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Abstract: A level scheme o f  ‘**Gd has been estabüshed using the ‘“‘‘Sm(ar, 4ny) reaction and in-beam  
spectroscopy methods. Excitation functions, y-ray angular distributions, y-y coincidence spectra, 
y-spectra time relatad to the cyclotron beam bursts and conversión coefficients for the delayed 
transitions have been measured.

The level scheme comprises 11 leveis with spins up to /  =  12. Two isomers, a 1 3 ± 2  ns, 7 “ State 
at 2471.4 keV and a 145 +  30n s, 10* state at 3433.0 keV have been observed. The former has similar 
excitation energy as the 7 “ isomers in ‘“^Sm, ' “‘“N d and '^®Ce and it may arise from the 
{vdj ,2  xvh¡',‘,2 } configuration although its lifetime seems to indicate some degree o f  collectivity. 
The 10^ State has a similar excitation energy as the 10* isomer found in “ ®Ce and probably has a 
dominant vhfi^/2 configuration. Below the 10* isomer in '“‘‘‘Gd only two excited states have 
positive parity; the hitherto known first 2* and 4* states. The 11* and 12* states must include 
four-particle configurations or they have to be o f  collective nature. The latter possibility is 
supported'by the considerable E2/M1 mixture ( x  20% )  observed for the 11* to 10* transition. 
An analysis o f  the systematics o f  ground band levels in the iV =  80 isotones shows the same 
gradual behavior between the two V M l solutions previously found for the Te isopes.

N U C L E A R  REACTION ‘““Smía, 4nT), E  =  60^110 M eV ; measured £,,, 0 ,, í).
y-y coin, 1 ,̂. ‘“‘‘Od deduced levels, J, k, T¡,2 , ICC, y-mixing. Ge(Li) detectors, Si(Li) 

steering magnet, ^-spectrometer.

1. Introduction

The present study o f was undertaken w ith the purpose o f obtaining new
inform ation on the properties o f  the transitional TV =  80 isotones where considerable 
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adm ixture o f single partióle and collective degrees o f freedom is expected and has 
indeed been found ' In fact the heaviest tV =  80 isotone so far studied,
exhibits the largest E J E 2  ratio  and a plot o f 2^ and 4"̂  energies as functions o f  Z  
shows lying below the valúes extrapolated from  the lighter isotones. O n the
other hand high-spin tw o-neutron-hole states, involving the hy  ̂ o rbit, are expected 
to  predom ínate in the single-particle states.

The only previous existing Inform ation on ‘'̂ ‘̂ Gd was obtained by H abs et al. 
who reported the first 2"̂  and 4^ states at 742.6 and 1743.2 keV respectively. A t the 
same tim e recent investigations have provided additional inform ation on

‘‘̂ ”N d and '^®Ce. These studies have revealed the existence o f  low-lying 
odd-parity  states giving rise to a 7 “ isomeric state in the three nuclei. In addition a 
lO"̂  isomer has been discovered in '^®Ce. Both 1~ and lO"̂  isomeric states are 
thought to  have tw o-neutron-hole configurations. However for the 7^ State contra- 
dictory evidence is derived from the m easured lifetimes ').

In the present work high-spin states in ‘“̂“̂ Gd were reached through the (oe, 4n) 
reaction on the very neutron-deficient ‘‘̂ '^Sm isotope. W e find a 7 “ and a 10^ 
isomeric state analogous to those in the lighter isotones. O ther odd-parity  states are 
also observed while the upper even-parity m embers of the ground state band are not 
populated. The decay o f the residual nucleus is seen to  take place through the 
proposed levels w ith an unusually small am ount of side feeding. A t the same time 
the states above the isomers show a high degree o f alignm ent in the plañe perpendicu­
lar to  the beam axis.

As expected both  single particle and collective properties are interm ingled in the 
observed structure of ‘‘̂ ‘̂ Gd.

A description o f  the m easurem ents and results is given in sect. 2 and 3. The m ost 
relevant aspects emerging from  the results are discussed in sect. 4 and a sum m ary 
o f  the conclusions is presented in sect. 5.

2. Experimental measurements and results

A self-supporting target o f  was exposed to  the a-particle beam  o f the Jülich 
isochronus JU L IC  a t different energies between 60 and 110 MeV. D ifferent runs 
were carried out with the purpose o f determ ining excitation functions, y-y co- 
incidences, y-ray angular d istributions and the time correlation between the 7 -rays 
and cyclotron beam  pulses. In addition conversión coefiicients for the delayed 
transitions were obtained from  in-beam  m easurem ents o f delayed conversión electrón 
spectra at the Texas A & M Cyclotron.-

A 62 cm^ Ge(Li) detector w ith a resolution o f  2.1 keV a t 1.33 MeV was used for 
the excitation function and angular d istribution m easurem ents. The y-y coincidence 
experim ents were carried out with larger detectors o f  77 cm^ and 106 cm^. F o r the 
tim ing m easurem ents, a small detector o f  0.9 cm^ and resolution o f  1.0 keV in 
the low energy (0-300 keV) range was also used. The electronic and accum ulating
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system and the data analysis are the same as in previous experim ents and have already 
been described elsewhere ®). The y-y coincidence data  were recorded event by event 
on m agnetic tapes in a 3- or 4-param eter m ode and sorted out in a P D P -15 Computer.

