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ABSTRACT

The alignment of hn/2 protons in vt13/2 intruder bands in mass
A=130 region is investigated. The lack of a clear /in/2 band
crossing is compared with the alignment pattern of in/2 neutrons
in 7rtls/2 intruder bands ia mass A=180 region. The very smooth
rise in angular momentum in the intruder bands is related to a
possible neutron proton interaction between the single intruder
orbital and the aligned two-quasiparticle configuration.



1. INTRODUCTION

The discovery of bands built on very elongated shapes1'2^ has opened up a new
field in nuclear spectroscopy. It allows studies of proton and neutron high-j intruder
orbitals not feasible in "normally" deformed nuclei. At these large deformations the
spacings between the orbitals in a multiplet are large and the high-j configurations are
considered to be rather pure.

During comparisons of experimental data on strongly deformed intruder bands
in odd-A nuclei in various mass regions (A= 120,130-140, 170-180) with results from
cranked Woods-Saxon calculations, we have systematically observed alignment patterns
in the intruder bands that have not been possible to reproduce by standard model
calculations. A common feature for all these bands is the lack of a predicted "hump"
in plots of the j ' 2 ' moment of inertia as a function of the rotational frequency fua. A
"hump" in the J^2'moment of inertia, defined as dl/dw, is generally a sign of a band
crossing connected with an alignment process (the well known backbend phenomena).
In this paper we would like to summarize some of our findings and raise the question if
these effects may indicate a strong residual n-p interaction that is not included in the
standard mean-field approach.

The role of the n-p interaction between high-j (intruder) orbitals at high spin in
medium and heavy mass nuclei has to our knowledge not been investigated so far.
Especially when high-j protons and neutrons align their angular momenta along the
rotational axis one might get a large spatial overlap between the neutron and proton
orbitals in the aligned configurations which can lead to large n-p matrix elements
which are not vanishing at high spins. The rotational frequency can act here as a
parameter for the observation of the interaction. A strong residual n-p interaction
between rotationally aligned particles might result in a disturbance of the alignment
pattern as e.g., an increased mixing between the crossing bands.

2. NEUTRON i11/2 INTRUDER BANDS

The first observation that inspired us to make a more systematic study of alignment
patterns in high-j intruder bands concerned the et'13/2 bands in the A=130 region.
Superdeformed and strongly deformed bands are relevant to classify according to the
number of occupied high-j intruder states 3'4'. In the well deformed bands in odd N
nuclei in the mass A=130 region, which have been observed during recent years (e.g.
refs. 6, 5), only one neutron will occupy a high-j intruder orbital, the [660] 1/2 neutron
orbital originating frpm the i l s /2 subshell. In contrast to the low-fl [660]l/2 orbital, the
other valance neutrons will mainly occupy high-Q orbitals from the N=4 shell (positive
parity) and from the /in/2 neutron subshell (negative parity). The proton Fermi level,
on the other hand, is situated among the low-fi orbitals from the hn/2 shell.

For the mass A=120-190 region large scale Total Routhian Surface (TRS) cal-
culations have been performed7'4'8^. The calculations are based on a Woods-Saxon
potential8' including monopole pairing and the Strutinsky shell correction method. The
Total Routhian is minimized with respect to the deformation parameters j32, fit and
7 for different configurations as a function of the rotational frequency hw. In order
to describe the pairing correlations in a 6elfconsistent way in the calculations of the
J'2'moments of inertia, particle number projected wave functions have been used in a



second step taking an average deformation from the results of the TRS calculations.
(Deformation Average Pairing Self consistent, DAPS - see ref. 4 for further and more
detailed descriptions).

The calculated minima associated with intruder structures stay in general much
more constant in deformation with increasing frequency as compared to structures
at "normal" deformations. The change in deformation across the e.g., /in/2 proton
alignment in the 113/2 neutron configuration in 131Ce is calculated to be only 0.01 in
@i and /?4 and 1° in 7 . It may, therefore, be justified to assume the deformation to
stay constant when calculating the J ^ moments of inertia as is done in the following.
The effects we are discussing below will not be affected by slight deformation changes.

