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Continuing the systematic investigation into the photoexcitation of isomers over wide mass and energy
ranges, the production of Se, " Br, and '"Ba was studied with the bremsstrahlung facility at the su-

perconducting Darmstadt linear accelerator. These isomers have half-lives on the order of seconds. Ex-
citation functions were measured for the (y, y ) reactions populating the metastable states for energies of
2—7 MeV and the important intermediate states were identified. Nuclear structure calculations with the
quasiparticle-phonon model for Br and the particle- (hole-) core coupling approach for "Ba gave satis-
factory descriptions for the strength and position of the dominant mediating levels. Admixtures of frag-
mented outershell single-particle strength shifted to low energies were identified as essential features of
the wave functions of those states. Intermediate states in Se displayed very large strengths compared to
other isomers in the same mass region, providing further support for the correlation between integrated
cross sections and ground state deformations recently discovered in the A = 160—200 mass region. Such
an enhancement would considerably improve the feasibility of a gamma-ray laser based on the sudden
deexcitation of isomeric populations in deformed nuclei.

PACS number(s): 25.20.Lj, 27.50.+e, 27.60.+j, 21.90.+f

I. INTRODUCTION

It has been known for more than fj.fty years that nu-
clear isomers could be populated by (y, y') reactions, yet
the greatest progress in the study of this process and the
underlying nuclear structure has occurred in the past de-
cade. To a large degree this renaissance has been driven
by research directed towards determining the feasibility
of a gamma-ray laser whose pump scheme [1,2] would
rely on the resonant deexcitation of long-lived nuclear
isomers through intermediate states (IS). Such research
has required the systematic development of a database
describing the population and depopulation of metastable
levels. This eff'ort began in earnest [3—10] in 1987 and
has recently concentrated [11—16] on the investigation of
IS in the largely unexplored excitation energy range of
2—6 MeV.

Applications notwithstanding, the photoactivation of
isomers is important in its own right. For example, the
integrated cross sections measured for IS can reveal in-
teresting nuclear structures [17—19] since both strong
absorption transitions from the ground state and
signi6cant cascades to the isomer are needed. In this re-
gard the combination of photoactivation and nuclear res-
onance ffuorescence (NRF) experiments has proven to be
a particularly useful tool and the resulting information
has been successfully compared with microscopic calcula-
tions [13,16]. For deformed nuclei a remarkable
discovery [5,11,14] was the appearance of low-lying levels

which efhciently couple ground states and isomers
differing by as many as eight units in the quantum num-
ber K, the projection of the total angular momentum on
the major nuclear axis. The properties of IS are impor-
tant in nuclear astrophysics when stellar nucleosynthesis
of a radioisotope is expected to branch to both ground
state and isomer which have greatly differing lifetimes
[9,11,20]. In a practical field, nuclides with well-known
IS can be used to characterize intense bremsstrahlung
produced by linear accelerators or pulsed-power
machines [21—23].

The systematic investigation of the photoexcitation of
isomers was continued in this work by the study of Se,

Br, and ' Ba whose isomers have half-lives on the or-
der of seconds. In addition to the experimental data, nu-
clear structure calculations are presented for Br and

Ba which permitted a detailed interpretation of the in-
terplay between single-particle and collective properties
that provided the observed intermediate states.

II. EXPERIMENTS

A. Methods

The experiments were performed using the injector of
the superconducting continuous wave electron accelera-
tor (S-DALINAC) at Darmstadt [24]. Bremsstrahlung
for the experiments was produced by electrons which im-
pinged on a 3 mm thick tantalum converter foil. The
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TABLE I. Summary of the literature values [25] for the relevant nuclear parameters and transparencies for the escape of fiuores-
cence photons from samples of the nuclides.

Nuclide

Se
"Br
137@

g.s. spin
Jrr

1—
2
3
2
3+
2

Eiso
(1 eV)

162
207
662

Isomer spin
J Ir

7+
29+
211—
2

TI /2

(s)

17.4
4.86

153.12

Abundance
(%)

7.6
50.69
11.23

Principal
fluorescence

(keV)

161.92
207.2
661.66

Transparency
(%)

76
76
85

electron energies were measured before and after each ex-
posure to an accuracy of 50 keV and were varied from
Ep=2 to 7 MeV in step sizes of 125 and 250 keV. The
proper beam alignment was insured by maximizing the
dose registered in a remote ionization chamber which
viewed only the central 12 rnrad of the bremsstrahlung.
Variations in all beam parameters were recorded during
each exposure, including the total charge passed to the
converter.

