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Á bsiract: The 6 “ and 7" isom eric states in '' '’G a and '’®Ga at 1440.9 and 1229.6 keV, respectively, have 
been populated  with the ( '^ C . 2np) and ('-’N , n2p) reactions on natu ra l Fe. The half-lives o f  these 
states have been m easured to  be T¡ ^(6“ ,*^'’G a) =  57.3 +  1.2 ns and T, 2(7“ , '’*Ga) =  64 +  2 ns. 
Using previous data  on the hyperfine ñeld o f  G a in Fe, the ly-factors o f  these states have been deter- 
inined by m eans o f  the T D P A D  m ethod. The resuUs are í/(6 , '' '’G a) =  0 .129± 0 .003  and 
í/(7 , '■"Ga) =  0.105 +  0.003. These valúes are in very good agreem ent w ith the independen! particle
model if one assum es the in f , 2 - '?•) 2 ¡ 6 and |j tp 3 2 , vg. configurations and uses the
em pirical p ro ton  and neu trón  i^-factors from  odd-/l neighboring nuclei instead o f  the  Schm idt 
valúes. 1 he large disagreem ents with experim ent when Schm idt valúes are used show that core 
polarization  effects are im portan t in these nuclei.

N U C L E A R  R E A C T IO N S  ^” F e(‘ ^C, 2np), E  = 35-60 M eV ; ^'’F e í'^ N , n2p), £  =  50 75 
M eV ; m easured y(0. H. t). ^'’- ‘’®Ga levels deduced (i- T D PA D . N atural target. Ge(Li)

detector. Pulsed beam .

1. Introduction

The excited states o f the odd-odd nuclei and j^ G a j, were studied by
Pom ar el al. ')  using the reactions ^*Zn(Qi, np) and ^'’Zn(a, np). Isomeric states of 
spin 6 “ in **’G a (1440.9 keV, % 100 ns) and 7 “ in ^®Ga (1229.6 keV, «  85 n's) 
were found ’ ■ ^). Level schemes for both nuclei were established ’ ’ (see fig. 1) on the 
basis o f the usual experimental evidence and the decay m odes o f the 6 “ and 7 “ 
isomeric states have been proposed. In both nuclei a sequence o f positive-parity 
states up to y" =  4^ have been observed.

The positive-parity states in these isotopes may be described as arising from the 
coupling o f  pro tons and neutrons in the f^ and p , orbits while the first odd-parity

* This work has been supported  by C O N IC E T , A rgentina, and the  N ational Science F o undation  and 
E R D A  o f the U SA, C on trac t INT76-04613.

513



514 A. F IL E V IC H  et al.

8 ^  «15 —

3 -

3 " -

2*-
]*~

0*-

00 r*- oq .
nÍ rn ̂  ro rn co <j> co -sí

O 00 O -sj

1A¿.0.9 57ns

1327.

66^
3l‘̂ "35

8-Í0.6

¿.93,5 

392.6

- -  139.9

¿.3.7 25ns 
0.0

í.*-

2*-

2"-

1^-

O CD i£> rsi

1323.0 

1229.6 6¿.ns

1103.3

805.9

— ocg CN fO •—
in —  ¿,96.0
8  fM

375.5

175.0

0.0

68^
Ga 

31 37

Fig. 1. Level scheme o f ^'^Ga and •’^Ga as reported  in ref. ').

Fig. 2. Energies o f  the first 6  sta tes in doubly odd nuclei and  *'̂  *̂ ®Ga as a function  o f  N. The
excitation  energies o f  the first f s t a t e s  in the odá-A  Z n  isotopes are show n for com parison.



excited states are expected to  share configurations in which the odd neutrón is in the 
orbital.
As shown in fig. 2 a plot o f  the energy o f the first 6 “ state in the doubly odd 

.nuclei ®^Cu, ^'^Cu, ®^Ga and ®*Ga as a function of N  reveáis a tendency similar 
to  that o f the f  first excited states o f  the neighboring odd Zn isotopes. Since these 

states are know n to be ra ther puré g , neutrón shell-model states, the indicated 
similarity seems to  confirm  tha t the lowest negative-parity states in ®^Ga and ®®Ga 
involve the vg^ configuration.

