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84 excited states have been studied between 2.3 and 3.5 MeV in Er, 9Hf, Ir, and
97Au by observing the decay of the isomeric levels in these nuclei following electron and

photon activation. 28 of these states are observed for the first time. Of the $4 observed
transitions, M1+E2 multipolarity assignment is made to 20, two are identified as EO
transitions, and one is assigned El multipolarity. Accurate values for the isomeric
half-lives are also presented.

Measurements reported here provide the first
systematic investigation of states by inelastic
electron scattering and photoexcitation from 2.3
to 3.6 MeV in the region Z =68 to 79. Further,
the method employing the electromagnetic inter-
action yields the multipolarity and radiative
strength of the transition which will provide im-
portant confirmation of quantum numbers, deter-
mined by nuclear reactions such as (d, P) and

(d, t). Coulomb excitation measurements in this
nuclear structure region have only explored
states up to -1.5 MeV. Finally, the use both of
electron and of photon excitation allows a search
for electric monopole (EO) transitions which are,
of course, forbidden for photons. EO transitions
had not been observed in the region explored
prior to the present work.

The sytematic study of radiative-transition
probabilities has helped delineate the regions of
applicability of various nuclear models. The
Nilsson model, with additions such as pair corre-
lation and quasiparticle-phonon interactions, has
had some success in describing low-lying states,
be1ow 1.5 MeV, in deformed nuclei. ' Pertinent
to this investigation the strength of Ml y rays
(4 MeV &E

&
& 9 MeV), following neutron capture

by deformed nuclei, has been quantitatively ex-
plained by a calculation employing pairing and
spin-spin effects, together with the standard
Nilsson Hamiltonian. ' In the transition region
76 (Z &82 the model of de-Shalit' for odd-A nu-

clei, where the odd nucleon is weakly coupled to
excitations of the even-even core, has met with

good success in predicting electromagnetic mo-
ments and transition probabilities for low-lying
states, (0.8 MeV in several nuc1ei. '

The experimental method dictated investigation
of only stable nuclei with low-lying isomeric
states. Accordingly, the odd-A nuclei 668'Er»,
179xz 183 191 197

2 ~flp7& 74 lpga 77 Ir114t a d 79 Aull& w

tigated with electrons and bremsstrahlung from
the National Bureau of Standards' 4-MeV elec-
tron Van de Graaff. All but ' W had sufficient
cross sections for study. Targets of natural
isotopic abundance, in the thickness ranges of
-5g/cm' for photoexcitation and -18 mg/cmm for
electroexcitation, were placed in a fast shuttle
to transport them from the irradiation position
to the counting position without a significant de-
cay of the 2- to 20-sec isomeric states. The ex-
citation functions were measured by increment-
ing the bombarding energy and measuring the
subsequent isomeric decays with NaI(Tl) scintil-
lators. A state was identified by comparing the
two curves produced where a break corresponded
to a new higher-lying state populating the iso-
mer. ' This method is shown in detail for a 200-
keV portion of 'v'Hf excitation in Fig. 1. The
photoexcitation yield curve corresponded to a
series of straight lines produced by the inter-
mediate-thickness bremsstrahlung target (0.001
in. platinum, backed by 1 in. water). The elec-
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FIG. 1. The electron and photon yield curves cor-
respond to a superposition of isochromat excitation
functions and a series of straight lines, respectively.
The isomer radioactivity is plotted versus incident
electron energy. The corresponding break in the photon
curve occurred about 40 keV above the state because
of energy losses in the bremsstrahlung target. The
absence of a measurable photon cross section for the
3.095-MeV state led to assignment that the multipolar-
ity of the transition to this state from the ground state
was Eo.
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FIG. 2. For the 3.155-MeV state in "Hf the ratio-
of electron to photon activation given in Eq. (1) is plot-
ted, where the points are taken from a best-fit line
through the data. The large error bars are mainly due
to inaccuracies in the stripping method. The lines are
theoretical EI computed from the Duke inelastic elec-
tron scattering program. An M1+E2 transition is
assigned to this state.

