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AbstracI: H igh-sp in  states in w ere excited through the ®’ R b(a, 3n) reaction at energies betw een  
30 and 55 M eV . T he p op u lation  o f  the previously  know n 8* and 9^ m em bers o f  the 
¡íTgc, 2 ®  'g>) 2 ) m ultip let carry m ost o f  the tota l cross section . A b ove  the 8* state  a sequence o f  
5 levels is observed, w hich can be interpreted as arising from  the coupling  o f  this level w ith the 
excita tion s o f  the *®Sr core. A  sim ilar interpretation is suggested  for the 3206.8 keV S ta te  w hich  
deexcites into the 9̂  ̂ Sta te .  O nly a few  o f  the m any low -ly ing low -spin  states previously reported  
are w e a k l y  seen w ith this reaction. T he relative cross section s for the different outgo in g  channels are 
com pared  w ith th ose observed in the *’ R b(a, .vnvpra) reactions and b oth  sets are in turn com bin ed  
w ith earlier data obtained  w ith the Zn iso topes to  show  that it is possib le  to  attain a system atics  
for the relative strengths.

N U C L E A R  R E A C T IO N  »’ R b(a, 3n), E  =  3 0 -5 5  M eV ; m easured E.., /,,, <j(E^, E..,

1. Introduction

The nucleus has been the subject o f a considerable num ber o f studies ' ‘ 
The interest in this nucleus derives from the fact that it lies next to ®®Sr and ‘̂ “Zr, 
two nuclei which represent relatively good cores. Thus inform ation on this nucleus 
could not only provide a valuable testing ground for p-n interactions but also for 
the nature o f the core states.

C om fort and Schiffer studied using different reactions. They identify 
many new states below 2.5 MeV with angular m om enta ranging up to that o f the 
9^ State, described as the highest-spin m em ber o f the {ng, ®  V 'g ^ }  multiplet. 
Their da ta  suggest that ®®Sr is a better core than ®°Zr since in the ground State of 
this nucleus the p^ and g , orbits are mixed.

’ E ellow  o f  the C on sejo  N acion a l de Investigacion es C ientíficas y Técnicas.
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In spite o f the m any investigations carried out until now on ^®Y, states o f  angular 
m om enta larger than 9 have not been reported. In a nucleus like one expects to 
find higher angular m om entum  states originating in the weak coupling o f the high- 
spin m embers o f the {ng^ 0  v“ ‘g,} m ultiplet with core excitations. This has been 
recently found to  be the case in [refs. These results, as well as those
obtained for ®^Sr by Arnell eta/. stim ulate a sim ilar search for these states in
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2. Experimental procedure

The ®''Rb(a, 3n) reaction was chosen as a suitable way to reach large angular 
m om entum  states in *®Y. The a-particle beam  from the Buenos Aires Synchro- 
cyclotron was focused onto  a target o f RbCl enriched to 98 %, and deposited on a 
4 //m m ylar foil. Energies between 30 and 55 MeV were used. G am m a rays were 
detected with two Ge(Li) counters o f about 7 % efficiency and 2.5 keV energy 
resolution at 1.33 MeV. The single y-ray spectrum  was investigated between 50 and 
3500 keV. A section o f it up to  2 MeV, obtained at = 40 MeV is shown in fig. 1. 
The two prom inent lines at 232.1 and 442.8 keV correspond to the well-known 
two-y-ray cascade depopulating the 13.9 ms 8 ^ isomer into the ground State o f 
®®Y. The strongest line from the ®^Rb(¡x, 2n)*®Y reaction is at 908.6 keV.

The )’-rays assigned to  ®®Y are labeled by their energy valúes in keV. Triangles 
and solid dots indícate lines o f ®®Y and ®®Sr respectively. M ost o f these ®®Y lines 
are observed for the first time and have been identified mainly through the analysis 
o f their excitation functions. Because these lines correspond to  deexcitations into 
the 8  isomer (see below), they are not seen in coincidence with those y-rays already 
known, w ith the exception o f the 802.1 keV line which we identify with that o f  800.9 
keV assigned to ®^Y by Baer et al. ®).

