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Common thresholds and the role of deformations in the photoexcitation of isomers
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Photoexcitations of the short-lived isomers ' 'Er, T«2=2. 28 s, "Hf, T«2=18.68 s, ' 'Ir,
T&~2=4.94 s, and ' 'Au, T«2=7. 8 s, were produced with bremsstrahlung from the superconducting
Darmstadt linear accelerator. Excitation functions were measured for the population of these isomers

by (y, y') reactions between 2 and 7 MeV. They indicated that the isomers were excited by resonant ab-

sorption through isolated intermediate states having integrated cross sections in excess of 10 cm keV,
i.e., values about 1000 times larger than most (y, y ) activation reactions reported previously although

they were comparable to those reported earlier for the depopulating reaction ' Ta (y, y')" Ta. In all

four nuclei a common onset was observed near 2.5 MeV for intermediate states with strengths much

larger than those occurring at lower energies. The summed cross sections exhibit a clear correlation
with the ground state deformations.

PACS number(s): 25.20.Dc, 27.70.+q, 27.80.+w

I. INTRODUCTION

The photoexcitation of nuclear isomers by (y, y') reac-
tions has been known for more than 50 years [1,2]. For
most of this time, studies of this phenomenon have been
concentrated either upon higher photon energies around
particle thresholds or upon relatively low energies of ex-
citation, E ~2 MeV. Results in the former case have
been dominated by the photoabsorption through the gi-
ant dipole resonance and have emphasized concerns for
the gross properties of the photoexcitation process [3] or
for tests of statistical models of y decay at high excitation
energies [4]. At the lower energies, efforts have been
characterized by the excitation of discrete intermediate
states that have branched or cascaded back to an isomer
with a significant probability [5]. Under those conditions
the integrated cross sections for the photoexcitation of
isomers have been typically 10 to 10 cm keV.

Only recently have studies been extended systematical-
ly into the intermediate range of energies and then with
surprising results. Initiated with the observation [6] of
the deexcitation of the isomer ' Ta (y, y')' Ta with an
unprecedented integrated cross section exceeding 10
cm keV, such extraordinary values were subsequently re-
ported [7] for ' Lu(y, y')' Lu, also. A large survey of
19 nuclides was reported [8] that covered the broad range
of end-point energies 0.5 —11 MeV from four different ac-
celerators and established that comparable integrated
cross sections can be found in the majority of cases stud-
ied. However, the relatively coarse mesh over which
those measurements were conducted prevented the ex-
traction of the excitation energies and strengths of indivi-
dual intermediate states (IS's).

As a next step, a series of experiments was performed
in the 2 —7-MeV range in order to identify and character-
ize the important intermediate levels. These studies were
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FIG. 1. Schematic representation of the resonant photoexci-
tation mechanism for population of an isomer with energy E;„.
The hatched area describes an intermediate-state IS with energy

E, and total decay width I . The direct branch to the ground
state is denoted by 60, and b;, represents the sum of all branch-

ings leading to the isomer. The dashed horizontal lines indicate
that the decay to the isomer usually proceeds via a cascade.

motivated by two principal aspects. First, the very
efftcient coupling of the ground state (g.s.) and isomer
demonstrated in Refs. [6—8] provided unexpected en-
couragement of schemes [9] to use the resonant photoex-
citation of isomers (or the reverse process, the sudden
depopulation of an isomer) as a mechanism to pump a y-
ray laser. Among other conditions, the feasibility de-
pends sensitively on the locations and coupling strengths
of the resonant states. Second, the reaction mechanism
selects a unique set of states with two features: a large
partial g.s. width and strong admixtures in the wave
function, which induce the decay into states efficiently
cascading to the isomer. A schematic representation of
this process which defines important parameters is shown
in Fig. 1. In the excitation energy region investigated,
the underlying nuclear structure is almost unexplored
and theoretical interpretations are badly needed. To our
knowledge, the only attempt to interpret similar data on

952 1992 The American Physical Society



46 COMMON THRESHOLDS AND THE ROLE OF DEFORMATIONS. . . 953

40000
(a}

30000-

20000-
C4

I

C)
10000-

b I,
'Poo

I I

150 200 250

40000

30000-

I

(b} ~
191~ 18cTa

I I

176LU

167E

20000-
195pt

10000 -»7AU

b
0 I I I I I

50 100 150 200 250 300
Np Nn

FIG. 2. Integrated cross sections of Ref. [8] for an electron
energy of 6 MeV determined according to the assumption of a
single hypothetical intermediate state at 2 MeV plotted versus
(a) mass number A and (b) the product of open-shell proton and
neutron occupation numbers N~N„calculated according to Ref.

a microscopic base is found in Ref. [10]. On the other
hand, such data provide stringent constraints for any
model calculation.