Targets consisted of elemental Se and compounds of
LiBr and BaF2 with typical masses of 3—6 g. The materi-
als were contained in hollow aluminum cylinders with 3.5
crn length and 1.4 cm outer diameter. The samples were
irradiated axially with their plane faces located 1.3 cm
from the converter foil. Nominal electron beam currents
were 5 pA and the exposure periods were typically twice
the half-life of the isomer being investigated. At the end
of each irradiation the samples were transported pneu-
matically to a well-type NaI(T1) detector for counting as
described in more detail in Refs. [15,16]. To improve the
statistical accuracy of the data, measurements were re-
peated for up to sixteen cycles for each isotope and elec-
tron energy. A sample of elemental In was also irradiat-
ed at some energies for calibration.

The numbers of isomers produced by these exposures
were determined from the counting rates measured in dis-
tinctive Auorescence lines. The y-ray signatures and oth-
er relevant parameters for the isomers investigated here
are summarized in Table I. The raw numbers of counts
within peaks observed in pulse-height spectra were
corrected in a standard fashion [15] to account for the
isomer half-lives, the detection efficiencies, and the opaci-
ties of samples to the escape of fluorescence photons. A
typical example of the data is shown in Fig. 1(a) and was
obtained from a Se sample following its irradiation with
bremsstrahlung having an end-point energy of Ep =4
MeV. The isomeric decay signature was clearly identified
despite the relatively poor resolution of the NaI spec-
trometer. In addition to pulse-height spectra, a mul-
tichannel analyzer was used to obtain decay curves like
that of Fig. 1(b). As shown, there was excellent agree-
ment between measured and adopted [25] values for the
isomeric half-lives.

B. Data analysis

Recent investigations have confirmed [11—16,26] that
the population of isomers by (y, y') reactions at excita-
tion energies below the photoneutron threshold proceeds
by the process depicted schematically in Fig. 2. The

where J&s and Jp are the angular momenta of the IS and
ground state, respectively, and E is the energy of the ab-
sorption transition. The integrated cross section is ex-
pressed in usual units of 10 cm keV, equivalent to
0.01 eVb. This quantity is of primary importance for
photoactivation studies since the normalized activation
Af giving the fractional yield of isomers produced by an
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FIG. 1. (a) Pulse-height and (b) time-decay spectra obtained
from a Se sample following its irradiation with bremsstrahlung
having an end point of 4 MeV. The straight line in (b)
represents a best fit (log scale) with T, /2=17. 3+0.2 s which
agrees well with the literature value [25] of 17.45 s.

figure identifies the relevant parameters including the
natural width of the intermediate state I and the branch-
ing ratios bp and b;„ for decay from the IS directly to the
ground state and by unknown cascade to the metastable
level, respectively. Along with the Breit-Wigner cross
section for the absorption transition, these form the in-
tegrated cross section for population of the isomer
through the IS,

2

bb r,Wc 2Jis+1
E 2J+10



2240 J. J. CARROLL et al.

b

isomer

p p/y///////////////g
irlterrrle diat e

b.

10

10

U
—50

10

I

(a)

I
'

I

77S m

ground state
10

1

I . I . I, I, I . I

2 3 4 5 6 7 8
FIG. 2. Schematic representation of the resonant photoexci-

tation mechanism by which an isomer at an energy of E;„ is
populated through the hatched intermediate state (IS). The IS
is characterized by it excitation energy E, and its natural width
I . The branching ratios bo and b;„describe the decay of the IS
to the ground state and to the isomer, respectively. The latter
quantity is the sum of all unknown cascades through the dashed
levels which lead to the isomer.
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where N;„ is the number of isomers produced, 1V& is the
number of target nuclei, %0 is the total photon flux for
the specified end-point energy Eo, and F(EJ,EO) is the
distribution of energies within the bremsstrahlung contin-
uum normalized to 1. The summation in Eq. (2) allows
the participation of a plurality of well-spaced gateways.

