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Abstract. The '“’In(y, y') reaction was measured at the
S-DALINAC using bremsstrahlung with endpoint ener-
gies E,=3.1, 46 and 5.2 MeV. In the excitation energy
range of 1-5 MeV in total 32 transitions were observed,
18 of which were hithertoo unknown. The results are
compared to two quasiparticle-phonon model calcula-
tions, one with a model space of ‘quasiparticle @ phonon’
and one extended by ‘quasiparticle®two-phonon’ con-
figurations. A substantial improvement is achieved in the
description of low-lying '°In states by the consideration
of the more complex configurations. The calculations
quantitatively account for the summed **In(y, 7)) inte-
grated cross sections and show a comparable amount of
fragmentation of the individual transition strengths. The
model interpretation of the microscopic structure of the
experimentally observed transitions is discussed.

PACS: 21.10.Tg; 21.60. —n; 25.20.Lj; 27.60.+]j

1. Introduction

Recently, numerous experimental investigations of in-
elastic photon scattering in odd-even nuclei have been
reported. The interest has focused e.g. on the identifi-
cation of the orbital magnetic dipole “scissors” mode in
heavy deformed nuclei [1, 2] and the first proof of a pure
‘two-phonon ® particle’ structure in '**Nd [3]. The pres-
ent work on **In was motivated by systematic studies of
the photoexcitation of spin isomers [4, 5] which typically
show a few intermediate states with large cross sections.
It was demonstrated in [6] for the example of !'°In that
the combination of nuclear resonance fluorescence data
with photoactivation results yields important insight into
the structure of the intermediate levels.
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A satisfactory description of the gross features was
achieved with a semiempirical unified model (UM) ap-
proach [7]. However, a detailed description of the rele-
vant amplitudes describing resonant photon scattering to
the ground state and/or to an isomer in odd-mass nuclei
crucially depends on a delicate interplay of collective and
single particle degrees of freedom. Electromagnetic tran-
sitions provide particular stringent model tests because
of their sensitivity to small amplitudes in the initial and
final state wave functions. Because of model inherent
approximations the predictive power of the UM for such
data is certainly limited.

Therefore, besides a full presentation of the experi-
mental results of the ***In (y, y*) reaction the present work
concentrates on a description of the resonant photon scat-
tering results within the microscopic quasiparticle-pho-
non model (QPM). The QPM has been able to explain
successfully the nature of intermediate structures in the
photoexcitation of isomers taking into account a ‘quasi-
particle ® phonon’ model space [5,8-10]. In a study of
¥Y good agreement for the total (y,y’) strength, but too
little fragmentation was observed which was traced back
to the omission of more complex configurations [10].
Here, an extension of the model is described to include
‘quasiparticle ® two-phonon’ states in the calculations of
electromagnetic transitions and its importance for a de-
tailed description is tested with the '"*In(y, y’) data set.

2. Experiments

The measurements were performed at the injector of the
superconducting electron linear accelerator S-DALINAC
at Darmstadt [11]. Electron with energies E,=3.1, 4.6
and 5.2 MeV bombarded a rotating 3 mm thick tantalum
converter to produce bremsstrahlung. Typical electron
currents were 20 pA. The photons scattered from the tar-
get were detected with two well-shielded hpGe, respec-
tively Ge(Li), detectors placed under 90° and 127°.

The targets consisted of "In disks of 8.3-10.2 g with
a diameter of 1 cm. Disks of total 1 g "*Al (for E,=3.1
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and 4.6 MeV) and 0.205 g "B (for E,= 5.2 MeV) were
sandwiched around the targets. The well known (y,y’)
transitions of Al and !'B served as a reference for the
determination of the bremsstrahlung spectral shape and
total photon flux [12, 13]. Further experimental details
can be found in [14].