The first backbend in the mass 120-140 region for nuclei with prolate shapes has
been assigned as being due to the alignment of hn/2 protons, "ef" crossing10'11'. One
of the most crucial tests on a model for high spin is the ability to reproduce the
j(2'moment of inertia, a quantity which is independent of the experimental spin as-
signments. The agreement between the experimentally observed J'2'values and the
cJculated ones is in general remarkable for nuclei in the A=130 region reflecting the
power of the model used. In e.g., 132Nd 12\ where the valance protons occupy levels in
the lower part of the hn/2 subshell and neutrons in the upper part of the corresponding
shell, the alignment pattern in the ground state band is nicely reproduced (fig. la).
However, when a single neutron occupies the i13/2 neutron intruder orbital, which is
the case in all the highly deformed bands in nuclei with even Z and odd N as e.g.,
131Ce, 133Nd, 135Nd, 13SSm, 137Sm ».».«.".") and 139Gd ">, the DAPS-calculations
fail to reproduce the first / t u / 2 proton crossing, which one would expect to occur in a
frequency region of fiw= 0.3 — 0.4 MeV (see figs. lb,c,d). The best agreement with
the general behaviour of these bands, especially for the Ce, Nd, and Sm isotopes, is
actually obtained in calculations without any proton pairing (no + 1/, figs. lb,c,d). (For
139Gd, see below). Examining the proton shell structure solely, there is no direct rea-
son to assume the proton pairing to vanish although the proton pairing gap is slightly
reduced (Ap « 0.9 Mev) due to the low level density at Z « 60 and /32ss 0.35. However,
as suggested in ref. 18, the static pair gap might even be lower due to the presence
of additional strongly upsloping orbitals (level crossings) at larger deformations. The
calculations are, however, not able to reproduce the data even after a strong reduction
(as 30%) of the proton pairing strength. (An extra blocking of two proton orbitals
would result in a decrease of the pair gap with w 30%.) The unexpected alignment
patterns axe, therefore, difficult to ascribe to pairing effects only. One can note that
the "hump" in Ĵ 2^ at hum 0.5MeV (figs. lb,c) is interpreted as a combined /»n/2 and
hf/2 neutron alignment as also stated earlier 7'. This means that the neutron pairing
is still effective at large rotational frequencies.

3. PROTON »1J/2 INTRUDER BANDS

In order to systematically search for the*effect observed in the mass 130-140 region,
we have also looked for similar situations in other mass regions. In the mass A= 170-180
region strongly deformed bands built on the 113/2 proton intruder orbital have been
observed in several nuclei 20'21-22). The situation is very analog to that in the the
mass A=130 region, with the difference that now TI'IS/2 intruders polarize the nuclear
shape towards a larger deformation. Another difference is that the Fermi level lies
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Fig. 1: Calculated (filled symbols) and experimental (open hexagones) J*2* moments of
inertia. The pairing selfconsistent calculations (DAPS) are marked with dashed
lines. Proton (ir) and neutron (v) contributions are shown separately as well as the
total contribution (IT + v). The calculations where the proton system is unpaired
(no) with solid lines. The hump in J*2*as caused by the alignment is marked with
'ef and 'EF' for hn/2 protons and neutrons.
a) The 'normally'deformed yrast band in 132Nd.
b) The uii3/2 intruder band in 13lCe.
c) The viu/2 intruder band in 13SNd.
d) The uii3/2 intruder band in liSSm.



