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Abstract. - Using the r ecoil-distance technique :r. the " Ali '•.'. .2 ç • 

reaction, mean lives of ( ! 9 . 6 +_ 3 . 0; ps for the 7 •'2 , 31 03 -'* (•'.' s ta -.' 

and (32.8 * Z . 0) ps for :ne 9/2". 401 1 -keV state in ^'Cl have '.ter. 

measured. The strength o: the M2 decay from the 31 n3 XeV iev*»ï 

appears to be the strongest among known M2 transitions ir. 2s-',ti :-.i: 

An upper limit o( 0.8 pa for the feeding time in the fusion-evap^rat-. 

reaction Al( C, pn) ' ; \ r was estimated from an attenuated PùppW 

shift measurement. 

KéBumé. - Des vies moyennes de (\9, b j_ 3,0) pe et 132,8 * -!. i) ' p: 

pour les états 7/2" à 31 0 3 keV et 9•'l~ a -1311 keV dan B

 3 ' CÏ o:.i 

été mesurées par La méthode du parcours ce recul dans la rf^. :: "•• 
27 12 3 7 

Al! C,2p) Cl. Parmi les transitions M2 connues dans led 

noyaux de la couche 2s - ld , celle issue du niveau a 31 t" 3 keV dar;ï 

apparaît comme étant la plus inter.se. Une mesure ce déplacer si.-::-

Doppler atténué a permis d'évaluer une limite supérieure de 0, h t-

pour le temps de peuplement dans la réaction de fusion-évapor/i::!., 
2 7 A 1 ( , 2 C , p n ) 3 7 A r , 
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1 . Introduction. - ,\ swrch for .1 - ~ J su ie s m oc! m^ss s-<: 

nuclei and a study of their electromagnetic properties arc cur rei.ll*. 

underway in this laboratory ' 1 ' . I n the cases whore spin, iiietim.:. 

branching and mixing ratios a re well established, it appears thai 

the y-decays of these states to the .1 - i 'Z ground states proc t rc 

via in .xed M2-E3 transitions and that the partial Ml lifetimes arc 

always retarded compj'-i-d to the single-particle estimates ' 1 

In thiï paper we rçpoi . or. a recoil -dis lar.cf- method !i'':)N!: rr.ea... ;n 

ment of the lifetime of the ?>'• '''/ keV state ::. " Ci :'or which on!', .i 

lower iimit of I 0 ps was kr.owr. "Î a; the time the près en: ex;>e :-i-: • 

was performed. The ~ 2 spin - parity assicr.n.ti.t for :'!-.; s slate, 

as wel.. as the branchiae and mixing ratios for Us ground stale 

transition, have been determined in the pas: i . so thai the 

lifetim.2 value directly leads to the r. atir.etie quad rupol.- and elect r: 

octupole ground-slate transition strengths. 

A heavy-ion induced compound-:uiclea'- reaction was ilios-:-

lor populating the Ci states. Such readiur.-s .evolve la.-^e jr-j .Jar 

momenta transfer resulting in =trong pomiiaLic-r. o: ln _;h - s:,in s t / lv- , 

which are of interest here . Fur thermore, sut h reactions vicie lar^c 

and forward directed velocities for the readier, products. C"t:s uq-.n-r.! 1 

only singles y-r^.y spectra are needed for the RDM lifetime roe a s-̂  r, ,,-. 

The bombardment of 2 7 , \ 1 by 31 MeV U C ions produced th.- ] ' r , 

states via the 2p exit channel. .At that bombarding encre;, otm-r ex t 

channels were also open and lifetimes for states in S. C! and \r 

were obtained as by-products. 

