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125 Abstract. High-spin levels in Ba have been produced in the 

'Sn( C, 5n) reaction and studied by in-hean spectroscopic 

methods. Two strongly populated band structures are observed. 

The odd-parity one is based on a 7/2~ state and can be explained 

as the result of the coupling between an h,<,, noutron-liolo and 

a prolate typo triaxial core. The even -parit)- band, built on a 

7/2 state, corresponds to collective excitât.ions associated v.ith 

a ncutron-halc in the p.., shell. Comparisons vith'heavier odd-A 

Ba isotopes and discussions are made in the frame work of the 

triaxial core model. 

NUCLEAR ni-ACTJOXS 1 1 6Si( 1 2C,3nY), H - 4S - 55 ?i=V ; measured 

o(l; ; 1; ,G), vy-coinc, Y-Y delay. Knrichb. target, Ge(Ii) detectors 
12*i "̂  
'Ea deduced levels, .1, n,Y-i]i1xing. 

This lvorl; i.::s supported by the institut National de Physique 

Nucléaire et de PhySHjue £'.-- !\irMfu3es, l-Vance. 
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1. INTRODUCTION 

Studios of transitional nuclei t1] have brought new insights in the 
knowledge of nuclear structure. The best example is given by tlic 
rotation-nligiEient model developed by Stephens [2] which is essentially 
based on the Coriolis interaction and applies to moderately deformed 
nuclei, tether theoretical developments [3 -6] have led-to a better 
understanding of nuclear properties of transitional nuclei. 

In our systematic work on odd-A Ba isotopes by means of (Heavy Ions.xn-y) 
reactions, we have shown [7] that the level structure of these 

transitional nuclei can be successfully explained by the triaxial-ro-
1 **7 1?1* 

tor-plus-particule model [3]. Studies on Ba (rof.S) and Ba have 
been made to know how properties of a triaxial rotor vary when one goes 
towards more neutron-deficient nuclei. Indeed, the level structure is 
very sensitive to the I;ormi energy and to the S and i deformation parameters. 
Preliminary data on high spin levels in Ba, populated in the Sn( C,3n) 
reaction, have already been reported 19]. Detailed results and discussions 
are givenlic.ro. Only few and contradictory informations wore known before 
our investigation : D'Auria et al. [10] associate two activities of 
3.0 ± 0.5 min and 8 + 1 min half-lives to (11/2" or 9/2") or (3/2* or 1/2*) 
levels, respectively, and, propose the odd-parity level as the ground state 
while Arlt et al. fil] assign I* = l/2+ and a half-life of T,,, = 3.5 i 0.-1 

12S ' 
.rain to this ground level in "Ba. 

http://givenlic.ro


?.. EXPERIMENTS 

The experiments were carried out with the external carlion beam, of the 
Grenoble variable energy cyclotron. The target of 2mg/cm' ras made 
with metallic tin enriched to 84.41 In Sn and deposited on a 25 um 
lend foil. 

The excitation functions, wore studied at 45, 49, 51 and 5S MeV. The 
singlesspectra were recorded during and between the beam bursts with 
plcnar and coaxial Go(Li) detectors. The energies of Y-lines listed in 
column 1 of Table 1 wore obtained by recording simultaneously the y-rays 
emitted by the target and lia, " Eu and ' mLu sources. Energies of 

1 ̂ H 17̂ 1 17C 17Ç 
lines observed in the Ba + Cs •> Xe •» I decay chain have also 
been used as an internal calibration. The energy uncertainty for strong 
lines is smaller than 100 eV up to 500 keV and of the order of ZOO or 
300 oV for.higher energy lines. 

A y-y coincidence experiment and the angular distribution measurements 
of Y-rays were made at 54 MeV, energy which corresponds to the naximei 

12 of the cross-section of the ( C, 3n).reaction. The prompt and delayed 
Y-Y coincidence events were obtained.with two coaxial Ge(U) detectors 
having an efficiency of 10$ and b\ and a resolution of 2.1 and 2.4 keV 
at 1.33 MeV, respectively. Half-lives of levels can be deduced from 
timing against the beam-bursts. 