3. Experimental results

The spectra recorded at the three bremsstrahlung end-
point energies are displayed in Fig. 1. Transitions which
are attributed to the **In (y, y’) reaction are marked by
arrows. The line contents were converted to experimental
integrated cross sections as described e.g. in [15]. The
bremsstrahlung spectra were calculated with the Monte
Carlo program GEANT?3 [16] and normalized to the ’Al
and !B reference transitions. The validity of the Monte
Carlo results for the description of low energy, thick tar-
get bremsstrahlung has recently been confirmed with in-
dependent experimental methods [17].

All identified '*°In transitions were assumed to be g.s.
transitions. The observation of transitions to excited states

llEIn (7’71)
3.1 MeV

<_
-—
—
=1
]

= 127°

4.0 4.2 4.4 4.6 4.8 5.0
Excitation Energy (MeV)

Fig. 1. Spectra of the "*In (y, y*) reaction at three different brems-

strahlung endpoint energies. Transition assigned to ''*In are marked

by arrows. The symbols SE and DE denote single- and double-

escape lines, respectively

can be largely excluded in the present case. Because of
the restriction to low multipolarities (A = 1, 2) in nuclear
resonance fluorescence (NRF) the lowest states which
could be efficiently populated would be the E =
0.934 MeV, J™ =1* level [18]. Such transitions with cor-
respondingly reduced y-energies would be covered by the
Compton background which rises roughly exponentially
towards lower energies.

The integrated cross sections I, are related to the decay
width I” by

he\? TP
I =72 — -0
= (E> g5 W), M

where I, denotes the partial g.s. decay width, g=
(2J,+1)/(2J,+1) is the statistical factor with J;, J; the
spins of the g.s. and the excited state, respectively, and
W(®) accounts for the nonisotropic decay which de-
pends on the multipolarity and the E2/M1 mixing ratio.

Table 1 summarizes the observed transitons together
with the results of previous ’In NRF studies [19-21]
and other information on the level properties available
in the literature [18]. Unlike the case of even-even nuclei
where the ratio of results obtained at 90° and 127° permits
a distinction between dipole and quadrupole transitions,
the angular distributions W(® ) are much more isotropic
in odd-even nuclei. It is found for '"*In that under 127°
for all possible spin combinations 5—(3—%)—3 and
E2/M1 mixing ratios, W(®) varies less than 10% from
unity. Therefore, the results in Table 1 are taken from
the 127° detector and the angular dependence is ne-
glected. Instead an additional systematic error of 10%
should be added to the errors given.

In general, the present results compare well with pre-
vious work for E, < 2 MeV where partial widths can be
calculated from the known level properties. Exceptions
are the transitions to the E, = 1.078, 1.449 and 1.497 MeV
states. The two former show larger partial widths than
extracted from other experimental data [18], most likely
because of additonal feeding through higher-lying states.
For the transition to the £ _=1.497 MeV level the inte-
grated cross section is a factor of about 2.5 smaller. How-
ever, one should be aware that even for the lowest end-
point energy E,= 3.1 MeV the peak-to-background ratio
at this energy is already poor and that the strength was
close to the detection limit.

The agreement with previous “In(y,y’) work is
mixed. Good correspondence is observed for the
1.608 MeV level measured by Cauchois et al. [21], while
the deviations for the 1.497 MeV transition are discussed
above. The results of Alston [19] agree within errors for
the 2.480 and the 2.740 MeV transitions, but are sig-
nificantly smaller for the 2.283 MeV and the 2.443 MeV
transitions. Above E = 3.8 meV no transitions belonging
to "In could be identiﬁed.2 From the statistics an

. .. I
experimental upper limit g %g TmeV at E =4 MeV
rising to &45meV at E, =5 MeV is estimated.
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Table 1. Transition observed in the *In(y, y’) reaction and comparison to previous work

This work Other In (y,y") work Literature
[21] [20] [19] [18]

