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Excited states of the neutron deficient nucleus Te were identified for the first time in
the Fe( Ni, 2pn) reaction by in-beam p-spectroscopic methods. The NORDBALL detector array,
equipped with a charged-particle and a neutron detector system for reaction channel identification,
was used to detect the evaporated particles and p rays. A level scheme was constructed on the basis
of pp-coincidence relations, and the angular momenta of the states were determined from the mea-
sured angular correlation intensity ratios. Two favored bands built on the vg7y2 and vh&zy2 neutron
quasiparticle states were identified. The structure of the nucleus is discussed in the framework of the
particle-vibration coupling model using the interacting boson-fermion formalism up to spin 27/2.
The negative parity sequence is compared to Total Routhian Surface calculations.

PACS number(s): 23.20.1 v, 25.70.Gh, 27.60.+j, 21.60.Ev

I. INTRODUCTION II. EXPERIMENTAL METHODS AND RESULTS

A great interest is shown in the identiGcation and study
of the structure of nuclei close to the proton drip line.
One of the long-standing problems in the study of ex-
otic nuclei is to reach the doubly magic nucleus Sn.
Nuclei far from the stability line are produced with very
low cross sections in heavy-ion reactions. Therefore in
their identification the use of highly efFicient and sensitive
techniques is required. In an experiment performed at
NORDBALL, several of very neutron deficient nuclei were
identified in beam in the A 100 region [1] for the first
time. As a result of this experiment also the level schemes
f three light Te ~~~t~p~~ sos, xog, ixoTe for which pr

tically only the ground states were known earlier, have
been deduced [2,3]. In this work we report results on the
structure of Te.

The nucleus Te was previously investigated in P-
decay and in P-delayed proton- and n-decay studies [4).
In these experiments only the half-life of the ground 'state
was determined. The aim of the present work was to
get information on the excited states of Te using in-
beam spectroscopic methods. To interpret the experi-
mentally observed states of this nucleus the interacting
boson-fermion model was applied. High-spin states are
compared to deformed mean-Geld calculations, based on
the cranked Strutinsky approach.

In the experiment a 10 mg/cm thick Fe target
isotopically enriched to 99.8% was bombarded with a
270 MeV Ni beam from the accelerator facilities of the
Niels Bohr Institute. The particles and p rays emitted
from the Xe compound nucleus were detected with the
NORDBALL detector system [5], which was set up with 15
BGO-shielded Ge detectors and with a 30-element p-ray
calorimeter of BaF2 crystals covering the backward 2'
hemisphere. The detector system was further equipped
with 11 liquid scintillator detectors of about lvr solid an-
gle in the forward direction [6] to detect neutrons, and
with an inner 4m charged-particle detector array of 21
AE type Si detectors -[7] to give information on the num-
ber of emitted protons and o. particles. The trigger condi-
tion was set to detect at least two p rays in the calorime-
ter and at least two p rays in the Ge detectors. Both neu-
tron time-of-flight and pulse shape discrimination were
used for neutron-p discrimination.

A total of about 420 x 10 coincidence events were col-
lected and then sorted into a set of E~-E~ matrices by
requiring di8'erent conditions on the number of detected
charged particles and neutrons. In spite of the applied
conditions, these matrices contained p rays from several
final nuclei, because some of the emitted particles have
been undetected or misidentified. The p rays of the Te
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nucleus appeared in the 1p- and 2p-, as well as in the
1n-, 1pln-, and 2pln-gated matrices. The number of

Te p rays collected into the 1p- and 2p-gated matri-
ces was about a factor of 3 larger than in the ln-gated
matrices due to the -25'Fp efficiency of the neutron ball.
The spectra obtained from these matrices were, however,
of lower quality, as the high background originating from

p rays of nuclei produced without the emission of neu-
trons obscured the weak transitions of Te. Thus in
the data analysis the sum of the 1n-, 1pln-, and 2pln-
gated matrices was used. The contaminating p lines of
other nuclei present in this matrix due to undetected pro-
tons, neutrons, or o. particles from reactions with higher
particle multiplicities were eliminated by using a succes-
sive matrix subtraction technique. Finally some small
corrections were made to remove transitions present be-
cause of identifying o. particles as protons and to remove
transitions from target and projectile excitations. The
total projection spectrum of the cleaned matrix obtained
in this way is shown in Fig. 1, where all labeled p rays
belong to Te.