Values for @o and F(E,Eo) were obtained for each
end-point with the well-established EGS4 electron-photon
transport code [27], as described in detail elsewhere
[11—16]. The calculated spectra were validated with the" In(y, y')" In reaction which is characterized
sufficiently to serve as a calibration standard [13,23].

III. RESULTS

Figure 3 displays excitation functions of Af vs end
point for the production of Se, Br, and ' Ba . For
comparison, the asterisks represent the experimental re-
sults obtained at Eo=6 MeV from Ref. [10]. The good
agreement observed between values measured in com-
pletely di6'erent experimental environments established
confidence in the procedures. Intermediate states were
identified by sharp increases in the normalized activation.
Integrated cross sections were then extracted by fitting
Eq. (2) to the data in such a way as to minimize the resi-
due,

M

RM(Eo)=Af(Eo) —g (oI )J,F(E,Eo),
E.=E)

by successively removing contributions from the M
lowest-lying IS.

End-point energies below 2 MeV were not accessible in
the present work so previously measured experimental
values for IS at lesser energies were included in the fitting
procedure. In instances where literature values were una-
vailable or insufficient to reproduce the excitation func-
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FIG. 3. Normalized yields Af as functions of electron energy
for the populations of (a) ' Se, (b) ' Br, and (c) ' Ba . The
asterisks represent experimental results of Ref. [10] obtained at
6 MeV in a completely different environment and agree well
with the present data. The solid lines correspond to excitation
functions calculated using Eq. (2) with the intermediate states
listed in Table II and the dashed lines describe the error bounds
of this approach.

tions of Fig. 3 up to the energy of the first visible IS, a
single intermediate state was introduced at an excitation
energy below 2 MeV. Its position and integrated cross
section were chosen to remove the baseline level of ac-
tivation and did not necessarily correspond to that of a
real level. Properties of IS which reproduced the excita-
tion functions measured here are summarized in Table II.

The 7 Se excitation function at low energies (Eo ~2.6
MeV) was partially reproduced by including the
30X10 cm keV IS at 1.005 MeV of Anderson et al.
[4], but neglecting the small contributions of the lower-
lying levels listed there. The missing strength below 2
MeV was ascribed to an IS at 1.7 MeV of 150X 10 cm
keV which served to remove the remaining baseline ac-
tivation. Boivin et al. [28] also examined the production
of this isomer up to an excitation energy of 1.7 MeV.
Their work indicated three important IS at 1.000, 1.190,
and 1.600 MeV with integrated cross sections of
3.2X10, 18X10,and 52X10 crn keV, respec-
tively. However, the yield calculated with these values
severely underestimated the data. It is noteworthy that
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TABLE II. Values of integrated cross sections (o.I )„,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 minimizing the residues of Eq. (5). Values available in the litera-
ture, where available, were used to reproduce the excitation functions for energies below that of IS
clearly identified in this work. Strengths listed above 4 MeV were introduced to account for the excess
yield observed toward higher energies and did not necessarily correspond to single levels or groups of
levels. No error is given for the 2 MeV state in ' Ba since this level was simply used to estimate the
maximum strength corresponding to the baseline activation resulting from null measurements at Eo & 3
MeV.

Isomer

77Sem

E, (MeV)

1.005
1.7+0. 1

2.6+0. 1

3.2+0. 1

4.0+0. 1

(o I )J, (10 cm keV)

30
150+15

1200+120
3700+370

5500+ 1000

Ref. [4]

79Brm 0.761
1.8+0. 1

3.2+0. 1

4.4+0.2

5.9
65+6

850+90
7000+ 1500

Refs. [3,4,29]

137Bam 2.0
3.2+0. 1

4.5+0.2

&15
220+20

8500+800

when their integrated cross section at 1.005 MeV was re-
placed by that of Ref. [4], and with their values for IS at
1.190 and 1.600 MeV, good agreement was obtained be-
tween the calculated and measured excitation function
below 2.6 MeV.

In the case of Br, the well-known level [3,4,29] at
0.761 MeV was included as listed in Table II. The litera-
ture does not support the identification of any other IS up
to an energy of 1.7 MeV. However, after removing the
contribution from the above state the shape of the excita-
tion function of Fig. 3(b) did not indicate a Rat baseline
but instead followed the isochromat [30] of an IS posi-
tioned near 2 MeV. Therefore a level was concluded to
lie at 1.8+0. 1 MeV as shown in the table.

