paper are in agreement with those of Hok et al. '

The energies of the conversion lines of Nb" and
impurities present in the sample determined in these
experiments and previous work are shown in Table I.
Most of the lines observed have been determined with
a resolution of about 1.1'P~. The lines at 132.7 and 141.5

kev were measured with a thin source ( 5() pg/cm2).
Several of the other lines were also measured with the
thin source. However, the weakest lines could not be
seen with satisfactory statistics until a thicker (200—500
pg/cm') source containing considerably more activity
was used. For the highest energies ()1600 kev) a thick
source on a very thick backing was used. Under these
circumstances resolution was not much impaired. How-
ever, external conversion occurs to some extent (see
Fig. 2). Weak indications (from 2 to 4 times statistics)
of four internal conversion lines corresponding to transi-
tions of 996, 1852, 1981, and 2137 kev are observed. In

4.0

3.0-

La

W 2.0- FIG. 3. Fermi plot of the
positron spectrum of Nb~. In-

0 sert shows the analyzed posi-
tron spectrum.

1.0-

0——

ENERGY (kev)
1000
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TABLE II. Results of events focused in the beta spectrometer-gamma coincidence measurements.

Events selected in the
beta spectrometer

Events observed in co-
incidence mith the

selected event
(kev) Remarks

132.7-kev transition

141.5-kev transition

371.9-kev transition

2182 This coincidence is cleanly determined. (See Fig. 4.)

511, 1138, 1650, 1850 The coincidence with the 1850-kev gamma was demonstrated most clearly
by reducing the 1650-kev sum line by moving the crystal for the gamma-
ray coincident spectra further from the source. (See Fig. 5.)

The coincidence spectrum was run in the energy range 0—1200 kev, only.
Apparent coincidences with 142- and 511-kev gammas appeared also, but
in view of the appearance of a 1140-kev line it is felt that these coincidences
have not been established.

1752-kev transition 420 The total intensity of the transition feeding the 1752-kev level is (1&0.3l
)(10 4. (See Fig. 6.)

450-kev region of continuous 142, 1140, 511
positron spectrum
940-kev region of continuous 142, 1140, 511
positron spectrum

There was no difference outside of statistics between 450- and 940-kev
regions of the positron spectra.
The existence of a weak 511-kev gamma in coincidence with the positron
spectra may result from pair formation from the 2182-kev gamma.

view of their uncertainty they are indicated in Table I
with a question mark in spite of the fact that three of
the four have been observed in singles and/or coincident
gamma spectra. A careful search for an internal con-
version line corresponding to a transition energy of

1280 kev (141.5+1138) revealed no evidence for it.
If it is present it must be less than 1/15th the intensity
of the 1138-kev internal conversion line. Other features
of the internal conversion spectra are indicated in the
footnotes to Table I.

B. Positron Spectra

Positron spectra of Nb" showed a group with maxi-
mum energy 1.49&0.01 Mev. The deviation from a
straight Fermi plot below 650 kev may indicate a weak
low-energy component. The uncertainties regarding this
possible low-energy component are further discussed in
Sec. V, The Decay Scheme. The Fermi plot for the
positron spectrum is shown in Fig. 3.

The experimental points near the maximum energy
have been corrected for the line width of the spec-
trometer. There still is a slight deviation from the ex-
trapolated Fermi plot. Presumably this eBect is due to
scattering in the spectrometer.
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and photomultiplier. Since Nb" is a positron emitter,
there is little difhculty with the continuous background.
The results of these coincidence studies are shown in
Table II.

IV. COINCIDENCE EXPERIMENTS

A. Gamma Coincidences with Beta Spectrometer
Focused Events

Several of the internal conversion lines lend them-
selves to studies of the gamma coincidences. The
"orange" type of spectrometer"" is especially suited
for this type of coincidence experiment because of its
high transmission of the event focused in the beta
spectrometer and because the gamma-ray coincidence
crystal is placed immediately behind the source without
a light guide. It therefore has a high transmission
without destroying the intrinsic resolution of crystal

I I I
'0 '15 20 25 30

CHANNEL NUMBER

I

35

FlG. 4. Gamma spectrum in coincidence with 1327-kev in-
ternally converted transition. The 1140-kev gamma-ray results
from incomplete resolution of the 141.5-kev line from the 132.7-
kev line.
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from source suggests existence of weak 1850-kev gamma coincidence with the 141.5-kev internally converted transition.

Of particular interest are the gamma coincidences
with the internal conversion lines representing transi-
tions of 132.7, 141.5, and 1752 kev. The coincidence of a
gamma of 2182 kev with the 132.7-kev internally con-
verted transition is particularly clear, and is shown in
Fig. 4. Since the 132.7-kev line is not completely re-
solved from the 141.5-kev line, this gamma-ray co-
incidence spectrum is contaminated with small in-
tensities resulting from the gamma coincidences with
the 141.5-kev line. The gamma coincidences of the
141.5-kev line are shown in Figs. 5(a) and (b). The
coincidence with annihilation radiation indicates that
this line is in coincidence with the main positron
branch. The apparent coincidence with a gamma ray of
1650 kev is shown to be a coincidence with a sum line

(1138+511kev) by comparing Figs. 5(a) and 5(b). This
comparison which involves moving the gamma crystal
further from the source also seems to establish the
existence of a fairly weak 1850 kev coincidence which is

largely obscured by the 1650-kev sum line when the
gamma crystal is close to the source. The 371.9-kev in-

ternally converted transition is in coincidence with a
900-kev gamma, but not with a potential 767-kev

gamma ray. This fact is important in establishing the
nature of the 4+ level (see IV, Decay Scheme).