higher up in the neutron T'I3/2 shell (between fi=5/2 and 7/2) than does the Fermi
level in the proton hn/2 shell in the A = 130 region. In the .4 = 170-180 mass region, the
first crossing is due to alignment of t'13/2 neutrons ("AB"-crossing). Such crossings have
been observed throughout the whole deformed rare earth region. As in the mass A = 130
region, the DAPS calculations are, however, not able to reproduce the behaviour of
the J*2' moments of inertia of these bands (fig. 2a). No sharp i'i3/2 neutron crossing is
observed experimentally in the plots of j ' 2 ' versus hw. Instead, a smooth increase in
the J(2'moment of inertia with frequency is found for all observed ij3/2 proton bands
in odd Z, even N nuclei, between A=171-181 (see figs. 2a,b for 175Ir and m A u as
an example. The J^2' moments of inertia of Ir- and Re-nuclei with Nf 102 all behave
very similar). The closest similarity when comparing the two mass regions is found
between the strongly deformed vi\si2 band in 139Gd and the 7n'13/2-bands in Re, Ir,
and Au isotopes with Nf 102. It is interesting here to note that in those cases the Fermi
level is situated roughly at the same position within the uil3/2 and irhn/2 subshells,
respectively, (close to R=7/2). Thus the effect seems to be depending on the position
of the Fermi level with respect to the aligning particles. This is even more clearly
illustrated when looking at Au-isotopes with N = 102-106. The behaviour of the 7ri'13/2 -
band in 181Au with 102 neutrons shows a smooth rise in J ^ with hw like in the cases
discussed previously 23\ On the other hand, in 183'18SAu, a pronounced alignment of
113/2 neutrons is observed23'24', now in agreement with the calculations (fig. 2c).

For the Re, Ir, and Au isotopes as well as for 139Gd, one can indeed show that an
alignment procedure takes place in the intruder bands at about the predicted frequency
by plotting E — kl(l + 1) versus / . However, the calculated interaction strength in
175Ir is only about one third of what is needed (470 keV) to bring the calculated
curve in agreement with the experimental data (fig. 3a, see also ref. 22). The data
thus seem to indicate that an additional interaction strength of «300keV between the
one quasi-particle (qp) and three qp-band is present. (One should also note that the
CSM calculations normally overestimatr the interaction strength.) The influence of
deformation changes on the alignment pattern, as deduced from the TRS-calculations,
are of minor importance for 17sIr (as well as for the other iri13/2 -bands) and cannot
explain the observed behaviour. Similarly, a reduction of the neutron pairing with
30 percent will still give a pronounced "hump" in the curve of the 3^2' moment of
inertia (figs. 2a,3a) and cannot reproduce the data. In 139Gd one finds like in 175Ir a
band crossing at about the predicted frequency with a very strong and not explainable
interaction strength (fig. 3b). Also, here a contribution of 5 ft from the odd neutron
has been subtracted from the I-value. The interaction strength deduced for 13*Gd
is %500keV and again =s300keV of the interaction strength is missing in the cranked
Woods-Saxon calculations. An unexplained n-p interaction with a similar strength has
earlier been inferred between proton and neutron high-K states in 176Hf25^).

An interesting project is to search for the i j 3 / 2 proton intruder bands in nuclei in
the mass 170 region with a still lower number of neutrons and the Fermi level situated
among the low fl-members of the 1^13/2 subshell to create a situation more equal to
that in eg 133Nd and u l C e .

Still another region where to search for anomalies in intruder bands is in the
A%120 region. Here the irhn/2 orbital has an intruder character and hu/2 neutrons
are predicted to align in the T/III/J bands. In the isotope 11BI, proton structures built
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Fig. 2: Calculated and experimentaJ j ' 2 ' moments, similar to fig. 1. The pi'13/2 neutron
crossing is masked with 'AB' and the h^/2 proton crossing with 'ef.

a) the fft'is/2 configuration in llsIr. The calculations were performed using the
full pairing strength (dashed line) and a 30% reduced pairing strength (solid
line, 0.70A.J.

b) the 7rtjj/2 configuration in I81Au.
cj the Trtjs/j configuration in 18SAu.
d) the nhn/2 andrrjj^ configuration in n*f. The calculated An/2 neutron cross-

ing is marked with 'EF' and clearly seen in the experimental values for the
9% 12 proton configuration only.
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Fig. 3: Experimental and calculated energies as a function of spin. The open symbols
correspond to the experimental values.