In the present work the ¿í-factors of the ®®Ga 6 " and ®®Ga 7^ states have 
been m easured in order to  investígate the above-m entioned assum ption. As the wave 
functions o f these high-spin levels are probably very puré, a m easurem ent o f their 
m agnetic m om ents could add evidence for these assignments and serve as a good 
test o f the validity o f the shell model for odd-odd nuclei in this región o f the periodic 
table.

2. Experimental procedures and results

As observed in the experiments described in ref. *) the reaction (a, np) can be 
em ployed with targets o f ^*Zn and ®®Zn to popúlate the above-m entioned negative- 
parity  states in ®®Ga and ®®Ga. However, in order to  have the product nucleus in a 
ferrom agnetic environm ent the ’®Fe('^C, 2pn)®®Ga and ^®Fe(‘ ^N, n2p)®®Ga re- 
actions were used instead. A tafget of natural Fe (91 % abundant in ®*Fe) was 
bom barded with and beams from the Brookhaven N ational Laboratory  M P 
Tándem  Accelerator.

The target was a 0.025 mm thick natural iron strip, placed across the pole pieces of 
a small ( «  1000 G) perm anent m agnet used to  satúrate the internal hyperfine field, 
The interaction between this field and the m agnetic m om ent o f the product nuclei 
causes their precession, which was observed externally through the ro tation  o f  the 
angular distribution o f  the em itted y-rays by the time differential perturbed angular 
distribution (TD PA D ) m ethod. Several independent runs were perform ed with 

and beam s using a single, 10%  efficiency, Ge(Li) detector, repeatedly 
placed in sequence at -f45° and - 4 5 °  with respect to  the beam direction.

Fig. 3 shows typical single y-ray spectra for both  reactions. The excitation 
functions o f the relevant y-rays were determ ined and are shown in fig. 4. From  these 
curves the optim um  energies o f  bom bardm ent were determ ined to  be 55 MeV for ' 
and 60 MeV for '^N .

The half-lives of the ®®Ga 6 “ and '’^Ga 7 “ levels were rem easured to improve 
the accuracy of the previously reported valúes The time distribution measure- 
ments were perform ed using the pulsed beam facility of the tándem  accelerator. 
The width of the beam  pulses was about 7 ns and the repetition rate was 4 MHz. 
The tim e-to-am plitude converter was calibrated by means of a model TC850 
Tennelec time calibrator )̂. The results, shown in fig. 5, yield the valúes
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Fig. 4. The >-ray excilation  functions for and '’^Ga.

T^iJ" = 6 - ,  ®^Ga) =  57.3 +  1.4 ns,

=  ? - / « G a )  =  64 ± 2  ns.

Because o f the precession o f the nuclear m agnetic m om ent in a m agnetic 
field, the y-ray counting rate at an angle 6 with respect to  the beam is

NiG,  t )  =  ( N J z )  e x p i - t M W i G ,  t),

w here t  is the m ean  life o f  th e  State and its angular d istribution  is g iven  by

fV(0,t)= X  9k(0A^kí<^os(6±coj)].
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Fig. 5. Results o f  in-beam  tim e d istribu tion  m easurem ents for y-rays assigned to  "’^G a and **Ga.

H ere the coefficients g^(t) describe the a ttenuation  o f  the angular distribution with 
tim e and c o j í n  is the Larm or precession frequency. In our case 6 = ± 45° and the 
d istributions can be com bined in the expression

W( + 4 5 ° , t ) - W { - 4 5 ° , t )  A ^ s i n i l w j )  

W( + 45°, t ) + W { - 45°, t) ^

where we have assum ed .44 =  0 .
N orm alization o f  the T D P A D  spectra was achieved by forcing the function R{t)  

to  oscillate around its zero valué. This procedure was consistent with the norm aliza­
tion using the integrated beam current.