The angular distributions of Y-rays were measured at seven angles (0°, 
15°, 30°, 45°, 60°, 75° and 90° relative to the incident boon). Precise 
values of the angular distribution coefficients A 2 2 / A Q and A.^/AgWerc 
thus obtained and are tabulated in columns 3 and 4 of Table 1. 
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3 . iSPPJHMECTAl. liliSlJJ.TS 

Several families of >~rays show up in the y-spectra (I :ig.1) â»d have 

been assigned mninly on flic basis of excitat ion functions and studies 

of decay spectra. Kith th i s procedure, l ines belonging to 'Ba and to 

the A • 125 decay chain arc ciisily idem ified. I t wis however more 

d i f f i cu l t to separate y-rays oT "Ta from those of 'Cs, because 

the cross-sections and excitat ion functions of the C C.3n) and of the 
12 

( C, p2n) reactions are s imilar . Nevertheless, physical reasons have 
1?*; 1?Ç 

f ina l ly led to well established level schemes of both '"lSa and Cs 

nuclei 112]. 

125 127 There are strong analogies between the level structure of Co, Ea 
129 

and 'Da. The last two nuclei, l.avo been previously studied [7, 8]. 
1 ? I i 

Therefore, only a few specific points re la t ive to "*Ba wil l be presented 

or discussed here. 

The Y- Ï coincidence spectra reveal the existence of two groups of y-rayi: 

(Fig.2) . In the more intense one, which contains about 705 of the to ta l 

in tens i ty of d iscre te y-linos obsorved in the singles spectra, tv.o 

cascades of t rans i t ions (233-451-604-751-826 and 99-134-272-670) are 

ident i f ied. These t rans i t ions arc stretched £2 and JI1 + V.2, r e spec t i 

vely. By comparison with heavier Ba isotopes, t h i s group of love! i s 

assigned as the odd-parity system generated from the h . . » neutron slioll . 
125 ' 

Anew feature appears in the level scheme of Ba shown in 1'jguro 3 . 

I t i s appearance of a i " = 7/2" level as the base s t a t e , 'Hie' Ai = 2 

sequence 7/2 + 11/2" -> 15/2" . . . . corresponds to the yrast cascade. 

Almost a l l the res t of the •y-iirtciisity i s spread over a Al = 1 band, 

the levels of which are de-excited, by Ml ' 1:2 t rans i t ions with large 

negative A, , coefficients and by strong stretched I"; t r ans i t ions . There 

j s a s t r iking analogy with the J J » . , band in " Ea. . 

This 7/2 kind in ""!in i s depopulated by an intense y-i'ay of 10S.0 l:eV 

which \-:<. .\VV :a d A . ; 1 :.n:\;il;ir d i s t l ibu t loi! coc-fi ic ifjlt.'i (•<;:•'] ft 1 

-O.Hi •-. 0.0.": ::,:.. I V * • 0 . 0 2 , rc.-.p;.-.-1 ii -I y. Suvli \:; l l i i:; l:r,K-:; wi'ill ;••••: 
i , r > 

Ml 1 :i l'1 •• i j ::-î I ;: r i i y . I. ' !IC:M- jxH:: r i ".': I i<i I l. •.'•::'.:!•; ::'-'-ilu-: ru v-l.'ty i'f ' ' ' : ! 
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have been performed [ IS] . In spi te of the poor s t a t i s t i c s in the 

coincident spectra ami of the low energy of the -f-ray, the ircirjietic 

character of t h i s 16S.6 l;cV lino appears as the post probable'. The 

level fetl hy t h i s ï!l t ransi t ion is very l ikely n 5/2 s t a t e vhich i s 

a hase s t a t e , but Join:, not bclon;; to the even-parity band. This i s 

very easi ly proved by ;:,eans of the SilS keV cross-over t ransi t ion which 

lias a very weak intensity corcpaml lo the one of the 5'lfi keV, 13/2 -> 9/2 

and 672 i;cV, 17/2* •> IS/2* t r ans i t ions . 
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A . DISCUSSION" 

Analysis of the data and discussions are given In this section for both 
odd- onJ even-parity levels. Comparisons arc made with neighbouring nuclei. 

4.1. Odd-parity levale 

As wo have already shown and discussed foi other odd-A Iki, Co and Nd 
nuclei, this group of levels can be undcrsiood as the result of the 
coupling of h.,/, neutron-holes with a prolate typo trinxial core. 

