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MALDEGHEM AND HEYDE: PROTON-NEUTRON MULTIPLETS . . .

from light to heavy nuclei (see Ref. 1 and refs. therein). A short outline of this approach is given in Section 2. There, we also concentrate on the behaviour of a specific proton-neutron multiplet in the presence of collective vibrations. In Sect. 3, a detailed application to odd-odd nuclei in the Z = 82 region i. e. the TI iso­topes is performed. 

as 
2. Model descnptz'on

The general form of the Hamiltonian describing odd-odd nuclei can be written 
H = Hcol l  + H ,11, (n) + H qp (P) + Hcoupl (n) + 

where + Hcoup l (v) + Hint (n, v),

Hco l l  = li<02 1; (biµ b2µ + 1/2)," 

(2. 1) 

(2.2) 
describes the excitation energy of the underlying vibrational core (bfµ denotes the quadrupole phonon creation operator, liro2 the quadrupole phonon energy), and 

H qp (e) = L En ,1 (e) N (c:Z1m (e) Cnum (e)),
nljm 

(e = n, v) (2.3) 
describes the unperturbed quasiparticle energy of the proton (neutron). Here, En ,1 (e) denotes the proton (neutron) quasiparticle energy, c:IJ (e) the proton (neutron) quasiparticle operator, and N ( . . .  ) indicates the normal ordering with respect to the proton (neutron) Bardeen-Cooper-Schrieffer (BCS) vacuum. Hcoupl (e) describes the coupling between the proton (neutron) fermion degrees of freedom and the quadrupole vibrations. The explicit expression is yiven by 

X (nljm (e) I Y2µ In' l'j'm'(e)) · N (c;,;m (e) Cn' l ' J' m' (e)). (2.4) 
Finally Hint (n, v) describes the remaining residual interaction between protons and neutrons. To obtain energy spectra and wave functions, the Hamiltonian is diagonalized in the basis spanned by proton-neutron multiplets coupled to the collective quadru­pole excitations of the underlying core. Consequently the final wave functions can be expanded as : 

IJ,M) = l: d1 (NRI; J) l(N, R) X [nlj (n) X n'l'j' (v)] It ; JM), (2.5)
NRlt where N represents the number of quadrupole phonons, R is the angular momen­tum of the quadrupole phonons, and [nlj (n) x n'l'j' (P)] I1c denotes the proton­neutron multiplet coupled to the total angular momentum I. If N � 4, an additio-
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nal quantum number is required to label uniquely the N-quadrupole phonon 
state. 

In order to obtain the quasiparticle energies and the occupation probabilities 
v2, a BCS calculation was performed using the Nilsson Hamiltonian plus pairing 
force2>. The values of µ and x were taken from Ref. 3.

Starting from a microscopic Q 2 ( n) · Q 2 ( 11) interaction between the valence 
particles, one can understand the macroscopic vibrational core-particle Q2 (coll) ·
· Q2 (particle) interaction4>. The latter interaction also causes an energy splitting
of a p-n multiplet, in addition to the >>direct<< p-n interaction. Ignoring the p-n 
interaction, the energy splitting of a quasi-proton quasi-neutron multiplet due 
to the quadrupole coupling Q2 (coll) · Q2 (particle) to the core, is given, in se­
cond order perturbation theory, by the parabolic rule5 > . 

Taking the coupling term explicitely as : 

Hcoupl = - Y ;  liw2 (E2 (n) Y 2 (n) + E2 (11) Y 2 (11)) • Q2 (coli), · . (2.6) 
with 

(2.7) 

bl11 = quadrupole phonon creation operator,
one can derive the corresponding second order energy splitting (parabolic rule) : 

-2n {jp in I} AE (I) =  -5-e (p) fJ (n) E (n) E (v) liw 2 (- I)lp+ ln + I . • • x 
Jn - )p 2 . .  

X (j 11 1  I Y 2 1  Ii,,) (inl J Y 21 Ii�), (2.8) 
with 

e (w) = (u! - v!) w = p, n. 

We refer to Appendix A for more details. There, we also show that LJE (I) repre­
sents a parabola as a function of I (I + 1). Moreover, the energy splitting depends
on the product E2 (n) · E2 (11) of the coupling strengths. 

In carrying out a detailed study of the above methods for the odd-odd Tl 
nuclei, the parabolic rule and the dramatic effects caused by particle-core coupling 
will be highlighted. 