A particularly interesting coincidence study is shown
in Fig. 6. The 1752-kev transition is a weak transition.
However, since it represents a 0-+0 transition (see
Table IV) it is 67% internally converted. (The other

33~~0 is involved in pair formation. ) The only transi-
tion feeding it is the 420-kev gamma. Accordingly,
this very weak cascade is clearly established, as shown
in Fig. 6.

Comparison of the gamma coincidences between low-
energy and high-energy positron spectra do not indi-
cate significant differences (see Table II). This is un-
fortunate since differences would have been convincing
evidence for a weak low-energy positron branch. How-
ever, failure to observe these diGerences probably does
not constitute strong evidence against this potential
branch.

B. Lifetime of the State Involving the
Positron —141.5-kev Cascade

The presence of attenuated coincidences had been
noticed previously" "between the 511-kev annihilation
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radiation and the 142-kev gamma transition in gamma-
gamma coincidence experiments. A coincidence experi-
ment between the internal conversion line of the 141.5-
kev transition and other photons was used to measure
the lifetime of the state involved. The results of the
measurements are shown in Figs. 7(a) and (b). When
gamma coincidences with the 141.5-kev internally con-
verted transition are studied with no delay, a spectrum
with strong 511- and 1140-kev gamma transitions re-
sults. When a delay of 3.5)&10 sec is placed in the
gamma branch of the coincidence circuit, the gamma
spectrum simplifies to a single strong 511-kev gamma.
If the same delay is placed in the beta spectrometer
branch of the circuit, so that the 141.5-kev internally
converted transition is delayed, the resultant gamma
spectrum shows no coincidence. These measurements
indicate that the positron proceeds to a delayed state
with a (3 &+")&&10 ' sec half-life followed by a 141.5-

kev transition and then by a 1138-kev transition.
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C. Gamma-Gamma Coincidence Measurements
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Gamma-gamma coincidences were studied in con-

siderably more detail than in the previous work. ""
The photopeaks of gamma rays studied were selected

CHANNEL NUMBER

FIG. 7. Measurement of the half-life of the 3595-kev 8+ state
(see text for explanation).
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Fzo. 6. Gamma spectrum in coincidence with the 1752-kev in-
ternally converted transition. Intensity of the (420~20) -kev
gamma transition is (1&0.3)X10 '/Nb" disintegration.

by means of a single channel analyzer, and the coinci-
dent gamma spectrum displayed on the screen of the
36-channel analyzer. Care was taken to eliminate false
coincidences resulting from Compton background and
backscatter radiation. All the results obtained in these
experiments are summarized in Table III. In those
cases where the statistics were not good or the line
shape is not normal, a question mark has been placed
after the coincident event.

To a considerable extent, the information obtained
in these measurements only confirms the information,
summarized in Table II, obtained in gamma-coincidence
studies with events focused in the beta spectrometer.
One important piece of additional information is the
fact that the strong 2315-kev line was not in coincidence
with any other gamma ray or with annihilation radia-
tion. This is a strong indication that the transition is
from a delayed state to the ground state. In addition,
evidence is obtained in these gamma-gamma coinci-
dence measurements for a number of weak transitions.

Often these weak transitions involve poor statistics
or bad line shape. An example of some of the better
measurements on these weak transitions is shown in
Fig. 8. The measurements presented in Fig. 8 seem to
indicate that an 1850-kev gamma ray is in coincidence
with both the 142- and 1138-kev gamma rays, whereas
the 1630-kev gamma is just in coincidence with the
second member of the cascade, namely the 1138-kev
gamma ray. The gamma-gamma coincidence measure-
ments also give weak evidence for a 1960- to 2000-kev
gamma ray and 960-kev gamma in coincidence with
the 1138-kev gamma, but not with the 142-kev gamma.
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TABLE III. Results of gamma-gamma coincidence experiments.

Selected event
(kev)

Events observed in
coincidence with

selected event Remarks

371.9 142, 511, 650, 890,
1640?, 1960, 2190

132.7+141.5 511, 1138, 1650,
1850, 2182

The relative intensities of the coincidences change as one shifts the gate over the peak.
The 2182-kev peak is definitely more coincident with the low-energy end of the (132.7
+141.5)-kev peak. The 1650-kev coincidence is presumaMy the sum line of annihilation
radiation and the 1138-kev transition.
The coincidence with the 890-kev gamma is very clearly observed. The 1640-kev gamma
coincidence is weak. The 1960-kev gamma coincidence peak is broad, probably indicating
more than one coincident gamma ray.

141.5, 511, 650, ~960?, The 650-kev coincidence is presumably the sum line of annihilation radiation and the
1630, 1860?, 2000 141.5-kev transition. The 960-kev gamma coincidence is very broad. The 1630-kev

gamma coincidence is definite and cannot be accounted for as the sum line of annihilation
radiation and the 1138-kev transition. The 1860-kev gamma coincidence is listed as
questionable because of uncertainties involving intensities in the {2320—511)-kev es-
cape peak.

1630

i850

1990

2182
2315

1140

1140, 1280

1140?

132.7

Only coincidences in which E~&1050 kev would have been observed. (See Fig. 8.)