Theenergies reportedíin  this paper can be considered to  be accurate within + 0 .2  
keV while the error on the y-ray intensities varies with the intensity o f the hne. 
The intensities o f the m ost prom inent lines were determ ined to  about 10 % certainty.

2.1. EXCITATIONS FU N C TIO N S

Single 7 -ray spectra were obtained for incident a-particle energies o f 60, 6 6 , 70, 
76, 80, 83, 90, 98, 105 and 110 MeV. These energy valúes are approxim ate to within 
3 MeV. The y-ray spectrum  corresponding to  the beam energy o f 6 6  MeV is shown 
in fig. 1. In these m easurem ents the detector was placed at an angle o f 125°. The peak 
areas were norm alized to  the area o f the 1660.7 keV line, the strongest line from  the 
(a, a ') reaction. O ther contributions to the intensity of this line were ruled out as other 
know n *’) transitions o f  were not observed with the corresponding intensities.
The validity o f this procedure lies on the reasonable assum ption tha t the cross section 
for the inelastic scattering reaction varies slowly with energy, com pared with the cross 
section for the com pound nucleus process such as the (a, xn) reaction.

The m easured excitation functions are shown in fig. 2. They are plotted in an 
arb itrary  jscale for twelve y-rays assigned to  ''^‘̂ Gd. In addition as an illustrative 
com parison we have included curves corresponding to  lines from  the (a, 3n)*'^^Gd 
and (a, 2na)‘“̂ ^Sm reactions also observed in this work. The form er reach the m áxi­
m um  at about 50 MeV [ref. ^)], while the latter are seen to  peak at about 100-110 
MeV. The (a, 4n) reaction leading to is m ost intense between 65 and 70 MeV.

Fig. 1. y-singles spectrum from the “‘‘̂ Sm(a. xn) reaction at 66 MeV obtained with a 62 cm^ Ge(Li) 
detector at 125°. Som e o f the transitions assigned to “‘‘‘G d are indicated.
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Fig. 2. Excitation i'unclions ol'y-rays assigned to ‘‘‘■‘Gd and some representative y-rays from the (a, 3n)

and (a. oi2n) reactions.

The results o f the single y-ray m easurem ents at 66  MeV are given in tables 1 and 2. 
Table 1 contains the data  corresponding to the delayed y rays assigned to  ‘'^'^Gd. 
Table 2 shows the relevant data for prom pt y-rays.

2.2. v-v C O IN CIDENCES

Two runs were carried out with the purpose o f determ ining y-y coincidences. 
They had a duration of about 30 hours each and they were obtained at 6 6  MeV. 
The total coincidence rate was about 10^ counts/s. In the first experim ent the three
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T able 2

Data on prompt y-rays o f ‘‘“‘Gd
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£ ,(k e V )  Transition
± 0 .2  '^*■0  assignments

129.0 5  ̂ -0 .2 9 *
132.4 3 ‘ -0 .2 0 ^
141.3 7  ̂ -0 .2 0 ^  0.04*
208.4 12  ̂ -0 .2 0 ^  -O .O P
226.8 7  ̂ -0 .1 9 ^  0.01*
235.8 8 ' -0 .3 9 ^  0.09^
352.6 7"
711.3 20^ -1 .0 2 ^  0.09“  i r ^ ^ l O *

1017.8 25* 0.39^ -0 .0 5 ^  12+ ^  10 +

“) Normalized to /,^(743.0 keV) =  100 (see table 1).