The base state of the h.,,, level system is 11/2" for 1'^ Ba and P/2" 
177-1^7 ' 175 

for Ba. The new feature vhich appears in Ba is the existence 
of a 7/2" level (Fig.4). It is the result of the penetration of the 
Fermi surface into the h...,, shell. From the level systematics, the 
variations of the position of the Fermi surface can be expected to be 
the following : when one goes from A = 133 to A • 131, the Fermi 
surface has dropped fi'oin the 11/2" to the 9/2~ovbit.ils ; it goes below " 
the 9/2" orbital and across the 7/2* [101] orbital of the g 7 / , shell 

170 17 r 

for Hi and reaches the 7/2~|523] orbital for Ba. From a comparison 
of the level energies, it appears that the Fermi surface lias not greatly 
changed between A • 127 and 125. The existence of the 7/2" state is veil 
understood in terms of neutron-deficiency and the lowering of the levels 
relative to heavier isotopes is associated with a larger 8 deformation. 12S The level spectrum of Ba exhibits'» complex structure with tuo 15/2 , 
19/2" and 25/2" states. The main ilcexcitation is isade through parallel 
'.E2 cascades, Though the g deformation is large, these (15/2)1, (19/2)2 
and (25/2)2 l e v e l s a r c s t i H easily observed. The variation of the 
position of the second 15/2" level is interesting to looli at in Fjg, 4. 
It clearly indicates a decreasing y defoliation as one gees from A « 127 
to A « 125. All tho features observe.-! in the systcratics of figuiv •! 
con lie reproduced by the trj.iix.ial-rotoi-phis--partic]c model [S ] . 



It predicts tht> types of cascades between levels arranged in a two-

dincnsional pattern as observed cxporircmtnly. In this mode),-the 

7/2", 3/2" and 11/2" levels are tho base states of tho n » j-2, j-l 

and j subsystems, rospccti\e]y. Due to the reaction icchanisi.] involving 

heavy ions and to tho close distance be)wen these b:'so states, only 

the !i = j subsystem is strcngly excited. 

Tho deformation parameters associated with such a level spectrum arc 

P 0 « + 0.2S and T 0

 = 17°. Hiking this particular choice of rigid 

triaxial rotors, one observes that p 0 and i 0 vary quickly for the 

h--,, system of odd-A lia isotopes, as plotted in Pig.5. In fact, the 

minii.Hï» of tho potential energy surfaces in those nuclei is not strongly 

pronounced and f.0 and y 0 could be considered as mean values around Khich 

the shape fluctuatcs. 

4.S. Even-parity levels 

120 127 125 

The &111 l'31"' observed in " ' Ba is found in 13a but uoakly excited. 

T))is kl - 1 sequence has spacings almost equal to tliose in JJa (Fig.5) 

which agrees with a very small change- of tho Fermi energy. .The position 

of this band relative to the ground state and to tho 7/2" levo] is unknov.-n 

but its 7/2 base state is dcexcited by a strong 16S.fi koV transition Khich 

very likely feeds a 5/2 + state. The band built on this 5/2+l-102] state is 

unobserved because its levels lie probably at too high energies relative 

to tlie ones of the gni-, band. 

Tho g-,y band is generated froin a neutron-hole in the R-.. shell. Its 

level energies follow roughly a rotational law, as shown in Fig.6, where 

the straggling appears to bo veal; but, in fact, experimental energy values 

and branching ratios are better reproduced by a triaxia] core model. 

http://16S.fi


5. CQXCUISKN 

Tlie main features observed in the level spectrum of odd-A ' . Ba are 

still present jn "'Ba and the systematic; indicates, as expected,an increa

sing B deformation towards lipjircr isolons. 

Different theoretical approaches arc able to explain properties of 

the unique parity'level structures observed in transitional nuclei. The 

rigid triaxial core model developed by ï-Uiycr-ter-Vclin [5] and improved 

by inclusion of softness via a YMI prescription MJ reproduces rather 

veil level energies, transition probabilities and mixing ratios. This 

model lias been successfully applied in tlio A i. 130 mass region which we 

are considering litre. Calculations using anharmonic vibrator models [S,6 ] 

have been done mainly for heavier transitional nuclei and are in agreement 

with experimental data. Using results in the lia region, a wider range of 

applicability of these models could perhaps be obtained. 
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• p -!• 1 : Trnnsiticr.s of Ea observed in t;".c reaction i r ,Sp.C 1 :C, 3 n ) 1 2 'Ea at y :-JcV. 

i v ( i : ? ; ? 

r:1 ::•_ i v c 

: 
« p = 
22 44 

6 » <B2>/<M1> 

r i i l t J p o l a r i t y : 

or : 