Only coincidences in which E~&1050 kev would have been observed. Presumably the
1280-kev coincidence is the sum line of 1140+142 kev, indicating also a coincidence with
142 kev. (See I ig. 8.}

Only coincidence in which E~)1050 kev would have been observed. Statistics were
not very good.
The coincident gamma ray peak is definitely at lower energy than the 141.5-kev gamma.
This strong line (2315 kev) was not in coincidence with any gamma ray. This is one of
the indications that the transition is from a delayed state to the ground state.

While the evidence about these weaker transitions is
in no way conclusive, the evidence on the majority of
the transitions is quite strong. Among those things

definitely established by these coincidence measure-
ments are (1) a cascade involving the main positron
branch to a 3/10 '-sec delayed state followed by a
141.5-kev transition and then by a 1138-kev transition,
(2) a transition of 2315 kev from a delayed state to the
ground state, (3) a cascade involving a 2182-kev transi-
tion and a 132.7-kev transition, and (4) a cascade in-
volving a 420-kev transition and a very highly con-
verted 1752-kev transition which, because of the co-
incidence e%ciency, must be a 0 —+ 0 transition.

V. THE LEVEL SCHEME

A. Established Levels

All data on the stronger transitions and some of the
weaker transitions are summarized in the decay scheme
shown in Fig. 9. It should be emphasized that several
of the weaker transitions are not included in this decay
scheme, but will be considered separately, because the
data suggesting their existence and the existence of
certain additional levels are so much weaker. The decay
scheme presented in Fig. 9 explains in a very satis-
factory way the apparent lack of relationship between
(1) the cascade involving the main positron branch to
a 3)&10 7-sec delayed state followed consecutively by
141.5- and 1138-kev transitions, (2) a cascade involving
132.7- and 2182-kev transitions, and (3) a long-delayed
transition of 2315 kev. There is little doubt that this
state is identical with the 0.83-sec state at 2320&20 kev

observed by Campbell et al."on the basis of inelastically
scattered neutrons on separated Zr". Attempts to ob-
serve this metastable state in the decay of Nb" have
not been successful. ""' However, this must be ex-
plained as a failure in the column chemistry resulting
from the oxidation state of Zr" produced in the decay
of Nb" which does not behave normally during the
erst several seconds after the decay.

The 2315-kev transition is shown to be an E5 to the
ground state. This unambiguously establishes a 5-
level. If the half-life for such a transition is calculated
without reference to the statistical factors involved in
the configurations assumed, a value of 1.21 sec is ob-
tained. This is in excellent agreement for such a calcula-
tion with the 0.83-sec half-life measured by Campbell
et al."Therefore, although these experiments have not
measured the lifetime of the delayed state at 2315 kev,
it is assigned the half-life 0.83 sec measured by Campbell
et al. '~

Once the delayed state at 2315 kev is established, the
positron, 141.5, 1138 kev cascade (which is known to
end at a spin-5 state" ") determines levels (rela, tive to
the Zr" ground state) at 6107 kev (ground state of
Nb"), 3595, 3453, and 2315 kev. With this super-
structure on which to hang the data, the other two
cascades fall easily into place. The 132.7—2182 kev
cascade determines a level at 2182 kev rather than 132.7
kev for several compelling reasons, among which are
the competition between the 2315- and 132.7-kev
gammas and the fact that a 3- level at 132.7 would cer-

"Campbell, Peelke, Maienschein, and Stelson, Phys, Rev. 98,
1172(A) (195S).
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tainly have been populated in the Y' beta decay. A
level at 1752 kev previously suggested on theoretical
grounds by Ford' and confirmed experimentally in the
decay of Y" by Johnson, Johnson, and Langer's is
again confirmed by the 420—1752 kev cascade. The
371.9—900 kev coincidence suggests a level at 3081 kev
rather than at 2554 on the basis of the poor competition
of this cascade with the 1138-kev transition.

Therefore, there are well-established levels in Zr" at
1752, 2182, 2315, 3081, 3453, and 3595 kev above the
Zr~ ground state, and the ground state of Nb" is
established at 6107 kev above the Zr" ground state.
The biggest single factor in determining the error in
these levels is the accuracy of the measurement of the
2315-kev transition which is believed accurate to 0.5 ~&.

B. Other Levels

@90
2-- "

099E2 6+- i
4+-

1.00 E1

3595

&E2& 0.028

5 gP

~ E3 0142315
2182~-+1"10
1752

E2 E5 0.84

ev

-- 6107

2 halo c~

6.0
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seg,

0.83 sec
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Whereas the levels just enumerated are well estab-
lished, there are several other transitions whose validity
is not so clearly established (see Fig. 2) which are not
included in this level scheme. Fortunately for the
method of presentation, these transitions all involve
three additional levels. It is therefore possible to con-

EO~-79 1p'

40Z l
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30—

1140ke v~p

~xCoincident with 1630ke v

0—oCoinc|dent with 1650kev

l ~~ I
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CHANNEL NO.
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Fzo. 8. Gamma spectra coincident with the 1630- and
j.850-kev gamma rays.

"Johnson, Johnson, and Langer, Phys. Rev. 98, 1517 (1955).

Fro. 9. Levels in Zr" (decay scheme I). The intensities of the
transitions are given as numbers close to the transition. They are
total gamma and internal conversion intensities given as the frac-
tion of all Nb' disintegrations. Beta-decay transitions are given
in percent.

struct an additional decay scheme as shown in Fig. 10.
This decay scheme summarizes all the additional in-
formation not included in the decay scheme shown in
Fig. 9.