variables and were recorded, while the second was a four-dim ension
experim ent as ?,,r p was also recorded. The efficiency o f the coincidence system was 
m easured with the help o f  a ‘^^Eu source. The cahbration obtained with this 
radioactive source was com pleted by using the y-ray intensities observed in the 
'®"^Dy(a, 2 n)***’Er reaction in a parallel coincidence experim ent carried out with 
the same arrangem ent. The ground state band transitions o f ‘®*’Er were utilized for 
this purpose since those following the gating transition have the same intensity in the 
corresponding coincidence spectrum  (after correcting for internal conversión). 
Several sortings were m ade in order to  study the different param eters as function 
o f  the others. This proved quite valuable for unravehng the position o f the two 
isomeric states found in this woric. Fig. 3 shows several coincidence spectra observed 
w ith the 77 cm^ detector by gating on the 106 cm^ detector and setting windows 
on the íyj, and p peaks (that is “ prom pt in-beam ” coincidences). Fig. 4 shows two 
coincidence spectra, obtained by setting gates on delayed lines and a w indow on the 
“ early” side o f  the time spectrum . The resulting spectra show transitions which 
preceed the delayed transitions in time. Such spectra are no t com m only reported 
in the literature. Therefore, a suitable ñam e is lacking and they will be refered to  as 
“ reversed delayed” coincidence spectra. The first plot corresponds to  the reversed 
delayed coincidence spectrum  gated by the 168.9, 558.1, 600.3, 743.0, 959.3 and
1001.4 keV 7 -rays while the second shows the reversed delayed coincidence spectrum  
gated by the 87.4 keV line. The lines seen in these spectra correspond to  transitions 
which come earlier than the gates.

2.3. y-RAY A N G U L A R  D ISTRIBUTIO N

In these m easurem ents the 62 cm^ detector was placed at different angles with 
respect to  the beam  axis from  90° to  165° in steps o f  15°. The details o f  the set-up 
and  procedures are described in ref. ^).
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Fig. 3. Some prompt y-y coincidence spectra involving transitions in '““‘Gd. The labels indícate the gating
transition.

The results o f the y-ray angular d istribution experim ents are sum m arized in 
tables 1 and 2 and some o f the fits are shown in fig. 5. M ost lines exhibit negative 
anisotropies and smail coefTicients and these are interpreted as A I  = 1 transitions. 
There are a few lines which show positive A j coefTicients. These are z l/ =  2 transi­
tions with the exception o f  the 315.0 keV line which corresponds to  a z l/ =  O 
transition  as will be discussed below.
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Fig. 6. Time distributions o f  y-ray relative to the cyclotron beam burst: (a) For the 327.7 keV and the
168.9 keV transition using a 141 ns distance between the cyclotron beam pulses, (b) For the 87.4 keV 
transition and a gate on a neighboring background portion using the natural beam pulsing (47 ns) o f the

cyclotron.

2.4. T IM IN G  M E A SU R EM EN TS

All Unes included in the level scheme (see below) with the exception o f the 711.3 
and 1017.8 keV lines, show a long time com ponent. This corresponds to a half-life 
o f  145 ± 3 0  ns. In addition the 168.9, 558.1, 600.3, 743.0, 959.3 and 1001.4 keV lines 
show a shorter half-life o f 1 3 ± 2  ns. Fig. 6 a shows how the two half-lives have been 
determ ined from p tim ing experiments. The 168.9 keV transition is clearly seen 
to  be the isomeric transition  depopulating the 13 ns isomeric state since the time 
spectrum  has no prom pt com ponent.

O ut o f four tim ing experim ents only one with a small detector was good enough 
at low energies to  prove tha t the 87.4 keV transition depopulates the long-lived 
isomeric state. This can be seen in fig. 6b. The upper spectrum  for the 87.4 keV 
transition has no prom pt com ponent. F or com parison the lower part shows the time 
spectrum  for the background near the 87.4 keV line which should be mainly prom pt. 
This experim ent was done at an early stage o f  the study o f ‘‘*‘̂ Gd when only the 
natural beam pulsing o f  the cyclotron (pulse distance 47 ns) was available. The half- 
life was later determ ined using a longer separation (141 ns) between beam  bursts.



2.5. CONVERSIO N-ELECTRO N MEASLJREMENTS

Conversion-electron m easurem ents were carried out at the Texas A & M Cyclotron. 
The m easurem ents were limited to the delayed transitions. The delayed conversion- 
electron spectra from recoiUng nuclei were obtained with a spectrom eter consisting 
o f a steering m agnet and a cooled Si(Li) detector. The details o f the set-up are 
described in ref. *). The results are sum m arized in table 1. The last colum n o f table 1 
gives the m ultipolarity deduced from these measurements. The conversión coefficients 
were norm alized by assuming E2 m ultipolarity for the 743.0 keV transition. The 
theoretical valúes of the conversión coefficients given in table 1 correspond to  the 
two closest to the experimental valué. One M2 transition has been observed (the
415.2 keV transition), and the 546.4 keV ;-ray appears to  have an im portan t E2/M1 
adm ixture. The errors of the conversión coefficients are assumed to  be of the order 
o f  30-50 ",, mainly because of the uncertainty in evaluating the delayed y-ray in- 
tensities and the efficiency of the /^spectrom eter which has been taken as constan t 
w ithin the range o f interest.