The ®"'Rb(a, 3n)®*Y reaction reaches its m áxim um  cross section at 40 MeV while 
the (a, 2n)®^Y and (a, 4n)®''Y channels show their m axim a below 30 and above 55 
MeV, respectively. A sim ilar excitation function to  tha t corresponding to  the (a, 3n) 
reaction is exhibited by the ®'^Rb(a, 2np)®*Sr reaction which is seen to peak at 
~  45 MeV. O ther possible channels have been checked in order to  ensure the validity 
o f  the present Identification. In thisconnection, and also w ith the purpose ofextending 
a systematic study o f  relative cross sections carried out a few years ago  ̂^), we shall 
discuss the relative cross sections o f  the different reactions observed in this work 
and in a previous one in a later section o f this paper.

A m easurem ent o f the y-ray angular distributions was perform ed by placing a 
G e(Li) counter a t about 15 cm from  the target and at different angles w ith respect 
to the beam  axis between 90° and 140°. The counts accum ulated under the 442.8 
keV peak were used to  norm alize the different spectra as the transition corresponding 
to this peak is expected to  be isotropic. The A^jA^  coefficients resulting from  a two 
param eter least-squares fit {A^ =  0 ) for the stronger lines are listed in table 1 ,
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Fig. 1. S ingles y-ray spectrum  up to 2 M eV  from  the ®^Rb +  a reaction at =  40  M eV  ob ta in ed  w ith  a 
7 % efficiency G e(L i) detector. T he y-rays assigned to are labelled by their energy valúes ¡n keV. 

T riangles and solid  d o ts ind ícate lines o f  and *®Sr respectively.

together with energies and intensities for all the y-rays assigned to
For the y-y coincidence m easurem ents the two Ge(Li) detectors were placed at 

90° and 270° w ith respect to  the beam  axis and approxim ately 2.5 cm from  the 
target. The pulse heights from  each A D C  and the tim e-to-am plitude converter signáis 
were recorded on m agnetic tapes in the event-by-event mode. A window o f approxi­
m ately 60 ns w idth was placed on the time spectrum. The covered energy range was 
approxim ately from  100 to  2000 keV. In spite o f the length o f the experim ent, the 
results o f these m easurem ents are limited by the m áxim um  current attainable 
( ~  0.5 nA) and the duty cycle o f  ~  1.15 o f the synchrocyclotron. A consistent 
chart o f  coincidence intensities for the strong lines was constructed and  the results 
are sum m arized in table 2 , in which the peak areas have been corrected by the 
counters’ efficiencies so tha t cross com binations can be com pared. Examples o f 
coincidence spectra are shown in fig. 2 . It should be noted that several runs sim ilar



T a b l e  1

E nergy, ¡ntensity, assign m ent and angular d istribu tion  o f  y-rays from  the ®^Rb(a, 3n)®*Y reaction  at
=  45 M eV

'" ‘- - ‘y L ev e len erg y
( ± 0 . 3 k e V )  seq uence  ̂ °
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128.0 ~ 2 843.4 715.4
213.8 8.2 +  0.8 4177.9 3964.1 - 0 . 4 5 ± 0 . 1 0
232.1 100 ± 5 .0 232.1 0.0
312.0 1 4 .3 ± 1 .4 3964.1 3652.1 - 0 . 3 2 ± 0 . 1 0
393.0 7.5 ± 0 .6 393.0 0.0
395.5 5 .7 ± 0 .3 - 0 . 3 0 ± 0 . 2
442.8 9 6 .6 ± 4 .0 674.9 232.1 n orm alization
646 .0 6 .8 ± 0 .5 4823.9 4177.9 - 1 . 1 3 ± 0 . 2 1
802.1 2 1 .4 ± 2 .1 1477.0 674.9 - 0 . 6 4 ± 0 . 1 1
944 .2 8 .8 ± 0 .6 - 1 . 1 3 ± 0 . 2 1
967.6 5 .9  +  0.5 2444.1 1477.0

1208.0 1 8 .5 + 1 .6 3652.1 2444.1 0.41 ± 0 .1 5
1229.7 ~ 3 1461.8 232.1
1284.2 ~ 3 1284.2 0.0
1729.8 8 .7 ± 0 .7 3206.8 1477.0 0 .77  ± 0 .2 6
1769.2 4 7 .0 ± 3 .0 2444.1 674.9 0 .3 8 ± 0 .0 6

to  tha t presented in fig. 2  were carried out in order to  increase the confidence level 
o f  those coincidences indicated in table 2 .