Z. Experimental procedure and analysis. - A 50 nA Lean-, of "<.'• :,J- *• 

from the M. P. Tandem Van de Graaif accelerator was usee :o 

bombard th<° aluminium targets . Gamma-1 ay s were delected in a 

84 cm Ge(Li) detector. The detector system had an tnirir.sit. rcsol .': 

http://rei.ll*


A singles ipt:ctrurr. recorded at 3) MeV bombarding energy, 
where the yield for the 3103 keV line *as found to be maximum, is 
shown in fiy. '. . A target evaporated onto a thick lead Lacking was user! 
and the Ge\ Li) counter was placed at an anelc of 55 to the beam 
direction. Most of the numerous lines present in this spectrum could 
be identified and attributed to transitions in S, CL, CI, " CI 

1. ! . Recoil-distance lifetime measurements . - The expérimental 
set-up for the lifetime measurements is identical to that described 
in re: . 4. A 1 00 tig.'err." sell supporting stretched target was used. 
A 7 rr.ç. err. - ^old foil, sufficient to stop the recoil ions was stretched 
ir, the same manner ^.~ the target and used for the stopper. The beam 
was stopped in n thick tantalum foil m o a ted behind the stopper foil. 
The y-rays were observed for various plunger distances with the 
Ge'Li) detector placed 7 cm from the target and at 0 to the beam 
direction. 

The average axial velocity of the recoiling "ions was determined 
:rom the energy differences between the stopped E ond shifted E, 
peaks. The corresponding a reas , [ and I , were obtained with a o s 
least-squares fitting program using Gaussian line shapes scDerimposed 
on a background fitted to a polynomial se r ies . The experimental 
ratios R. - I /(I + [ ) or the unshifced peak area to the total area, 

o o s * 
were then calculated at each plunger distance. For cases where the 
shifted peaks were obscured by contaminants in the Y _ 3 P e c t - r a > t*10 

intensities I were normalized tc the intensity of the stopped peak 
ot the ! 61 I keV y-rays deexciting the long-lived Ar 1 611 keV state, 
< r i rec ted for its own decay t " = 6. 38 _f 0.1 5 ns !~ 5 ] . 

The lifetime values w-eve obtained by comparing the 
experimental values of the ratio R to ti.e values calculated for a 
level which is fed tot h directly from the reaction and by y-ray 



A s i n g l e s i p t : c t ru r r . r e c o r d e d a t 3) MeV b o m b a r d i n g e r . e r g y . 

w h e r e the y ie ld for t h e 3103 keV l i n e «-'as found to be m a x i m u m , i s 

shown in f ig . '- . A : a r t i e t e v a p o r a t e d on to a t h i c k l e a d Lack ing w a s u s e d 

and the Gei Li) c o u n t e r w a s p l a c e d at a n a n e l c of 55 t o t h e b e a m 

d i r e c t i o n . M o s t of the n u m e r o u s l i n e s p r e s e n t in t h i s s p e c t r u m could 

b e iden t i f i ed and a t t r i b u t e d to t r a n s i t i o n s in S, CL, CI , " CI 

2 . ! . R e c o i l - d i s t a n c e l i f e t i m e m e a s u r e m e n t s . - T h e e x p é r i m e n t a l 

s e t - u p for the l i f e t i m e m e a s u r e m e n t s i s i d e n t i c a l to tha t d e s c r i b e d 

in r e : . 4 . A 1 00 ,iig.'ctr." s e l l s u p p o r t i n g s t r e t c h e d t a r g e t w a s u s e d . 

A 7 T.g e r r . - ^o ld fo i l , su f f i c i en t to s t o p t h e r e c o i l i ons w a s s t r e t c h e d 

in the s a m e m a n n e r Ù.= the t a r g e t a n d u s e d for t h e s t o p p e r . T h e b e a m 

was s t opped in a t h i c k t a n t a l u m foil m o u i t ed beh ind t h e s t o p p e r fo i l . 

T h e y - r a y s w e r e o b s e r v e d for- v a r i o u s p l u n g e r d i s t a n c e s w i th t h e 

G e ' L i ) d e t e c t o r p l a c e d 7 c m f r o m t h e t a r g e t a n d at 0 to t h e b e a m 

d i r e c t i o n . 