3. 1 . -Introduction 3. Applications to 1 86 - 200 Tl 

In the odd-odd 1 8 6 - 2 0 0TI isotopes, a negative parity band starting with 
Jn = s- (9- , 10-) and based on the lh91 2 (n) - Iii 31 2 (v) intruder multiplet has
been identified 6 - 1 3>. Detailed calculations were performed within the frame 
work of the two-quasiparticle plus rotor model (TQPRM) eventually including 
a proton-neutron interaction 6 - 1 3 >. The present situation can be summarized as 
follows : 
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Fig. la. Experimentally determined negative parity band in the 1 8 6 - 2 0 0n isotopes. Energy levels 
known up to 2 MeV above the bandhead are shown. The bandhead decays into the 7+ isomer. 
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Fig. 1 b. Same caption as Fig. la, but here a possible unobserved low-energy transition is included 
in the level scheme (see detailed values in Table 2). 
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(i) The band starts with a set of transitions whose energies are unusually smallas compared to energies in related bands (i. e. 1h912 (:n:) intruder and li1 31 2 (1')bands in odd TI and Hg nuclei, respectively). It is therefore experimentallynot easy to resolve the lower members of the multiplet. Owing to this experi­mental uncertainty, unobserved low-energy transitions could have escapedobservation. This opens two possibilities for constructing the correspondinglevel schemes (Figs. I .a and l .b) :- we assume that all gamma transitions within the band have been obser­ved, giving the spectrum of Fig. I .a (the gamma transition are givenexplicitely in Table 1)
TABLE 1. 

A I 186 188 190 192 194 196 198 200 

s- 0.003 9- 0.063 0.060<+> 0.060<+>  0.062 0.071 0.07610- 0.034 0.010<+> 0.083 0.096 0.109 0.122 0.1 19 
1 1 - 0.276 0.273 0.273 0.276 0.278 0.271 0.259 0.217 
12- 0.322 0.302 0.281 0.262 0.245 0.236 0.246 0.230 
13- 0.382 0.396 0.403 0.397 0.402 0.348 
14- 0.309 0.283 0.267 0.297 0.311 

Transition energies .dE (I) = E (I) - E (I - 1) (in MeV) in the negative parity band in 1 86- 200n isotopes. No unobserved low energy transition is included. ( +) = estimated values (by extrapollation of systematics)
- since experimentally very low gamma transitions might have escapeddetection, upper limits are giV'en in almost all odd-odd TI nuclei. In con­structing the spectrum of Fig. l .b, we assume energies for these transitionsconform with the upper limit to exist and as given in Table 2.

TABLE 2. 

I 186 188 190 192 194 196 198 200 

3- 0.003 
9- 0.015<*> 0.014<*> 0.013<*> 0.012<*> 0.01 1'*> 0.010<•>

10- 0.034 0.063 0.060<+> 0.060<+> 0.062 0.071 0.076 
1 1 - o.oso< +> 0.060<+> 0.010<+) 0.083 0.096 0.109 0. 122 0.1 19 
12- 0.276 0.273 0.273 0.276 0.278 0.271 0.259 0.217
13- 0.322 0.302 0.281 0.262 0.245 0.236 0.246 0.230

I 14- 0.382 0.396 0.403 0.397 0.402 0.348 15 - 0.309 0.283 0.267 0.297 0.311 

Transition energies .dE (1) = E (1) - E (I - 1) (in MeV) in the negative parity band in 1 86- 200Tl isotopes. An unobserved low energy transition is included. ( +) = estimated values (by extrapolation of systematics) (*) = value equal to the experimentally determined upper limit 
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(ii) The negative parity band displays a smooth neutron-number dependence.We observe a compression of the first excited states of the band cs- , 9- ,10-, ( 11-)), with decreasing neutron-number, leading to level crossings ofthe bandhead for the lighter TI isotopes.(iii) In Tables 1 and 2, the transition energiesLIE,=E,_E,_ 1 of the negative parityband are given. Restricting LIE1 (with I =  10 + LI [, 11 + LJ J, 12+L1 I, 13+ + LII and 14 + LI I, L1 I  = 0 or 1) to A = 192, 194, 196, 198, stagge­ring is detected (Fig. 2). Here LJ I = 1 corresponds to the case where an
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Fig. 2. Experimental energy difference E1 - E,_1 for 192 - 1 98Tl for I =  10  + LU, 11 + LJI, . . .  ,14 + LI I. The experimental trend shows staggering. This is not confirmed by the theoreticalcalculation for 192Tl, as shown in the figure. 
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unobserved low-energy transition is included (see energies in Table 2), whereas taking LJ I = 0 means no unobserved transition is accounted for (seeenergies in Table I). The two cases (L1I = 0 or 1) correspond to an oppositephase of staggering. Should no additional transition be present, the simple 
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two-noninteracting quasiparticle plus rotor model would be insufficient to 
explain the observed staggering 1 2>. The inclusion of a proton-neutron inter­
action explains the staggering through a (-1)1 dependence of the proton-
neutron force (Figs. 1.a, b ). Here I being the total intrinsic angular momen-

