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Abstract: The cross sections of excitation of the isovector giant dipole resonance in t16'124Sn isotopes 
by inelastic scattering of a-panicles in coincidence with y-decay into the ground state and the 
first excited 2 + state are presented. An attempt has been made to interpret a strong decay into the 
2~ state as a result of coupling of the giant dipole resonance (GDR) with the GDR buiit on the 
first 2 + state. For that, the microscopic calculation of the GDR fine structure has been performed 
within the quasiparticle phonon model. The results of calculations are in qualitative agreement 
with the experimental data. 

! .  Introduction 

Recently, coincidence experiments 11¢"124Sfl(ff, a'3') and 2°spb(a, a '3,) have been 

performed at the KVI ~). The main purpose of  these experiments  was to determine 

a neutron skin thickness of  nuclei in adjust ing the DWBA calculat ions with different 

proton and neutron radii (ARp, / Ro) to reproduce the absolu~e value of  the measured 

reaction cross section. The giant dipole resonance (GDR)  cross section of  excitat ion 

by a-part icles is very small compared to the ones of  the giant  monopole  resonance 

(GMR) and the giant  quadrupole  resonance (GQR) which are over lapping with the 

GDR. To select the contribution of  the GDR,  coincidence measurements  between 

the scattered a-par t ic les  and the emitted 3,-rays were performed. One interesting 

phenomenon has also been observed in these experiments  - the popula t ion  of  the 

first 2 ÷ excited state in tin isotopes was nearly as strong as the ground state and 

practically only the decay into the ground state has been observed in 2°sPb. In the 

present paper we consider this phenomenon and try to interpret  it on the basis of  

microscopic calculations of  the G D R  fine structure. 
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The general idea of such calculations is rather simple. As soon as the GDR is 
excited by a-particles it decays into the ground state by E1 transitions. Since the 
~-decay into the 2~ state is strong, it might mean that the coupF.'ng of the GDR 
with two-phonon configurations [GDR®2 ~]~ is sufficiently strong, and we observe 
E1 transitions from these two-phonon configurations to the first 2 + state. The idea 
of a possible coupling has been proposed earlier 2). It was applied ~) within an 
extended version of the interacting boson model (1BM) to propose measurements 
of elastic and inelastic ~, cross sections as ~_ se:~aitive test of nuclear structure models. 
These measurements were performed in Illinois [see e.g. ref. 4)] and data were 
analyzed within the macroscopic dynamic collective model (DCM) ~) and the IBM. 
In the present paper we employ this idea for calculations within the microscopic 
quasiparticle phonon model (QPM) 6.7) in view of this KVl experiment. 

2. Details of  calculations 

Excited states in even-even nuclei are treated by the QPM in terms of the phonon 
operators Q^~i with the angular momentum A, projection ~ and the RPA root 
number i. The structure of phonons is determined by the contribution of pairs of 
quasiparticle creation aj~ and annihilation aim operators with the shell quantum 
numbers jm as follows: 

N.Z 
+ _ I Ai + + .¥ A--~ Ai Q~,.,-~ ~. {¢#,[ajmaj..,.]A• ( -1 )  4~jj,[ajmaj...]^-.}. (1) 

j j*  

Qvasiparticle operators appear as a result of  the standard Bogoliubov transformation 
from particle creation and annihilation operators; thus, creation of  a particle or a 
hole is considered as creation of  a quasiparticle. To obta.ln the phonon basis (i.e. 
the energy of  one-phonon configurations and structure coefficients ~b~! and ~ !  in 
eq. (1)), we solve the RPA equations with an effective hamiltonian including an 
average fie!d for neutrons and protons, a pairing interaction and a residual interaction 
in the separable multipole form with the Bohr-Mottelson radial dependence. 

To take into account the coupling of simple one-phonon configurations to more 
complex ones we write the wave function of excited states in even-even nuclei as 
a mixture of phonon configurations of different complexity (i.e. one-, two-, 
. . .  phonon configurations) built on the wave function of the ground state ~Pg.s., 
treated as the phonon vacuum. In the present paper, we truncate the basis up to 
two-phonon configurations and thus, the wave function of the ~,th state with angular 
momentum A and projection p has the form 

~ ( A / z ) =  R,(A~')QA~,+ ~ P~,,,(.~p)[Q^,.,,,Q~:~.~,2IA~, ~g.~.- (2) 
• A l i l A 2 i 2  

As soon as the one-phonon basis is obtained, the interaction matrix elements between 
• • A i  

one- and two-pbonon configurations can be written m terms of the amphtudes Ojj' 
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and ~b~! from eq. (I); thus, no free parameters are used in mixing calculations for 
A,i, V these configurations. The coefficients R~(Av) and P~I~;(A ) of the wave function of 

excited states, eq. (2), and the excitation energies Ea,. yield from diagonalization of 
our effective hamiltonian. Compared to the macroscopic IBM or DCM mentioned 
above, we use a more complete phonon basis and the width of the GDR is calculated 
microscopically, as a result of its coupling to two-phonon configurations. However, 
we do not take into account many-phonon configurations usually included in the 
IBM or DCM wave functions. 