Figs. 6 and  7 show the experimental results for both  nuclei. The solid lines are 
the best fits to  the experim ental points and correspond to  the function

R{t) = A'[sin2o}L/ +  exp( —i r )  sin 2 co l(í+ 7 ’)],

where T  is the tim e elapsed between two successive beam bursts and the contribu tion  
from  the previous beam  burst (approxim ately 7 %) is accounted for by the second 
term. Table 1 shows the resulting valúes o f a»L, and coefficients.
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t (n sec)
Fig. 6. L arm or precession o f  the  6 “ isom eric State in ' ' '’G a observed th rough  the ro ta tion  o f the  angular

d istribu tion  o f  the  448 keV >’-ray.

t (nsec)

Fig. 7. L arm or precession o f  the  7 “ isom eric State in '’*Ga observed th rough  the ro ta tio n  o f  the angular."
d istribu tion  o f  the 607.3 keV '/-ray.

The 0-factors are obtained from  the relation

oji^h
S =

where B  is the m agnetic field a t the site o f the nucleus. Using the spin-echo 
technique, K ontani and Itoh *) have m easured the absolute valué o f the hyperfine 
m agnetic field o f  G a in Fe at 4.2°K to be |fi(G a/F e , T  — 4.2°K)| =  110 +  3 kG . By 
taking into account the Fe m agnetization curve a correction o f —2.6 % m ust be 
applied to  obtain the m agnetic field a t room  tem perature. This yields |5 (G a /F e , 
room  r ) !  =  107 ± 3  kG . K rólas used the gf-factor o f  the known 43.7 keV isomeric
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T able i

L arm or frequency and related d a ta  fo r the isom eric 6 “ and 7~ states in and  **Ga

Nucleus Line (keV) Period (ns) T ¡ i2 (ns) ^ 2 cul(M H z)

933 48.9(0.7) 57.6(1.6) -0 .035(0 .006) 64.2(0.9)
"'"Ga 834 49.8(0.8) 56.5(2.7) -0 .031(0 .006) 63.1(1.0)

600 45.7(1.6) 54.6(2.7) 0.017(0.007) 68.7(2.4)
448 48.5(0.5) 60.2(2.8) -0 .056(0 .008) 64.8(0.6)

average 48.7(0.4) 57.3(1.2) 64.5(0.1)

•"«Ga 607 59 (I) 64 (2) - 0 .1 0  (0.01) 53.2(0.1)

T able 2

The y-factors for the 6 “ and 7 “ isom eric sta tes o f  *’'’G a and “̂“G a  ob tained  in the present work

N ucleus r
3 -fac to r determ ined by using m agnetic field B from

ref. “)

W eighted
average

<’*'Ga
"«Ga

0.125(0.004)
0.103(0.003)

0.143(0.008)
0.118(0.007)

0.129(0.003)
0.105(0.003)

State in to  determ ine the sign and m agnitude o f  the same quantity , obtaining 
a som ewhat different valué i5(Ga/Fe, room  T)  =  - 9 4  +  5 kG. W ith these valúes of 
the m agnetic field and our results for the Larm or precession frequency we obtain 
the g-factors shown in table 2 .

3. Discussion and results

The 3 -factors reported above enable us to examine whether the 6 “ and 7 “ isomeric 
states in ^'’G a and ***Ga are well described by the shell model. As m entioned in the 
introduction, there is some evidence from energy systematics (fig. 2 ) that this may 
indeed be the case.