-+ - -+ 
tum I = in + j.,. On the other hand, a systematic comparsion of the doubly-
odd Tl isotopes and the neighbouring odd-Tl and even-even Hg isotopes 
(Fig. 3) provides strong evidence supporting the interpretation that the 
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Fig. 3. The energy differences r E (2t) - E (Ot); E (1 1 - + L11) - E (10- + Lfl) and E (11/i') -
- E (9/2) in respectively the even-even Hg, odd-odd Tl and the odd-even Tl isotopes. The 

experimental trends are shown as a function of mass-nwnber. 

signature dependence in the Coriolis interaction and not the residual n - ,, 
interaction is responsible for the staggering1 3>. Thus in the context of the 
particle plus rotor models, it is suggested that the mechanism behind the 
staggering entails an interaction of the particles with the core rather than 
among the valence particles themselves. 

In the following we discuss the present experimental and theoretical situation 
within the framework of the proton-particle neutron-quasiparticle quadrupole vi­
brator model. In the next section we determine the parameters entering the calcu­
lation. Contrary to the case of the TQPRM, we are able to distinguish more clearly 
between the effects of the quadrupole phonon coupling and the residual valence 
proton-neutron interaction. A final test on the wave functions is provided by the 
calculation of the experimentally available magnetic dipole and electrical quadru­
pole moments. 

3.2. Parametel's 
The model Hamiltonian is described in detail in Sect. 2. An appropriate basis 

for describing the negative parity intruder band can be contructed by the coupling 
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of proton - I-particle - 2-hole neutron - one-quasiparticle excitations to the 
even-even Pb-core nuclei. Thereby we simplify the proton - 2-hole Pb-core 
coupled system by the corresponding even-even Hg vibrator spectrum. Thus, 
the basis wave functions are built from the coupling of the lh91 2 (n)-particle 14312(1')­
quasiparticle multiplet to the Hg vibrational core. 

The quasiparticle energy and occupation probability of the li1 31 2 (1') quasi­
neutron is obtained by a Bardeen-Cooper-Schrieffer (BCS) calculation, using the 
Nilsson Hamiltonian (in the spherical limit) and a constant pairing force2>. The 
values of µ = 0.380 and x = 0.040 were used3>. The pairing strength G (1') was 
adjusted in order to obtain the experimental odd-even mass differences. The re­
sult of this calculation are summarized in Tables 3 and 4. The neutron one-quasi-

TABLE 3. 

N G (v) A (v) 

105 17.5 1 .115 
107 18.2 1.170 
109 18.1 1.145 
1 1 1 18.6 1.145
1 13 18.6 1.075 
1 15 18.3 0.965
1 17 18.5 0.930
119 18.3 0.810
121 18.7 0.734 
123 19.5 0.678 

I 125 18.S 0.315 

The pairing strength G (MeV) and the pairing gap LI (MeV) (as determined from the experimen­
tal odd-even mass differences). The pairing strength G was adjusted to reproduce the pairing 
gap LI. (µ = 0.380, ,e = 0.064). 

N 

105 
107
109
1 1 1
1 13
1 15
1 17 
119
121
123 
125 

I o• 
1i13/2(v) 2J5/2(v) 2p3/2(v) 

0.46 0.09 0.17 
0.54 0.12 0.22
0.62 0. 14 0.26
0.70 0. 1 7 0.33 
0.77 0.21 0.41
0.85 0.25 0.51 
0.89 0.34 0.63
0.93 0.45 0.76
0.96 0.63 0.86
0.97 0.82 0.93 
1.00 0.97 0.99 

TABLE 4. 