3. Results

- As m entioned in the introduction many reaction studies have been carried ou t

T a b l e  2

y-y  co in c id en ce  intensities from  the *''Rb(a, 3n)®*Y reaction at =  45 M eV . Errors are ab ou t 30 %

213.8 232.1 312.0  395.5 442.8 646.0 802.1 '944.2 967.6 1208.0 1729.8 1769.2

G ate
213.8 2 .9  1.1 2.1 1.3 1.5 1.5 2.9 2.8
232.1 110
312.0 5.0 1.1 1.4 1.5 w 2.8 2.3
395.5 0.9 0.8 0 .2
442.8 92
646 .0 2.4 1.4 0.6 w
802.1 1.0 1.0 1.0
944.2 1.5 0.3
967.6 w w

1208.0 5 .0 6.2 1.2 0.8
1729.8 w
1769.2 2.5 3.3 0.2 w
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in the past to  investigate the level structure o f  *®Y, including y-ray spectroscopy 
following the ^^Rb(a, n) reaction ®). However, this is the first time tha t a reaction 
involving large bom barding energy has been used to  reach high-spin states in 
As a result m ost o f the 7 -lines observed in this w ork and assigned to  had no t 
been seen before. New leveis are excited and only a few o f the m any hitherto  know n 
states are weakly populated  in this work. This is no t surprising as one expects to 
popúlate  the yrast leveis above the 8 ^ isom er or the 9'^ state which lies 0.8 MeV 
higher. W hether the m ain path  o f decay o f  the residual nucleus goes through one 
o r the o ther state, will be determ ined by the character o f  the excitations which 
give rise to  the yrast line.

The da ta  presented above allow us to  establish the existence o f a y-ray cascade 
involving the 646.0, 213.8, 312.0, 1208.0 and 1769.2 keV transitions, in order o f 
increasing intensity. This cascade is assigned to  and placed on top  o f  the 8 '*' 
isom er because: (a) the excitation functions are quite sim ilar to  those o f the know n 
232.1, 442.8 and  802.1 keV lines; (b) the observation o f  coincidences between 213.8 
and  312.0 keV lines and the 802.1 keV line; (c) the intensity o f  the strongest m em ber 
o f  this cascade, the 1769.2 keV transition is only com patible with the intensities o f  
the 442.8 and 232.1 keV y-rays, being larger than the intensity o f the 802.1 keV 
y-ray which depopulates the 9'^ sta te ; (d) o ther possible reactions such as *’̂ Rb(a, 
2 np) can be ruled out on the basis o f  the y-ray spectroscopic Inform ation already 
available.

In addition to  this strong cascade we observe the weak 128.0, 393.0, 1229.7 and 
1284.2 keV y-rays already reported by Baer et al. ^), which we place in the level 
scheme following these au thors’ w ork as our da ta  are consistent with their assign- 
m ent. Finally, a line a t 1729.8 keV o f m oderate intensity (see fig. 1) is also assigned 
to  ®^Y on the basis o f its excitation function and the fact that there is (weak) evidence 
tha t it is in coincidence with the 802.1 keV transition. Because o f  this and o f its 
intensity this line is placed in the level scheme as depopulating into the 9^  state at
1477.0 keV.

Fig. 3 summarizes these results in a level scheme. The m ain cascade m entioned 
above defines new leveis at 2444.1, 3652.1, 3964.1, 4177.9 and 4823.9 keV while the
1729.8 keV transition  deexcites the 3206.8 keV level.