To confirm the assignment of the p rays to Te we
used the raw matrices. By determining the intensity ra-
tios of the p rays in the spectra generated from matrices
corresponding to diferent numbers of detected neutrons
and protons, and comparing them with values obtained
for known nuclei, one can unambiguously assign the re-
action channel [1]. Prom the measured intensity ratios,
the strongest p rays in Fig. 1 were assigned to the reac-
tion channel with the emission of two protons and one
neutron leading to the nucleus Te.

Standard gating techniques were used on the cleaned
matrix, and all the coincidence relations were also
checked in the original pin-gated matrix. The energies
and intensities of the p rays assigned to Te are sum-
marized in Table I. They were deduced from the total
projection spectrum and. from the gated spectra. The
relatively large errors of the intensities are due to the
estimated systematic uncertainty coming from the ma-
trix subtraction. Typical gated spectra of the pure Te
matrix are shown in Fig. 2.
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FIG. 1. Total projection spectrum of Te obtained from
the summed ln-, 1pln-, and 2pln-gated pp matrix after the
subtraction of the contaminating channels.

TABLE I. Energies, relative intensities, angular correla-
tion intensity ratios, and angular momentum transferred by
the p-ray transitions assigned to Te. Suggested spins and
parities of the initial and final states of the transitions are
given in the last column.

jV

(keV)
os.i(1)

224.6(5)
265.2(5)
Si6.2(2)
S26.1(i)
398.7(l)
424.5(5)
494.3(l)
537.6(5)
591.9(1)
609.0(1)
672.0(4)
674.2(2)
695.2 (1)
760.1(3)
76s.o(2)
839.3(3)
848.7(2)
853.3(5)
877.0(4)
889.5(l)
895.9(1)
933.9(1)
o74.2(a)
989.0(3)

1015.9(2)
1029.5(5)

I~
(relative)

46(15)
5(2)
5(2)

11(2)
51(5)
41(4)
6(3)

100
5(2)

40(4)
99(9)
is(2)
28(5)
96(9)
15(4)
44(6)
15(5)
17(5)
9(2)

14(4)
88(8)
2o(4)
61(6)

7(3)
16(3)
28(5)
6(s)

I~(143 )
I~ (7oo)+ I~ (ioio)

0.99(13)

1.65(67)
0.75(10)
0.80(12)

1.47(22)

0.94(17)
1.57(19)
i.22(5i)
1.61(29)
1.57(20)
1.43(40)
1.51(25)
0.84(23)
1.46(39)
1.48(48)
i.63(47)
1.47(19)
i.oo(so)
1.6O(24)
0.95(35)
i.21(35)
1.88(41)
0.98(37)

AI I,". m If
(5)

(7/2.+) ~ (5/2i )
(9/2.') (7/2. )
(5/2, ) (5/2, )
(11/2~ )m(11/2~ )

1 (ll/2, ) -+ (9/22+)
1 (11/2~ ) m (9/2~ )

(9/2, ) ~ (5/2, )
2 (15/2~ )—+(ll/2i )

(7/2;) ~ (5/2')
(9/2+) ~ (7/2+)
(1O/2;)-+(15/2;)
(37/2, )m(35/2, )

2 (11/2+, ) —+ (7/2+, )
2 (23/2, )m(19/2, )

(2) (15/2+) —+(ll/2+)
(9/22 ) ~ (5/21 )

1 (37/2, )-+(35/2, )
(2) (35/2, )~(31/2, )

(2) (33/2, )—+(29/2, )
2 (27/2, )+(23/2, )

(1) (29/2. )~(27/2. )
2 (31/2~ )m(27/2~ )

(1)

2 (35/2i )-+(31/2i )
(1)