A study of the deexcitation of ' Ta confirmed the
striking results of Ref. [6]. It was found to occur through
two intermediate states at 2.8 and 3.6 MeV with integrat-
ed cross sections of 1.2X10 and 3.5X10 cm keV,
respectively [11]. The excitation of isomers with large
probabilities through discrete intermediate states was
also established in the reactions [12,13] of

Te(y, y')' ' Te and " In(y, y')" In However,
in these latter cases, integrated cross sections were of the
order of 10 to 10 cm keV.

Utilizing the large natural abundance of " In, comple-
mentary nuclear resonance fluorescence experiments were
performed and the important intermediate states were
identified [13]. Unified model [14] calculations provided
a qualitative explanation of the IS as being due to frag-
mented g9/2 ~g7/2 spin-flip strength.

The next step in understanding would require an exten-
sion of the information available on IS's in a variety of
nuclei which might build a base for more systematic nu-
clear structure interpretations. The recent survey [8] in-
dicates two empirical trends, viz. , an average increase of
yields with mass number and a correlation with the g.s.
deformation. These findings are illustrated in Figs. 2(a)

II. EXPERIMENTS

A. Methods

Elemental samples of Ir, Au, and In (as a calibration
standard} and the compounds Hf02 and Er203 of typical-
ly 5-15 g served as targets. The materials were con-
tained in hollow aluminum cylinders with 3.5 cm length
and 1.4 cm outer diameter.

Isomeric populations were produced by exposing the
targets to bremsstrahlung from a 3-mm tantalum con-
verter foil irradiated by the electron beam from the injec-
tor of the new superconducting S-DAI.INAC accelerator
at the Technische Hochschule Darmstadt [16]. Electron
energies were varied from 2 to 7 MeV with a minimum
step size of 125 keV. The electron energies were mea-
sured with an accuracy of 50 keV before and after each
exposure. At each end point, individual samples were ir-
radiated axially in close proximity to the converter. Each
target cylinder was held in position by an aluminum stop
which terminated a plastic transfer tube. The proper
alignment of the beam was achieved by maximizing the
dose delivered to a remote ionization chamber shielded to
observe only the central 12 mrad of the bremsstrahlung
cone.
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FIG. 3. Pulse-height spectrum of the y decay of the isomer
Er pumped by bremsstrahlung from a 6-MeV electron beam.

and 2(b) in which the integrated cross sections obtained
at an electron energy of 6 MeV are plotted versus A and
N N„, respectively. The latter is the product of open-
shell proton and neutron occupation numbers and is a
well-established measure of the deformation driving
proton-neutron interactions [15]. Its application is re-
stricted to nuclei with A & 90. While the above-
mentioned trends are clearly visible, before attempting a
detailed comparison one should keep in mind that these
integrated cross sections have been normalized by arbi-
trarily assuming a single IS at 2 MeV.

One purpose of the present experiments was to investi-
gate the empirical correlation with the g.s. deformation
more closely. Therefore the nuclides ' Er, ' Hf, ' 'Ir,
and ' Au were chosen because they cover a large span of
deformations (5=0.09—0.32), but lie within the same
group in Fig. 2(a) and have comparable mass numbers.
Furthermore, the well-deformed ' Er and ' Hf are
prime candidates to verify that the extraordinarily large
cross sections of the IS derived [11]for ' Ta are indeed
not uncommon. Additional results obtained in the
A =70-90 mass region will be presented elsewhere.
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signature y rays was compensated by a factor calculated
with a Monte Carlo code specifically adapted for the
well-type detector geometry.

B. Data analyses
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FIG. 4. Time-decay spectrum of the isomer ' 'Er . The
straight line represents a best fit with T1/2 =2.26+0.04 s.