3. The level scheme

Until now only the first 2^ and 4^ states in '"‘"‘G d were known ^). O ur data  confirm  
the results o f Habs et al. regarding these levels. In addition several new ievels 
were found. On the basis o f the data presented in the preceding section the level 
scheme shown in fig. 7 was constructed.

An unusua! lack o f side feeding is observed. This fact m ade it necessary in some 
cases to perform  a detailed analysis o f the y-coincidence intensities in order to establish 
the order o f the y-ray transitions. Also the observation o f two isomeric states, firmly 
established as a result of the "reversed delayed" coincidence spectra and the 
analysis of the time spectra (see figs. 4 and 6 ). helped to remove possible am biguities 
in the placement of transitions. In this way all uncertainties, but one, could be 
overcome. We discuss this exception in the next paragraph.

Spins and parities, on the other hand, were, in m ost cases readily deduced from  
the angular distribution and electron-conversion measurements.

3.1 THE 13 ns ISOMER A N D  LEVELS BELOW IT

The timing and coincidence m easurem ents show that the 168.9, 558.1, 600.3, 

743.0. 959.3 and 1001.4 keV lines are delayed by ah a lf-lifeo f 13 +  2 ns. The 168.9 keV 
y-ray is identified with the isomeric transition. The 743.0 and 1001.4 keV lines 
correspond to the 2^ -> 0^ and 4^ ^  2"̂  transitions previously reported by H abs 
el a!. ■’ ). The 558.1 keV y-ray is in cascade with the 1001.4 keV y-ray adding up to  
the same energy as the 600.3-959.3 keV cascade. These two parallel sequences, as 
clearly borne out by the coincidence spectra, define the 2302.5 keV level. However, 
the order o f the 600.3 -959.3 keV cascade could not be established solely on the basis

404 M. A. J. M ARISCOTTI el al.
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Fig. 7. Level scheme proposed for

o f our experim ental da ta  as the intensity o f the two lines is the same within the ex­
perim ental uncertainty and no  nther crossover transition was detected. F o r this 
reason we have resorted to  the systematics o f first excited levels in this región o f the 
periodic table in order to  determ ine the sequence o f these transitions. The conversión 
coefficient and angular distribution o f the 558.1 keV y-ray, which feeds the 4 “̂ state 
a t 1744.4 keV, indicate tha t this is a zl/ =  1 transition o f  E l character. This together 
w ith the fact tha t a crossover transition  to the 2'^ state is not observed, lead us 
to  assign /"  =  5 “ to  the 2302.5 keV state. Henee if the 600.3 keV y-ray depopulates 
this State we obtain  the interm edíate state at 1702.3 keV. This state m ust have P  = 7>~ 
because: (a) The angular d istribution o f the 600.3 keV Une indicates either A I  = 2 
or 0. The latter would no t be consistent with the prom pt decay into the 2^ state via 
the 959.3 keV line which exhibits A I  =  1 character. Therefore A I  = 2 for the 600.3 
keV )>-ray (b) The branching ratio  I^ (600.3)//^ (558.1) clearly indicates that the
600.3 keV line is electric ra ther than magnetic. Conversely if the 959.3 keV line, 
instead o f the 600.3 keV line, depopulated the 5~, 2302.5 keV state, an interm ediate 
7 = 4  level at 1343.3 keV would be obtained. The reasonably well estáblished system-



atics o f 3 “ and 4 states in neighboring nuclei clearly favours the form er choice. 
taking into account that the expected 4"̂  state is seen at 1744.4 keV.

The 1~ assignm ent for the 13 ns isom er is inferred from the stretched E2 character 
o f  the 168.9 keV y-ray as indicated by its angular d istribution  and conversión coeffi- 
cient.

T he lifetime of this states implies an E2 transition  rate which is about 3 times 
faster than the W eiskopff estím ate ®). W e shall com e back to  this point in the next 
section.

3.2. THE 145 ns ISOMER A N D  ITS DECAY

O n top of the 13 ns isomer one can easily identify a group of lines with a long-lived 
com ponent. Since a prom pt d istribution is missing in the case o f the 87.4 keV Une 
this is interpreted to  be the isomeric transition. The other lines have energies o f
231.3, 315.0, 327.7, 415.2 and 546.4 keV. Because o f its low intensity it is difficult to  
ascertain whether th e 415.2 keV line has a prom pt com ponent. However the following 
argum ents allow us to  establish that this line also depopulates the 145 ns isom er: 
(a) the “ prom pt off-beam ” coincidence spectrum  gated on this line shows all the lines 
placed in the level scheme (fig. 7) below the long-lived isom er except the 87.4 and 
327.7 keV lines. (b) An analysis o f  the coincidence intensities in the energy interval 
168.9 <  £■, <  1001.5 keV obtained by gating on the 231.3, 315.0, 327.7, 546.1 and 
743.0 keV lines, shows that the 327.7 keV y-ray precedes the 231,3, 315.0 and 546.4 
keV transitions. Henee the 415.2 is the crossover transition  in the 87.4-327.7 keV 
cascade, (c) In addition an M 2 transition  o f  415 keV is expected to  have a lifetime 
in the ns región.