Transitions showing negative coefficients are interpreted as zl/ =  1 transi­
tions while those w ith A j j A ^  > O may be o f ¿1/ =  O, 1 or 2 character. O n this basis 
and considering tha t the lack o f  crossover transitions usually indicates an increasing 
sequence o f  angular m om enta with excitation energy, we tentatively propose those 
spin valúes indicated in parentheses in fig. 3 for the new leveis, above 2.4 MeV. 
Those below are given the valúes proposed by Baer et al. ^).

If  the leveis populated  by the m ain cascade are com pared to  those o f ®®Sr a 
rem arkable parallelism  is found (see fig. 4) which strongly suggests th a t the sequence 
o f leveis observed in this work is likely to  origínate in core excitations coupled to  the 
{TTgj ®  v“ 'g^}, = 8 t State. If  this is assumed, then the 1769.2 keV y-ray should
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Fig. 3. Level schem e o f  proposed  in the present work.

correspond to  an electric quadrupole A I  = 2 transition, which is consistent with 
the m easured positive anisotropy o f this line, and  therefore the spin-parity o f  the
2444.1 keV level can be tentatively taken as 10’̂ . O ther tentative assignments based 
on these argum ents are also shown in fig. 4. In this connection we inteq^ret the
1729.8 keV y-ray as the quadrupole transition, analogous to the 1769.2 keV line, 
which corresponds to the deexcitation o f  the 1 1   ̂ level resulting from  the coupling 
o f the 2^ core state to the {n:g| ®  v"^g ,} , = 9 * intrinsic configuration. In such a 
case the 3206.8 keV level is an yrast state, and we should expect it to  capture m ost 
o f the decaying intensity from  the residual nuclei. However if the upper transitions 
follow the same pa ttem  o f the main cascade observed in this w ork it becomes apparen t 
why this is no t the case ; the next state on top  o f  the 1 1   ̂ should be a 1 2  “ lying at about • 
~  0.3 MeV above the 3964.1 keV level.
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Fig. 4. T he levels o f  w hich  are pop ulated  by the m ain cascade observed  in this w ork are com pared  
w ith  the yrast states in *®Sr. T he scale for the ®®Sr has been sh ifted  upw ards to facih tate  the com p arison  

w hich supports the interpretation that the high sp in  states in are due to core excitation s.

4. System atics o f relative cross sections

Pom ar et al. have shown that the relative cross sections o f the '^Znía, xnypza)  
reactions w ith A = 64, 6 6 , 67 and 6 8  show a regular behavior when plo tted  against 
A.  This observation is o f  particu lar im portance for m édium  to  small ^ -m ass nuclei 
since in these cases the emission o f protons and a-particles strongly com pete w ith 
the evaporation o f neutrons and the systematics may help to  identify reaction 
Products and obtain  estimates o f expected relative cross sections.

By com bining the da ta  o f this w ork and o f  a previous one using the targets 
®^Rb and ®"'Rb it is possible to  investígate if the earlier results obtained for the 
Zn isotopes also apply for Rb isotopes. Even m ore significant is to  explore the 
possibility o f  grouping together bo th  sets o f  data  by using the variable A — 1.7N 
[ref. which measures the degree o f  neu trón  deficiency o f the target nuclei, 
instead A.
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Fig. 5. T he m áxim um  cross section  versus the degree o f  neutrón deficiency of the target nuclei, as 
m easured b y  3 =  A -  U N ,  p lo tted  for the Zn and Rb isotopes.

Fig. 5 shows a p lo t o f  the relative cross sections corresponding to  the ener- 
gies a t which they reach the máximum. The dashed and sohd lines correspond to  the 
d a ta  o f  Pom ar et al. ' and ours, respectively. The data  for and ®®Zn have been 
used to  norm aiize bo th  groups. It is apparen t that a sm ooth trend is obtained in 
spite o f the m ass difference involved between the Zn and  R b isotopes. These results 
show that one may hope to extend this systematics still further to serve as a guide 
for experimental woric.

A sim ilar systematics has been used also in connection with (^®0, x n jp za) reactions 
in this mass región w ith satisfactory results
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