Variations in all beam parameters were recorded dur-
ing the experiments. In particular, the charge passed to
the converter was determined for each exposure by in-

tegrating the current with an analog circuit whose time
constant for charging was arranged to match the lifetime
of the isomer being investigated. Nominal beam currents
were 5 pA. The lengths of the exposures were typically
chosen to be twice the half-life of the isomer in question,
while the calibration sample T»2=4. 486 h was exposed
for 5 min.

The termination of each irradiation provided a trigger
signal which initiated the pneumatic transport of each
sample through the plastic tube to a well-type Nal(TI)
detector for counting. This detector and all necessary
electronics for the experiments were located in a room
separate from the accelerator hall. A phototransistor sig-
naled the arrival of the sample within the detector and
started the simultaneous acquisition of both pulse-height
and multichannel-scalar spectra. Examples of spectra ob-
tained in this way are shown in Figs. 3 and 4. A quad
counter/timer was gated by TTL signals at the start and
end of irradiation, and at the arrival of the sample in the
detector to measure the precise durations of exposure and
transport.

The numbers of isomers produced by these irradiations
were determined from the counting rates measured in dis-
tinctive fluorescence lines. The particular y-ray signa-
tures used in these measurements and other relevant pa-
rameters are given in Table I. The raw number of counts
in each peak was corrected for the finite durations of ex-

posure, transport, and counting, the absolute counting
efficiencies of the detector, and the relative emission in-

tensities. The opacity of the samples to the escape of the

Ag(E )=g(ol )/F(E, E ) .
J

(4)

with (o I )fj giving the integrated cross section of the jth
IS having excitation energy E . We note that non-
resonant cross sections which would inhibit the use of Eq.
(4) are not considered. The previous claims for the
significance of nonresonant contributions [17] have re-
cently been disproven [18] and shown to have resulted
merely from the omission of the importance of intense
contributions to the photon fields arising in such experi-
ments from environmental Compton scattering.

The normalized activation A& can be useful as a sensi-

tive indication of the opening of (y, y ) channels whenev-
er photons of the requisite energies E become available.
A change of the end-point energy Eo of the bremsstrah-

The experimentally measured yield of isomers, N&, re-
sulting from the irradiation of NT ground-state nuclei
with bremsstrahlung is given analytically by

(1)
C

where Eo is the end-point energy, d4(E)/dE is the
time-integrated spectral intensity in cm keV ' of the
photon field, and 0 (E) is the cross section in cm for the
reaction. The spectral intensity is conveniently expressed
as the product of a flux 4p of all photons above a cutoff
energy E, of 0.5 MeV incident on the target and a rela-
tive intensity function F(E,Eo), which is normalized ac-
cording to

f F(E,Eo)dE=1 . (2)
C

Equation (2) allows the definition of a normalized yield
or activation per photon, AI(Eo ), given by

X~ ~0
Af (EQ )= = f o (E)F(E Eo )dE . (3)

NT+o

At energies of interest in these experiments, IS's have
widths that are small in comparison to their spacings and
it can be assumed that d@/dE is constant over each reso-
nance region. Then Eq. (3) reduces to the summation

TABLE I. Summary of the literature values [20] for the relevant nuclear parameters and transparen-

cies for the escape of Auorescence photons from samples of the nuclides. In the column for K, entries of
NA indicate nuclei for which K cannot be defined or for which there are no accepted values.

g.s. spin
Nuclide J" K

E;„ isomer spin
(keV) J K

Principal
T, /, Abundance fluorescence Transparency
(s) (%) (keV) (%)

167E

Hf
191I

197A

7+
29+
2
3+
2
3+
2

NA

208

375
171

409

1—
21—
2
11—
2
11—
2

1

2
1

2
11
2

NA

2.28

18.68

4.94
7.80

22.95
13.63

37.30
100.00

207.79
214.31

129.43

279.11

48
43

13

11
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lung spectrum modulates the spectral intensity function
F(EJ,Eo) in Eq. (3) at all of the important IS energies.
The largest effect in the excitation function occurs when
Eo is increased from a value just below some state at E.
to one exceeding it so that F(E,Eo) varies from zero to
some fimte value. In earlier work [5] plots of quantities
equivalent to Eq. (3) as functions of the end-point ener-
gies of the irradiating spectra showed very pronounced
activation edges, which appeared as sharp increases at
the energies E corresponding to excitations of new inter-
mediate states.