The data displayed below 3 MeV in the excitation func-
tion for ' Ba represent upper bounds on the yield ob-
tained from null measurements for Auorescence from the
isomer. This small baseline was consistent with an IS at 2
MeV with less than 15 X 10 cm keV for its integrated
cross section. For comparison a level at 1 MeV with less
than 3X10 cm keV would have also been allowed.
The literature [31] describing excited states lying below
2.6 MeV does not support the identification of any IS so
it was concluded that the first intermediate state of
significant strength was located at 3.2+0. 1 MeV.

The results of the application of Eqs. (2) and (3) that in-
cluded the low-lying levels discussed above are shown as
the solid lines in Fig. 3. The dashed lines define bands
describing the errors in the values given in Table II and
those quoted in the literature.

IV. MODEL CALCULATIONS

A. Br

The photoexcitation of Br, an odd-even nucleus,
was studied in the quasiparticle-phonon model (QPM).

The method for treating such nuclei in this theoretical
framework is described in detail in Ref. [32] and has
been successfully applied to the calculation of NRF and
isomer photoexcitation [16] in Y. Calculations of the
properties of the 'Br(y, y') 'Br reaction are also avail-
able [19] which should show very similar structure to
those for Br since both nuclei have the same g.s. and
isomer spins. The two extra neutrons in 'Br are not ex-
pected to significantly change the average field.

Calculations were performed with the wave function

(4)

for states with angular momentum J and projection M.
In Eq. (4), azM denotes the one quasiparticle and Qz„; the
phonon creation operator for angular momentum A, , pro-
jection p, and random phase approximation root number
i. The g.s. wave function of the even-even core is denot-
ed by +0 and v is the number within a sequence of states
of given J".

The effective QPM Hamiltonian includes the average
field, pairing interactions, and a residual interaction be-
tween quasiparticles. The latter was adjusted to repro-
duce the energy and strength of the 2&+ and 3&+ phonons
in the neighboring even-even nuclei. A Woods-Saxon po-
tential with the parametrization of Ref. [33] was used to
describe the average field. Phonons with
J =1—,2+—, 3—,4+—,5,6+, including the collective as well
as two-quasiparticle states, were considered in the sum-
mation of the second term of Eq. (4). The complete
configuration space up to E = 12 MeV was taken into ac-
count to avoid truncation effects.

Numerical calculations were performed with the code
pHQQUs [34]. The calculations were restricted to one-
phonon coupled states, since the total electromagnetic
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strength is known to be una6'ected by the inclusion of
multiphonon coupled configurations. An e6'ective spin g
factor g', s.= (0.8 )g z„, was used. EfFective charges
e~fr=(N/A)e and e",s= —(Z/A)e were introduced for
E1 transitions to separate the central mass motion.

B ' Ba

The single-hole configuration of the unpaired neutron
in ' Ba relative to the X =82 shell closure suggested that
the hole-core coupling model [35], called the unified mod-
el (UM), would be a useful approach. In the comparable
case of " In (one proton hole relative to Z =50), en-
couraging results were obtained both for the description
of NRF and for the isomer photoexcitation [13]. Also a
detailed UM study of ' Nd (one particle relative to
N =82) has recently been reported which successfully ac-
counted for all major features of the low-energy spectrum
[36].

The configuration space consisted of lh (one-hole)
states (with respect to the semimagic ' Ba nucleus) and
lp-2h (one-particle —two-hole) states (with respect to

Ba). The g.s. wave function of ' Ba relative to the
neutron closed shell at N=82 was calculated with the
pairing interaction of the Hamiltonian. A realistic ap-
proximation to the ' Ba g.s. wave function was essential,
because important contributions to the electromagnetic
excitations would have been missed using a simple pure
two-hole (s, &z )o+ configuration as suggested by the
independent-particle model.

Single-particle energies were taken from systematics of
the odd-mass Ba nuclei and the single-particle space was
coupled to collective 2+ and 3 phonons in the neighbor-
ing even nuclei [37]. Excitation energies and transition
strengths for those phonons were adopted from experi-
mental data. The energy shift between 1h states and 1p-
2h states across the shell closure was estimated from the
neutron separation energy differences [35] between the

Ba and ' Ba nuclei.
An effective charge e~s =(1.5)e and effective g factor

g',z = (0.7 )g f„, were used for the calculations of elec-
trornagnetic transitions. A collective limit gz =Z/3 was
assumed for the gyromagnetic ratio. As was the case [13]
for " In, strong transitions were hardly affected by using
other gz values, e.g. , g& =0.