This approach has successfully been applied to the description of properties of 
low-lying states and integral characteristics such as position, width and exhaust of 
the EWSR of giant resonances in medium and heavy nuclei [see e.g. ref. 6)]. Usually, 
to avoid complicated calculations in the resonance region, the strength function of 
the EA-strength distribution is calculated by means of a well-known technique. 

To consider y-decay into the 21 state we need to know the structure of each 1 
state contributing to the GDR. Thus, the fine structure of the GDR has been 
calculated for the first time. As an example we present in fig. I the El-strength 
distribution over one°phonon ! configurations (top) and over the 1 - states described 
by the wave function, eq. (2), (bottom) in 124Sn. This figure shows the fragmentation 
of the E ! strength of one-phonon configurations due to the coupling to two-phonon 
configurations. These types of calculations are rather complicated and ce~ainly are 
not possible if all configurations, schematically presented in eq. (2), are taken into 
account. For this reason, we have to truncate the basis in actual calculations, and 
have included all one-phonon ! configurations in the range from 10 to 18 MeV 
and two-phonon configurations made of natural-parity phonons with A ~ = 1 -6 + in 
the range from 0 to 20 MeV. 

In the calculation of the (a, a 'y)  cross sections we have applied the ideas of the 
multistep theory of nuclear reactions [see e.g. ref. s)] and following the procedure 
described in ref. ~)], deduced the cr,,.,,.v(E) coincidence cross section as: 

] "r,(E)  TBc (E) , (3) o-, , . , , . .¢(E)=o', , . , , .(E) F 

where F~(E) is the width of the y-decay of an intermediate 1- state into the ground 
or the 21 state and F is the GDR width. The second term in eq. (3) corresponds 
to the compound decay, the integral value of which was estimated for the decay 
into the ground state in ref. ~o) to be 1% in I-~4Sn and 6% H~Sn for the 12-17 MeV 
excitation energy region. We will return to this term later when discussing the results 
of calculations. 

An essential difference from the phenomenological calculations of o-~,,~.~..(E) in 
ref. ~) is the following. Using the calculated above structure of the 1- states in the 
GDR region we can obtain now microscopically both the cross section of excitation 
~,~,,~,(E~ ,,) of each uth 1 state and its decay width into the ground state or the 2~ 
state. The GDR excitation at the KVI energies is dominated by the Coulomb term, 
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Fig. 1. EI-strengthdistribution over one-phononconfigurations (top) and the strength distribution results 

from a calculation including two-phonon confguration, eq. (2), (bottom) in ~24Sn. 

and the hadronic part o f  the interaction between a target and a projectile is rather 
small ") .  Thus, we can approximate the form factor o f  excitatio,  o f  the ith one. 
phonon 1-  configuration by electromagnetic matrix elements (1 ~-II E1 I]0g+~.). As we 
see from the top of  fig. 1, the one-phonon configuration at 15.4 MeV carries the 
main part o f  the E1 strength and its contribution to the wave funct;on of  each l -  
state will mainly determine the excitation probability of  this state. It has been 
found ~o) that the ~ xcitation (c~, a ' )  cross section is practically independent of  the 
particular transition density, Goldhaber-Teller (GT) or Steinwedei-Jensen, used 
for calculating the transition potential. So we can make an assumption that the role 
of  other weak one-phonon configurations is proportional to their E1 matrix elements. 
In this scheme we can simplify the calculation o f  cr~,~,(E~ ~) of  the pth 1- state as 
follows: 

o'~,~,(E,_ ~) = o ' (E)  x ,~" x Y~. R,(I-v)(1 ;liE1110~s>l 2 " (4) 
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where ~r( E ) is an energy-dependent part of the excitation cross section, determined 
mainly by the Coulomb excitation, which has an exponential behaviour from the 
phenomenological calculations with a GT transition density ~ ). : f  is a normalization 
factor adjusted to reproduce the integral experimental cross section over the excita- 
tion E, range 12-17 MeV and 13-17 MeV in ~24Sn and "~Sn, respectively. The 
absolute value of the cross section has been found to be very sensitive to the 
difference in the radius of the proton and neutron average field i). Since within this 
theoretical framework we use Woods-Saxon potential with adjustable parameters 
for the average field, the absolute values of the cross sections are beyond the scope 
of the present calculation. That is why only the description of the shape of the cross 
sections and the values of branching ratio between decays into the ground and 2~- 
states are considered. 