a) Two different pair gaps where used in the calculations (as in fig. 2a): one
obtained by the full pairing strength (dashed line) and one by a 30% re-
duced pairing strength (solid line, 0.70A,cj- The selfconsistent calculation
roughly reproduce the crossing frequency however strongly underestimate the
interaction strength. The filled triangles (solid line) inside the open boxes
(experimental values) are obtained by including an interaction strength of
470keV between the unperturbed one-qp and three qp band respectively (see
also " ) ;

b) Same as in a) but for the ftj.j/2 intruder band in 13tGd. The calculation
where an additional interaction strength of 500keV is applied is marked with
a solid line and filled triangles

on the gt/2 and /in/2 configurations have been observed26'). Whereas an alignment
interpreted as the /in/2 neutron alignment (the An/2 proton alignment is predicted
to come later in frequency) is clearly seen in the ng*j2 band, one observes only a very
smooth rise in J*2) with hui in the 7r/in/2 intruder configuration in analogy with the
Ir-isotopes (fig. 2d). According to the TRS-calculations, deformation effects can not
explain this behaviour either. In addition, the calculated interaction strength decreases
when going from N=68 to N=66. Experimentally, one observes the opposite behaviour
in e.g., the Cs-isotopes.

Also in light nuclei in the A=60-90 region similar effect might be expected. One
can here either search for An/2 neutron intruder structures and study alignment of
gt/2 protons or look for alignment of g^/2 neutrons in g^ji proton intruder bands.



4. DISCUSSION AND CONCLUSIONS

To summarize the observations, one can state that the alignment pattern in high-j
intruder bands deviates from the expected behaviour through:

i) a strong interaction in the band crossing region, which is seen in cases when the
Fermi level of the aligning particles is situated below midshell

ii) a disappearence of an expected band crossing, which is found in the A = 130 region
when the Fermi level is situated in the low part of the shell of the aligning particles

iii) or an unexplained shift in the crossing frequency as observed in /i9/2 proton bands
in the rare-earth region. This has been pointed out earlier but has not been given
any satisfactory explanation and might point to the same effect as in the cases
discussed above.
One can also note that the effect disappears when the Fermi level approaches the

intruder orbital which then looses its "polarizing effect" and its "particle like" nature.
As already stated, one might have to look at new aspects of the nucleonic interac-

tion, like a residual n-p interaction, in order to explain the observed effect. Calculations
addressing this problem have already been started. Neutron-proton interactions have
over the years been treated in various contexts, especially when discussing the onset
of deformation. Within the 6hell model27'28) it has been suggested that the strong
isoscalar neutron-proton interaction, which mixes different configurations, gives rise
to the onset of deformation. In the mean-field approach the onset of deformation
is related to the simultaneous occupation of high-j neutron and proton orbitals with
large single-particle quadrupole moments29^. The n-p interaction is taken into account
only in average by the positions and the slopes of the single particle levels and the
strong request of the deformation for neutrons and protons being the same. In unique
situations like those discussed here with aligning high-j particles in bands built on
high-j intruder orbitals, the n-p interaction might thus be badly accounted for in the
mean-field approach.

It has been demonstrated30'31' that certain low spin nuclear properties show a
pronounced dependence on the product of the number of valance protons and neu-
trons, NpNn. In ref. 32, the empirically observed saturation of B(E2, 0+-2+)-values in
deformed nuclei near mid-shell is interpreted as a reduced spatial overlap between the
wave functions of valance neutrons and protons, and thus a reduction of the quadrupole
n-p interaction, when filling a shell. An analogue dependence on the position of the neu-
tron Fermi level is as discussed also observed for the alignment pattern in Triis^ bands
at high spin in the A=170-180 region. A shift of the Fermi level within the shell of the
aligning particles changes the overlap conditions with the intruder orbital.