2pl/2(•) I li13/2(•) 
u2 _ v2 

2f5/2('v) 2p3/2(v) 2p1/2(v)

0.05 0.08 0.82 0.67 0.91 
0.06 -0.09 0.76 0.57 0.89
0.06 -0.25 0.72 0.48 0.87
0.08 -0.40 0.65 0.34 0.8S 
0.08 -0.55 0.58 0.18 0.83 
0.09 -0.69 o.so -0.01 0.83 
0.1 1  -0.78 0.32 -0.27 0.78
0.12 -0.87 0.09 -0.53 0.76
0.17 -0.92 -0.26 -0.72 0.66 
0.30 -0.95 -0.63 -0.86 0.40 
0.60 -0.99 -0.95 -0.98 -0.20

The occupation probabilities v2 (v) and the differences [u2 (v) - v2 (v)] (as a function of neutron
number N), calculated from the Nilsson model, including pairing. 
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particle energies are given in Fig. 4. The one-quasiparticle energies reproduce 
well the experimental trends of the corresponding ground and first excited states 
in the odd-mass Pb isotopes (Fig. 5). 
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Fig. 4. Neutron one-qausiparticle energies for the Pb isotopes as a function of neutron-number. 
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2fs,2, 3p312, 3P1,2 one-quasiparticle neutron states in the 9dd-even Pb isotopes 1'>. 

FIZIKA 22 (1990) 1, 233-254 241 



MALDEGHEM AND HEYDE: PROTON-NEUTRON MULTIPLETS . . .

The · proton-neutron residual interaction was taken as a delta-function ' inter­
action i. e. 

with 

-+ -+ -+ -+ 
H,n, (n, v) = - V0 [(1  - a) + a a,, • an] 8 (r11 - r.), (3. 1) 

VO = 300 MeVfm3 and a = 0.25.

In Figs. 6.a, b, we represent the matrix elements of the interaction (3. 1) for 
the lh912 (n) - li 1 312 (v) multiplet, taking a =  0.0 and a =  0.5. Since the lit 312(11)
neutron has a dominating hole character in the mass region considered, Fig. 6.a 
is the closest to the situation we are dealing with. 

The value for the liru 2-phonon energy in the even-even Hg nuclei, can be 
obtained directly from Fig. 3. The particle-core coupling strengths E2 (n), E2 (v) 
can in principle be obtained from a fit to the energy spectra of the neighbouring 
odd-even Tl and odd-even Hg isotopes respectively. In first approximation, we 
take E2 (n) = E2 (v) = E2• Here E2 is obtained starting from the experimental 
known B (E2) values 1 5> of the underlying even-even Hg -cores, using a harmonic 
approximati�n 

(3.2) 

with R0 �e;nuclear radius and (k) � 50 MeV1 6>.
Hence, we obtain values for E2 ranging from about 3 to 7 in going from 2 0 4Hg 
to t9 6Hg. 
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Fig. 6a. Matrix elements of the 1h912 (n)-particle liu,2 (i,)-hole multiplet using a delta-forc;e 
with spin-exchange (VO = 300 MeVfm 3, a = 0 and a = O.S).

242 FIZIKA. 22 (1990) 1, 23�254 



MALDEGHEM AND HEYDE: PROTON-NEUTRON MULTIPLETS • • •

0.10 

t Q60 

� 

100 

i 0.5� 
V) � 
ffi Q40 0 
:::E &• 1• 

x Q30 

z 020 

Q10 

0.00 

2 3 4 5 6 7 8 9 10 11 
ANGULAR MOMENTUM I 

Fig. 6b. Same caption as Fig. 6a but for the 1h912 (,i)-particle 1i 1312-particle multiplet. 

2.0 

t 
1s· 

� 
� 

f 11,- ----- 15-

� > 
13· 14-m 1.0 

� 
w z 

� 
w 12· 13· 

n· 
� 

12· 

1(f, �R ,r w lw 0.0 f a· > ' . 
i== EXP I T HEORY EXP JI 

. 19�TI

-1.0 

Fig. 7. The 1h91\ (n) - 1/1312 (,,) negative parity band in 1 92Tl, theory versus experiment. Up
to four quadrupole phonon states are taken into account (licu2 = 0.5 MeV, E2 (n) = E2 (v) = 7).
A delta-force with spin-exchange (VO = 300 MeVfm 3, a = 0 and a = O.S). Experiment (II)
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· and· 2).

FIZIKA. 22 (1990) l� · 233-254. 243



MALDEGHEM AND HEYDE : PROTON-NEUTRON MULTIPLETS , . .