2 2 2 2 I"Z
E, 1 gEFO— gl;—(’ g?—" g%’ E, J* g
(MeV) (eVb) (meV) (meV) (meV) (meV) (MeV) (meV)
1.0781(3) 1.4 (5) 0.42(15) 0.159(24) 0.31 (9 1.0782 (3) 3t 0.19 ()
1.1326(2) 28.1(21) 9.4 (7) 8.59 (48) 6.3 (6) 6.3 (11) 1.1326 (0) Ut 84 (4)
1.2908(2) 2.9 (6) 1.2 (3 1.31 (1) 0.95(44) 1.35(35) 1.2906 (0) B 1.45(14)
1.4489(3) 3.1 (5) 17 (@) 0.90 (11) 0.91(38) 07 (2) ©1.4488 (0) g 0.94(11)
1.4630(2) 8.9(11) 40 (6) 5.22 (66) 7.7 (20) 1.4633 (7) I+ 51 (8)
1.4867(2) 14 (4) 0.80(21) 0.63 (9) 0.88(22) 1.4861 (1) 3 0.66 (9)
1.4970(3) 0.8 (3) 0.49(18) 1.33 (16) 1.6 (6) 1.4972 (8) %‘ 1.33(16)
1.6080(3) 1.5 (4) 10 (3 1.6081 (7) I+ 1.54(24)
2.0710(4) 13 (3) 14 (4) 2071010) GO
2.1078(2) 44 (5) 51 (6) 21077(15) G
2.2830(2) 9.1 (9) 124 (13) 7.0 (23) 2277 (5)
2.3846(3) 2.8 (5) 41 (7)
2.4431(2) 9.5(10) 14.8 (16) 5.6 (19) 2438 (5)
2.4797(3) 3.3 (5) 52 (8) 47 (19) 2476 (5)
2.5407(2) 6.5 (8) 109 (14)
2.5800(3) 29 (5) 50 (9)
2.7399(2) 8.1(12) 15.8 (24) 12.6 (42) 2.742 (5)
2.7467(4) 2.5 (6) 49 (12)
2.8275(3) 2.5 (6) 5.1 (13)
2.8522(4) 3.4 (6) 7.1 (14)
2.8967(4) 6.6 (9) 145 (19)
2.9944(6) 2.8 (6) 6.5 (14)
3.0429(5) 2.8 (7) 6.8 (18)
3.1582(7) 20 (5) 52 (14)
3.2207(6) 2.3 (6) 6.2 (15)
3.2315(3) 11.9(11) 324 (29)
3.2719(3) 12.4(11) 34.6 (31)
3.2885(4) 40 (6) 112 (18)
3.3865(5) 23 (6) 7.0 (8)
3.3950(5) 27 (6) 8.2 (18)
3.6846(9) 3.5(10) 125 (35)
3.7010(5) 77(13) 27.3 (47)

4. Quasiparticle-phonon model calculations

4.1. Formalism and details of the calculations

The general description of the QPM application in treat-
ing odd nuclei can be found e.g. in [22]. Here we only
briefly outline the major ideas of this model important
for the specific calculations and present recent develop-
ments of the model.

The ground and excited states of odd-mass nuclei are
considered by the QPM in terms of ‘free’ quasiparticles
described by the quasiparticle creation operator aj.*m and
quasiparticles coupled to phonon excitations of the neigh-
bouring even-even core, with the respective phonon cre-
ation operator QF,,. Here, jm stands for the quantum
numbers of the single-particle state in the average field
and Au are boson quantum numbers of core excitations;
i numbers the sequence of one-phonon states for definite

A™. Since these simple modes are mixed in a real nucleus,
the wave function is written as a composition

P, (JM)
= CJV {ajM + Z Djl(JV)[O(j+m Qj,ui}JM
Aij
to2
Avi1daizjJ’

x [“me[Ql_{lIllil Q;uziz]]’M’]JM+ } TO > (2)

FJ»A'}»iIAZiZ (JV)

where ¥, is the wave function of the g.s. of the neigh-
bouring even-even core and v is the order number of
excited states with spin J. The amplitudes C;, Dj"(J V)
and F}}/**2"2(Jv) for each state are obtained from a di-
agonalization with an effective Hamiltonian. Tt includes
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an average field for protons and neutrons Vp.n» & mono-
pole pairing interaction, and isoscalar and 1sovector re-
sidual interactions of a separable type with a form factor
proportional to dV, , /dr.