The decay o f the 145 ns isom er can be seen in fig. 7. The argum ents for spin-parity 
assignm ents are as follows. Both the 231.3 and 546.4 keV transitions have a large 
negative A j  and small but positive A^.  Thus A I  = \ m  both  cases. In addition the 
conversión coefficients indicate no parity  change. The 315.0 keV line has positive A 2 , 
henee A I  = O, \ or 2. Since the conversión coefficient gives M I, A I  = l  is rulad out. 
These results lead to lheconc lusión  that the 2786.4 and 3017.8 keV level have /"  =  7 “ 
and 8 “ .

Sim ilar argum ents yield the assignm ents P  = 9 “ for the 3345.5 keV state and 
r  =  lO'^ for the 3433.0 keV isomer since, the 87.4, 327.7 and 415.2 keV lines are 
E l , M I and M2, respectively!

3.3. LEVELS ABOYE THE 145 ns ISOM ER

The 145 ns state is fed by two transitions o f 711.3 and 1017.8 keV. These lines are 
clearly seen in fig . 4 which shows the “reversed delayed” coincidence spectrum  gated 
with the 87.4 isomeric transition. This spectrum  also shows several o ther lines which 
are Usted in table 2  but have not been placed in the level scheme.

406 M. A. J. M ARISCOTTI el al.



The 711.3 keV y-ray has an unusually large negative anisotropy and has been 
identified with a /! /  =  1 transition depopulating an /"  =  11^ state at 4144.3 keV. 
This large anisotropy implies a high degree o f alignment (which is clearly no t pre- 
served for the following transitions below the long-lived isomer) as well as a significant 
E 2 /M 1 adm ixture. A nother evidence of the high degree of alignm ent above the isomer 
is provided by the angular d istribution o f the 1017.8 keV line. Since this is an 
stretched A I  = 2 transition we can readily com pute the attenuation  coefficient 
“ 2 =  =  0.96 +  0.04. This valué should be com pared w ith «2 ~  0 .2 -0 .3
for the E2 transitions below the isomer (i.e. 168.9, 743.0 and 1001.4 keV y-rays). 
If we assume that the 11  ̂ state has the same alignm ent as the 12"̂  state the E2/M1 
adm ixture o f the 711.3 keV y-ray can be estim ated. Using the tabulated valúes ‘°) 
o f the «2 ^nd «4 coefficients and the mixing ratios we obtain —0.6 <  <3(711.3 
keV) <  —0.5. This á-value implies about 20 % o f E2 admixture.

IN-BEAM  ST U D Y  O F ‘^^Gd 407

4. Discussion of the results and conclusions

The m easurem ents and results described in the preceding sections contribute new 
inform ation on the level properties o f ‘̂*‘̂ Gd and enlarge our knowledge o f some 
systematic features o f jV =  80 nuclei. The nucleus ‘‘*‘‘G d is the heaviest isotone for 
which data  are presently available. The proposed level scheme follows the general 
pattern  discernible in the lighter isotones. It is interesting to  discuss some aspects o f  it.

Below the 10"̂  isomer only two excited states have positive parity, i.e., the 2^ and 
the 4̂  ̂ states. Between the and 10^ states negative-parity states are the yrast states 
in The 7" isomer at 2471.4 keV has a sim ilar excitation energy as the 7 “
isomers in ^^^Sm (2372.0 keV) ') , ^^°Nd (2221 keV) and '^«Ce (2128 keV) 
displaying a slight tendency o f increasing excitation energy with mass num ber. 
The 7 “ isomer in *"^^Sm has been interpreted as a ¡vdr ‘ x vhj^'} tw o-neutron-hole 
State based on the large log/i' valué o f the /í-decay from  the *"^^Eu 1~ isomer which is 
supposed to  have a dom inant configuration {Trdi x vh^^} 7 - • The 7 “ isomer in '̂̂ ‘̂ Gd 
decays via the E2 168.9 keV transition to  the 5” state a t 2302.5 keV. This state has 
aiso been found in the o ther N  = 80 isotones. In ‘^®Ce, the 5 “ state is about 90 keV 
above, in *“̂ °Nd about 50 keV above and in about 25 keV below the 7 '  state.
Kennedy et al. have pointed out that since the 3s^ orbit lies cióse to  the 2d^ orbit 
such S ta te  could have both  term s {vd^ ‘ x vh¿  ‘} 5 - and {v s^ ' x vh¿ ‘} 5 ̂  as dom inant 
configurations. This hypothesis can be tested by com puting the expected lifetime 
between the 7 ” and 5 “ state. I t is found ‘) tha t the experim ental half-life in ‘‘‘^Sm 
is considerably shorter than the predicted one. A sim ilar result is obtained in our 
case. Using the same 5(E 2) valúes as used in ref. ^), the calculated half-lives for the
2471.4 keV 7 " isomer are up to  ten times larger than  the m easured valué. These results 
are sum m arized in table 3. It is therefore apparent that although the ‘̂‘^Eu decay 
provides us with a valuable probe to deduce the wave function o f the 7" isomer.



