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A study of low-lying 2 + states by proton and deuteron inelastic scattering from 1°4pd, l lOpd  ' H2Cd ' 146Nd ' ~5ONd and ~5°Sm is 
described. Evidence of neutron components in the excitation of 2 + states lying between 2.2 and 3.0 MeV in Pd and Cd isotopes 
has been obtained. This result is consistent with the predictions of the IBM-2 model for mixed-symmetry states. 

The dynamical properties of  nuclear states are de- 
scribed by proton and neutron transition multipole 
moments  Mp and Mn. The former are directly ob- 
tained as the square root of  the electromagnetic (EM) 
transition rates and are much better known than the 
neutron multipole moments  M,, which can be de- 
rived by comparing the inelastic scattering o f  differ- 
ent probes. The method is based on the different 
interaction between the probe and target protons (p) 
and neutrons (n).  This procedure has been proved 
consistent, at least for the available data, which are 
mostly limited to the lowest 2 + state, and systematic 
variations in Mn and Mp values have been found [ 1 ]. 
A renewed interest in this topic is connected with the 
recent prediction of  a new class o f  low-lying collec- 
tive states. These are described in the geometrical 
models as T-vector or isovector states [ 2 ], and in the 
IBM-2 model as the so-called mixed-symmetry states, 
classified by a new quantum number, the F-spin, 
analogous to the isospin T [ 3 ]. For these states Mp 
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and M.  are predicted to be o f  opposite sign [2,4]. 
The existence o f  mixed-symmetry states (J~,) has 
been so far found only in the case o f  1 + states in de- 
formed nuclei [5].  Recently several attempts to 
identify the 2 ~+ states have been reported. The third 
2 ÷ state in N = 8 4  isotones, in ~5°Sm and in 56Fe has 
been considered as a 2m + candidate [6 -8 ] .  Identifi- 
cation o f  mixed-symmetry strengths and of  its possi- 
ble spreading over the dense quasi-particle 
background is presently discussed [ 4,9 ]. Further ex- 
perimental investigations are therefore highly 
desirable. 

The present method is based on the comparison 
between (p,p ' )  and (d ,d ' )  cross sections to different 
2 + states. As will be shown below, an anomalous 
a ( p , p ' ) / a ( d , d ' )  ratio indicates either a T- (F-) vec- 
tor state or a state with a dominant  n (p)  component.  
In both cases these are predicted to be excited differ- 
ently in (p,p ')  and (d,d ')  reactions. A 2 ÷ state equally 
excited by the two probes cannot, on the other hand, 
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have a sizeable T- (F-) vector component. 
Differential cross sections have been measured for 

proton and deuteron scattering on '°4'11°pd, 1~2Cd, 
]46'15°Nd and 15°Sm at 30.3 and 50.4 MeV, respec- 
tively. Enriched targets, with a thickness of  the order 
of  1 mg/cm 2, have been used. The scattered particles 
were detected in the focal plane of the KVI QMG/2 
magnetic spectrograph. A low incident energy has 
been chosen to obtain a relatively good energy reso- 
lution. The overall energy resolution was 12 keV and 
15 keY in (p,p ' )  and (d,d ')  measurements, respec- 
tively. At these incident energies the excitation of a 
2 + state via a two-step process cannot be completely 
neglected. To allow an easy comparison between pro- 
ton and deuteron cross sections, the (d,d ')  experi- 
ment has been performed at an incident energy at 
which the ratio of  two-step to one-step contributions, 
as predicted by coupled-channels calculations for E2 
excitations, is about equal to that predicted in the case 
of 30.3 MeV protons. Transitions up to an excitation 
energy of 3.2-3.5 MeV have been studied. Differen- 
tial cross sections have been measured down to a 
minimum value, corresponding to a B(E2) value of 
6 e 2 fm 4. The angular distributions in some cases dif- 
fer significantly from that of the first 2 +. This can be 
due to a relevant two-step excitation or to a particu- 
lar transition form factor. Different form factors 
shapes for 2 + transitions have been found in electron 
scattering experiments on Pd isotopes [10]. The 
(p,p ' )  and (d,d')  cross sections, corresponding to a 
given level, when plotted against KR (K and R are, 
respectively, the transferred momentum and the 
transition radius), are very similar, as shown in fig. 
1. This permits an unambiguous determination of the 
ratios a (p ,p ' ) / a (d ,d ' ) .  These ratios are shown in fig. 
2. In some cases, the spin identification is not certain 
or contamination by unresolved levels of a different 
multipolarity cannot be excluded. These cases are in- 
dicated in the figure by crosses. 