For most of the transitions pp angular correlation in-
tensity ratios were determined from the p-ray intensi-
ties measured at 143 and —79, 101 relative to
the beam direction using the strong 494- and 98-keV
transitions as gating transitions. The intensity ratios
R I (7p +I (1pp )

shown in Table I were used to deter-I, (143 )

mine the angular momentum transferred by the p rays.
In the case of weak transitions the ratios R had too large
errors to draw definite conclusions. Even in the case of
strong transitions there remains some ambiguity, as the
same ratio can correspond to, e.g. , a AI = 2 stretched
E2 or a AI = 0 mixed Ml/E2 transition with appropri-
ate mixing ratio, or similarly, the ratio can be the same
for a pure AI = 0 and a mixed AI = 1 transition. In the
analysis we always assumed LI ) 0. According to the-
oretical estimates for stretched E2 transitions R —1.5
and for stretched dipole transitions R —0.8.

The level scheme of Te shown in Fig. 3 was con-
structed mainly on the basis of the coincidence rela-
tions and on the energy and intensity balances. The
p lines from the four lowest-lying states of the negative
parity band have nearly equal intensities. Their order-
ing is based on the assumption that they form a quasi-
rotational band. The order of the higher-lying transitions
is well established by the coincidence and intensity rela-
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tions. For the positive parity band, the order of the p
rays is determined by the intensity relations. The order
of the 326- and 763-keV and the 399- and 592-keV lines,
having nearly the same intensities, is also supported by
the presence of the weak branches (225, 538 keV and 425,
265 keV). In these two weak branches the more intense
p rays in the gates corresponding to higher-lying p rays
were placed at higher energy. The summed intensity of
the 316-, 326-, and 399-keV p rays equals the intensity
of the 494-keV transition, and so it seems that there is
very little side feeding into the 1089-keV (11/2 ) state.

The ground state of Te was assigned as I =5/2+ on
the basis of systematics of light N = 57 nuclei [8,9). After
that the spin values assigned to the excited states were
mainly obtained from the measured angular correlation
intensity ratios. The 98-keV ground state transition and
the 592-keV transition have AI = 1 character and thus
suggest spin 7/2 and 9/2, respectively, for their initial
states. Positive parity is proposed on the basis of ex-
pectations from the above mentioned systematics. Simi-
larly, the 763-keV ground state transition is most likely a
stretched E2, which suggests spin 9/2 and positive par-
ity for its initial state. Both the 326- and. the 399-keV
transitions have small angular correlation intensity ra-
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FIG. 3. Proposed level scheme of Te from the
Fe( Ni, 2pnp) Te reaction. All the spin values are tenta-

tive, and they are given relative to the assumed ground stateI" = 5/2+. The unfilled part of the 98 keV arrow represents
the intensity of the conversion electrons, assuming pure M1
multip olarity.

00
I

R Ãn CO

300 . CO
00

Irl n Dich C CO ~ CACO
eege CA neo~04 CIl 4I co 00 00 00 CA Ch CO

~

I I I I I I I I

Gate: 592 keV

600 .

300-

150 .
Ch
00 W Ch CO

00 W
Ch CA O

~, ~' &.~~~~.SiN~~~4i 4kQN, ~~Qa JLJ)g ~~~glj0 ~&gi q)i gPr~l PIlgIIllITQQ ~~ ~7)~~ii~gwl)l h»~~$15~(P
I I I I I I I I I I

Gate: 674 keV

200-

100-
Ch
CO

O CO CO
Ol Co IO Ch
co n 00 00 Ch

450 . Gate: 890 keV g
C0 Co CD

Ch300- Ch
C0

IQ CO CACA nCR W CACO

150- CIl 20K aXe CA ma

,~d~ IIllih LMi
Q~P fp ff'W'TPf~ gF'&'~'r
I I I I I I I I

200 400 600 800 1000 1200 1400 1600 1800 2000
CHANNEL NUMBER

FIG. 2. Typical pp-coincidence spectra obtained from
gates set on the cleaned matrix.