T ablf. 3

Strength o f  the 7 '  5 “ isomeric transition in the A' =  80 isotones ‘■‘■‘Gd and ‘“^Sm

E, T u 2 «„p(E2) B ,^ E 2 ) “) S„p(E2)>’) B„^{E2)  ')
(keV) (ns) B ,J E 2 )  fl„ ,(E 2) S„^(E2)
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"“‘Gd 168.9 13  ̂ 275"° S.l '̂ 5.9* l l . 4 ‘*
‘*^Sm'‘) 24.1 170^ 364.2^" 3.30^ 6.40'> 12.2‘ 

_____________________________________________________________________________________________________ _ t

“) Using W eisskopf estimate for  ̂ (E2).
'’) B,^^(E2 ) is obtained assuming the wave functions [vdj"^ X vh“,‘ 2 }, and [vs,",!. x vh ; " / , ¡ 5  - Ibr the 

7 -> 5 “ transition [from ref. ')].
‘) S,|,j(E2) is obtained assuming the wave function (vdj,^ x vh,",‘,2 } coupled to / '  =  7 “ and 5~ , tbr 

t he 7~  -► 5" transition [from ref. ')].
■*) From ref. ‘).

the transition rates show  that other terms also contribute to the struc^ture o f this 
State m aking it m ore collective.

The 3~ State probably corresponds to the octupole vibrational m ode and has 
collective character. Some evidence that this State has contributions from pro ton , 
ra ther than neutrón states stems from the fact that the energy o f  the 3 “ states is seen 
to  change littie up to neutrón num ber N  = S2 [ f s -  =  1579 keV, ref. " ) ]  and 
decreases above N  = S2 because there the f, and h i  neutrons can contribute. The 
same situation occurs in the Pb isotopes. F urtherm ore there is evidence th a t the 
energy 'of the 3^ states in the N  =  80 isotones increases as Z  diminishes.

There are several two-particle configurations which may contribute to the higher- 
lying negative-parity 7 ' ,  8 “ and 9^ states at 2786.3, 3017.8 and 3345.5 keV, such as 
the {vdi ‘ xvh_y'}, the ¡Ttg, XTth^} and the {7rd iX ;rh^*} configurations. It is not 
very probable tha t these states are part o f a collective negative parity band such as 
tha t observad for instance in the Z  =  80 Hg isotopes The well-developed 
negative-parity bands in these nuclei mainly consist o f  stretched quadrupole transi- 
tions; that is not the case in *‘*'^Gd. O n the o ther hand the dipole transitions depopu- 
lating these states in particularly the 327.7, 231.3 and 546.4 keV lines have
considerable E2 adm ixtures. This has been deduced from  the rather large negative 
anisotropies of these y-rays, especially if one takes into account the typical a ttenuation  
factors for transitions following the long-lived isomeric decay, deduced from  the 
A I  = 2 transition  valúes (see subsect. 3.5). These large anisotropies imply a non- 
negligible am ount o f  E2/M1 adm ixture (possibly m ore than 10 %). This observation 
is further confirm ed by the conversion-electron m easurem ent o f the 546.4 keV 
transition  which also revals a considerable E2 mixing. Consequently, even though 
a well-developed odd-parity  band is not observed for the states involved seem
to show some degree o f  collectivity. In this regard it would be valuable to  search 
for these states in neighboring nuclei and study their behavior as function o f  N  and  Z. 
N o  such Inform ation is available yet with the required certainty. A n odd-parity  band



has been recently observed in which separates in an odd-spin and an even-
spin sequence showing similar features as the ñ l  — 2 collective bands o f the Hg 
isotopes. It is w orth noting that a 5 " , 7 , 9 , 11  ̂ sequence o f leveis, connected by 
stretched transitions, has been recently proposed '^) in the A" =  84 ' “̂ ^Gd isotope. 
This structure is similar to a known sequence built on the 3 “ octupole State in ‘‘*‘*Nd 
[ref. *")].