The results of the UM calculations were validated
against the low-energy spectrum [31] up to E =2 MeV.
The J = —", isomer energy was found to be 150 keV too
high, but this was sensitive to the h &I&2 single-particle en-
ergy and the 3& coupling strength in ' Ba. Transitions
between low-lying states (E2 transitions only) were repro-
duced within a factor of 2 for the scarce information
available in the literature.

V. DISCUSSION

B. Br

The ground state and isomer have spin structures of
and —,'+, respectively, so the isomer can be reached by

either an E2 excitation to a J =—', lS followed by an E1
decay, or the reversed scheme of an E1 excitation to a
J =

—,
'+ IS with subsequent E2 decay. Intermediate

states found in the QPM calculations are compared to the
experimental data in Fig. 4 and show this behavior. Only
two strong IS are observed and the contributions of all
other levels are at least two orders of magnitude smaller.

A difhculty in the model results was the poor reproduc-
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The activation function in Fig. 3(a) is dominated by a
transition at 2.6 MeV. The integrated cross section of
Table II may be converted into a decay width and the
corresponding reduced transition probabilities are
B(E1)~2.9X10 W u. , B(M1)~0. 17 W u. , and
8 (E2) ~ 33.0 W.u. , depending on the assumed nature of
the excitation step. These values are lower limits only,
since the largest possible product of branching ratios,
bob;„=0.25 was used. Typically, the branching ratio
factor could be expected to be about 2 —5 times smaller
than this value.

It is interesting to note that yields obtained for Se
are much larger than those in other isomers in the same
mass region ( Br, 'Br, Sr, Y). A large g.s. deforma-
tion (f3= —0.28) has been derived [39] for Se from
Coriolis coupling calculations and therefore this provides
another hint for the peculiar role of deformation in the
variations of integrated cross sections for the population
of isomers in different nuclei [15].

A. Se

The nucleus Se shows a very complex structure at
low excitation energies [38,39] and no calculations are
available for electromagnetic transitions above 1 MeV.

Excitation Ener gy MeV

FIG». 4. Positions and strengths of intermediate states in 'Br
measured experimentally (upper) and calculated using the
quasiparticle-phonon model as described in the text (lower).
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tion of the —', + isomer excitation energy, 1.270 MeV,
which strongly distorted the energy-dependent integrated
cross sections. Therefore, the experimental value of
0.127 MeV was used as the basis for electromagnetic
transitions. A similar problem occurred in the 'Br cal-
culations [19]. There it was shown that the inclusion of
two-phonon coupled configurations shifted the lowest —,

'+
state to roughly the correct position without strongly
a6'ecting the strength of the intermediate states.

The calculated low-energy IS has J =
—,', in agree-

ment with the established 0.761 MeV level. Assuming
the experimental 1.8 MeV state also to be J"=

—,', a very
good correspondence was obtained for the total energy-
independent isomer population strength below E =2
MeV. Such a fragmentation would have naturally
emerged from the model calculations if more complex
configurations had been considered. Thus it was conclud-
ed that all IS below 2 MeV had J"=—,'and that the in-
termediate strength had a common excitation-decay
structure.

The microscopic structure was extracted from the —',
state wave function

'pi( —,
" )=(0.34)2fp/2+(0. 85)(2p3/2 g2C,+)+

The excitation occurred through the 2+ phonon com-
ponent coupled to the main g.s. configuration while the
decay to the isomer took place in a 2f7/2 —&lg9/~ El
single-particle transition.