T h e a v e r a g e a x i a l v e l o c i t y of t h e r e c o i l i n g -ions w a s d e t e r m i n e d 

f r o m the e n e r g y d i f f e r e n c e s b e t w e e n t h e s t o p p e d E Q n d sh i f t ed E, 

p e a k s . T h e c o r r e s p o n d i n g a r e a s , [ and I , w e r e o b t a i n e d wi th a 

l e a s t - s q u a r e s f i t t ing p r o g r a m u s i n g G a u s s i a n l i n e s h a p e s s u D e r i m p o s e d 

on a b a c k g r o u n d f i t ted to a p o l y n o m i a l s e r i e s . T h e e x p e r i m e n t a l 

r a t i o s R. = I / ( I + [ ) or the unshi fced p e a k a r e a to the t o t a l a r e a , 
o o s r 

were then calculated at each plunger distance. For cases where the 

shifted peaks were obscured hy contaminants in the Y _ 3 P e c t - r a > the 

intensities I were normalized tc the intensity of the stopped peak 

° 37 
of the ! 61 I keV y-rays deex citing the long-lived Ar 1 611 keV state, 
t r r rected for its own decay t =6.38_J^0.15ns ! 5 J . 

The lifetime values weve obtained by comparing the 

experimental values of the ratio R to ti.e values calculated for a 

level which is fed hoth directly from the reaction and by y-ray 



cascades from higher lvir.g levels. lr. this calculation the small direct 

feeding-time {see Sec. 3. 3 ! was neglected. 

The direct and cascade population fractions were Liken iron: 

the y-ray spectrum recorded at 55 . Co: sections due to y-ray detectior 

efficiency and to the motion of the recoiling, nuclei were found to be 

n' gligible compared to the statistical e r r o t s . 

2 .2 . Doppler Bhift attenuation measûrement. - By bombarding rV.e 

target evaporated on the thick lead backing, y-ray singles spectra 

were measured at the angles of 0 , 55 and 90 . From there a value 

for the î^ttenuation factor F = 0,29 - 0.0-1 was deduced for the 

598 keV y-ray transition decaying the 7Q71 keV level in ' Ar. The 

er ror on the attenuation fa tor a r i ses mainly From the presence cl 

the 600 keV y-ray line produced by neutron inelastic scattering on ' "C-e. 

3. Results. - The values of the mean -lives obtained in the present 

work are listed in table 1 where they are compared to previous 

measurements . 

34 3 . 1 . The 5689 keV level in S. - Using a mean recoil velocity of 

1 .91 ""•> the lifetime value for the 5689 keV Level was determined by 

analysing three y-ray transitions, namely the 5689 —*- 4622 keV, 

the 4688 —•*• 2127 keV and the 3304 —-*• 0 keV transitions. 

This co'tld be done because the lifetime of the lower states a re much 

shorter than 1 pa i 3 J . Since the shifted peak for the 1 067 keV y- ray 

transition was much broader than the stopped peak the lifetime 

value was also calculated using the line shape of the shifted peak in 

the manner described by McDonald et al. r 12 1 . The two values 

differed by 2.4 "a , The analysis of the three transitions using a 

mean value for the recoil velocity yield an average value of 

f = 52. 9 +_ 2. 4 ps, where the e r ro r takes into account the difference 

obtained for the two different treatments of the 1 067 -keV y -decay curve 



T\:ia V.-III.ÏO is in excellent agreement with the value obtained by the 

KIJM ir. the P ia .pv! reaction. 6 _ . 

: .2 . The 75^ keV levé; ir. " 'CI. - Two Strang y-rays from the deca. 

o: CI levels were observed in tht. spectra taken at 55 , namely 

the I 730 keV and 761 keV y-ray transitions from the 251 9 —*- 789 ~^r 0 

cascade. Whereas a single value o f 2 . 3 6 + _ 0 . l 6 n s i s reported for 

the lifetime of the 251*5 keV level, the two values reported for the 

lifetime of the 7S" keV level differ by a factor of ten '~ 3 1 . In the 

present f " analysis of the 781 keV level decay curve a best value 

of -15 '•'<> is obtained for the population fraction of this level through 

the 2S]Q keV level whereas a value- of SI x-, is deduced from the photo-

peak ; men s-.tie s in the ^5 spectrum taken at 31 MeV. This indicates 

chat another 1730 keV line, wr-.ich could not be identified, is uncerl ' in^ 

••he 2511 *• 7S9 keV y-ray transition. This is corroborated by 

tV-c normalized 1730 keV stopped peak versus stopper distance curve 

v.-hich does net display a simple exponential decay. So by using the 

value o: 4 5 ^ for the cascade population and the value o: 