Diagonalization of the Hamiltonian yields a set of
equations for excitation energies #, and coefficients
D?#'(Jv) which can be written in a matrix form as

I'xD=90, 3)

1
sJ_ﬂJv_ﬁ

DxM(nJv>=% r. (4)
The dimension of the array D= {D’“” (Jv)
D}>2(Jv),...} is determined by the number of ¢ quasi-
particle ® phonon configurations included in the wave
function (2). The array I'={I"(JjAi),...} includes matrix
clements of the interaction between quasiparticle config-
uration o; and quasiparticle ® phonon configurations
[oe;” Q;;1, which are calculated microscopically. The ex-
phcr[ form of I'(JjAQ), as well as a complete description
of the matrix M (7 ;,) can be found in [22]. Also relations
between the coefficients F7/*22(Jv) and D}*(Jv) and
the determination of C) from the normalization of the
wave function (2) are presented there.

An important point in treating the core excitations as
boson-like phonons is a possible violation of the Pauli
principle because of the underlying fermion structure

Q).,ut :_ Z {WJJ

+(—1)‘ “H ol

]m ]m ]Au

LT P )

The forwardgoing w’;. and backwardgoing @} ampli-
tudes are obtained by solving the random phase approx-
imation (RPA) equations which also yield the energies
of the phonon excitations. To avoid problems of this
kind, a special technique has been developed [23] within
the QPM by using exact commutation relations between
quasiparticles and phonons. It results in a renormaliza-
tion of the interaction between quasiparticles and pho-
nons and in a shift of energetic locations of [a 01,
and more complex configurations.

Until now, (3,4) were solved only in deformed nuclei
for a very truncated quasiparticle and phonon basis [24].
Usually, either ‘quasiparticle ® two-phonon’ configura-
tions were omitted in the wave function [23, 25,26] or a
strength function method was used to include them di-
rectly [22]. Alternatively, one can make use of a phe-
nomenological optical potential [27]. The strength func-
tion method rather simplifies the calculations but yields
only a general distribution of strength of the investigated
configuration over excitation energy and does not allow
to extract the structure information on each excited level.
We aim here to develop a theoretical working scheme on
a microscopic basis which takes into account complex
configurations of the wave function and preserves the
knowledge of the structure of excited states in odd nuclei
at low and intermediate energies (typically up to
E,=4—5MeV).

We include for the third term in (2) configurations
[0} [Q),1 F,:,1,-1, built on collective low-lying pho-
nons, viz. A,i,, A,i,=2,",3; and4," in all possible com-
binations. The influence of the Pauli principle violation
for these terms has been included by calculating the
energy shift and equals to at most a few hundreds keV
for some configurations. A renormalization of the inter-
action between quasiparticles and phonons would not
exceed a few per cent and is neglected. This is in an
agreement with the role of the Pauli principle for ‘quasi-
particle ® phonon’ configurations [23]. Omitted non-col-
lective terms interfere only weakly with other configu-
rations. Also the contributions of other collective pho-
nons which appear above about 3 MeV are not very im-
portant for the considered excitation energy region.

For ‘quasiparticle ® phonon’ configurations the same
basis truncation as in previous studies [5, 8, 10] is used,
i.e. all configurations with energies less than 11 MeV
constructed from both collective and non-collective
phonons with J*=1%, 2%, 37,47, 57 and 6* are in-
cluded. The Pauli principle corrections were calculated
in a complete form. The number of [a) O], and
[} 1034, @i, 1,1, configurations in actual calculations
Varled from 47 and 43 for J™=3" to 147 and 115 for
J™ =17, respectively.

Equations (3, 4) are solved in the diagonal approxi-
mation as proposed in [28]. The matrix elements M, ; are
set to zero for i= j. Non-diagonal terms play no impor-
tant role because of their non-coherent nature which was
proved by calculations in a truncated basis [24]. This
approximation sufficiently simplifies numerical calcula-
tions because it yields a single non-linear equation (al-
though with a complicated energy dependence) instead
of a coupled system. Technically it was realised on the
basis of the computer code PHOQUS [29].