The 10^ isomeric state at 3433 keV has a similar excitation energy as the proposed 
10^ isomer in '^®Ce at 3538 keV [ref. ^)] and can be interpreted as a ¡vh^^} two- 
neutron-hole state. This is the highest spin possible from a tw o-particle configuration 
in this región. In principie also a ¡TihL} configuration is possible. A simple argum ent 
against this latter interpretation however is that a 1 0 "̂ state has not been observed 
in the closed neutrón shcll nucleus ‘'̂ '’Gd at a sim ilar excitation energy *’•

The 11  ̂ and 12^ states at 4144.3 and 4450.8 keV respectively, cannot be two- 
particle states since the hi, orbit is that with the highest /  in this shell. These states 
m ust include 4-particle configurations or they have to be o f collective nature. In this 
connection, it should be remembered that from the angular distributions o f  the
711.3 and 1017.8 keV transitions it was deduced (see preceding section) tha t the
711.3 keV line has an E2 adm ixture o f the order o f  20 This supports the idea that 
some collectivity is present in these states. The fact that some o f the low-lying states 
in '■̂■‘G d can be described as relatively puré tw o-neutron-hole states suggests that 
the proton states are at higher excitation energies. This is consistent with the notion 
that the spherical G d isotopes have an extra stability associated with the filiing o f the 
g and d , proton orbitals at Z  =  64. O ther evidence for this “ shell closure” has been 
observed in the systematics o f a-decay energies **’) and o f levels in 8 6 -neutron iso­
topes ‘ ). M ore recently this has been supported by the resu ltth a t in ‘'*®Gd thelow est 
excited state is a 3 “ and not a 2  ̂ state [ re f  * ')], which probably occurs at a higher 
excitation energy.

It is interesting to seek a clue as to where the next m em ber o f the ground state 
band, i.e. the 6* state, should be expected to  lie. This can best be done by plotting 
together all the available data on 6  ̂ states in the vicinity o f "̂̂ "‘Gd. In fig. 8 the energy 
ratio /Tf,. , is plotted against mass num ber A for nuclei in this región o f  the 
periodic table (in this particular case it is found m ore convenient to  p lo t £'g + /£ '2  + 
rather than as in re f  ^). Solid and dashed lines correspond to  the isotopic and 
isotonic families respectively. The intersection o f the Z  =  64 and jV =  80 curves 
with the abscissa/( =  144 determ ines the extrapolated valué of£'g + /£ '2 + = 3 .1 9  +  0.02 
for ‘■‘■^Gd. Thus the 6  ̂ state in ‘" '̂^Gd should be expected to  lie at about 2.37 MeV 
or approxim ately 100 keV below the 7^ isomeric state. A limit to  the intensity with 
which this level is fed can be estim ated from the coincidence spectrum gated by the 4^ 
to 2 ̂ . 1001.4 keV transition by assuming tha t the 6^ state should decay predom inantly 
to the 4* State. Examining the data one fmds 7 ,^ (6 to 4'^)//^(5~ to  4 ^) <  6 x 10“ .̂ 
The 6  ̂ State should be fed by the 7 “ isomeric state since the 7" to 6 "̂ E l transition  
should com pete with the 7 “ to 5 “ E2 transition. Henee from  the above ratio  one
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6 '^s ta te s  

Nd Sm Gd

130 134 138 1A2 146 150 

A

Fig. 8, Systematics o f  ratios in nuclei with N  =  78, 80 and 82. The estimated valué for ' ‘‘‘‘Gd.
indicated with an encircled dot, is . i £ , ,  =  3 .19+  0.02 so th a t£ ^ , s; 2.37 MeV. The opencirclesdenote

tentativa assignments. The data are taken from refs. 1,2.4.18.21 ).
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in terms o f  VMI solutions. The experimental data are taken from refs. *• 2.<‘ - 2‘) j h e  extrapolated valué 

for ‘‘“‘Gd deduced form the systematics shown in fig. 8 is indicated with an encircled dot.

obtains a limit for the branching I{7~ to  6'^ El)//.^(7“ to  5 ” E2) 4 x 10” .̂ Taking 
into account the m easured half-hfe o f the 2471.4 keV state this valué implies a hin- 
drance factor for the unobserved E l transition  o f about 10®. A sim ilar valué 
( ~  0,5 X 10®) is found for the E l transition depopulating the long-lived 10^ isomer 
a t 3433.0 keV so that the estim ated valué for appears consistent w ith our data.

