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The low-lying quadrupole states in 142Nd were investigated by inelastic electron scattering The momentum transfer range 
covered was 0 5-2 8 fm- 1 The extracted transition charge densities indicate quite different characters for these states On the 
basis ofa quaslpartlcle-phonon nuclear model calculation this &fference can be understood as arising from an interplay between 
collective and single-particle aspects 

Electron scattering ts well suited to investigate the 
spatial properties of the nuclear wave function due to 
the well understood relationship between the mea- 
sured cross section and the nuclear charge and cur- 
rent densities. Shape dtfferences in these denstttes 
make it posstble to dtscrImlnate between collective 
and non-collective modes of excttatlon for transi- 
tions of the same mult ipolarl ty Effort has been spent 

already to disentangle the contr ibut ions of both de- 
grees of freedom in for instance 8SSr, 89y and 9°Zr by 

Schwentker et al. [ 1 ] and m the even Zn isotopes by 
Neuhausen et al [2] For heavier nuclei this proves 
to be much more difficult, since the high level density 
at increasing excitation energies makes it practically 
impossible to resolve most of the states The intro- 
duct ion of the second generation electron accelera- 
tors with a much improved energy resolution, AE/  
E~< 10-4, has given the opportuni ty  to extract tran- 
sition densities at higher excitation energies wtth bet- 
ter accuracy Results will be presented here on three 
of the lowest four quadrupole states tn 142Nd, a semi- 

magic nucleus with a closed neutron shell The ex- 
tracted transi t ion charge densities, which display col- 
lective as well as single-particle features, are com- 
pared with results of the quaslpart icle-phonon model 

(QPM) ,  a model which has successfully described 
excitations over a wide range of nuclei Detailed in- 

formation about different aspects of the QPM can be 
f o u n d l n  refs [3-5]  

The data were taken at the N I K H E F - K  facility [ 6 ] 
wtth the magnetic QDD spectrometer In order to be 
able to resolve the different states at excitation ener- 

gies up to 4 MeV the best possible resolution was 
needed The intrinsic system resolution is A p /  

p~< 10 -4, but by means of software corrections (ray 

tracing algorithms) [ 7 ] one is able to improve on this 
up to 7 × 10-  5 resulting for this experiment in an en- 
ergy resolution ranging from 12 keV for the lowest 
mctdent  electron energy ( 112 MeV) up to 30 keV for 
the highest (450 MeV) The scattering angle ranged 
from 36 ° to 83 °, corresponding to effective momen-  
tum transfers qeff=q( 1 + 1 3 3 Z a h c / E A  ~/3) between 
0.5 and 2 8 fm -~ One addit ional  measurement  at a 
backward angle of 154 ° and an energy of 80 MeV was 
performed to investigate the transverse contr ibut ion 
to the form factor This q-range is large enough to 
permtt  the determinat ion of the ground state charge 
and the transit ton charge denstttes throughout the 
nucleus The spectrometer acceptance solid angle 
varied from 0 35 to 5 6 msr The overall efficiency of 
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the detect ion system was checked before each mea- 
surement  by a short  run on the elastic and melastm 
scattering to the first exmted state of  12C, and was al- 
ways found to be larger than 98% The collected 
charge was measured with a torold  mont tor  with an 
accuracy of  0.1% The target was a thin foil of  99% 
lsotoplcally enriched 142Nd with a nominal  thickness 
o f  10 m g / c m  2. For  op t imum resolutmn the target an- 
gle was set m t ransmtssmn mode  Most  of  the data  
were taken m event-by-event  mode,  to allow off-hne 
software correctmns for kmemat tca l  broadening and 
spectrometer  aberrat ions  For  the smallest q-values 
th~s was not possible due to the high count rates and 
therefore data  were acqmred on hne m spectral form 
However, since these low-q measurements  were made 
at forward angles w~th a small sohd angle of  0 35 msr, 
the loss m resolution due to the kinematical  broad-  
enlng and spectrometer  aber ra tmns  was negligible 