*t7l,2-jig) = 2 . 3 6 ^ 0 . 1 6 ns, a value of 32.3 ^ 2 . 5 ps is obtained for 

the lifetime of the 78<J keV level. 

3.3. The 7071 keV level in *Ar. - A lifetime value of 7T = 0.55 i 0. 12 

has been determined for this level in the ^Sfa.^ty) reaction \ 11 ] . 
27 12 3 7 

In the present Al ( "C, pnv) ' Ar r&action no known higher lying 

levels could be identified and therefore the measured attenuation 

factor in the DSA measurement may be due to the lifetime of the 

7071 keV level and to the feedinç tir-'ï G , i. e. the ti;.. interv 

between the reaction and the population of this state. A value of 

0.3-1 2. u • - " ? s 1* a r l ' : e feeding time may be deduced from the atter.ua-

*ior. factor F using the two-component decay chain formula 

î7* - \'~.F " L"> **- V'{LT,.-~W'. ). By using this formula, one asBumes 

that the feeding of the 707f keV level may be approximated by an 

exponential decay, fur thermore, it should be remembered that 
large uncertainties remain in lifetime determination by the DSA 

http://atter.ua-


Ti.iisi v.-tli.io is in excellent agreement with thç value obtained by the 

RUM ir. the P ia .pv! react :.or. ' 6 

}.Z. The 75^ keV levé; in 'CI. - Two Strang y-rays from the deca. 

0: 'CI levels were observed in tht. spectra taken at 55 , namely 

the I 730 keV and 761 keV y-ray transitions from the 251 9 —> 789 ~^r 0 

cascade. Whereas a single value of 2 . 1 6 ^ 0 , 1 6 ns is reported for 

the lifetime 01 the 251*5 keV level, the two values reported for the 

lifetime of the 7S« keV level differ by a factor of ten ' 3 1 . In the 

present f " analysis of the 781 keV level decay curve a best value 

of -45 "'< is obtained for the population fraction of this level through 

the 25]Q keV level whereas a value of SI *- is deduced from the photo-

peak :,ntens::ies in the ^5 spectrum taken at 31 MeV. This indicates 

tii-it another 1730 keV line, wr-.ich could not be identified, is uncerl-in,; 

'•he 2519 *• 7S9 keV y-ray transition. This is corroborated by 

tV-c normalized 1730 keV stopped peak versus stopper distance curve 

v.-hich does net display a simple exponential decay. So by using the 

value o: 4 5 ^ for the cascade population, and the value o: 

*G"l,2-jlS) = 2 . 3 6 ^ 0 . 1 6 ns, a value of 32.3 + 2.5 ps is obtained for 

the lifetime of the 78<J keV level. 

3.3. The 7071 ktV level in 'Ar. - A lifetime value of TT = 0. 55 +. 0. 12 

has been determined for this level in the ^fa,<p,y) reaction \ 11 ] . 
27 12 3 7 

In the present Al ( "C, pny) ' Ar reaction no known higher lying 

levels could be identified and therefore the measured attenuation 

factor in the DSA measurement may be due to the lifetime of the 

7071 keV level and to the feeding tir-e '£'., i. e. the th.. interv 

between the reaction ar.d the population of this state. A value of 

0. 3-i 2. 0 • 20 ps for t'r.e feeding time may be deduced from the atténua -

'lor. factor F using the two-component decay chain formula 

î7* - ''".-*'r " L't ^-^ •î^".-"~'] )- By using this formula, oneasBumes 

that the feeding of the 707f keV level may be approximated by an 

exponential decay, fur thermore, it should be remembered that 
large uncertainties remain in lifetime determination by the DSA 
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4. Discussion. Transmon e.rengths in " 'Cl deduced from die 
present lifetime measurement.-; are reported in tabic II. 