Calculated spectra of both 4o and F(E,Eo) were ob-
tained from the EGS4 electron-photon transport code.
This Monte Carlo program is well established in the med-
ical physics community, and its general validity has been
demonstrated elsewhere [19). In this work confidence in
the calculated photon spectra was maintained by calibrat-
ing them with the reaction " In(y, y')" In . This reac-
tion is now sufBciently well characterized in the litera-
ture [13] to support its use in this way and, in this
effort, was preferred over the calibration reaction

Sr(y, y') Sr used in other work [11,12] because of the
completeness of the experimental information for it in the
low-energy region not covered in the present experi-
ments.

III. RESULTS

M

R (E )=Af(E ) — Q (ol )f F(E,E ), .
E- =El

(5)

Figure 3 shows a typical pulse-height spectrum of the
fluorescence from an isomeric population pumped by
bremsstrahlung through some intermediate state(s). In
this particular case, the data from ' Er are shown for
an electron energy of Eo =6 MeV. Even with the limited
resolution of the NaI(T1) well detector, the distinctive sig-
nature line of ' Er is clear in the data obtained from
one 10-s exposure of an erbium sample. Nevertheless, to
confirm the identity of the peak, a measurement of the
time decay of the fluorescent state population was taken
in parallel. Such a decay curve is shown for ' Er in
Fig. 4 together with a fit which agrees well with the
literature value [20] of the half-life, T, &2

=2.28 s.
To improve statistics, at least nine successive repeti-

tions of the cycle for irradiation and counting were made
for each nuclide at each end-point energy of the brems-
strahlung. Each was corrected for slight variations of the
photon flux on that particular exposure, as well as for any
variations in the transit time from the site of exposure to
the counting enclosure. The resulting curves of Af ob-
tained from Eq. (3) as functions of the bremsstrahlung
end point Eo are shown in Figs. 5 —8. The results at 6
MeV given by Carroll et al. [8] are included for compar-
ison. The agreement of these values obtained in com-
pletely different experimental environments is excellent.

Values for the integrated cross sections (o.I )f were
found by fitting Eq. (4) to the data of Figs. 5—8. A useful
measure of the degree of fit was provided by the residue
of activation, RM(Eo), remaining after subtracting con-
tributions from the M lowest-lying intermediate states,

10

10

I

167E~
m

10

where Ez is the resonance energy of the highest-lying in-
termediate state already included. Fitted values of the in-
tegrated cross sections (o I )f were found by minimizing
RM(Eo) for the lowest-energy state giving a break in the
excitation function, and then iterating after including any
new gateways suggested by the data. The contribution of
IS's below ED=2 MeV that could not be distinguished by
the present experiments was estimated by assuming a sin-
gle state for which properties were adjusted to give the
best description of Af values for energies below 2.5 MeV.
Because of the sudden jump of intermediate-state
strength of typically more than a factor of 10 around 2.5
MeV, variations of the IS cross sections at lower energies
have little effect on the results.

The results of fitting the model of Eq. (4) to the data
are shown in Figs. 5 —8 and are summarized in Table II.
Uncertainties are shown explicitly. It should be noted

TABLE II. Values of integrated cross sections (O.I )f, and
excitation energies E; of the intermediate states most important
in the production of these isomers by (y, y') reactions. Values
needed to fit the data were determined in this work by minimiz-
ing the residues of Eq. (5).

Isomer

167E m

179Hfm

191) m

197A m

E, (MeV)

1.9+0.1

2.5+0.1

3. 1+0.15
3.8+0.2
1.5+0.2
2.5+0.1

3.0+0.15
4.3+0.2
1.2+0.3
2.5+0.1

3.2+0.15
4.3+0.2
1.7+0.3
2.5+0.1

3.2+0.15
4.2+0.2

(crI )f, (10 cm keV)