3.3. Results and discussion 

As an example, a detailed calculation of the level scheme for 1 9  2Tl is perfor­
med (Fig. 7). The value of liro2 was taken as :

(3.3) 

Here Ex (4;), Ex (2:) denotes the two- and one phonon energy, respectively. 
This choice for liro2 which is slightly different from Ex (2:), results in a more
expanded band, especially the upper part of band. It also takes into account the 
fact that the experimental two-phonon states in the underlying even-even Hg-core 
are somewhat higher than two times the experimental one-phonon level (as expres­
sed by the inequality in equation (3.3)). The coupling strength �2 was taken equal
to 7. Fig. 6.a explains the bunching of the lower bandlevels (Jn ::;;; 10) due to the 
used delta proton-neutron force with spin-exchange. This conclusion is not chan­
ged by the fact all these lowest multiplet members contain almost the same one­
phonon admixture (Table 5). Both the quadrupole-core coupling and the proton-

TABLE 5. 

is-) � 0.38 1(1, 2) x 91 (nv)) + 0.37 1(0, O) x Si (nv)) 
-0.35 1(1, 2) X 7'f (nv)) + 0.30 1(2, 0) X 81 (nv)) 

19-) � -0.42 1(1, 2) x Si (nv)) + 0.36 1(0, 0) x 9i (nv)) + 0.32 l(l, 2) x 101 (nv)) 

110-) E:S .-0.46 1(1, 2) X 91 (nv)) + 0.32 l(O, O) x lOj (nv)) 

1 1 1 -) � -0.41 1(1, 2) x 101 (nv)) - 0.31  1(2, 2) X 9i (nv)) + 0.32 1(2, 4) X 81 (nv))

112-) � 0.49 1(2., 4) X 91 (nv)) - 0.38 1(1, 2) X lOi (nv)) 

1 13-) � 0.52 1(2., 4) x 101 (nv)) - 0.37 1(3, 6) X 91 (nv)) 
-0.32 1(4., 8) X 51 (nv)) - 0.30 1(1, 2) X 1 11 (nv)) 

114�) � 0.53 1(4, 8) X 61 (nv)) - 0.51 1(2, 4) x 101 (nv)) 

1 15.�') � 0.64 1(3, 6) x lOi" (nv)) - 0.50 1(2, 4) x 1 1  i (nv)) - 0.32 1(4, 8) x 91 (nv)) 

Wave functions for . 1 92Tl (!amplitudes I � 0.30). The used basis is l(N, R) x 1r (nv) ), N the 
number of quadrupole phonons, R is the collective angular momentum, If (nv) is the state obtained 
from coupling the lh912 (n) particle to the li1 312 (v) quasiparticle. 

neutron interaction produce a smooth reduction of the multiplet splitting of the 
lower band member, which is proportional to the (u2 

- v2) ( li1 3/2 ('P)) behaviour.
Since (u2 - v2) (1£i 312 (11)) decreases with decreasing neutron-number (see Tab­
le 4), the corresponding multiplet states get compressed and a level . crossing occurs 
when (u2 - v2) (fi 1 31 2 ('P)) becomes negative. Fig. 8 provides a global but sche­
matic explanation for the observed level crossing. For all values of v2 (Ii 1 31 2 ('P)),
a constant value of /iro2 = 0.4 MeV and �2 = 2.5 was used. This choice for the
collective parameters gives the best prediction for the experimental level crossing 
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Fig. 8. Relative energy position of the 1-, s-, 9-, 10-, (2-) states of the lh9A (n) - Ii 13J2 (v) 
multiplet as a function of '12 (li1 312 (v)). The multiptet is coupled to the quadrupole vibrations 
of the underlying even-even Hg core (liro2 = 0.4 MeV, E2 (:n:) = E2 (v) = 2.S, up to 4 quadrupole
phonons are taken into account). The proton-neutron interaction used, is a delta-force with spin-

exchange <Vo = 300 MeVfm3, a =  0.2S). 

i. e. at v2 (Ii 1 312 (v)) � 0.4--0.5. In other words, a level crossing occurs in the
1 8 6 - 1 8 8Tl isotopes, corresponding to v2 (Ii 1 31 2(11)) � 0.4-05. The fact that
the s- state lies below the 10- state for v2 (U 1 31 2(11)) > 0.5, can be ascribed to
the admixtures of the quadrupole phonons in the first few levels of the band. Ac­
cording to the parabolic rule5 >, the state with 