Evidence of marked changes in cross section ratios 
is found in 1o4.1lOpd and l lECd for transitions to ex- 
cited levels located above 2.2 MeV excitation energy. 
No such strong changes are found in 146'15°Nd and 
15OSm" This excludes the presence of any large F-vec- 
tor component in the last three nuclei. Transitions 
with a cross section ratio at least 50% different from 
the average value are reported in table 1. Data con- 
cerning the well-known transition to the 2 ~- state are 
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Fig. 1. Differential cross sections for proton (open points and 
dashed lines) and deuteron (full points) inelastic scattering to 
2 + states of  ~]°Pd. The excitation energies are indicated on the 
graph. The cross sections are plotted against KR, where K is the 
transferred m o m e n t u m  and R is the transition radius. 

also included and serve as a test of the method. 
The transition matrix elements M(p ,p ' )  and 

M(d ,d ' ) ,  given in columns three and four, are effec- 
tive transition amplitudes inclusive of two-step con- 
tributions. As mentioned above, the relative amount 
of  two-step contributions should be about the same 
at the energies chosen for the two probes and thus 
should not affect strongly the ratio of  cross sections 
and of matrix elements. The fact that M(p ,p ' )  is al- 
ways larger than M(d,d ' ) ,  with the only exception of 
the 1.892 MeV level in 11°pd, indicates that the tran- 
sitions are mostly neutron excitations. Two-step ef- 
fects can be evidenced by the different shape of the 
angular distributions (compare for instance those of 
the 0.813 and 0.374 MeV stat~s in fig. 1 ). The energy 
dependence of two-step cross sections is also much 
steeper. Available (p,p ')  data at lower energies from 
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Fig. 2. Ratios of (p,p') to (d,d') cross sections for the excitation 
of 2 + states, plotted against the excitation energy. The full points 
connected by lines are the result of IBM-2 calculations. 

previous experiments [ 11-13] and at 60 MeV, col- 
lected in the present study, indicate that the transi- 
tions with the largest a-ratios are due completely to 
direct excitation. Both direct and two-step processes 
can be present in the transitions to the other states, 
indicated in table 1 by a star. These will not be con- 
sidered further since it is not clear in this case which 
process is responsible for the neutron excitation. We 
can express the transition matrix elements as a sum 
of Mp and M, (properties of the target nucleus) 
weighted by the interaction strengths (dependent on 
the probe). Assuming, as usual at the incident ener- 
gies here considered, an effective p-n  interaction 
three times larger than the p-p  interaction, one ob- 
tains that the (p,p') and (d,d') cross sections are 
proportional to the square of M(p ,p ' )=0 .25Mp+ 
0.75M, and of M(d,d')=O.5Mp+O.5Mn, respec- 
tively. In the case of collective isoscalar transitions 
Mp and M, are of  the same sign and order of magni- 
tude and lead to similar values for M(p,p ' )  and 
M(d,d ') .  The ratio of the resulting cross sections is 

simply determined by spin and kinematical factors 
and is, in the present case, of the order of 0.37. For a 
transition with a large isovector component the Mp(n) 
moments are again of the same order but of opposite 
sign [ 2,4 ], and consequently the ratio a(p,p' )/a(d,d' ) 

can be very large. From the above relations one ob- 
tains Mp = 3M(d,d' ) - 2M(p,p' ) and M. = 
2 M ( p , p ' ) - M ( d , d ' ) .  A simple DW analysis cannot 
give the sign of transition matrix elements. The mo- 
ments deduced assuming M(p,p ' )  and M(d,d ' )  of 
different sign give B(E2) values of the order of 1000 
e 2 fm 4. Such values are very large and, at least in the 
case of Pd isotopes, contradicted by (e,e') experi- 

ments [ 10], in which these transitions, when de- 
tected, appear with a weak intensity. In the following 
we consider only the solution obtained assuming 

M(p,p ')  and M(d,d ' )  of the same sign and positive, 
which gives the moments reported in table 1. The 
overall errors in the E2 moments are of the order of 

10% for the ratio Mp/Mr,, of 40% for Mp and of 27% 
for M,. These are due to errors in cross section abso- 
lute values and to errors caused by uncertainties in 
the radial dependence of the transition form factors 
which are needed to extract the matrix elements. The 
former are of the order of 10% and lead to an error of 
the order of 5% in M(p,p '  ) and M( d,d' ); the overall 
values include also a conservative estimate of the lat- 
ter which are neglible only for the 2i ~ states. The sim- 
ilarity of (p,p') and (d,d') differential cross sections 
suggests a similar response of the two probes to the 
transition form factors and a better accuracy in the 
determination of Mp/Mn ratios than of their absolute 
values. A good agreement is found between the Mp 
values for the 2 + states and those from EM data 
(given in the table between parentheses). 

Values of M, much larger than the corresponding 
Mp, as for most of the levels in table 1, can be ob- 
tained mixing isoscalar and isovector strengths. In this 
case it is usefull to define a T- (F-) scalar 
Ms=½(Mp+M.)=M(d,d') and a T- (F-) vector 
multipole moment My = ½ (Mp - Mn ) = 2 [ M( d,d' ) - 
M(p,p ' )] .  