1500+200
8000+2000

28 000+4000
50 000+ 15 000

40+10
1200+200
6000+ 1000

75 000+ 15 000
180+50

2500+300
5000+500

30 000+4000
70+30

500+50
4500+500

20 000+4000
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FIG. 5. Normalized yield Af of the activation of ' Er as a
function of electron energy. The asterisk represents the experi-
mental result of Ref. [8] obtained at 6 MeV. The solid line cor-
responds to the fit to the data, and its error bounds are given by
the dotted lines.
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FIG. 7. Normalized yield A& of the activation of ' 'Ir as a
function of electron energy. The asterisk represents the experi-

mental result of Ref. [8] obtained at 6 MeV. The solid line cor-

responds to the fit to the data, and its error bounds are given by

the dotted lines.
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FIG. 8. Normalized yield AI of the activation of ' Au as a
function of electron energy. The asterisk represents the experi-
mental result of Ref. [8] obtained at 6 MeV. The solid line cor-
responds to the fit to the data, and its error bounds are given by
the dotted lines.

FIG. 6. Normalized yield A& of the activation of" Hf as a
function of electron energy. The asterisk represents the experi-
mental result of Ref. [8] obtained at 6 MeV. The solid line cor-
responds to the fit to the data, and its error bounds are given by
the dotted line&.

that within the energy errors given for the IS locations
the present approach cannot distinguish between single

states and contributions from fragmented strength.

IV. DISCUSSION

Examination of the results presented in Table II reveals
some interesting phenomena. All four nuclei show a sud-
den jump of very significant magnitude in the values of
integrated cross sections accessed around 2.5 MeV. This
same phenomenology had been reported earlier [11—13]
in ' Ta, ' Te, and " In. Confirmed for " In by both
studies of resonant scattering and unified model calcula-
tions, the IS strength there accrued from g9/2~g7/2
spin-Hip transitions. However, in the present work, the
chosen nuclei, together with the ' Ta, represent cases
of both unpaired protons and unpaired neutrons in
different major shells. A common mechanism indepen-
dent of the details of nuclear structure would be indicated
for this group of IS's.

Before attempting to find the means to explain such ex-
traordinary strengths for these IS's, a first concern is the
extent to which these measurements may be supported by
prior work. Unfortunately, there are few compelling re-
sults in the literature. The only precedents are the recent
measurements made over a very coarse mesh of energies
[8] and the 1970 work of Johnson, Chertok, and Dick
(JCD) [21]. The agreement is excellent between values of
A& obtained in the present work and those obtained with
three of the four different accelerators employed previ-
ously [8]. No arbitrary factors were used to scale any of
those earlier data, and the agreement seen in the Figs.
5 —8 is a measure of the accuracy with which absolute
measurements can be made for (y, y') reactions. Refer-
ence back to the original data of Ref. [8] shows that com-
parisons with activations produced by the fourth ac-
celerator, a 4-MeV medical linac, were less satisfactory.
%ith that device it was not possible either to monitor or
control the end-point energy of the electrons, nominally
fixed at 4.0 MeV. Because of the amount of structure
now reported for activation curves near 4 MeV, the
effects of small variations of end-point energy would be
expected to be magnified in the resulting yields. Not
surprisingly disagreements as great as a factor of 2 were
obtained with that accelerator.

It is important to note that the experimental AI value

for ' 'Ir at Eo =6 MeV in the present experiment is about
a factor of 2 smaller than that in Ref. [8]. This magni-
tude of excitation agrees well with the empirical sys-
tematics discussed above. In addition, a corresponding
reduction of the (crI );„value for ' 'Ir plotted from Ref.
[8] in Fig. 2(b) removes the deviation observed for this
nucleus, which then fits very well into the X N„sys-
tematics.

Comparisons with the JCD results are more difticult.
Published in a Letter, both results and procedures were
too briefly described to permit any repetition of the work.
Details were promised for publication in a subsequent ar-
ticle which never appeared. Both the strengths and exci-
tation energies of the IS reported by JCD disagree com-
pletely with those summarized in Table II. However, the
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uniqueness of such values depends upon the degree to
which inQections in curves of Af as functions of end-
point energy can be precisely located. The fragments of
data shown by JCD in the Letter are insuScient to sup-
port the uniqueness of the values they reported.