F.2 percentage 
W i ; 
re la t i ve 

Asslsre-
!: 

1314 (70) -0.4S3 (40) -0.04 (6) 
C-1.87 < 6 < - 1.46 

(-0.46 « S < - 0.29 

1 68 - 79.5 
j or 
' 8 - 17.5 

|3610 r (265) 

1 2830 (210) 
9/2" - 7/2" 

13.-4 (70) -0.592 (16) 0.067 (14) -2.25- < 6 < - 0.274 7 - 8 4 2150 (240). 11/2" - 9/2" ! 

i:.-'o ;>•) 

:<?: (24) 

-0.297 (19) 

-0.341 (47) 

0.057 (19) 

0.021 (46) 
( -4.00 < 5 -s -1.94 
1 • o r 

I-0.3S « < * -0.12 

on) 
( 79- 94 ) o r 

( 1 . 5 - 12.6 

1740 (-13) 

427 (37) 

7 / 2 % 

15/2" -

(3/2*) ! 

13/2" 

33 (7) - - - M1 + 1:2 56 (12) 23/2" -. 21/2" 

66 (11) - - - m + nz 78 (20) 19/2" -. 17/2" 

35S (25) -0.5SS (42) 0.043 (58) 
(-2.71 4 5 « -2.29 

or 
(-0.23 s a s -0.176. 

( S4 - SS 
or 

1 5 - 5 
400 (30) 9 / 2 * . 7/2* ': 

\ 
! CSS (2S) -0.163 (78) 0.09 (10) " l - E2 ZSS (52) - 11 /2 "» 7 / : " : 

; 
:<w Ci ) -C.49S (63) 0.014 (59) 

(-4.36 * i s -2.3S 
< or 
( -0.25 « 6 « -0.071 

( 8 5 - 9 5 
i c r 

(0 .5 - 6.0 
330 (25) • H / 2 * . 

l 
9/2* ! 

! 
772 ('O) -0.742 (10) 0.095 (5) -1.73 « 5 4-o;82" 4 0 ' - 75 827 (43) . 13/2".. 

! 
n / 2 ; 

.-.' (13) -0.43 (15) 0.05 (14) - }t\ * E2 93 (14) : 13/2*., 11/2* i 

ii? ,;:s) 

-0 ; :r) 

-0.555 (61) 

-0.41 (16) 

0.094(53) 

0.27 (13) 

( -4.71 • « S «-2.57 

( -0.25 « 5 s-0.087 
: t -7 .0 < 5 « - I . M 

1 or 
( -0.39 < S «-0.03 

I 87 - 96 
j or 
iO.75-5.9 

: ( 79 - 93 
• or 

(0.10-13 

123 (20) 

72 (!!!) 

! 13 /2*" 

; 17 /2* -

15/2* 

13/2* = 

.../... 
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TABLE 1 (cont. 

'•••) 

: 
: i ( I IS ' ) 
: relative 

A oxp 
: 22 . 44 

: S - <IiZ>/-*S1> 

-.0 ; 30(6) 0.047 (147) • -0.01 (18) : • -

5.3 • 3s?(:o) 

: 3-:Sf2S) 

0.283 (32) 

-0.385 (47) 

-0.034(47) 

-0.04 (S) 
,-2.84 4 4 « -1.88 

•} o r 
' -0.42 4 s « -0.10 

•.: 1CC'.X:"0)W 0.197 (25) 0.017(33) -
\" 2W(35) 0.359 (44) -0.0S0(6S) -
. - 235(36) -0.014 (40) -0.076(50) -

' .3 314(47) 0.225 (27) -0.060(38) -
\ 2 511(47) 0.354 (74) -0.07 (13) . -

241(36) 0.2S3 (21) -0.09 (3) -
5.8 561(84) 0.236 (34) 0.02 (9) -
"." 163(13) 0.3S3 (52) 0.07 (15) -
\; 1Î0C.7J) 0.10 (12) -0.02 (14) 0.11 4 i 4 0.40 

.S 1-10(29) -0.360 (35) -0.043(35) -7.69 -s S « -0.045 

4 ; i 257(39) ! -0.450 (28) 0.163(47) (-3.0- ' < S 4 -2.45 
j ° r 

(-0.25 * 5 < -0.19 
.1 103(33) ! 0.259 (17) 0.044(59) 

yw; -;acio) : 0.333 (47) I -0.01 (7) 

: .•:••;•)s) : 0.194 (14) -0.016(21) . 