The T- (F-) vector moments My quoted in table 1 
give B(E2) values ranging from 5 to 32 e 2 fm 4, i.e. of 
the order of 0.05-0.25 single particle units, and can- 
not be considered as a clear signature of the collectiv- 
ity of these states. 
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Table 1 
Excitation energies and cross section ratios for the 2 + states indicated. M(p,p') and M(d,d') are E2 moments of transition potentials in 
e fm 2 units. Mp, M, and M~ are E2 moments of proton, neutron and isovector transitions densities. 

Nucleus Ex a(p,p')/a(d,d') M(p,p') M(d,d') Mp M. My 
(MeV) a) 

l°4Pd 0.556 0.342 87.7 8 3 . 5  75.1(73.7) 91.9 
2.533* 0.553 8.43 7.00 
2.696 0.764 4.78 3.37 0.55 6.19 -2.82 
2.923* 0.553 6.97 5.63 

1 l O p d  

i 12Cd 

0.374 0.374 116 107 89.0(93.4) 125 
1.892" 0.165 3.23 4.36 
2.496 0.620 10.6 7.77 2.11 13.4 - 5.66 
2.534 0.660 8.18 5.58 0.38 10.8 - 5.20 
2.691 0.790 7.08 4.81 0.27 9.35 -4.54 

0.617 0.330 85.9 7 9 . 4  66.4(69.6) 92.4 
2.231 0.800 6.34 4.05 0.53 8.63 
2.724* 0.550 9.64 6.91 
2.766* 0.510 17.0 12.7 
2.970* 0.620 9.00 6.26 

-4.58 

a~ The star indicates levels which may have two-step contributions. 

Geometr ica l  model  calculat ions [2] and  s imple 
IBM-2 est imates  [ 14] both predict  T- (F- )  vector  2 + 
states at exci tat ion energies between 2 and 2.5 MeV, 
with B(E2)  values 0 .1-0.3  t imes  that  o f  the 2~-. This  
strength is much larger than  that  found in the present  
exper iment .  More  deta i led IBM-2 model  calcula- 
t ions [ 15,16 ] result in an F-vec tor  strength of  lower 
absolute value and in some cases mixed  with the sca- 
lar part .  A difficulty is caused by the fact that  the 
strength of  the Mjorana  force, which is very impor-  
tant  in describing mixed-symmet ry  states, is not  de- 
termined by the g.s. band  data  as the other parameters  
of  the model.  The values normal ly  used for the three 
terms describing this force are ~2=0  and 
~l = ~3 = 0.1-0.3  MeV as in ref. [ 7 ], or  all three equal  
[ 5,15,17 ], with values f rom about  0.1 up to 0.4. The 
first set gives an F-vec tor  strength mainly  concen- 
t ra ted  in the th i rd  or  fourth 2 + level at 1.2-2 MeV 
which is not  in agreement  with the present  experi-  
ment.  Equal  values of  0.1-0.2,  f ragment  the strength 
into 2 to 4 levels located between 2.2 and 3.0 MeV 
even i f  one of  them is often predominant .  IBM-2 cross 
section rat ios for ~o4.~ lOpd have been calculated fol- 
lowing the procedure  out l ined in refs. [ 13,18 ], using 
the effective charges ofref .  [ 19] and  setting the three 

Majorana  terms equal to 0.18 MeV. The other  IBM- 
2 have been have been taken from g.s. band  analysis 
[ 10,16 ]. They are shown in fig. 2. Of  the other  nuclei  
considered,  only 1~2Cd shows evidence of  T- (F- )  
vector  strength. The avai lable IBM-2 model  param-  
eters for this nucleus do not  have the same degree of  
confidence and therefore the predic ted  rat ios are not  
repor ted  in fig. 2. Calculat ions for N d  and Sm iso- 
topes using the Majorana  force, cal ibrated on the lm + 
states which have been found in this mass region [ 17 ], 
predict  2 + states between 2.7 and 3 MeV. At  least 
one of  them should be enough excited in pro ton  scat- 
tering so to be easily detected.  The lack in our  da ta  of  
indicat ions  for such strength may  be due to a strong 
mixing with other  nearby F-scalar  2 + levels, as sug- 
gested [ 15 ] for the t ransi t ional  nucleus 15OSm" Also a 
f ragmenta t ion  larger than predicted,  at least in ~5°Nd 
and t 5OSm ' could prevent  detect ion of  2~ states be- 
cause of  the very high level densi ty above  2.5 MeV. 

We summarize  the present letter by ment ioning the 
following: ( i )  No  evidence of  T- (F- )  vector  2 + 
strength is found for ~5°Sm and 146'15°Nd; (ii) t ransi-  
t ions with relat ively large neutron components  are 
present  in the two Pd isotopes and in ~12Cd; (ii i)  a 
mixing of  scalar and T- (F-)  vector  components  can 

473 



Volume 202, number 4 PHYSICS LETTERS B 17 March 1988 

explain the observed transition moments; (iv) pres- 
ent IBM-2 predictions are in reasonable overall 
agreement with Pd data. 

This work has been stimulated by Franco Iachello. 
We thank him and Olaf Scholten, Kees de Jager and 
Alex Dieperink for valuable discussions. 
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