Cross sectmns were extracted from the measured 
spectra by a hne-shape fitting techmque with the pro- 
gram A L L F I T  [8] ,  which corrects for stragghng, 
bremsstrahlung and Schwmger effects Uncer tamttes  
due to detector effimencms, target al ignment and sohd 
angle were corrected for by the aforement ioned effi- 
mency cahbra tmn runs on ~2C. Fur thermore ,  the ra- 
t io of  the cross sections for the ground state of  ~2C 
and the first excited 2 + state, both of  which are known 
very accurately as a function of  m o m e n t u m  transfer 
[ 9,10 ], de termines  the exact beam energy, m the mo- 
mentum transfer  regmn above 2 15 f m - t  within an 
error of  0 5% For  the m o m e n t u m  transfers below 
2 15 f m -  ~ the usual method  o f  energy cahbra t lon  by 
recoil differences was used The only uncer tamtms 
remaining were the unknown target thmkness and 
umform~ty Correc tmn for these was made m the fol- 
lowing way the target thickness was de te rmined  by a 
fit to the elastic form factor data  with a free overall  
normahsa t ton  R e m a m m g  f luctuatmns m the order  
o f  3% or less in the indiv idual  elastic cross sectmns 
were ascr ibed to the non-untformlty  of  the target All 
melasttc cross section da ta  were corrected with these 
factors In fig. 1 the resulting form factor data  are 
shown for the 2 ? , the 22 and the 2 £ states The level 
at 2 550 MeV ts a candida te  [ 11 ] for the 2~- state, 
but  ~ts cross section turned out to be too small to be 
observed in the present  exper iment .  As can be con- 
cluded from fig. 1 the structure of  the 2~- state de- 
vtates considerably from that  o f  the 2 + and 2 g states, 

smce the second form factor maximum hes at a htgher 
t ransferred m o m e n t u m  ( 1.3 f m - t  versus 1 1. fm - t  ) 

The DWBA code FOUBES [ 12 ] was employed to 
extract the t ransi t ion charge densttms These denst- 
ttes were paramet r ized  using the Four ier -Besse l  

series 

p a ( r ) =  ~ A a ( a - l ) ' ' " ( 4 - 1 ) ' ~  r<R¢ /t ',//~ J4 k t/,u ¢1, 
/1=1 

pa(r) =0 ,  r> R~, (1) 

where a (a- ~ ) Rc ~s the #th zero of  the spherical  Bessel "a,u 

function 34-1 (x)  and R c t s  a cutoff  ra&us,  beyond 
which pz(r) is so small that  it can be neglected. The 
t r ansmon  current  J~,a+~ was neglected m the analy- 
s~s, which seems a reasonable assumpt ion m the light 
of  the relatively forward scattering angle, which never 
exceeded 83 °, and the expected small contr ibut ion of  
the transverse form factor This assumpt ion is con- 
f i rmed by the analysis of  the transverse da t apomt  at 
80 MeV and 154°, where the transverse components  
of  the cross sectmn for the quadrupole  status turn out 
to be less than 3% of  the longitudinal  ones In order  
to ehmmate  unphysmal oscdlat lons m the t ransl tmn 
charge densmes at large radn, a so-called tad bins [ 13 ] 
was applied.  To account for the l imited q-range mea- 
sured, a hlgh-q constraint  was used to de termine  the 
incompleteness  error. For  the first and second 2 + 
states values for the reduced transt t lon p robabd l ty  
B (E2)  as known from the hterature  [ 14 ] were added  
as data  pomts  The relat ton between B(E2)  and the 
t r ansmon  charge denstty for a t r ansmon  from a 0 + 
state to a natural  p a n t y  state w~th spm 2 ~s 

i dr 2 B ( E 2 ) = ( 2 2 + l )  pa(r)r 2+a 
o 

(2) 

This da ta  point  basically determines  the form factor 

at the photon  point  
The extracted t ransi t ion charge densit ies ~ are 

shown in fig 2 wtth error bands  mdmatmg the uncer- 
taint ies with whtch these t r ansmon  densmes  are de- 
t e rmined  It is clear from this f g u r e  that  these tran- 

"J E x p e n m e n t a l  t r a n s m o n  d e n s m e s  m the form of  tables  of  
Founer-Besse l  coefficmnts can be obta ined upon request from 
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Fig l The melasUc form factor data for 2 + states m 142Nd from the present experiment The curves represent fits to the first exoted 2 + 
state (dot-dashed) at 1 576 MeV, the second (dotted) at 2 384 MeV and the fourth (sohd) at 2 846 MeV, respectively For plotting 
purposes the form factor data and the fit for the second 2 + state have been dlwded by 10 

Sitlon densities display very different characters For 
instance, whereas the t r ansmon  densities of the 2 + 
and the 2 + states peak at the nuclear surface ( ~ 5 7 
fro) as expected for collective states, that for the 2 + 
state peaks more reward at ~ 5  1 fm with a pro- 
nounced negative lobe in the nuclear interior In or- 
der to unders tand these different characters dis- 
played by the quadrupole transi t ion charge densities 
xn ~42Nd, calculations were performed in the frame- 
work of the QPM 

The QPM is an microscopic nuclear model in which 
the interplay between collective and single-particle 
degrees of freedom is taken into account by perform- 
ing the calculations in two steps First, bas~s states 

called phonons,  are generated whereby phonons  are 
defined as (both collective and non-collective) solu- 
tions of the BCS quaslpartlcle RPA equations [ 15 ] 
Second, two-phonon states are constructed and the 
coupling between the one- and two-phonon states is 
included This approach thus accounts for prating as 
well as mult~pole correlations. 