If unexplained effects are appearing in nuclei with one high-j intruder orbital one
can also ask the question what happens in bands involving both high-j proton and neu-
tron intruders? It is well known that the superdeformed bands observed in the mass
150 and 190 regions involve both proton t'u/2 ^nd neutron j'15/2 intruder orbitals4'33'.
One of the most intriguing observations concerning superdeformed bands during the
last years are the extremely equal bands found in neighboring nuclei in both of the su-
perdeformed regions34'35^. In the superdeformed Hg region, the Fermi level of protons
and neutrons is precisely one shell apart and both protons and neutrons occupy four
of the intruder orbitals, the next pair of intruders being above the Fermi surface33^.
One might therefore expect rotationally aligned, strongly overlapping t l s/2 proton and



j'is/2 neutron orbitals to influence the rotational band structure. In superdeformed
Hg-nuclei e.g., the rise in J'2^ is mainly attributed to a consecutive Jis/2 neutron and
t'i3/2 proton alignment33'36^. In the calculations, the alignment process is very sensitive
to parameters like deformation, neutron number, configuration, etc. A strong band in-
teraction might smooth out the alignment process and make it less sensitive to changes
in deformation as induced by different neutron numbers or different configurations.

In conclusion, several features concerning bands involving high-j neutron and/or
proton intruder orbitals are not explainable by standard model calculations. Here we
have put forward the question if a residual n-p interaction might be of importance in
these situations. This question needs further theoretical and experimental investiga-
tions. One must also investigate what extensions of existing models like the inclusion
of odd or higher order deformation terms will imply.
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W. Satula are also highly appreciated. R. Wyss acknowledges a fellowship from the
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References
1) P.J. Nolan, A. Kirwan, D.J.G. Love, A.H. Nelson, D.J. Unwin, and P.J. Twin,

J. Phys. G i l , L17 (1985)
2) P.J. Twin, B.M. Nyako, A.H. Nelson, J. Simpson, M.A. Bentley, H.W. Cran-

mer Gordon, P.D. Forsyth, D. Howe, A.R. Mokhtar, J.D. Morrison, J.F. Sharpey-
Schafer, G. Sletten, Phys. Rev. Lett. 57, 811 (1986)

3) T. Bengtsson, S. Aberg and I. Ragnarsson, Phys. Lett. 208B, 39 (1988)
•1) W. Nazarewicz, R. Wyss, and A. Johnson, Nucl. Phys. A503, 285 (1989)
5) A.J. Kirwan, G.C. Ball, P.J. Bishop, M.J. Godfrey, P.J. Nolan, D.J. Thornley,

D.J.G. Love, and A.H. Nelson, Phys. Rev. Lett. 58, 467 (1987)
6) E.M. Beck, F.S. Stephens, J.C. Bacelar, M.A. Delaplanque, R.M. Diamond, J.E. Draper,

C. Duyar, and R.J. McDonald, Phys. Rev. Lett. 58, 2182 (1987)
7) R. Wyss, J. Nyberg, A. Johnson, R. Bengtsson and W. Nazarewicz, Phys. Lett.

215B, 211 (1988); Z. Phys. A329, 321 (1988)
8) R. Wyss, W. Satula, W. Nazarewicz, and A. Johnson, Nucl. Phys. A511, 324

(1990)
9) W. Nazarewicz, J. Dudek, R. Bengtsson, T. Bengtssoa, and I, Ragnarsson, Nucl. Phys.

A435, 397 (1985)
10) D.M. Todd, R. Aryaeinejad, D.J.G. Love, A.H. Nelson, P.J. Nolan, P.J. Smith,

and P.J. Twin, J. Phys. G10, 1407 (1984)
11) R. Wyss, A. Granderath, W. Lieberz, R. Bengtsson, P. von Brentano, A. Dewald,

A. Gelberg, A. Gizon, J. Gizon, S. Harrisopulos, A. Johnson, W. Nazarewicz,
J. Nyberg, and K. Schiffer, Nucl. Phys. A505, 337 (1989)

12) R. Wadsworth, S.M. Mullins, J.R. Hughes, P.J. Nolan, A. Kirwan, P.J. Bishop,
I. Jenkins, M.J. Godfrey, and D.J. Thornley, J. Phys. G 15, L17 (1989)