tios (=0.8), consistent with stretched dipoles, indicating
that the 1089-keV state has spin 11/2. We have assigned
negative parity to this state on the basis of systematics.
The spin values of the negative parity band are well es-
tablished up to spin 35/2 by stretched E2 transitions.
The large error in the angular correlation intensity ratios
of the weaker transitions does not allow for precise spin
assignments for the higher-lying states. The spin values
in the sideband above 4673 keV came from the dipole
nature of the interband and quadrupole character of the
intraband transitions. The two lowest-lying transitions of
the positive parity side band have stretched quadrupole
character, suggesting 11/2 and 15/2 spin to their initial
states. The ll/2 spin assignment to the 772-keV level is
in agreement also with the angular correlation intensity
ratios for the 316-keV and 674-keV transitions. The spin
assignment of the states at 538 and 265 keV is proposed
on the basis of theoretical considerations.

The positive parity band is yrast up to spin 15/2, even
though it is not highly excited and weakly populated.
This is because most of the feeding is gathered above spin
23/2 by the negative parity band, and there is no mixing
between the two bands due to their di8'erent parities.
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III. DISCUSSION
E (MeV)

109

On the basis of the systematics of light N = 57 nuclei
[8,9] low-lying ds/2, g7/2, and hzz/2 quasineutron states
and vibrational bands built on them are expected to dom-
inate the low energy part of the spectrum. To make these
expectations more quantitative we calculated the struc-
ture of Te in the vibrational limit of the interacting
boson fermion model (IBFM).

The Hamiltonian of the interacting boson-fermion
model is [10]

HIBFM HIBM + Hqp + Hmon + HQq + Hexc&

where HIBM is the Hamiltonian of the interacting boson
model [11], H~z is the spherical quasiparticle Hamilto-
nian of the odd neutron, and H „, HQq, and H, de-
note the monopole, quadrupole, and exchange parts of
the particle-vibration interaction, respectively.

The boson core was treated in the SU(5) limit of
the IBM, adequate for vibrational nuclei. The max-
imum number of bosons was 4, corresponding to the
four valence nucleon pairs of the Te core. The d-
boson (phonon) energy Eg and the hexadecapole boson-
boson interaction strength C4, describing to what extent
the 4i state is pushed up relative to the energy 2',
were determined by adjusting them to the spectrum of

Te [2], resulting in Ed = 0.62 MeV and ( 4
——0.15

MeV. The parameter y describing the static part of the
quadrupole moment of the d boson was deduced from the
B(E2;2z ~ 0+&) and Q2+ values of the ~22 ~24Te nuclei

1
to be y = —1.0.

The shell model space consisted of the sz/2, d3/2, d5/2,
g7/2 and Ai i/2 subshells. The occupation probabilities
were estimated in the BCS model using the Kisslinger-
Sorensen parametrization [12]. The following values were
ad~pted: V (s~~2) = 0.17, V (d3/2) = 0.05, V (d, /2) =
0.59, V (g7/2) = 0.28, and V (hzz/2) = 0.06. The rele-
vant quasiparticle energies relative to the d5/2 state were
0.11 MeV for the g7/2 and 1.4 MeV for the hii/2 orbital,
obtained from the BCS calculations.

The boson-fermion coupling strengths were fitted to
the energies of the positive parity states of Te. The
monopole interaction strength was 35 keV, which is a
typical value in this mass region. The quadrupole-
quadrupole interaction strength was 380 keV, which cor-
responds to a weak particle-vibration coupling. The
strength of the exchange interaction, which takes into
account the microscopic structure of the phonon and in
this way simulates the Pauli principle, was 800 keV.

The calculated and measured level energies are com-
pared in Fig. 4, where also the main configurations of the
calculated states are given. There is a good correspon-
dence between the calculated and experimental energies.

According to the calculations the ground state is the
d5/2 quasineutron state, and the first excited state is the
g7/2 neutron excitation. Its low energy is in agreement
with the BCS calculations and also with the systematics
in the sense that in the N = 59 nuclei the 7/2+ state
become the ground state. The two 9/2+ states are the
9/2 members of the ds/2 + 2z and g7/2 2+ one-phonon
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FIG. 4. Comparison of the experimental level scheme with
the theoretical calculations based on the interacting bo-
son-fermion model. On the right hand side of the figure the
main components of the calculated wave functions are also
given.

multiplets, while higher-spin positive parity states have
mainly g7/q 2+, 4+, 6+ configurations. The negative
parity states arise &om the coupling of the hei/2 neutron
states to the yrast states of the Te nucleus [2].