It is know n that the 6^  state energies o f m édium -^ nuclei with two particles or 
holes outside closed shells such as are not well reproduced by the VM I
m odel but instead appear to  lie between the norm al VM I root yielding the larger



valué and a lower roo t which fits the even-parity yrast states o f magic nuclei 
The estim ated £'g+ valué for ‘‘̂ ‘̂ Gd follows this rule as well as the 6 ^ energies o f 

‘‘̂ '’N d and ‘^*Ce. It has been suggested ^‘) that these deviations from  either 
o f  the predicted valúes can be viewed as reflecting a transition from one VMI solution 
to  the other. Such an in terpretation  is supported by the observation that for the 
Te isotopes the deviation takes place as a sm ooth function o f  the neutrón num ber N. 
In this case the 6 ^ level energies of the heavier Te isotopes (those nearest N  = 82) 
agree with the lower V M l valué while a gradual transition tow ards the norm al VMI 
root develops as N  decreases.

U ntil recently no other data were available to further check thiseffect. The Inform a­
tion we now have on 6 ^ states in the TV =  80 isotones (although in some cases ten- 
tative) can serve as a new test o f the occurrence o f this transition, in this case, as a 
function o f Z. As in the earlier analysis we express the m easured energies as a 
linear com bination of the two VM I solutions, and study the contribution  o f the upper 
roo t as function o f Z. The results for the A' =  80 isotones are shown in fig. 9 and are 
com pared to  the Te data. In order to facilítate the com parison the x-axis represents 
the num ber o f  nucleons away from closed shell, The tentative extrapolated valué 
for obtained above has been included in fi g .  9 and it is indicated w ith a encircled 
dot. It is seen that the behavior o f  the A' =  80 isotones is as sm ooth as for the Te 
isotopes although the transition to  the upper solution does not fully develop. This 
gradual variation is in sharp contrast to the erratic behavior observed in a plot o f 

versus E ^ t j E 2 + for these nuclei. The lighter isotones ‘ ^^Te and have 
6 ^ State energies which agree with the lower VM I solution. These nuclei are closest 
to  the doubly magic pair Z  =  50, TV =  82. O n the o ther hand the tendency tow ards 
the norm al VM I solution as one approaches the m iddle o f  the shell is apparen t in the 
case o f the Te isotopes. The fact that the curve for TV =  80 flattens off at an inter­
m edíate valué may be related to  the possible existence o f a subshell closure at Z  =  64 
as indicated earlier.

5. Summary

This paper presents a new level scheme for '"‘"^Gd obtained through the ‘"‘‘‘Sm 
(ot, 4n) reaction. The previously reported first 2^ and 4^ states are confirm ed. The 
m ost salient aspects o f *‘‘'^Gd found in this w ork are:

(i) Two isomeric states, analogous to  isomeric states know n in lighter jV =  80 
isotones have been identified. The 7 “ state at 2471.4 keV has a half-hfe o f 13 +  2 ns 
and decays into the 5 “ 2302.5 keV S ta te . Previous results suggest tha t the wave func- 
tions of the isom er and the 5 “ state predom inantly contain the {vd^^ x vh^^} and 
{vSi‘ X vh^^} term s bu t the transition  rate is larger than  tha t expected from  these 
configurations. The 10“̂ isom er lies a t 3433.0 keV and has a half-life o f 145 +  30 ns. 
This S ta te  m ost probably arises from  the coupling o f two neutrón holes in the h^  ̂
o rb it to  the m áxim um  allowed angular angular m om entum .
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(ii) The observed odd-parity  states do not form a collective zl/ =  2 band o f the type 
found in o ther even-mass nuclei in this región or in heavier even-mass nuclei. 
Nevertheless the transitions connecting these states show significant E2 adm ixture 
indicating some degree o f collectivity.

(iii) The 6  ̂ and 8 "̂ m embers o f the ground state band are no t observed, bu t the 
systematics yields ~  2.37 MeV for ‘‘*‘̂ Gd. A t this energy it is possible to  under- 
stand that this state is not populated in the decay o f the 7 ” isomer if an El hindrance 
factor o f ~  10^ is assumed. This seems to be a plausible assum ption as a sim ilar 
hindrance is obtained for the El isomeric transition from the 145 ns isomer.

(iv) An analysis of the 6  ̂ energies in the iV =  80 isotones shows tha t the departure  
from the V M l predictions, which characterize nuclei two partióles away from  closed 
shell, takes place as a sm o o th  function o f Z  in a way resembling the previously .loted 
behavior o f  the Te isotopes as a function o f N.

(v) An unusual lack o f side feeding to the state below the 10^ isomer has been 
observed in this reaction. It is possible that the 10^ isomer plays an im portan t role 
in this respect as it may act as a “ tra p ” in the decay o f the residual nucleus.

O ne o f US (M .A .J.M .) wishes to express his deep gratitude to O. W. B. Schult 
for his kind invitation to use the facilities at Jülich and providing for a very pleasant, 
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