13) Y.-X. Luo, J.-Q. Zhong, A. Kirwan, M.J. Godfrey, I. Jenkins, P.J. Nolan, D.J.G. Love,
S.M. Mullins, and R. Wadsworth, Z. Phys. A329, 125 (1988)



M) R. Wadsworth, et. al., J. Phys. G13, L207 (1987) and
E.M. Beck, et. al., Phys. Lett. 195B, 531 (1987)

15) S.M. Mullins, R. Wadsworth, J.M. O'Donnell, P.J. Nolan, A.J. Kinvan, P.J. Bishop,
M.J. Godfrey, and D.J.G. Love, J. Phys. Gl3 , L201 (1987)

16) E.S. Paul, R. Ma, C.W. Beausang, D.B. Fossan, W.F. Piel, Jr., S. Shi, N. Xu, and
J.-Y. Zhang, Phys. Rev. Lett. 61, -12 (1988)

17) R. Ma, D.B. Fossan, E.S. Paul, N. Xu, R.J. Poynter, P.H. Regan, R. Wadsworth,
Y.-J. He, I. Jenkins, M.S. Metcalfe, S.M. Mullins, and P.J. Nolan, J. Phys. G. 16,
1233 (1990)

18) W. Nazarewicz, Contribution to the XXV Zakopane School on Physics, Poland,
(1990)

19) R.R. Chasman, Phys. Rev. C14, 1935 (1976)
20) V.P. Janzen, et. al., Proceedings of the Conference on High-Spin Nuclear Struc-

ture, ed. by I. Ahmad, R. Chasman, R. Janssens, and Teng Lek Khoo, Argonne
National Laboratory, ANL-PHY-88-2, 216 (1988)

21) R.A. Bark, G.D. Dracoulis, A.E. Stuchberry, A.P. Byrne, A.M. Baxter, F. Riess,
and P.K. Weng, Nucl. Phys. A501, 157 (1989)

22) B. Cederwall, et. al., submitted to Phys. Rev. Lett.
23) H.Q. Jin, et. al., and L. Zhou, et. al., Univ. of Tennessee Annual Report, 88-03,

21, (1988)
21) A.J. Larabee, M.P. Carpenter, L.L. Riedinger, L.H. Courtney, J.C. Waddington,

V.P. Janzen, W. Nazarewicz, J.-Y. Zhang, R. Bengtsson, and G.A. Leander, Phys.
Lett. 169B, 29 (1986)

25) T.L. Khoo, J.C. Waddington, R.A. O'Neil, Z. Preibisz, D.G. Burke, and M.W. Johns,
Phys. Rev. Lett. 28, 1717 (1972)

26) Y. Liang, R. Ma, E.S. Paul, D.B. Fossan, N. Xu, J.-Y. Zhang, and F. DSnau,
Phys. Rev. Lett. 64, 29 (1990)

27) I. Talmi, Rev. Mod. Phys. 34, 704 (1962)
28) P. Federmanand S. Pittel, Phys. Lett. 69B..385 (1979)
29) W. Nazarewicz, in Contemporary Topics in Nuclear Structure Physics, ed. by

R.F. Casten, A. Frank, M. Moshinsky, and S. Pittel (World Scientific Publishing,
Singapore) 467 (1988)

30) I. Hamamoto, Nucl. Phys. A73, 225 (1965)
31) R.F. Casten, Phys. Rev. Lett. 54, 1991 (1985)
32) R.F. Casten, K. Heyde, and A. Wolf, Phys. Lett. 208B, 33 (1988)
33) M. Riley, et. al., Nucl. Phys. A512, 178 (1990)
34) T. Byrski, et. al., Phys. Rev. Lett. 64, 1650 (1990)
35) F.S. Stephens, et. al., Phys. Rev. Lett. 64, 2623 (1990)
36) E.F. Moore, et. al., Phys. Rev. Lett. 64, 3127 (1990)