J = 1/n Vn + 1) + j., (j, + 1) - 1/4] 112 
- 1/2 � 8 (3.4) 

should be the lowest. When calculating the position of the energy levels in Fig. 8, 
but now without quadrupole phonons, the n-v interaction (see Fig. 6.a) favours 
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the 10- to be the lowest multiplet state. The result is presented in Fig. 9. In first approximation, this corresponds to the situation in the odd-odd Bi isotopes 1 7 - 2 1  >, 

� 
� 0.300 
w 
z 
Q ... 
-t ... uX w 

0.200 

O.tOO 

Q.O 02 Q4 i!-6 08 1D 
Vfi13/2

--

Fig. 9. Relative energy position of the 10- and s- states of the lhgjl (n) - 1i 1312 (11} multiplet 
as a function of fJ2 (1i1312 (11)). A proton-neutron delta-force with spin-exchanges is used (same 
parameters as Fig. 8), however no quadrupole phonon excitations are included in the calculation. 

where the · 10- state should be the lowest multiplet state (Fig. 10). The decrease of the excitation energy of the 10- isomer in the Bi-isotopes with decreasing neu-tron-nwnber is related to the one-quasiparticle energy of the Ii 1 312(i,) orbit relative to the lowest · neutron quasiparticle state (the proton particle remaining in the lh91 2 (n) state for both the ground state and the 10- isomer). The decreasing behaviour of the E (i1 312(11)) quasiparticle energy with decreasing neutron-num­ber is confirmed by Figs. 4 and 5. Returning to the negative parity band in the TI-isotopes, it is noted from Fig. 6.a that the 11 - state lies well separated from the lower-lying close-lying multi­plet members. Hence the 11 - state should be situated much higher in energy
246 FIZIKA 22 (1990) 1, 233-254 
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Fig. 10. Energy level systematics of the 10- isomeric states in odd-odd Bi isotopes. 

than the other multiplet states. Since the 1 1 - (10-) wave function contains impor­
tant one- and two-phonon (zero- and one-phonon) admixtures (Table 5), the 
(E (1 1 -) - E (10-)) energy difference as a function of neutron-number is closely 
related to the corresponding E (21)-phonon energy (Fig. 3). We remark that the 

112•-112•- 112·--112·-- 112•-- 112•--11t-V2· --112· 

Fig. 1 1. Experimental trends of energy levels with Jn = 1/2 +, 3/2 +, 9/2 + corresponding to the 
3s11:u 2d3,2 and lh912 proton-particle states in the odd-even Tl isotopes 1 4>.
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energy difference between the bandhead and the 7+ level (mainly 3sijl (n) -- li1 312(v) c�nfiguration) follows the trend of the (E (9/2) - E ( l/2+)) energydifference in the neighbouring odd-even Tl isotopes (see Fig. 1 1)2 2>. Finally, in Fig. 2 we observe that the theoretical transition energies in 1 9 2Tl exhibit no staggering within the framework of the particle-vibrator model. Due to the different interactions (n-11, n-core, v-core) no simple conclusions can be drawn about staggering. Moreover, in the lighter 1 8 6 - 1 90TI isotopes and in 2 00TI, the experimental transition energies show no staggering at all. 
3.4. Electromagnetic properties In Table 6, we compare experimental magnetic g-factors with the calculated values in both the odd-odd Bi and odd-odd TI isotopes. We recall that the leading contribution to the magnetic g-factor contain no explicit dependence on the BCS-occupation probability v2 (Ii  1 31 2  (v)). So, for the Bi-isotopes we calculated the magnetic g-factor using the same v2 (17 1 31iv)) = 1.0. A detailed study shouldrequire more experimental information. In the case of 1 9 2Tl almost no effect was observed on the calculated g-factors, using wave functio�s for the s- state

Jn 

202Bi 10-
204,Bi 10-
20CSBj 10-
2oaBi 10-

1un s-

TABLE 6. 

Experiment 

0.2SS(3) 1 9

0.236(23) 1 9 
0.2642(14)1 7
0.2666(27) 1 8

0.207(5)23

Theory 

0.233 

0.171 

Comparison of the experimental g-factors with the theoretical prediction. As effective single­
particle g-factors we take: g1 (n) = 1.00µN, g1 (v) = O.OOµN, g. (n) = +2.1928µN, g. (v) = 
= - 1.9131SµN. For the Bi isotopes fJ2 (li1 312 (i,)) was taken equal to 1.00. For 192Tl, the value 
f12 (li1 312 (v)) = 0.70 was used. 

7 s 
3.S
2.S

TABLE 7. 