The decay width Fv(E~ ,3 of the z, th l -  exoted state in eq. (3) is simply related 
to the y-transition matrix elements between one-phonon configurations and the 
phonon vacuum for the decay into the ground state, 

2 

, (5) ,,)- R,(i ,,)(0 .dlEllll, 

and between two-phonon and one-phonon configurations for the decay into the 2~ 
state, 

i ~+ 2 F~.:;(E, , . - E . ; ) ~  R,(2+I)E P~-,,(I-u)(2~UEIII[li®2~-], ) . (6) 

where R~(2+I) is the contribution of the first one-phonon 2 + configuration to the 
structure of the 2~ state which is equal to 0.95 for both isotopes in the present 
calculation. In these equations we have omitted terms corresponding to the direct 
decay from two-phonon configt, rations to the ground state in eq. (5) and from 
one-phonon 1 - configurations to the one-phonon 2 + configurations in eq. (6) which 
are about two-three orders of magnitude weaker than the main terms i_,-~s). 

Only few two-phonon configurations [li-®2~]l (there are 36 and 39 of such 
configurations in ~6Sn and ~-'4Sn, respectively) are involved directly in the GDR 
decay as we see from eq. (6). All other two-phonon configurations of  the wave 
function (2) play an important role in producing the fragmentation of one-phonon 
l -  configurations over the states, eq. (2). 

3. Results and discussions 

A typical final-state spectrum is presented for 124Sn in fig. 2. The experimental 
methods used for obtaining these data are described in detail in refs. ~,~6). Since the 
energy resolution of the present experiment was not good enough to resolve the 2~ 
state from the ground state, the spectra were fitted by gaussians to separate the 
(a~ a'y,+~) and (a, a'y2~) cross sections. The result of separating the two y-decay 
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Fig. 2. Final-state spectra of  124So after 7-decay of  the 12<~ E~<~ 17 MeV excitation energy region 
populated in the (~, a ' )  reaction with E,  = 120 MeV and 0 , . = 0 ° ± 3  ° (top) and 0 , , = 0 ° ± 2  ° (bottom) 

after subtracting random coincidences. Lines indicate energy for the 0~, and the 2~ states. 

branches for the region 11 ~< E, ~< 17 MeV as a function of  excitation energy/:~ are 
shown in fig. 3 together with the results of  the QPM calculations for two tin isotopes. 
The main source of  relative errors in data are uncertainties due to statistics, X-ray 
normalization, and uncertainties in the detection efficiencies of  the Nal(TI) detector 
and the focal plane system. 

In comparing with experiment we have averaged the calculated cross sections, 
eq. (3), in the following way: 

1 A 
o',..,..v(E)=~o,,..,v(E,,. ") 2~" (E-E~ ,.)-'+'~A- ~ (7) 

with the averaging parameter A = 1 MeV equal to the bin size used in experimental 
data in fig. 3. 

The calculated cross sections corresponding to the excitation and decay of  the 
GDR are presented in fig. 3 by solid lines. The exponential dependence of  the 
Coulomb excitation cross section as a function of  excitation energy enhances strongly 
lower energies. As a result, the maximum in the o-~.,,.v,(E) cross sections is shifted 
down compared to the El-strength distribution presented in fig. 1. The increase in 
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Fig. 3. Measured differential cross section for inelastic a-scattering in coincidence with y decay into 
the ground state (top part) and the 2~ state (bottom part} of  HrSn and ~24Sn as a function o f  excitation 
energy in comparison with the QPM calculations; the solid line corresponds to the excitation of  the 
GDR; dashed line the GQR; dot-dashed line the GMR; dotted line contribution of  the compound decay 

and long-dashed line is the sum of  all contributions. 