The computat ional  procedure is as follows First, 
the single-particle states are calculated in a Saxon-  
Woods (SW) potential including a sp in-orb i t  term 
The parameters used for the SW potential are 
V = - 5 7  7 MeV, to= 1 24 fm, a = 0 . 6 3  fm, Vso= 10 0 
MeV [ 16 ] RPA calculations are then performed in 
which all bound states and narrow quaslbound states 
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Fig 2 The transltxon charge densities from experiment (curves 
w,th error bands) compared with the theoretical calculations 
(sohd lines) for the three excited quadrupole states at respec- 
uvely 1 576, 2 384 and 2 846 MeV m lS2Nd 

w~th a w~dth, due to the centrifugal and/or  Coulomb 
barrier, less than a few keV are included (t.e. all pro- 
ton and neutron subshells up to 1]15/2 and 1hl/2) 
Pairing correlaUons are treated tn the BCS approxx- 
maUon, usmg a schemauc pamng force w~th a stan- 
dard force strength G = 17/A MeV (Le. 0 12 MeV for 
'42Nd) This ~s chosen to match the odd-even mass 
difference for the N =  82 ~sotones. The resulting pro- 
ton pmnng gap is Ap= 1.2 MeV. The phonons are then 
produced by solwng the quaslpart~cle RPA equations 

[15], m which schematic particle-hole multlpole 
forces of the form 

V(I, 2 ) =  ~ X~a)PTR(rI)Y~.u(OI, 0,) 
A , / t , T  

×R(rz) Y[u( O:, ~2) (3) 

are assumed, where Px projects out tsospm T= 0 or 
T= 1 components The strength ratio for the tsosca- 
lar and lsovector forces was set at ZIa)/Z~ ~) = - 1.2 
and the absolute strength for each multlpole term, 2 +, 
3-,  4 +, 5-  and 6 ÷, was adjusted such that the energy 
of the lowest solution agrees w~th the expertmental 
energy for the lowest state of that multlpolanty The 
radial functions R (r) m these forces are taken as the 
derivative of the central part of the SW potentml 
Once the quaslpartlcle RPA phonons have been de- 
termined in this way, the second step of the calcula- 
tion consists of constructing a basis of two-phonon 
states Then the couphng between one- and two- 
phonon states is calculated microscopically [4,5 ] by 
dmgonahzlng the hamtltonlan m a basis conststmg of 
the one- and two-phonon states. 

The quaslpartlcle RPA predicts four 2 ÷ one- 
phonon states below 4 MeV, which are listed in table 
1 No effecUve charges have been used for the calcu- 
lation of the B(E2) values, because this ~s expected 
to be unnecessary m v~ew of the large slngle-parhcle 
bas~s used. Since the pmrmg correlation in the neu- 
tron system vanish because of the closed neutron shell, 
the lowest neutron particle-hole 2 ÷ configuration has 
an energy higher than 5 MeV and consequently pro- 
ton components dominate m the states of table 1 
Clearly, the 2 + state has the most collective charac- 
ter. The 2~ and the 2~- states, as expected, have a 
much smaller B(E2) value. However, the 22 state is 
again collective, its B(E2) being only four ttmes 
smaller than that of the 2i ~ A possible explanaUon 
hes within the subshell structure The two proton 
subshells 1g7/2 and 2ds/2 are close together and close 
to the Fermi level, whereas other subshells, notably 
1h11/2, 2d3/2 and 3sw2 have about 2 MeV higher sin- 
gle-particle energms. Thts results in about 1 MeV 
htgher quaslpartlcle energxes as one also observes in 
the adjacent odd nucleL The 22 state is mainly bmlt 
from configurations mvolvmg the latter orbits and 
therefore ~t does not lose most of ,ts E2 strength to 
the collecUve 2~ state, as the non-collective 2~- and 
2~- states do If the transition charge denslttes for 
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Table 1 
Comparison of experimental and theoretical excitation energies and transition probabilities for the lowest four quadrupole states in 
152Nd 

t to(2 + ) [MeV] B(E2, t) [e 2 fm"] 

experimental theory experimental theory 

a) b) a) b) 

1 1 576 1 70 1 58 2806+ 4 ¢) 4000 4000 
2 2 385 2 44 2 42 230+23 c) 17 30 
3 2 550(9) 2 49 2 46 45 6 
4 2 846 3 28 3 07 452+ 10 d) 1000 700 

a) Results of RPA calculations for the one-phonon quadrupole states 
b) Results of calculations after mixing between one-phonon and two-phonon states 
c) Ref [14l 
o) Present result 

these states are calculated, one sees that  for both  the 
2 + and the 2 + state they are most ly  surface peaked,  
as expected for collective states, whereas the transi-  
t ion charge densit ies  of  the 2 + and the 2 f  states have 
a very p ronounced  volume peak. 