troexcitation yield curve is characterized by a
superposition of thin-target isochromat excita-
tion functions. The photon flux N(k) for the tar-
get geometry has been measured by Booth and

Brownson, and Alston, V/ilson, and Booth. 7 As
discussed earlier, ' the multipolarity of a transi-
tion is determined by the ratio of the electron to
photon cross sections,

OI $0 e A. SlpC2 2

+I+09 ) f d@ 41 $0,

where the E~(FO, k) are defined by Roble for inci-
dent energy E, and excitation energy k in a plane-
wave calculation of electroexcitation. Specifical-
ly for electrons,

v,„,-=o. .. I",„/I =F~(Z„k)(gi', /m, c')

x I',.„/I, (2)

where I';„/I' is the ratio of de-excitation through
the isomer to total de-excitation and I'p is the

width of the state. For photons,

The theoretical El, is given by a partial-wave-
analysis calculation of inelastic electron scatter-
ing in the distorted-wave Born approximation
developed by the Duke University group. '"

Twenty-eight new excited states are observed
in the four nuclei. Typical of the 21 states for
which R~'s could be compared is that shown in
Fig. 2 for the 3.155-MeV state in ' Hf. Although
this method is capable of determining mixing
ratios, the errors in I ~ do not allow that here.

The absolute cross sections were determined
by measuring the NaI(Tl) crystal spectrometer
efficiencies with standardized y-ray sources and
computing the number of isomer decays observed
per count using decay-scheme data obtained from
Lederer, Hollander, and Perlman. " The elec-
tron beam energy was calibrated to +3 keV with
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Table I. Measured states with photon and electron cross sections and
multipolarity assignment of the upward transitions.

E ( 015) gI 0I iso/I ( 25 )
(MeV) (eV)

167Er

179Hf

19 lgr

2. 320
2.530
2. 725
2.950
3.080
3.255
3.355
3.475

2.310
2. 390
2.480
2.565
2.640
2. 705
2.850
2.930
3.030
3.095
3.155
3.240
3.360
3.490

2.500
2.845
3.070
3.250
3.400

b
0.013
0.026
0.040
0.073
0.054
0.076

b

f
0.0028
0.0025
0.0021
0.0064
0.0046

h
f

0.0082
h

0.0086
0.014
0.019
0.020

O. 014
0.016
0.019

f
0.027

3.9
4. 3
5.6
6.5~

16.
10 '
19.

f

g
g

0 95
l.Od

f
1.3
0.5i
f
h

0 9i
1.0
1 5e
3'.0

2.4
5.6
4. 2
f

C

Nl + E2
Ml + E2
Nl + E2
Nl + E2
Ml + E2
Ml + E2

C

C

C

Nl+ E2
NI + E2

C

Nl+ E2
EO

C

C

EO
Nl+ E2
Ml+ E2
Ml + E2

C

Nl + E2
Nl + E2
Nl + E2

C

C

197Au 2.405
2.620
2.880
3.025
3.175
3.260
3.515

0.00057
0.0027
0.0052
0.012
0.012
0.020
0.031

g
0.5
0.81
0.95
0 72e
1.6
2.2

C

Ml+ E2
Nl+ E2
Ml + E2

El
Ml + E2
Ml + E2

~Error mainly due to uncertainty in stripping.
Insufficient overlap to observe state with photons.
No assignment made.
At 1.04K„.
At 1.03K„.

fObserved, but too close to next state to measure, or poor data.
~Insufficient overlap to observe state with electrons.
"Not observed —see text.
'At 1.02E„.

two photonuclear reactions and reproducible by
means of a slit system with magnetic analysis.
The excited-state energies were uncertain to
+15 keV, primarily because of the difficu1ty in
stripping the individual contributions, especially
near threshold.