W ithin the fram ework o f the shell model there is only one possible configuration to 
explain a low-lying 7 “ state such as that found in '’^Ga, namely {nf^, vg ,} ,- and 
two configurations for a ó" state in ®^Ga, which are {Tif^, vg,}^- and {7tp 3, v g ,¡f ,- .

F o r a doubly odd nucleus the gi-factor is given by

9 =  i  (3p + í/n) +  (0p-é(„)
7p(yp+i)-y„(y„+i)

2y ( / + i )

where and g„ are the ¿/-factors o f  the odd proton and neutrón, and and are 
the angular m om enta o f the pro ton  and neutrón, respectively.

F o r the pro ton  and neutrón 3 -factors we can use the Schmidt valúes com puted 
for the corresponding assumed single-particle configurations. However, the sys-
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T able 3

D ata  for g-factor o f  odd-A  neighbors o f  *'’G a and **Ga

N ucleus J Exp Schm idt B o d e n s te d t'’)

\ - 0.65 “) 0.345(rtf5,,) 0.806

r 1.34'*)

" G a 1.23 ■*)

average 1.28 2.529(7ip3,2) 0.773

" Z n 3 , -0 .243 (0 .004) •=)

" G e 3 , r -0 .210(0 .007) ‘)
-0 .222(0 .001) *̂)

average -0 .225(0 .001) -0 .4 2 5 (v g „ 2 ; -0 .2 3 4

N ucí. D ata Sheets 1, no, 6 (1966) Bl-6-57.
”) See ref. ">).

See ref. ‘O).
“) See ref. " ) .

T abi,e 4

T he g-factors o f  the  6 and 7" isom eric sta tes in the odd-odd  '^"Ga and Ga

N ucleus C onfiguration Schm idt “) Em p *’) Exp

"«G a {?rf5,2, ' ’g9/2¡7- -0 .1 5 0 +  0.087 0.105(0.003)

<’'’G a { ''fs/l- ' ’g9/2}6 -0 .1 8 7 +  0.046 2 0% 0.129(0.003) •=)
'’^G a {Ttpj.z, Vg<,,2¡^- +  0.314 +  0.150 8 0%

“) V alué ob tained  using the result o f  the puré single-particle m odel (see table 3) for and 
*’) V alué ob tained  using the em pirical da ta  for and g„ from  neighboring odd-.4 nuclei (see tab le  3). 

Seetext.

tem atics show that, in general, the experimental valúes depart considerably from  
those predicted by the Schmidt form ula.

It has long been recognized that such deviations are mainly due to  core po lar­
ization effects “ ®). By taking these into account, the agreem ent with the m easured g -  

factors o f  od d -^  nuclei is considerably improved.
In our case o f odd-odd nuclei these effects are best taken into account by using 

the 3 p and g„  valúes experimentally determ ined for the corresponding states in the 
odd-/4 neighbors. Table 3 shows the available data for such nuclei. The Schmidt 
predictions and the valué obtained by using an et'fective spin ¡^-factor proposed 
by Bodenstedt ‘̂ ) to  include the core polarization effect are also shown. It is seen that 
for these nuclei the deviations from the Schmidt valúes are large while the use 
o f  f̂¡ yields a reasonable agreement.

In table 4, the 0 -factors m easured in the present work are com pared to  those 
obtained by assuming and as given by either the puré single-particle model 
(under colum n labelled “ Schm idt” ), o r the experimental valúes obtained from



neighbohng nuclei (column labelled “ Em p” ). It is seen that a reasonable agreement 
is obtained with the empirical and for the 7 “ state in ®*Ga assum ing the 

v g ,¡ 7 - configuration while the Schmidt prediction yields the opposite sign. 
The m easured 3 -factor for the 6 '  state in ®*Ga is cióse to the calculated valué 
assuming the {ttp^, vgj}g^ configuration and the empirical figures for and g^. 
However a small mixing o f the {/tf^, v^}^- term catuiot be ruled out. In fact if one 
assumes that the wave function is

'f'e = s J T ^ { n p ^ ,  vg^jg. vgj}^-,

the present m easurem ent yields = 0 .2 0 .
In sum m ary, the g(-factors determ ined in this work support the assum ption that 

the 6 and 7 isomeric states in ^®Ga and ®*Ga can be described in terms o f  simple 
shell-model configurations involving the g^ neutrón orbit and p^ and f^ proton 
orbits, but the polarization effects, not taken into account in the extreme single- 
particle description, appear to be im portant.