The strong experimental IS at 3.2 MeV was well repro-
duced by the QPM. The calculated o I was a factor of 3
larger, but again inclusion of many-phonon states would
have been expected to bring the values into closer agree-
ment. The QPM predicted J = —', + for the IS and a re-
versed excitation-deexcitation sequence compared to the

state. Analysis of the wave function

400
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100-

Experiment

The results of the UM calculations are displayed in the
middle part of Fig. 5 and indicate a strong transition at
2.75 MeV. Within the limitations of the model it ap-
peared justified to assign this to the experimentally deter-
mined level 450 keV higher in energy at 3.2 MeV. The
integrated cross section of the state was overpredicted by
a factor of about 2 —3, depending on whether the experi-
mental or model excitation energy was used. However,
similar to the Br case this was probably due to the basis
truncation and larger configuration spaces would be ex-
pected to bring the results closer to experiment.

An analysis of the wave functions of the IS identified
2d»2~2f~/z single-particle El transitions as the com-
mon excitation mechanism. Because of the large spin
di6'erence, EJ=4 between g.s. and isomer, the decay
occurs by complicated cascades which cannot be easily
summarized.

A particular problem of the UM calculations already
discussed for the " In(y, y')" In reaction was a sys-
tematic deviation for the average E1 and E2 transition
strengths with respect to experimental systematics in this
mass region [40]. Good correspondence of the distribu-
tion shapes was obtained by comparing the reduced tran-
sition probabilities of all possible transitions up to 4 MeV
in the model with Ref. [40]. However, the maxtmttm had
to be normalized with factors of f (El)=0.2 and

f (E2)=50 while absolute Ml strengths were reproduced
well.

A reanalysis of the isomer population implementing

0'&( —,
'+

) = (0.38)2d s/2+ (0.90)( lg9/2I3 2,+ )

revealed that a 2p3/2 +2d5/p E1 transition was responsi-
ble for the excitation and phonon coupling to the dom-
inant isomer configuration provided an E2 decay.

The common feature in the intermediate levels of the
QPM results is the presence of single-particle com-
ponents in the wave functions belonging to strength hav-
ing a centroid energy lying much higher. These
configurations from the next major shell are strongly
damped by coupling to collective excitations [32] and this
pushes fragments to low energies. Exactly these com-
ponents were found to be crucial for the isomer popula-
tion in Br.

Q
A

g 4OO

cn 300-

200-

100-

0

400
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Unified Model
without scaling

Unified Model
with scaling

C. '37Ba 0) 2 3 4
The experimental data showed evidence for only a sin-

gle IS up to 4.3 MeV. Within the experimental limits, no
contribution was observed below 2 MeV in agreement
with the literature [31]. Thus, photoexcitation of ' Ba
has proven to be particularly important for the brems-
strahlung characterization technique of Ref. [22] since
the isomer yield directly provides the photon Aux at a sin-
gle energy.

Excitation Energy MeV

FICi. 5. Positions and strengths of intermediate states in
Ba measured experimentally (upper), calculated with the

unified model (middle) and calculated with the unified model us-

ing empirically introduced correction factors for the average
transition strengths (lower). Those factors were f (Zl)=0.02
and f (E2)=50.
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the normalization factors is shown in the lower part of
Fig. 5. Surprisingly little change was observed with the
main difference being some additional strength at 3—3.5
MeV. The E2 correction factor seemed unrealistically
large considering how well the low-energy transitions
were described. It is important to note that many of the
weaker E2 transitions resulted from destructive interfer-
ence of the collective and single-particle parts of the tran-
sition operator. The renormalization factor for E1 tran-
sitions seemed more realistic due to the sensitivity to
smaller amplitudes of the wave functions which mould
have been smeared out in an enlarged configuration
space. Accordingly, the best description might lie some-
where between the two extremes displayed in Fig. 5.
However, the strong IS at 2.75 MeV which likely corre-
sponds to the experimental 3.2 MeV level was hardly
.affected by these variations in the UM calculation.

and is important to gamma-ray laser research since many
candidate nuclei are well deformed.

The appearance of strong intermediate states requires a
special combination of properties including a large partial
g.s. width and significant mixing in the wave function.
Thus the number of important levels is typically very
small at energies below about 5 MeV as confirmed by the
model results. The calculations further emphasized the
importance of a delicate interplay of single-particle and
collective amplitudes in the IS wave functions. In all ex-
amples analyzed so far (Refs. [13,19] and this work) the
decisive factor has been the appearance of fragments of
outer-shell single-particle strength at low energies. It
would be of interest to compare these conclusions with
findings in other valence-shell regions and in nuclei with
large g.s. deformations. Experimental and theoretical
work along these lines is underway.
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