It should be emphasized that most of the information
indicated in Fig. 10 is considerably weaker and, there-
fore, this part of the decay scheme must be considered
preliminary and tentative. The evidence for a 1850-,
141.5-, 1138-kev cascade and the weak evidence for a
1990-, 1138-kev cascade suggest a level at 5440 kev
populated only by the orbital electron capture of Nb"
(see Fig. 8). The evidence for a level at 5080 kev is
based on 1630-kev coincidence with 1138-,but not with
141.5-kev radiation. This level should be populated
principally by Nb" orbital electron capture.

The main evidence for the existence of the tentative
level at 4450 kev is the weak low-energy positron group
with a maximum energy of 650&20 kev. Although weak,
the intensity of this positron group would infer a con-
siderably greater orbital electron capture branch. Yet
the only possible transitions from the tentative 4450-
kev state are much too weak in intensity to account for
such a positron and orbital electron capture branch.
The evidence on the 996- and 2137-kev transitions from
the tentative 4450-kev state to the 3453- and 2315-kev
states is extremely weak (see Fig. 2). For these reasons
the tentative level at 4450 kev and transitions from it
are indicated as dotted lines in the partial decay scheme
of Fig, 10,
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FIG. 10. Three additional tentative levels in Zr~ (decay scheme
II). This is a partial level scheme only. Note that the 8+, 6+,
and 5—levels are present in the level scheme presented in Fig. 9.

In addition to these levels, two additional levels have
been suggested by Day" on the basis of preliminary
inelastic neutron scattering experiments. These levels
are at approximately 3200 kev, decaying only to the
ground state, and at 2760 kev decaying to the 2315- and
2182-kev states. No evidence for these states has been
found in the present experiments involving the decay
of Nb". However, in view-of the very diferent mode
of population in the experiments of Day, it would not
be surprising to find diGerent states populated.

C. Branching Ratios, Transition Probabilities
arid Lifetimes

The total intensity of each transition is included on
the decay scheme shown in Fig. 9 as a number close to
the multipolarity of the transition. The numbers are
given relative to Nb" disintegration as 1.000. The total
intensity is the sum of the gamma intensities previously
determined"" and the internal conversion electron in-
tensity when it is significant. The actual experimental
numbers are used in all cases. In some cases this may
represent a known inaccuracy. For example, the in-
tensity listed for the 371.9-kev E2 is the experimentally
measured gamma intensity 0.028 per Xb" disintegra-
tion. Actually the internal conversion line measurement
is considerably more accurate than the gamma measure-
ment for this transition. If one uses this intensity to-
gether with the internal conversion coefficient for an E2
of this energy, one obtains a gamma intensity of 0.016
per Nb" disintegration.

Of particular interest are the competitions between
the 371.9- and 1138-kev transitions, the 132.7- and
2315-kev transitions, and the 2182- and 420-kev
transitions. Also of considerable interest is the limit

' R. B. Day (private communication, March, 1957).

which can be placed on the potential 1280—141.5 kev
competition. Previously, a limit of 0.02 1280-kev-
transitions per Nb~ disintegration was given. ""This
estimate was based on a difficult gamma subtraction
procedure. Now, however, the limit of 1/15th the 1138
conversion line indicates (assuming that the radiation
would be E3) a limit of less than 0.019 1280-kev-
transitions per Nb" disintegration. These competitions
will be discussed in greater detail in Sec. VII of this
paper and the paper which follows.

The ratio of pair formation to internal conversion for
the 0~0 1752-kev transition has been calculated to
be 1 to 3 by Greenberg and Deutsch" using the theory
of Thomas. ' It has been experimentally determined as
4.4 2.2+", in agreement with the theory, by comparison
of the pair formation measurements of Greenberg and
Deutsch" and the internal conversion measurements of
Yuasa et al.""

The Y" decay scheme has been included in Fig. 9
because it is so intimately involved in any discussion
of the levels in Zr". The beta branching ratio to the
two Zr" 0+ states is taken from the measurements of
Greenberg and Deutsch" and Yuasa et el""The value
for the logjam for the Y~ beta transition to the Zr"
ground state includes the factor suggested by David-
son'4 for unique first forbidden beta decays.

Half-lives are given on the decay scheme for the
3595-, 2315-, and 1752-kev states. The half-life for the
3595-kev state is that of these measurements and needs
no further explanation. The half-life of the 2315-kev
state is that of Campbell et al. '~

There has been a considerable disagreement about
the half-life of the 1752-kev state. Originally, Deutsch"
proposed a 5.9X10 '-sec half-life based on his measure-
ments. More recently preliminary measurements of Day
and IGoepper" indicate a half-life of 6.4X10 ' sec.
Still more recently, Alburger'~ has experimentally deter-
mined a half-life of 6X10 ' sec, in good agreement with
Day and Kloepper, but in disagreement with Deutsch.
Because of this agreement the half-life used in this
decay scheme is that of Day and Kloepper in spite of
its preliminary nature.

VI. MULTIPOLE ORDER OF TRANSITIONS,
SPIN AND PARITY ASSIGNMENTS

A. Internal Conversion CoefBcients

Using the relative intensities of E or EI.M conver-
sion lines presented in Table IV together with the
previously determined relative intensities for the gamma

~' J. Greenberg and M. Deutsch, Phys. Rev. 98, 1517 (1955)."P.Thomas, Phys. Rev. 58, /14 (1940).
2' Yuasa, Laberrique-Frolow, and Feuvrais, Compt. rend. 242,

2129 (1956)."T.Yuasa and J. Laberrique-Frolow, J. phys. radium 17, 558
(1956).