After  coupling o f  the one- and  two-phonon states 
one obtains  the results l isted in table l under  b )  
There are 16 two-phonon configurat ions below 5 
MeV The coupling of  the one- and two-phonon states 
is not very strong, as is usual for semi-magic nuclei  
[ 17 ] The first quadrupole  2 + × 2 + two-phonon state 
is located rather  high (Ex=  3 4 MeV) ,  whereas other  
two-phonon states lie still higher ( E x > 4  MeV)  
Therefore,  the collective and non-collect ive one- 
phonon components  domina te  in the wave functions 
of  the 2+-states lower than 3 MeV Indeed the admix-  
tures of  the two-phonon components  for the lowest 
four 2 + states never  exceed a few percent  As the 
t ransi t ion charge densit ies  o f  the two-phonon states 
as a rule [ 18 ] are small,  the cont r ibut ion  o f  the two- 
phonon admixtures  to the t ransi t ion charge densit ies  
is hardly  visible. More  impor t an t  is the mixing o f  the 
different  one-phonon  components  and  their  renor-  
mahsa t ion  due to the two-phonon part  of  the wave 
function as a whole 

In fig 2 the calculated t ransi t ion charge densi t ies  
for the 2 +, 2 f  and  2 + states after folding with the 
proton charge densi ty  are plot ted (sol id  curves)  and  
compared  with the exper imenta l  data.  The theoret i-  
cal and exper imenta l  exci tat ion energies and transi-  
t ion probabi l i t ies  are summar ized  in table 1 
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Clearly, the collective one-phonon components  
domina te  the t ransi t ion charge densit ies  for the 2 + 
and 2 + states This  is not  the case for the 2 + and 2~- 
states, where the couphng with the two-phonon states 
leads to strong mixing o f  the second and third one- 
phonon states As a result the B(E2,  0+s--,2 + ) in- 
creases [ 17] al though it is still about  1 order  o f  mag- 
ni tude smaller than its experimental  value The shape 
o f  the experimental  t ransit ion charge densities is very 
well reproduced,  however For  the 2 f  state the inter- 
ference o f  the one-phonon components  is destruct ive 
leading to a drast ic  change in shape o f  the t ransi t ion 
charge densi ty  and lowering o f  the B(E2,  0+s ~ 2 f  ) 
value This is probably  also the reason that  this state 
is hardly  detected in the present  exper iment  Qmte  
remarkable  is the measured and predic ted  high col- 
lectivity o f  the 2 + state. This  is an evidence of  the 
gap in the proton single-particle spectrum (lg7/2, 

2d5/2 *--~ 1 hi t/z, 3Sl/2, 2d3/2). 
In general, the agreement  between the theoret ical  

calculat ions and the exper iment  is quite good A sys- 
temat ic  difference though is the evident  shift inward 
by about  0 4 fin o f  the calculated posi t ions of  the sur- 
face max ima  of  the t ransi t ion charge densit ies  as 
compared  to the exper imenta l  ones This might  be 
connected to the smaller  values o f  the radial  and dif- 
fuseness parameters  of  the SW well used in the cal- 
culat ions ( ro=  1 24 fm, a = 0 . 6 3  fm) than measured  
in a 142Nd(e, e ' p )  exper iment  also N I K H E F - K  
( r o = l . 3 1  fm, a = 0  65 fro) [19] 

In conclusion, we have measured inelastic electron 
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scattering with a high resolution for the lowest three 
quadrupole excltattons in  142Nd. The experimental 
data cover a momentum transfer range up to qeff= 2.8 
fm-~, allowing the accurate determination of the 
transition charge densities These expenmental tran- 
sition charge densities have been compared with the 
results of a quaslpartlcle-phonon calculation. The 
calculaUon gives a good descnption of the data. The 
occurrence of a collective 2~" state reflects that the 
proton lg7/2 and 2d5/2 subshells are spaced close to- 
gether and that there is a gap of a few MeV to the next 
subshells Furthermore, It has been argued that for 
s e m i - m a g i c  nuc l e i  h k e  ~52Nd t he  t w o - p h o n o n  com-  

p o n e n t s  in the transition charge denslUes of low-lymg 
quadrupole states are small and that the structure of 
the states up to 3 MeV can be explained by a mixing 
of the collective and non-collective one-phonon states. 
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