It is interesting to compare the vibrational bands built
on the 7/2+ and 11/2 states. The energy of the AI=2
p rays, taking away one phonon energy from the system,
is consistently lower with about 160 keV in the negative
parity band than in the positive parity one. As both
sets of states were interpreted as a quasiparticle cou-
pled to the yrast states of Te, a possible explanation
may be that the high-j intruder hei/2 neutron increased
the moment of inertia (the average deformation) of the
soft Te core by polarization. On the other hand, the
IBFM describes well this difference, but cannot account
for polarization phenomena. According to these calcu-
lations the way of particle-vibration coupling changed.
In this model, as in all relevant particle-vibration cou-
pling models, the particle is coupled to the core via the
conventional quadrupole-quadrupole interaction, and via
the exchange interaction, which is applied to describe
the so-called j —1 effect [13]. The effective strength of
the quadrupole-quadrupole interaction is proportional to
(U —V ), while that for the exchange interaction is ap-
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proximately proportional to UV. Thus, in the case of the
nearly empty vhzzyz quasiparticle state the quadrupole-
quadrupole coupling is dominant, while in the case of the
much more flied vg7y2 quasiparticle state the exchange
force also plays a significant role. This difference was
enough to describe the above mentioned energy di8'er-
ence in the two bands.

The highest spin expected in the IBFM is 27/2, as the
core has eight valence particles enough for four phonons.
However, the negative parity band is not terminated at
27/2 . The classical way to investigate the nature of
the high-spin states is based on the analysis of the spin
along the rotational axis, I~ = g(I + 1/2) —K, as a
function of the rotational frequency (Ru E&/2). Such
a plot is shown in Fig. 5. The experimentally extracted
spin I is compared to cranked Strutinsky calculations,
which are based on the deformed Woods-Saxon potential
(we refer the reader to Refs. [14,15]). Within the mean
field concept, there is no a priori limit of the spin, which
is calculated microscopically, via the summed contribu-
tions of all quasiparticles.

In the cranking model the first vhg gy2 crossing is
blacked, due to the occupation of that orbital. The small
increase in angular momentum at Ru = 0.45 MeV coin-
cides with the calculated alignment of g7~2 neutrons. In
addition there is a smooth alignment due to g7/& pro-
tons, with a very large interaction (Fig. 5). The total
calculated angular momentum is, however, smaller by
= 25 than the experimental one. A possible mechanism
for this discrepancy might be related to the vibration-
rotation coupling, which is beyond the scope of the crank-
ing model. The coupling to, e.g. , one aligned quadrupole
phonon might thus be responsible for the above discrep-
ancy.

At even higher frequency, Lu = 0.5 MeV, a pro-
nounced angular momentum increase is present in the
data (Fig. 5). In the even-even isotope ii2Te, a nice ro-
tational band has been observed, based upon the proton
hiiI2 intruder orbital [16]. In our calculations, one ex-
pects a crossing with the 7r(hiiy2) band to occur around
Ru —0.6 MeV. At that frequency, one also expects the
first unblocked hzzg2 neutron crossing. Protons as well
as neutrons occupying the kz~y~ orbital strongly polar-
ize the quadrupole deformation to larger values (from
P2 ——0.14, p = 15 to P2 ——0.22, p = 10 ). The align-
ment gain at Ru = 0.5 MeV might thus be interpreted as
a crossing with the more deformed 7r(hiiIz) —v(hiiI2)
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FIG. 5. Experimental and calculated spin I for the ob-
served negative parity band.
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configuration. A comparison of that crossing with the
one in the intruder band of the even-even Te isotopes
yields that it takes place later in the calculations than
in the experiment. Since, however, the present data are
not followed to higher-spin values, one has to be careful
with a definite assignment, and the discussion of the pos-
sible alignment at ~ = 0.5 MeV is therefore somewhat
speculative.
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