the ~r..,,,~.(E) cross sections in ~24Sn around 11.5 MeV is not due to the GDR but 
is caused by the excitation of some weak one-phonon l configurations outside the 
resonance region. These states are less fragmented because of a lower density of 
two-phonon configurations around and are enhanced by the Coulomb factor. The 
two maxima in ~rSn are due to the fine structure of the GDR. We may expect some 
other possible contributions to the total o'..,,,v.(E) cross sections from excitation 
and decay of the GQR at lower energies. Since estimations show this contribution 
to be relatively small, we did not perform the full microscopic calculations for the 
GQR, as for the GDR, but estimated it phenomenologically. It has been done 
following the approach of ref. ~), with the parameters of the GQR from ref. 17) and 
the T-decay widths of the GQR from the one-phonon calculation within the QPM. 
The dashed lines in fig. 3 show the contribution of the GQR, the dotted lines are 
the contribution from the compound decay and the resulting cross sections are 
presented by long-dashed lines. The shape ofthe ~ r  .v.(E) cross sections is described 
rather well without introducing any artificial width of the GDR although the point 
at 12.5 MeV in ~r..,,.~,,(E) for H~Sn is not reproduced in the calculation. 
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The shape of the ~ r  , ~ ( E )  cross section is very sensitive to the coupling of the 
(3DR with the GDR built on the first 2 ~ state, if  the coupling is weak, these twc 
modes exist independently with centroids separated by the energy of the 2~ state. 
In this case, the (a, a'T2~) cross section is very small. By increasing the coupling 
we can expect two maxima in the ~r,,.,,~(E) cross section from the two afore- 
mentioned modes, with the one at higher energy suppressed by the Coulomb factor. 
This coupling is determined by the collectivity of both the first 2 * state and the 
GDR. To reproduce the collectivity of the 2~ state we have adjusted the parameter 
of the isoscalar quadrupole residual interaction to obtain in the calculation the 
experimental value of the B(E2, 2~--~0~.J transition ~x). The collectivity of the 2~ 
state in H*Sn is somewhat stronger as compared to the one in ~24Sn [reC n~)]. It 
results in a wider distribution of ~r,,.,.~;(E) in tt6Sn (see solid lines in the bottom 
of fig. 3). To estimate phenomenologically the contribution of excitation and decay 
of the GQR and the GM R that can decay into the first 2 ÷ state through the [2 ~ ®2~ ]o" 
two-phonon configuration, we made an assumption that the coupling of the 2 [ with 
the GQR and the GMR is the same as with the GDR. They are shown at the bottom 
of fig. 3 by a dashed line for the GQR and by a dot-dashed line for the GMR. The 
parameters for the GMR were taken from ref. ~). We have investigated also experi- 
mentally the contribution to the total ~r~,.,,~;(E) cross section, coming from the 
GMR. The GMR contributes only to the decay into the 2[ state and its excitation 
cross section is strongly decreasing with increasing scattering angle from 2 ° to 3 ° . 
On the other hand, the excitation of the GDR as a function of an angle is practically 
constant in this range. If the contribution of the GMR is large, the decay ratio for 
the 2~ state and the ground state will decrease with increasing angle for the 
a-particles from ±2 ° to +3 °. As we see from fig. 2, decreasing like that has not been 
observed experimentally. The shape of the ~,,,~,~;(E) cross sections peaking around 
14.5 MeV in ~24Sn and practically fiat in '~*Sn is reproduced, in general, by the QPM 
calculations although the amplitudes of these cross sections are underestimated. 
Again the calculated cr~.~,,~(E) cross section in n~6Sn is smaller around 12.5 MeV 
than observed. The origin is not clear for us but might be the same as for the 
~r~.~,~,,(E) cross section. 

The ratio of the energy integrated (a, c~'~/o) and (a, a'T_~;) cross sections over the 
energy interval 12-17 MeV can be estimated from the present experiment as !.5 ±0.5 
for HbSn and 1.1+0.3 for n24Sn. Our calculations give the values 2.1 and 2.0, 
respectively. 

Concluding, experimental data on the (a, a'T) cross sections for E,~ = 120 MeV 
with ~,-decay into the ground state and the 2~ state have been presented for 116"124Sn. 
The data have been analyzed within the quasiparticle phonon model. It has been 
shown that the major contribution to the coincidence cross section comes from the 
excitation of the GDR. The decay of the GDR into the 2~ state is explained by the 
calculations as a result of mixing of the GDR and the GDR built on the first 2 + 
state. The mixing between these two modes has been calculated microscopically. 
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The behaviour of the experimental cross sections as a function of  excitation energy 
is described rather well by the calculation without introducing an artificial width 
of the GDR. But the calculations somewhat underestimate the experimentally 
observed population of  the 2 [ state in comparison with the ground-state population. 
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