The strength of the M2 decay from the 3103 keV level 
appears to be the strongest among the known N-L2 transitions in 2s -1 d 
nuclei. In fact the transition rate is close to the sinyle-part ' "le 
estimate. Several shell model descriptions for the first 7, I :,iau-
have been used to predict the transition r.'-U- and the deduced v^lins 

' range fvom 0. 3 to 5 W, u. '_ 1 3 J . The great majority oJ M-i ^ns in tm 
in nuclei with A y- 30 is severely inhibit-'d and this nunbition has w r n 

I discussed by Kurath and Lawson 1 14 I . They showed in particule: :h u i 
1 M? transitions in the d , 3 - f„ ,^ region will be inhibited in :he imn-.i-
; of the strong - coupling model. In this mode"; the intrinsic vxciied s ran" 
\ is formed by raising a particle from one o: the orbilcls k̂ . o.-.^ii.v.ini; 



from the d , shell to an orbital k originating from iIis f f shell. Ku-
rath and Lawson computed the -.'alues of the hindrance factor for thy 
7 2~—> 3 2 M2 transitions according to the different ( k , k )sets 
involved The smallest factor [r^ 2 ) was found for k = 3/2 and k = 7/2, 
and these ace indeed the Nilsson nrbitals which would be involved in the 
ML transition a: CI if thi. nucleus had an oblate deformation. 

Large and identical strengths for the E3 iransi t iors arising 
from the 3103 and 401 1 kev levels are observed. This may reflect the 
presence of a } core excitation in the wave functions of the 7/2 and 



from the d , shell to an orbital k originating from iIis f f shell. Ku-
rath and Lawson computed the ••aiues of the hindrance factor for the 
7 2 —> 1 I M2 transitions according to the different ( k , k )sets 
involved The smallest factor \ r- 2 ) was found for k = 3/2 and k = 7/2, 
and these are indeed the Nilsson nrbitals v.-hich would be involved in the 
S'.-i transition o: CI if thi. nucleus had an oblate deformation. 

Large and identical strengths for the E3 iransi t iors arising 
from the i!0> and 401 1 kev levels are observed. This may reflect the 
presence of a } core excitation in the wave functions of the 7/2 and 



Sv Timary of recoil distance lifetime measurement 5 

Tr 
(keV) present 

"*S 5689 S2.1 +.2.4 H i j 

b C i 789 32.3 + 2 .5 3.0+ 0.8 

> 5 

30 +.1 

7 a) 

CI 3103 1 9 . 6 + 3 . 0 16 +.9 

48 i 5 
4011 3 2 . 8 + 2 . 0 31 ; 3 

' A r 6473 9 - 2 6 . 3 ^ 0 . 6 

! a) Direct timing measurement using a pulsed bean 

I 



TAIU.I-: Il 

J . —à- J , 
1 f 

T r a n s i t i o n s t r e n g t h ( W . u . J 
J . —à- J , 

1 f 

K2 E i M] K7. 

7/2~ > 3 / 2 + 

9 / 2 " _ > 3 / 2 + 

9 / z " .._ > 7 /2" 

12.4 *_ 2 .4 0.69 + O . l l 

12.2 + 0.8 

1.3 _+ 0.1 C>.9 * 0 . 4 ) x l O ~ 4 

a) Branching and mixing r a t i o s a r e £rom ré f . 10. 



TAHLK II 

j " . - * J f " 
Transiliun strength (W.u.) 

j " . - * J f " 

K2 EJ M] IV. 

7/2" > 3/2* 

9/2" _ > 3/2* 

9/2" ... j 7/2" 

12.4 + 2.4 0.69 + u. 1 1 

12.2 + 0.8 

1.3 + 0.1 (!i.9 + O.Mxlo"4 

a) Branching and mixing ratios are £rom re£. 10. 
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