'4 J. P. Davidson, Jr., Phys. Rev. 82, 48 (1951).' M. Deutsch, Nuclear Phys. 3, 83 (1957).
'~ R. Day and R. Kloepper (private communication)."D.Alburger (private communication to A. Bohr).
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Txsx.z IV. IC and EL3E conversion coeKcients and multipolarity assignments.

Relative intensity
Transition of K or KLM

energy conversion
(kev) lines

Relative
intensity

of gamma
lines

Experimental
K or KLM
conversion
coefficients Ei

Theoretical conversion coefficientsa
E2 E3 M1 M2

Assigned
multi-

polarity

132.7
141.5
371.9

1238
1752
2282

1752
2315

44
100

0.084
0.104(EL')d

0.027(ELM) d

0.009(ELu) d

100
=3.7
130
(2.6
18.4

0.027 (EL') d (2.6
0.226(ELM) d 120

1.8X20
(2.7X10-')

=6 X10 '
2.1X10 4

&2.8X20 '
1.3X10 4

&2.8X 10-3
5.5X10 4

4.2X 20~
3.5X20~
2.6X10 3

2.1X10 4

9.9X20 5

9.1X10 5

E3
3.9X10 4

2.1X10 4

3.2X10 '
2.7X20 '
9.6X10 '
S.SX10 4

2.2xio 4

1.4X10 '
E4

6.4X1O-4
3.0X20~

1.85X10
1.4 X20
3.3 X20~
1.1 Xio-3
3.9 Xio 4

2.5 X10 4

ES
1.0 X10 3

5.0 Xio 4

8.2X20~
7.0X20~
6.0X10 '
5.6X10 4

2.3X10 4

1.5X10 4

3f3
7.7X10 4

4.1X10 4

6.4X20-~
~ ~ ~

2.3X20~
1.3X20 '
4.6X10 '
3.3X10 4

M4
1.5X20 '
6.0X10 4

3.6X1Oo
~ ~ ~

8.2X 20~
2.5X1O-3
7.7X10 4

4.5X10 4

3ES
2.0X10 ~

8.9X10 4

E3
E2
(E2)'
E1
EO
E2

a The conversion coefficients are those of M. E. Rose, reference 28.
b The 141.5-kev transition is assumed to be pure E2 with a theoretical conversion coefficient of 2.7 )(10 '. Both the K-L ratio and internal conversion

coefficient determined by a comparison of the internal conversion line and the positron spectrum corroborate the E2 assignment. All other experimental
conversion coefficients are determined relative to the 141.5-kev line.

e The experimental value, 6 2+4 X10 3, for the conversion coefficient of the 371.9-kev transition is within the experimental error either an M1 or an E2.
The tentative E2 assignment is made on the basis of the relative population of other states in the decay scheme. (See text. )

d All theoretical conversion coefficients for transitions of energy &1000-kev listed in the table have been increased by 14%, since they are being compared
to experimentally determined a~+z, +~ rather than +2'.

intensities, ""it is possible to determine relative con-
version coeScients for most of the transitions in the
Nb" decay. The conversion of these relative values into
absolute conversion coefficients may be accomplished if
the multipolarity of any of the transitions is determined
by an independent method.

In the present experiment, the multipolarity of the
141.5-kev line was determined by two independent
methods. The K-L ratio for this line indicates that it is
an E2 transition (see Table V). The absolute conver-
sion coefficient was determined for the 141.5-kev transi-
tion by taking the ratio of the intensity of the E con-
version line of the 141.5-kev transition to the intensity
of the positron spectrum augmented by the theoretical
orbital electron capture branch minus the intensity of
the K conversion line of the 141.5 kev. The value for
the conversion coe%cient so obtained, 0.26, agrees very
well with the theoretical value for an E2 of this energy,
0.27. This argument assumes that there is no other
positron or electron capture which ultimately feeds the
141.5-kev transition. Actually, there is evidence that
other positron and electron capture branches do feed
the 141.5-kev transition. However, this feeding is at
most a few percent and cannot affect the conversion
coefFicient by more than a few percent.

Accordingly, the 141.5-kev E2 transition is chosen as
a reference line. It is assigned the theoretical E-con-
version coefficient, air=0. 27, and the conversion co-
efIicients of all other lines are determined relative to it.
The E-conversion line of the 141.5-kev transition is
particularly appropriate for comparisons, not only be-
cause its multipolarity is independently determined,
but also because it is an intense line and occurs at high
enough energy so that there is little tailing. Accordingly,
there is little ambiguity in its intensity.

Table IV gives the experimental conversion coeffi-
cients calculated in this way. The theoretical conversion
coe%cients for E1, E2, E3, M1, M2, and 353 and, in

some cases, of E3, E4, E5, M3, N4, and M5 radiations
are included for comparison.

All conversion coe%cients are those of Rose."The
E-conversion coe%cients corrected for finite size e8ect
recently calculated by Sliv and Band" diAer little for
Zr" from those given by Rose.

In general, there is little ambiguity in the multi-
polarity assignment presented in the last column. A
particular exception to this statement is the E2 assign-
ment for the 371.9-kev transition. The experimental
value of urc, (6-s+')X10 ', is actually closer to the
theoretical value for an M1, namely 6.0&(10 ', than to
the value for an E2, 9.6)(10 '. However, since the
371.9-kev radiation originates from a 6+ state and is
followed immediately by a 900-kev radiation to the
2182-kev 2+ state rather than the potential 767-kev
radiation to 2315-kev S-state, it is much more plausible
to use the maximum multipole order for the 371.9-kev
radiation, namely E2. Unfortunately, the K-L ratio
does not give an unambiguous answer for this transi-
tion. No attempt could be made to determine the
multipolarity of 900-kev radiation, because it was con-
taminated with the 913-kev radiation of Zr".