The degree to which the results of this work reported
in Table II agree with prior measurements is best summa-
rized in Fig. 9. There are plotted the values of Af that
were recently obtained in this work for the reaction

Er(y, y')' Er together with those from Ref. [8], in-
cluding the one made with the 4-MeV linac of lessened
reliability. No scale factors were used and absolute mea-
surements have been plotted. From the JCD Letter, it is
possible only to calculate values of Af which would have
resulted from excitation through the IS they report by
bremsstrahlung with reasonable spectra. Since they did
not report IS's below 2.5 MeV, a single hypothetical in-
termediate state had to be included in all computations of
Af to represent contributions from those lower energies.
That state was chosen to give the closest agreement with
the rest of the values plotted. The results are shown in
Fig. 9, which now permits a comparison of all known
measurements of the activation of ' Er(y, y')' Er in
the energy range from 2 to 7 MeV.

Agreement of the results of JCD from 20 years ago
with the present work is at least as good as has been ob-
tained with the 4-MeV medical linac, about a factor of 2.
However, it is doubtful whether the procedures of Eq. (5)
would deliver the same number and magnitudes of the IS
reported by JCD if now applied to the corresponding
data of Fig. 9. Values they reported were suScient for
the description of their measured Af, but were not
unique. Despite the generally favorable agreement of all
of the measurements summarized in Fig. 9, we believe it
reasonable to ascribe a greater weight to those from the
current experiment. A primary consideration is that
each exposure in the present work also included the ac-
tivation of " In(y, y'}" In believed now to be well un-

derstood from a unique level of agreement of photoexci-
tation, resonant scattering, and model interpretation.
Through this constant recalibration, the effects of experi-
mental uncertainties were minimized.

The resulting IS cross sections of Table II show a gen-
eral tendency to increase with increasing excitation ener-
gy. We have investigated whether photoabsorption
through the tail of the isovector electric giant dipole reso-
nance (GDR) provides a quantitative explanation of the
excitation functions. It is well known that the extrapola-
tion of the GDR to lower energies describes y-strength
functions [22] and the statistical distribution of low-
energy E 1 transitions [23] reasonably well. This extrapo-
lation might be extended down to about 4-5 MeV in nu-
clei far from closed shells, but nuclei near the Pb shell
closure show strong irregularities and experimental re-
sults tend to be significantly overestimated [22]. In this
analysis we therefore show a comparison for both ' Er
and ' Au as representative examples of the two groups.

The following simplifications are assumed for the cal-
culations. The photoabsorption cross section is taken
from the usual Lorentzian parametrization

E Io,b,(E)= o',„(E E)—+E I
(6)

with E,„and o. ,„being the energy and cross section at
maximum, respectively, and I' is the width. For spheri-
cal nuclei, i = 1, and for deformed nuclei, i = 1 or 2, cor-
responding to oscillations with respect to the different
axes. Equation (6) is substituted into Eq. (3) to obtain Af
values comparable to the experiment. In order to simpli-
fy the integral, o.,b, is described as a histogram with a
mesh interval 6 equal to the step size of the photon inten-
sity function F(E,E&& ). Then the integral can again be re-
duced to a simple summation

N

Af(Eo) = g F(E;,Ec)cr(E, b, /2, E, +b, /2)—, .

10

10

I I I

167E m

10

-51

1 2 3 4 5 6 7 8
Endpoint Energy (MeV)

FIG. 9. Comparison of the present experiments with previ-
ous work for ' Er . The asterisks denote the Af results of Ref.
[8] attained at 4 and 6 MeV. The dashed curve was calculated
with the intermediate states given in Ref. [21] plus an arbitrary
state below 2.5 MeV to account for the unknown lower-energy
contributions not covered in that early work. The energy
E=1.9 MeV and integrated cross section uI =2250X10
cm keV of this state were adjusted to achieve an optimum
agreement with the present data in the 2. 5—3.6-MeV region ac-
cessed in both experiments. The solid line indicates the fit to
the current data obtained from Eq. (5).

with E; =E; &+A. The Lorentzian parameters were
taken from Ref. [24], and the experimental results of ""Er
were used for ' Er.

The results are shown in Fig. 10 as hatched areas above
3.5 MeV (model A). The upper and lower borders corre-
spond to the limits of reasonable branching ratio values
of b p b ' =0.05 and 0.25. Below 3.5 MeV, results based
on the single-particle model multiplied with an average
experimentally deduced [25] hindrance factor of 3 X 10
(model C) are displayed. This approach has been tested
by Zurmiihl et al. [26] for various well-deformed heavy
nuclei. Alternatively, an extrapolation of the GDR using
an energy-dependent damping width of the form
I (E)=I',„(E/E,„)r has been proposed [27,28] with
typical values y=1.5 —2. As an example, we adopt the
approach of Kopecky and Uhl [28] (with T =0 since we
measure the upward strength function}, which is
displayed as model B.