Table I summarizes the results for the 34
states observed in the four nuclei. Six of the ob-
served states have been previously identified in
"7Er. and "'Hf by (d, P) reactions. "'" The multi-
polarity assignments are based on this experi-
ment as can be seen, for example, in Fig. 2;
secondary support comes from comparison of the

%Veisskopf ratios with known electromagnetic
strengths. To deduce I', from Eq. (3) for the lat-
ter comparison, a limit of 0.005 & I';„/I'&0.05
was placed, which is plausible but by no means
certain. Only one state for which the Fi's could
be calculated was thought to be other than M1
+E2; this was the 3.175-MeV state in ' Au for
which an El assignment is made. Two other
states at 2.850 and 3.095 MeV in '~ Hf were ob-
served with electrons and not with photons. The
possibility of these being either E1 or E3 transi-
tions was rejected, leaving EO as the tentative
assignment. A width of -10 ' eV was calculated
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for these states from a monopole plane-wave
Born-approximation calculation'~ with an as-
sumed factor of 10 distortion and I'; „/I' =0.05.

For the 20 (Ml+E2) transitions, even parity
can be assigned to the excited states since the
ground states are &', —,", &', and &' for '"Er,
'7 Hf, '"Ir, and ' VAu, respectively. Since we
observe a product of a transition probability up
to and cascade probability down to the isomer,
the angular momenta can be limited to i JI-J, i

(I,, i.e., —,
"to '-,"in '"Er, for example.

Because of the singular decay mode and low

background, the half-lives of the isomers could
be measured to one standard deviation, =I'%%uo.

The results for the half-lives are "7 Er, 2.28
+0.03 sec; "' Hf, 18.77+0.08 sec '" Ir, 4.88
+0.04 sec; and "~ Au, 7.85+0.04 sec.

These results of Table I show that this method
of electron and photon excitation provides a
means of determining electromagnetic multipo-
larities in a heretofore unexplored region. When
nuclear-reaction studies are performed in this
region, our results will help in the eventual as-
signment of J' and K quantum numbers to the
individual states. However, the method is re-
stricted to nuclei with isomers, but can be ex-
tended to lower energies" and, with improved
techniques, up to about 5 MeV.

It is not possible to make detailed comparisons
of our results with the extended Nilsson model
because the isomer-activation method selects
only states with finite B( &)I'; „/I'. Instead, we
have taken the extrema for the 20 (Ml+E2) tran-
sitions to compare with theory. If it is assumed
that these states are pure M1, the enhancement
of the radiative widths over the Weisskopf limit
ranges from 1 to 10. Shapiro and Emery have
calculated the M1 transition probabilities in de-
formed nuclei using an intrinsic Hamiltonian con-
sisting of the Nilsson terms plus pairing and spi
spin-spin interactions. 2 They compute radiative
strengths 10 to 20 times the single-particle esti-
mates using renormalized values of the g factor.
For the other limit we compute B(E2), assuming
the observed transitions are pure E2, by sum-
ming up all the strengths for each nucleus. The
results are: B(E2)„„=15x10'for '"Er, 4.7&&10'

for i Hf 4.1x10 for '~'Ir and 4.4x 10 for ' A
'"Au, where the units are fm'. The weak-cou-
pling core-excitation model appears to be valid
in ' 'Ir and "'Au, where it was tested up to 0.8
MeV excitation. For these nuclei the d„, odd

proton can be coupled to 2' excitations of the

even-even cores, ,",Os and,",'Pt, respectively.
Accordingly, measurements of the B(E2) strengths
between 2.9 and 3.5 MeV in '"Os and "'Pt could
decide whether or not the weak-coupling model
is valid for E )2 MeV in the transition region.

Since the method is very selective in the states
observed, the states will probably be in two or
three rotational bands in the deformed nuclei
"7Er and '7 Hf. The appearance of two closely
spaced EO transitions in '"Hf at 2.850 and 3.095
MeV is an intriguing problem for theorists. Re-
lated to this point, in a fuller version of this
work to be published, experimental evidence for
an abrupt change in the mode of excitation at
2.85 MeV in ' Hf will be presented.
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