4.2. Description of low-lying levels

The effect of an inclusion of two-phonon coupled states
on the description of low-lying levels is demonstrated
in Fig. 2. With the one-phonon coupled model space
large discrepancies are observed for all levels above
E_~0.8 MeV. This effect is nicely corrected by the inclu-
sion of the more complex configurations, in particular
for the positive parity rotational-like sequence of intruder
states [25]. Also, the inversion of the lowest J™=3",
3+, 17 states is removed.

The role of complex configurations is most essential
for states with a large contribution of [a; 0,1, con-
figurations where Ai=2;", 3, or 4;". The 1nterp1ay with
complex configurations results in a shift of these states
to lower energies. The same effect takes place in even-
even nuclei when mixing of one- and two-phonon con-
figurations is taken into account. It can be qualitatively
explained in a simple two-level model where the inter-
action between these levels leads to repulsion. The pa-
rameters of the residual interaction were adjusted in the
present calculation to reproduce the collectivity of the
lowest 2;" and 3, states in neighbouring even-even nu-
clei, i.e. fixed to the experimental B(EA) values. Using
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Fig. 2. Experimental low-energy spectrum of "In compared to
QPM results without (1-phonon) and with (2-phonon) considera-
tion of ‘quasiparticle ® two-phonon’ configurations

these values the lowest RPA 2;" and 3; phonons have
an energy which is a few hundred keV higher than the
experimental ones. It is not surprising that in the odd-
even '"*In nucleus the low-lying levels, which have a large
contribution of the [g.s. ® 2;"] configuration, show the
same deficiency in the one-phonon coupled model space.
Coupling to complex configurations restores the correct
position of the lowest levels in both neighbouring even-
even and odd-even nuclei.

The QPM also reasonably accounts for electromag-
netic transition strengths. In Table 2 a comparison to
experimental values is presented for transitions between
g.s. and excited states up to about 1.5 MeV. For higher
excitation energies the assignments are unclear. Good
agreement is observed except for the transition to the
lowest J*=2" states. The differences of the two calcu-
lations are not very large but the inclusion of ‘quasipar-
ticle ® two-phonon’ configurations generally leads to a
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reduction of B-values which in most cases brings the cal-
culations in closer agreement with the experimental data.
The structure and mixing of the lowest J*=1" states
cannot be fully explained in the present approach. How-
ever, if one assumes the lowest theoretical 7™ level to
correspond to the second experimental one, the agree-

ment would be improved.

4.3. Comparison to the (y,y’) results

In Fig. 3 the experimental integrated cross section ob-
served in the "°’In(y,y’) experiments are compared to
QPM calculations in the energy range E,=2—4 MeV.
The differences between the results with a one-phonon
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Fig. 3. Experimental integrated cross sections observed in the
In (p, p’) experiment compared to QPM calculations taking into
account ‘quasiparticle ® one-phonon’ (1-phonon) and additonally
two-phonon (1-phonon + 2-phonon) coupled states

Table 2. Comparison of experimental results and QPM calculations including ‘quasiparticle ® one—phonon (1-phonon) and additionally
‘quasiparticle ® two-phonon’ (1-+ 2-phonon) configurations for g.s. transitions to low-lying levels in "'5In

Literature [18]

QPM (1-phonon) QPM (1-+2-phonon)