A comparison of the ' Er and ' Au results reveals
considerable differences. In ' Er, model A provides a
reasonable description slightly below particle threshold,
while results of model B are much too small. On the con-



958 C. B. COLLINS et al.

10

10
CV

-29

I I

167E m

10

—31

1 2 3 4 5 6 7 8
Endpoint Energy (MeV)

FIG. 10. Comparison of the ' Er excitation function with
extrapolations of the photoabsorption through the tail of the
GDR assuming a Lorentzian shape (model A) or a Lorentzian
with an energy-dependent damping width (model B), and with a
single-particle model (model C). The Lorentzian parameters
were taken from Ref. [24]. The borders of the hatched regions
showing the model predictions correspond to reasonable limits
assumed for the unknown branching-ratio values bob;„=0.25
and 0.05. The solid line corresponds to the fit to the data, and
its error bounds are given by the dotted lines. (o I );„=n. Sic

y

2Jf +1
~O~iso~ (8)

planation. For the IS at 2.5 MeV, reduced transition
probabilities B (M 1)=3.6',z and B (E 1)=40X 10
e fm can be extracted assuming a favorable bob;, =0.2.
These numbers roughly correspond to the total experi-
mental M 1 and El transition strengths [31,33] typically
observed below 4 MeV in the experiments. However, all
the above data have been taken in even-even nuclei. Re-
cently, a first attempt to investigate low-lying dipole tran-
sitions in an odd-even case ' Ho was reported [34]. Only
intrinsic single-particle transitions were excited with
reasonable magnitude, and significant collective M1 or
E1 strengths were not observed below 3 MeV.

The importance of the quadrupole deformation already
suggested in Fig. 2(b) is clearly confirmed in the present
results, if one compares the cross sections of different nu-
clei at about equal energies. The integrated isomer cross
section of the jth IS can be related to photon-scattering
results via

trary, as shown in Fig. 11, model A predicts too large
photoabsorption cross sections in ' Au, in line with oth-
er investigations of the y-strength function [22], while
model B accounts well for the data down to about 4
MeV. It is also clear that an average E1 transition
strength (model C) could explain the low-energy data in
this case.

The extraordinary photoabsorption strength around
2.5 MeV in ' Er is rejected by the failure of model C,
which predicts values which are much too small. The
empirical relation to the deformation parameter and IS
parameters in Table II indicates that collective degrees of
freedom should play a decisive role. However, recent
studies of low-energy collective dipole strength in rare-
earth nuclei [29—32] provide no fully satisfactory ex-
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FIG. 11. Comparison of the ' Au excitation function with
extrapolations of the photoabsorption through the tail of the
GDR assuming a Lorentzian shape (model A) or a Lorentzian
with an energy-dependent damping width (model 8), and with a
single-particle model (model C). The Lorentzian parameters
were taken from Ref. [24]. The borders of the hatched regions
showing the model predictions correspond to reasonable limits
assumed for the unknown branching-ratio values bpb =0.25
and 0.05. The solid line corresponds to the fit to the data, and
its error bounds are given by the dotted lines.

with I being the total decay width of the IS. Here bo is
the direct IS to ground state branching ratio and b;„
stands for the sum of a11 branches populating the isomer,
either directly or via a cascade. In order to remove the
obvious excitation energy dependence contained in
(err);„, it is useful to introduce the isomer population
probabilities

(«)~,
J

J
(9)

These quantities are proportional to the reduced transi-
tion probabilities for excitation for the jth IS assuming ei-
ther a dipole (S ) or quadrupole (S~) transition, multi-
plied by the branching ratio to the isomer. The spin
statistics factor from Eq. (8) is neglected in this approach.