After the present m easurem ents vvere completed, a thesis work by Leitz ‘°) carne 
to  our attention. Using a 40 kG  m agnet and the *^Cu(a, n;')®'^Ga and *’Cu(a, n 7)*®Ga 
reactions, Leitz determ ined the ,^-factors of the 6  ̂ and 7 “ states in '’^Ga and ^®Ga, 
em bedded in a copper m atrix, to be (7(6 “ , ^*Ga) =  0 .123±0.03 and g{7~, ®®Ga) =  
0.102 +  0.02, The í?-factors reported by Leitz and those obtained in the present work 
using the K ontani and Itoh valué o f  the hyperfine m agnetic field in iron (see table 2) 
are in very good agreement. Using the g-factors reported by Leitz and our valúes 
for the Larm or precession frequencies we can make an independent estim ate o f  the 
hyperfine m agnetic field in iron which is fi(G a/Fe, room  T) = - 1 0 9  ± 2  kG , in 
excellent agreem ent with K ontan i’s valué reported in ref.
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of the Physics D epartm ent during our stay at BNL.

References

1) C. Pom ar. Thesis, U niversity o f  C uyo. A rgentina. 1976, unpublished;
C. Pom ar. Y. G ono . H. M. Jager. P. K leinheinz, R. M. Lieder, M. A. J. M ariscotti, M. M üller- 
Veggian and A. N eskakis. to be published

2) L. H arm s R ingdahl, J. Sztarkier and Z. P. Zaw a, Phys, Scripta 9 (1974) 15
3) P. Thieberger, A rk. Fys. 22 (1962) 127
4) M. K ontan i and J. Itoh, J. Phys. Soc. Japan  20(1965) 1737: 19 (1964) 1984; 22 (1967) 345
5) R. S. Preston, S. S. H anna and J Heverlc, Phys. Rev. 128 (1962) 2207
6) K. K rólas. Int. Conf. on hyperfine in teractions studied in nuclear reactions and decay, U ppsala, 

Sweden, 1974, ed. E. K arlsson and R. W áppiing, p. 151
7) H. N oya. A. A rim a and H. H orie, Prog. Theor. Phys. (K yoto) Suppl. 8 (1958) 33
8) R. J. Blin-Stoyle, Proc. Phys. Soc. A66 (1953) 1158

L IF E T IM E S  A N D  y -FA C T O R S  523



9) E. B odenstedt and J. D. R ogers, in Perturbed angu lar corre la tions, ed. E. K arlsson. E. M atth ias and 
K. S iegbahn (N orth -H o lland , A m sterdam , 1964) p. 91

10) H. B ertschat, H. H aas, W. Leilz, V. Leithauser, K. H. M aier, H. E. M ahnke, E. Recknagel. W. 
Sem m ler, R. Sielem ann, B. Spellmeyer and Th. W icherl. Proc. Int. Conf. on nuclear m om ents and 
and nuclear structu re, O saka, 1972. ed. H. H orie and K. Sugim oto, p. 217

11) V. S. Shirley, in H yperfine in leraclions in exciled nuclei, ed. G. G oldring  and R. Kalish (G o rd o n  and 
Breach, N Y , 1971)

12) W. Leitz, Thesis Freien U niversitat, Berlin, 1973. unpublished; and Spring M eeting o f the G erm án  
Physical Sociely, H eidelberg, 1973, p. 152

524 A. F IL E V IC H  el al.