E, JT B(M1) B(E2) B(M1) B(E2) B(M1) B(E2)
(MeV) (W) (W) (W) (W.u) (W.u.) (W)
0.934 G, 47%x10™* 2.0x1074 2.0x10°4 6.8 1.3x107* 6.2
0.941 G, 1.32 6.9 5.6
1.078 3N, 11.1 3.4 6.3
1.132 (4, 0.19 29 ~0 15.7 ~0 132
1.291 ), 11.1 16.0 12.6
1.4438 z*), 2% 1074 4.5 0.11 11.2 0.25 8.8
1.463 G, 0.05 1.7 3.4x107* ~ 4x10~* ~
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and a one- plus two-phonon coupled model space are
significant. While calculations with the restricted model
space overpredict the summed integrated cross sections
by a factor of about two, good quantitative agreement is
obtained with inclusion of the more complex configura-
tions. The main effect is a shift of some strong transitions
around 2.5 and 3 MeV, which have no experimental coun-
terpart, to lower energies. The degree of fragmentation
of the cross sections with the full calculation is similar to
the experimental results, although the main strength is
shifted a few hundred keV to lower, respectively higher
excitation energies.

It is of interest to discuss in more detail the sources
of electromagnetic transition strength predicted by the
QPM. In the full calculations about 50% of the summed
integrated cross sections corresponds to M1 strength and
the rest is about equally distributed between E1 and E2
strength. The major part of M1 excitations is of gy,
— gy, type and only one transition (E,=3.21 MeV) of
8972872 sPin-flip type. The B(E2) strenght is due to
coupling to the collective 2; states in the neighbouring
1%Cd and ''°Sn cores. The rather fragmented E1 strength
is of gy, f7/, (and to a lesser extent gq/,—#,,/,) nature.

Thus, the QPM leads to a somewhat different inter-
pretation compared to the UM [7] calculations described
in [6]. There, the B (A1) strength came solely from spin-
flip transitions and no significant B(E2) strength ap-
peared (which, however, might be due to a systematic
shortcoming of the UM, see [6]). At low excitation
energies the QPM results show a dominance of
[2 (Cd) ® g,/,] configurations in contradiction to the
UM where the Sn-coupled multiplet is more important.
This difference results from the consideration of correc-
tions due to the Pauli principle (see Sect. 4.1) neglected
in the UM which shift the [2;" (Sn) ® g,,] contributions
to higher energies.

In the investigated energy range, > B(M1)~0.8u3
according to the QPM results with the strength mainly
concentrated in three transitions at E,=1.99, 2.25 and
3.21 MeV which have B(M1)=0.13, 0.45 and 0.11 43,
respectively. Experimentally, the strength must be more
fragmented. Assuming pure M1 excitation the strongest
experimental transition would be at £, =2.283 MeV with
B(M1)=0.10pu2. Very little other information exists on
B(M1) strength distribution in the 4=110-120 mass
range. A high-resolution (e,e’) study on ''°Pd for
E_<4 MeV has been reported [30], but gave only weak
evidence for M1 strength. However, the experimental up-
per limit in [30] for a single B(M1) transition was given
by B(M1)~0.1 3 which would not contradict the pre-
sent results.

5. Conclusions

In conclusion, we presented a nuclear resonance fluores-
cence study of *In in the energy range £, =2-5MeV.
The results are compared to QPM calculations which, for
the first time, include ‘quasiparticie ® two-phonon’ con-
figurations in the determination of the electromagnetic
transition strength to excited levels in odd-mass nuclei.

The extended model space leads to a considerable im-
provement in the description of low-lying levels. Also,
the calculations are capable to account quantitatively for
the (y,y’) cross sections while results with a model space
restricted to ‘quasiparticle ® one-phonon’ states clearly
overestimate it.

The successful description within the QPM leads to a
somewhat different interpretation of the microscopic na-
ture of the (y, ) transitions with respect to earlier results
obtained with the more restricted UM approach [6], in-
dicating a less important role of spin-flip M1 transitions
and non-negligible E2 strength due to coupling of the
g9/ &.8. configuration to the collective 2;" states in the
even neighbour nuclei.

What remains is a QPM application with the extended
model space to interpret the structure of intermediate
states observed in the photoactivation of '*In” [6]. This
necessitates the implementation of additional terms in the
decay cascade calculation due to [« Q]—=[x Q 0], and vice
versa, transitions. Work along these lines is in progress.
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Technology (BMFT) under contract number 06DA6411 and by a
grant of the Heisenberg-Landau program.
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