73 
63 so 
38 

Quadrupole moment of s- bandhead for different values of the coupling strength Ez. A constant 
value for e0,,, = 4e is used. The occupation probability is taken fJ2 = 0.7, corresponding to 1 92Tl 
(en = 1 .Se, e., .,;,. O.Se). 
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obtained with different values for the coupling strength � 2• The g-factor is rather insensitive to the collectivity of the wave function, but rather reflects the degree of configuration mixing of the valence particles. On the contrary, the quadrupole moment depends largely on the degree of collectivity of the wave functions. This · is illustraed in Table 7. The quadrupole moments are calculated using wave functions corresponding to different values of E2. The same value of e,,,b = 4e is used. Changing e,,,b, according to the relation
Jin Zeliw 2 

e,,, b = E2 5 (k) , (3.5) 

with (k) � 50 MeV 1 6>, would even enlarge this effect. A preliminary experimen­tal value of 45(9) e2fm2 for the quadrupole moment for the s - state in 1 9 2Tlwas obtained 2 3>. In Table 8, we give the intra-band B (Ml) and B (E2) values. The compari­son with experimental values would confirm whether the selected theoretical levels correspond to the experimental ones. It would permit us to give a more precise definition of the observed collective band in terms of levels connected through transitions with a certain behaviour of the B (Ml), B (E2) values. 
TABLE 8. 

Jn B (Ml ; l  -+ l - 1) B (E2; I -+ I - 1) 
• (µ?,) • (e2 Jm4) 

9- 1.73 8400 
10- 1.43 8400 
1 1 - 1.07 7510 
12- 0.678 4510
13- 0.832 4730
14- 0.482 2660 
15- 0.655 2820 

Theoretical B (Ml) and B (E2) values for intra-band transition in the case of 1 92Tl (g1 (n) = lµN,
g, (v) = OµN, g. (n) = 2.1928µN,8• (v) = -1.91315µN, CR = ZJA, e:r = I.Se, ev = O.Se, e111b = 4e).

4. Conclusion 

Using an approach based on a quadrupole vibrator coupled to proton-neutron quasiparticle multiplets, we were able to give a description of the observed proper-ties of the l h9/2 (n) - li 1 31z(,,) intruder negative parity band in the odd-oddTI nuclei. The energy spectrum of the negative parity band in the TI isotopes, could be related to the energy levels in the neighbouring Pb, TI and Bi isotopes. A more detailed investigation of the intruder systematics in that region 2 4>, shows that the intruder negative parity band in odd-od 1 8 6 - 2 0 0Tl isotopes completes the picture on intruder-based bands in that region. 
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APPENDIX 

Derivation of the parabolic rule We derive an analytical expression of the energy splitting of a proton-neutron multiplet ICPn)II ), I = lip- inl , . . .  , jP+ in, coming from the exchange of quadru­pole phonons. 

with 

The second order perturbation theory gives following expression: 
1 LJE (l) = - ­liw2

:E I (( 1, 2) X (p'n') I' ; IMj Hcoup, l (O, 0) X (pn) I; JM)! 2, 
p'n' 1' 

He•••• = H.,., ,  (n) + He•••• (�) = - -v:;: liw, (�2 (n) Y 2 (n) +

Q2,. (coll) = b!,. + (- 1)" b2 _µ,b2µ = quadrupole phonon creation operator.

(A. I) 

(A.2) 
Here l (N, R) x (pn) I; IM) is the wave function describing the coupling of thecollective vibrations to the proton-neutron excitations, where N represents the number of quadrupole phonons, R is the collective angular momentum, and ICPn) J) denotes the proton-neutron multiplet coupled to total angular momentum I. More explicitely we have : 
with 

250 

c;,,% (e) = quasi particle creation operator,(x = p, n; e = n, P), 
IO) = Bardeen-Cooper-Schrieffer (BSC) vacuum,

(A.3) 
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The matrix element in equation (A. I) becomes : 

((1,  2) X (p'n') I' ; IMJ Hcoui,i (n) + Hcoui,i (11) l (O, 0) x (pn) I; IM) = 

1/- { {2 I' J} = - y ; lim2 (- 1)1' +' 1 0 2 ((1, 2)1 1  Q2 (coll)l l(O, 0))

X <(p'n') I'I I E2 (n) Y 2 (n) + E2 (v) Y 2 (v)l f(pn) /)}. (A.4) 

For the single-particle reduced matrix elements, we obtain : 