This definition permits a useful comparison between
the contributions of IS s at different energies in one nu-
cleus as well as between IS's of different nuclei. In Fig.
12 the summed isomer population probability S = Q.S,
for each nucleus is plotted versus the quadrupole defor-
mation parameter 5 of the ground state that has been de-
rived from measured moments [35]. The circles corre-
spond to the assumption of dipole absorption by the IS
and the squares to quadrupole excitations. Since the up-
ward transitions might be of mixed character and the
sums might include transitions of both types, the results
shown for pure dipole and quadrupole cases should be
considered as limits. Still, regardless of the assumed
character of the IS excitation, the data show a correlation
between S and 6; i.e. the isomer population probability
increases with the ground-state deformation.

Nuclear resonance fluorescence work [29—34] in the
rare-earth region has recently suggested that for energies
below 4 MeV the absorption step is most likely mediated
by dipole rather than quadrupole strength. Then a very
simple 1inear relationship is indicated in Fig. 12. A fit as-
suming a direct proportionality of S and 5 is displayed as
a solid line and describes the data very well.
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single-particle states of differing K were mixed in this
way, the possibility for transferring larger amounts of AE
with greater partial widths might be enhanced. The simi-
larity of results for odd-even as well as odd-odd nuclei
with dissimilar single-particle structures might support
the identification of this E-mixing process with some type
of core property varying only slowly among neighboring
nuclei.

0
0.00 0.08 0.16 0.24 0.32

0
0.40 V. CONCLUSIONS

FIG. 12. Isomer excitation probability S, calculated from
Eq. (9) and summed over the energy region 2-4.5 MeV versus
the ground-state deformation parameter 5. The circles corre-
spond to the assumption of dipole excitations (S ) and are plot-
ted according to the left ordinate. The squares correspond to
quadrupole excitations (S~) of the IS, plotted according to the
right ordinate. The solid line is a best fit for the dipole results
with a zero intercept.

At present, it remains open whether such a linear
dependence is of physical significance or simply fortui-
tous. One should keep in mind several details: The re-
sults are a function of the excitation energy interval con-
sidered, the IS spin statistics factor might introduce vari-
ations of about a factor of 2 (see Table I), and the number
of data points is certainly too small for a final conclusion.
If one assumes quadrupole excitations, no simple func-
tional form is suggested.

The extremely large integrated cross sections for the
photoexcitation of well-deformed isomers are difficult to
interpret in a single-particle model, and a puzzle of com-
parable complexity is found in the efficiency with which
AK is transferred. Many of these isomers have values of
E that differ considerably from the ground-state values
[b,X=8 (' Ta), b,K=6 (' Lu), and Table I]. The ex-
traordinary integrated cross sections can only be ex-
plained with considerable E mixing in the IS wave func-
tion. While E mixing is common at neutron threshold
energies [36], evidence for violation of E selection rules
around 3 MeV has also been recently gained in nuclear
resonance fluorescence investigations [37] and in a de-
tailed decay study [38] of the E =14+, 4-ps isomer at
3.312 MeV in ' Hf.

It is an interesting speculation that at certain energies
of excitation, collective oscillations of the core nucleons
could break some of the symmetries upon which rest the
identifications of the pure single-particle states. If

In the present work, the main IS's between 2 and 5

MeV have been identified for ' Er, ' Hf, ' 'Ir, and
Au. A sudden jurnp of IS cross sections of typically

more than an order of magnitude is observed in all cases
around 2.5 MeV. This coincides with previous results in" In [13], 'z Te [12], and ' Ta [11],where similar phe-
nomena were observed below 3 MeV, and indicates the
presence of a common excitation mechanism.

The isomer population probability, defined as the sum
of the reduced transition probabilities to the IS times the
branching ratio of the IS to the isomer, reveals a correla-
tion to the ground-state deformation regardless whether
dipole or quadrupole excitations are assumed. If dipole
transitions are solely responsible for the excitation (which
can be justified from recent photon-scattering experi-
ments in this mass region [29—34]), the data are well de-
scribed by a linear dependence. While it is unclear at
present whether this linear relation bears physical
significance, the overall increase of the isomer population
probability with deformation is undoubted and will be
subject of further investigations, e.g. , by nuclear reso-
nance fluorescence studies.

At present, it remains an open question what might be
the nuclear structure underlying the particularly strong
IS below 3 MeV observed in ' Er, ' Lu, ' Hf, and ' Ta
and whether a common excitation mechanism dominates
or whether the detailed interplay of collective and single-
particle aspects in each particular nucleus is responsible.
Microscopic calculations are clearly needed.
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