Since a 371.9-kev E2 radiation competes with it, and
it therefore must be unusually slow, it is tempting to
believe that there ought to be an M2 admixture in the
1138 E1 radiation. However, it is possible to calculate
the half-life of a 371.9-kev transition between the
assumed configurations (gs~s)s+' and (g,~s)4+' (see Sec.
VII C). This half-life, combined with the experimen-
tally determined branching ratio, can in turn be used
to estimate the half-life of the 1138-kev transition to be

1)&10 " sec. This estimate can then be used to set
an upper limit of 7% 3E2. However, this possible M2
should be hindered (see Sec. VII 3). Hindrance factors

2' M. E. Rose, in Beta- and Gamma-ray Spectroscopy, edited by
K. Siegbahn (North-Holland Publishing Company, Amsterdam,
1955), and privately circulated tables.

~ L. Sliv and S. Band (privately circulated tables),
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are no less than 7 and usually considerably more (see
the paper which follows) in each of four cases of this
type. Accordingly, one is led to the conclusion that there
can be very little iV2 admixture.

The experimental ELM conversion coefficient for the
1138-kev transition, (2.1+0.4) X10 ', would indicate
~3 jo 3II2 admixture.

B. J-L Ratios

The spectrometers used had sufhcient resolution so
that it was possible to resolve the E and L lines of the
three lowest energy lines with sufhcient accuracy to
determine E-L ratios. The internal conversion lines for
the 132.7- and 141.5-kev transitions are shown in Fig. 1.
The line shape for the leading edge of all internal con-
version lines in this complex is taken from the leading
edge of the E conversion line of the 132.7-kev transi-
tion, whereas the shape of the lines at energy greater
than the assigned energy is taken from the L conversion
line of the 141.5-kev transition. Using the usual sub-
traction procedure and the line shape of resulting lines
as a check, it is possible to arrive at intensities for all
the four lines in the complex without too large an error.

The results are shown in Table V. Whereas the multi-
polarity assignment from the E-L ratio is unambiguous
for the 132.7- and 141,5-kev transition, as was men-
tioned previously, this is not the case for the 371.9-kev
transition.

TABLE V. E-L ratios.

Transition
energy
(kev)

Intensitya
of K line

Intensitya
of I. line

Theoreti- Multi-
Experimental calb K-I. polarity

K-L ratio ratio assumed

132.7
141.5
371.9

100
0.084

15
17
0.0082

2.9~0.3
5.9~0.4

10 +3.5—2.0

2.95 E3
6 23 E2
923 E2

a All intensities are based on the intensity of the K line of the 141.5-kev
transition which is arbitrarily assigned the intensity j.00.

b The K-L ratios were determined from .conversion coefFicients given by
M. E. Rose, reference 28.

C. Spin and Parity Assignments

The 1752-kev EO, 2182-kev E2, and 2315-kev E5
transitions unambiguously assign the spin-parity of the
1752-kev level as 0+, the 2182-kev level as 2+, and
the 2315-kev level as 5—.The previously measured
anisotropy of the 141.5—1138 kev cascade"" deter-
mined the spin values 8, 6, and 5 for the 3595-, 3453-,
and 2315-kev levels. These spin assignments are
strengthened and the parities determined by the de-
termination of the multipolarity of the 141.5-kev radia-
tion as E2 and the 1138-kev radiation as E1. Accord-
ingly, the 3595- and 3453-kev levels are assigned spin-
parities of 8+ and 6+, respectively. The 371.9-kev E2
radiation strongly suggests that the 3081-kev state has
spin-parity 4+. This assignment is supported by the
theoretical calculation of the position of the 4+ level

in the paper which follows this one. The ground state
of Nb' is assigned the spin parity 8+ or 9+. A justifi-
cation of this assignment is given in the discussion.

In view of the tentative nature of the three addi-
tional levels in Fig. 10, no detailed attempt will be
made to justify spin and parity assignments, although
in some cases assignments appear possible. It is suffi-
cient to say that all three levels must have high spin.

VII. DISCUSSION

A. Discussion of the Levels

The decay scheme presented in Fig. 9 satisfactorily
explains the experimental data not only of these meas-
urements but also of previous measurements, with
certain minor exceptions in which the previous experi-
mental data have been shown to be in error. It di6'ers
radically from the Xb" decay schemes of Hok et al. ,

'
and Mathur and Hyde, ~ which, while essentially in
agreement with each other, are in serious disagreement
with the well studied decay scheme of Y"."""The
low spin levels at 1130 and 1270 kev in Zr "suggested
by Hok et al. should be populated in the decay of Y"
in preference to the unique first forbidden ground state
transition, yet less than 0.0001%ss gamma rays are
observed.

In addition to the rather compelling experimental
facts presented in this paper, there are a number of
additional reasons for believing in the present decay
scheme rather than that presented by Hok and by
Mathur and Hyde. Their proposed energy difference
(3650 kev) between the Nb" and Zr" ground states is
considerably less than that suggested from the combined
nuclear data. " Both the shell model (see below) and
the population of the rnetastable states in Nb" in the
decay of Mo" strongly suggest a high-spin ground
state for Nb" rather than a low-spin state. Finally,
systematics of first excited 2+ states" indicate that the
first excited 2+ should be considerably higher than
1130kev.