((p'n') J'l l e2 (n) Y2 (n) + E2 (11) Y2 (v)I ICPn) [) = 
., I' .,

= (- 1)1',+J•. + I Vc21· + I} (21 + I} v;1 1 y 2 (n)J Ji.> { '; j, ';} "···· +
., I' ., 

+ c- 1y•, +J, +1• Vc21· + 1> c21 + 1> <;;1 1  Y. Ml 1;. > {�· ;. ';} "•··· CA.5)

We also have : 

{
2 I' I

} = (- 1)1' + 1

1 o 2 irsv21 + 1' 
and 

((1, 2)1 I Q2 (coll) l  l(O, 0)) = J/S:

Combining the above expressions, we can write : 

L1E (I) = - _I_ � I - 1' n
s 

lim2 (E2 (n) (- 1) Jt,,+Jtn + I  J/21' + llia, 2 p'n' r Y 

X {� � 
j
; } <i;J J Y 2 (n)J Jj,) 8.• .n + e, (�) (- 1)'',+i',+ I• V21' + I

x { f ;: ;i } v;1 1  Y, ml 1;.> "·· . •  {

The last equation can be separated as follows : 

L1E (I) = LIE0 + LIE,, (1),
with 

n 
{ 

{j; I in } 2 

LIE0 = - -
5 

liw2 I, E! (n) (21' + I) I . 2 (i;I I Y2 (n)l lip)2 +
p' I' } p  
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., I . 2 

+ l: E! (v) (21' + 1) {11 . 12"} (j�I I Y 2 (v)l lin>2 } =n' I' Jn 

(A. 10) 
In (A. 10), we used the orthogonality relation of the 6-j symboJs2 5 • 2 6>._ We .clearly see that AE0 is independent of I, and is only causing an overall shift · of the multi­plet. Only contribution AEb gives rise to the splitting of the multiplet: 

LIE0 (I) = - 2; liru2 E2 (n) E, M 7 (21' + I) (- 1)1+" {-;
. [' . 

X {� j. 
1; }  v.1 1 Y, (n)l lj,> <i.1 1 y 2 Ml Ii.>

2n {jP jP 2 } = - - liw2 E2 (n) �2 (v) (- I)ii,+Jn+ I  , S ·  h h I X <iPI I Y 2 (n)l lip) (GP) (inl I Y 2 (v)l lin) (qp)• (A. 1 1) 

We used the sum rule for 6-j symbols : 
:t (- I)J+Jt +J" (2j + 1) {�1 j� j� } {� 1 j� j�' } = {� 1 

�
2 

�:, }· (A. 12) J3 J4 J 12 }4 J J4 )3 } 

Taking into account following analytical expression for the 3-j symbols2 7> :  . . 2 [ C: ;: 1 } = c- w,+J, +I · 6 · A CA + 1) - ! w.+ o;. u. + 1)]
X [(2jp + 3) (2jp + 2) (2j" + 1) (2jp) (2jp - 1) (2jn + 3) (A. 13) 

with A = I (I + 1) - j,, (j,, + 1) - in Un + 1 ), and the analytical expression forthe reduced matrix elements of the spherical harmonic in the coupled representa-
� � � tion l + s =j :
< ·1 1 Y I I "> - (it. - v2) c2 . + t) 1/s (3/4 - i U + I))1 2 1 ( qp) - J 1 '.J r 4n Vc2i - 1) j (2j + IHi + 1) (2j + 3)'(A. 14) 
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we finaly obtain : 

[1 (1 + 1) - j p (j p + 1) - in Un + 1)]) 
1 

) + 
(2j p) (2in) (2j p + 2) (2jn + 2) 

+ 16 e (p) e (n), (A. 15)

and @ (x) = (u2 (x) - V 2 (x)), X = p, n.
The energy splitting of the proton-neutron multiplet due to the exchange of 

the quadrupole phonon is given by : 

[1 (1 + 1) - j,, (jp + 1) - in Vn + 1)] 2 + [1 (1+ 1) -j" (jp + 1) - in <in + I)] e 
(2j p) (2jn) (2j p + 2) (2jn + 2} ' 

(A. 16) 
with e = e (p) e (n).

Expression (A. 16) represents a parabola as a function of 1 ( 1 + l ).
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Originalni znanstveni rad 

Koristeci vezanja cestice i sredice opisana je nuklearna struktura jezgara 1 8 6 - 2 o0TI.Istaknuta je vaznost protonsko-neutronskih interakcija. 
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