""• 

0.194 (14) -0.016(21) . 

: JS j l t i po la r i t y 
: c r 
. E2 percentage 

T o t a l 
r e l a t i ve 

i 
Assignment | 

1 
: (E2) 30(6) 9/2* » fS/2*) ! 

: E2 
: ( 7 8 - 8 9 

: ° r 

; ' 1 - is 

392(20) •• 

336(30) 

13/2" .. 9/2" j 

17/2" - 15/2" | 

: E2 
: ( 7 8 - 8 9 

: ° r 

; ' 1 - is 
: E Z 1015(51) 15/2" * 11/2" j 

: E 2 295(33) 

240(36) 

11/2* * 7/2* j 
< 13/2* -. 9/2* i 
l 11/2" ... 19/2" | 

: E2 316(47) 19/2" , 15/2" i 
: E2 313(17) 17/2" * 13/2" ' 

1:2 242(3'?' 23/2" .. 19/2" j 

E2 561(84) 19/2" * 15/2" î 
i 

E2 165(13) 15/2* - ' .11/2* j 

1.3-13.5 130(30) 19/2" - 17/2" j 

0.2-98.3 146(29) 25/2" -<. 23/2" i 
( 85.7-90.O 
( 01* 
( 3.5-5.9 

257(39) 15/2" * 13/2" | 

E2 168(33) 17/2* * 13/2* | 

E2 330(40) 1 9 / 2 * * 1 5 / : * 

F.2 400(48) 23/2" * 19/2" 



TA3LF. 1 (cent.) 

:: ::o ï.fC*i2S°D A <*P 
22 

Ae.xp 
44 

6 - <E2>/<M1> 

Kultipolarity 
or 

E2 percentage 
^ o t a l 
relative Assigr.-cnt 

22: (275 0.221 (24) -0.037 ÇS3\ i;2 227 (27) 21/2" - 17/2" 
1 -r ; . - M - (2P) 0.340 (40) -0.02 (C) : E2 147 (2°; 27/2" * 23/2" 

!'••• (12) 0.173 (81) -0.01 (llj" E2 64 fi:.-i 2.V2" + 21/2" 

ities arc normalised to this line 
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Ficuin CAPTIONS 

Fig. 1 - GitBïra-rïiy spectrra ohsonvd >:iih a coaxial detector nt DU° 

to the boim 5n the 1 l o S n + '"C jvHLijpn ni M ÎL-V. Tiio asterisks 
** 1"Vi 

indicate that the lines 1.iyJonj>. to " lîa. Trianjjlcs correspond 
to Y"i«ys in Xe. 

Fig. 2 - lixaiaplcs of f-y coincidence specir 

12.'. Fig. 3 - The hj- »2 J c v o l system in "*'l>a. The widths of the arrows 
are proportional to the total transifion intensit ies. 

Fig. 4 - Tho h . . p level systems' in odd-A neutron deficient 1!a isotopes. 
Not nil levels are shown in tîiis comparison. The energies arc 
normalized such that the 11/2~ states arc a l l set to zero. 

Fig. 5 - Locution of the h»., , , 3cvul structures of odd-A lîa isotopes in 
a fc-y plane. 

Fig. Û - Comparisons of the g ? < ? bands in ' " lia. 
t , 7 / 2 u.u 

Fig- 7 - Inverse? inoinont of inertia of the •7/2 band 125-129» 



sjunoo 

Fig. 1 - Gama-ray spectrum observed with a coaxial detector at 00» 
to the beam fa the "«Sn • 1 2 C reaction at S4 toV. U » asterisks 
indicate that the linos belonE to 1 2 ( W . Triangles correspond 
to 7-rays in UjXe. 
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125 
Fig. 3 - "Hie h ^ ,2 level system in Ba. The vfidths of tho arrows 

are proportional to tho total transition intensities. 
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Pig. 4 - The h 1 l / 2 level systems in odd-A neutron deficient Ra isotopes. 
Not all level,, are shown in this comparison. The enerCios are 
normalized such that the 11/2" states are all set to zero. 



pig. 5 - Location of the- hii/j level structures of odd-A Ba isotopes in 
a B-Y plane. 
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fig. 7 - Inverse moment of inertia of the g^i, D a n d "" ita. 