B. Con6gurations Involved in the Levels

As was pointed out in the introduction, we expect
the low-lying states of Zr" to be determined by the
proton configurations (pris)', (gs~s)', and (pr~sgs~s). 0+,
0+, 2+, 5—,4+, 6+, and 8+ states have been ob-
served. The only other state to which these configura-
tions can give rise is the (gs~spi~s) 4—state, which should
not be seen because its population is strongly forbidden
by beta and gamma selection rules.

"Braden, Slack, and Shull, Phys. Rev. 75, 1964 (1949).' Laslett, Jensen, and Paskin, Phys. Rev. 79, 412 (1950).
'~ Saraf, Varma, and Mandeville, Phys. Rev. 98, 1206(A) (1955).
3337Nclear Level Schemes, A=40—A=92, compiled by Way,

King, McGinnis, and van I.ieshout, Atomic Energy Commission
Report TID—5300 (U. S. Government Printing Deice, Washing-
ton, D. C., 1955), p. 187.

'4Alder, Bohr, Huus, Mottelson, and Winther, Revs. Modern
Phys, 38, 432 (1956).
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The energy relationship of these states is also grati-
fying. This will be dealt with in considerable detail in
the paper which follows. It is sufficient here to indicate
very briefly the qualitative argument first suggested by
Ford. ' Since the g9~2 orbital lies approximately 900 kev
above the pi/o orbital, before interparticle interaction
the (go/2pi/o) and (go/o)' configuration should lie at

900 and 1800 kev, respectively. After interparticle
interaction and the consequent splitting of the con-
figurations into the states enumerated above, it is not
unreasonable to believe that the more vigorous inter-
particle interaction of (go/o)' 0+ and 2+ states would
lower them below the (go/opr/o) 5 —state. Therefore,
not only the energy relationship of the configurations,
but also the energy sequence of the 0+, 2+, 4+, 6+,
and 8+ states and the relationship of this sequence to
the 5 —state are interpreted in a straightforward, un-
ambiguous way.

Furthermore, the more vigorous interparticle inter-
action of the (go/&)' 0+ state may lower it into the
vicinity of the (pi/&)' 0+ state whose interparticle
interaction should be less. Such a situation would mean
that the two 0+ states would be similar, each involving
both the (go/o)' and (pi/o)' configurations, and that
they would split apart energywise.

If the energy of the sequence 2+, 4+, 6+, 8+ is
plotted linearly against spin, a smooth curve results.
Since neither of the two 0+ states falls on this curve,
it seems improbable that either of the two 0+ states
belongs to the pure (go/o)' configuration which is almost
totally responsible for the 2+, 4+, 6+, and 8+ states.

A qualitative comparison of the relative population
of the first two 0+ states by the beta decay of the

(Pi/odo/o) 2—Yoo ground state indicates that both 0+
states must have a considerable (pi/2)' component. On
the other hand, a comparison of the gamma branching
from the (go/o)' 2+ state to the two 0+ states indicates
that they each have a considerable (go/o)' component.
Consequently, there is strong experimental evidence
that the Zr" ground and first excited 0+ states each
involve strongly mixed (pi/&)' and (go/z)' configurations.

The experimental evidence for the purity of the 2+,
4+, 6+, and 8+ states is quite striking. This evidence
is in the form of branching or potential branching from
a given state to two states. The transition to one of the
states is allowed by all selection rules, but the transition
to the other state, while allowed by selection rules based
on the spins and parities of the states, is forbidden for
that multipole by the special selection rules imposed by
the configuration.

The competitions are between the following transi-
tions: (1) 141.5 and 1280 kev, (2) 371.9 and 1138 kev,
(3) 899 and 786 kev, and (4) 2315 and 132.7 kev, where
the second member should be E3, E1, E1, and E3, re-
spectively, by selection rules based on the spins and
parities of the states, but 3f4 in each case by the selec-
tion rules imposed by the configurations. Actually, the
1280- and 786-kev transitions are not seen, whereas

considerably hindered 1138- and 132.7-kev E1 and E3,
respectively, are observed. Since, with selection rules
based on spins and parities only, the 1280- and 786-kev
transitions should be more intense than the 141.5- and
899-kev transitions, there is evidence for considerable
hindrance in all four cases. This is qualitative evidence
for the purity of the configurations in the 2+, 4+, 6+,
and 8+ states. Quantitative estimates of the amount
of impurities and of the mixing of the configurations in
the two 0+ states are contained in the paper following
this one.

The two additional states at approximately 3200 and
2760 kev observed by Day demand some additional
attention. The state at 3200 kev might represent an
excitation of the core (Sr"). The probable collective
nature of such an excitation might then explain the
exclusive depopulation of the 3200-kev state to the
ground state. "

It is also tempting to suggest that the 2760-kev state
is the missing 4—state. However, the fact" that it
decays both to the 2315-kev 5—state and to the 2182-
kev 2+ state argues somewhat against this suggestion,
since it is to be expected that the 4—state would con-
siderably prefer depopulation to the 5—state over de-
population to the 2+ state. A possible alternative
interpretation of the 2760-kev state is that it is a
L(po/o) gg/og 3—state. To a first approximation, such
a state should be (pi/o p3/9)+(go/o —pi/o) or 1850+900
=2750 kev above the ground state. The excellent agree-
ment is at least partially fortuitous, even if the con-
figurational assignment is correct.

C. Lifetimes of the States

Three states have experimentally measured half-
lives, namely the 3595-kev state with a half-life of
(3—i.o+'o) X 10 ' sec, the 2315-kev state with a 0.83-sec
half-life, and the 1752-kev state with a 6.4)&10 '-sec
half-life. The half-lives for the first two of these states
are calculated in the paper following this one. Conse-
quently, these calculated half-lives are quoted here
only for comparison. The half-life of the 3595-kev state
is calculated as 4.27)(10 ' sec, in complete agreement
with experiment. The half-life of the 2315-kev state,
without considering the involved configurations but
only the multipole order, is 1.21 sec. When the con-
figurations are included in the half-life calculation, the
value 1.65 sec is obtained. This is still good agreement
for this type of calculation.

The calculation of the half-life of the 1752-kev state
is considerably more complex, since the transition in-
volved is a 0 —+ 0 transition. Accordingly, it is necessary
to evaluate nuclear matrix elements. This has been
done for Zr", both using square welP5 and harmonic
oscillator" potentials. The results of the calculations are
in complete agreement, giving a half-life of the order of
2&10 ' sec, depending on the choice of the strength of

oo A. S. Reiner, Phyoica 23, 338 (1957).
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the contact particle interaction in the case of the square
well potential and the choice of h/cuM in the harmonic
oscillator case. However, they are shorter by a factor
of 30 than experimentally determined half-lives. At
present, this is the most serious disagreement between
theory and experiment in the study of the Zr~ nucleus.
It is conceivable that this serious disagreement may
result from the different polarizing effects of g9~2 and

pi/2 particles on the core of the nucleus. "
D. Positron Decay of Nb"

The positron decay of Nb~ represents a transition
from the ground state in Nb" whose spin and parity
must be inferred from experimental and theoretical
considerations to a state in Zr~ which is largely (g9/2)2

8+. The logft (6.0) indicates that the transition must
either be allowed or first forbidden. Since the major
configuration in 41 proton —49 neutron Nb" must cer-
tainly be (g9/2'g9/2 '), the parity of the ground state of
Nb~ must be positive. Therefore, we are strongly led
to believe it is an allowed transition. Furthermore,
since the positron decay goes very largely to the 8+
state in Zr" (less than 0.1% to the 6+ state), it is only
reasonable to conclude that the spin-parity of Nb" is
8+ or 9+. Consequently, one suggests that the major
configurations in the positron decay of Nb" are: Nb~
(ground state):

L2r(Sr pl/2 g9/2 ) &(Sr pl/2 g9/2 ) JS, 9+

and Zr~ (3595-kev state):

It is then reasonable to expect a high value of the logft
for a positron decay which is allowed by normal beta
selection rules, but would be strictly forbidden if the
states involved were absolutely pure because the transi-
tion involves the simultaneous excitation of two protons
together with the positron decay.

One might test the validity of the configurational
assignments in the Nb" decay by comparison with
nearby decays. An excellent example of the same
forbiddenness can be found in the decay of Zr into an
excited state of Y. The ground state of Y" has the
measured spin 1/2. The excited state into which the
Zr decays depopulates in turn by a 913 kev iV4. This
determines the spin (9/2) and probable configuration
of this state. The ground state of Zr", on the other
hand, has a high spin as evidenced by its decay into the

"Note added As proof. R. B. Day has pointed out an arithmetic
error in reference 11. The transition probability (8') for an EO
internal conversion is given by W=Qpm. p~0.107 and 0=2.1
X10' sec ' for the 0+ —+ 0+ transition in Zr' . This results after
appropriate corrections for e~, I„~ pairs to a half-life of ~2/ 10 8

sec which can be compared with the experimental value of 6.4
X10 ' sec. Thus the last serious discrepancy between experiment
and theory for the Zr~ nucleus is thereby resolved.

9/2 Y ' excited state. The shell model together with the
M4 transition involving the ground state and 4.4-min
isomeric state of Zr" is further evidence for the con-
figuration of the Zr" ground state. On the basis of this
experimental and theoretical information, it is possible
to construct the configurations involved in the Zr"
positron decay which follow:
Zr" (ground state):

(2r(»" Pi/2'C9/2') i'(Sr" Pi/2'f 9/2') j9/2+

and Y~ (913-kev state):

$2l (Sr pl/2~g9/2 )&(Sr pi/2 g9/2 ) j9/2+.

tA'hen the configurations involved in the Zr" and Nb~
positron decays are compared, it is obvious that the
transitions are analogous. Furthermore, the experi-
mentally determined logft value for the Zr" decay is
6.1, very close to the value 6.0 observed in Nb".

On the other hand, if one has a simple positron transi-
tion involving the transformation of a g9~2 proton into a
ggf2 neutron, as is the case in the Mo" positron decay,
the log ft is 4.5. Therefore, there must be impurities in
the configuration(s) of the Nb" ground state and/or
Zr" 8+ state. The extent of the impurities should be of
the order of 1/30th the major configuration. No reason-
able configuration for the Zr" 8+ state will allow a
single particle transition from the major configuration
in Nb". However, if configurations of the type

L2r(Sr ',pi/2'g9/2 )i'(Sr, pi/2 g9/2') j2, 9+

were present in Nb" to the extent of 3%%uq, the transi-
tion could take place with reduced probability, implying
a logft of 6.0.
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