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The yrast superdeformed band #Zn has been established usidéSi(*®Ar, 2pn)®'zn and *°Ca(*°Si,
2a)%Zn fusion-evaporation reactions. The excitation energy of this band was determined via two transitions
that link this band to the normally deformed states. Lifetime analysis of this band resulted in a quadrupole
moment ofQ,= 3.0+ % b, which corresponds to a deformation @§=0.50+33;. A comparison of the(®
dynamical moments of inertia of the yrast superdeformed bantZn with those in®%Zn shows a nearly
complete blocking of the observed alignment®izZn, indicating thatT=0 proton-neutron pair correlations

may be present if%Zn. [S0556-281®9)51109-4
PACS numbes): 21.10.Re, 21.10.Hw, 23.20.Lv, 27.5¢

Among the more than 150 established superdeformedatory. In both experimentsy rays were detected by the
(SD) bands[1], the recently discoverel®] SD bands in the Gammasphere arrdy] (comprising of 82 and 100 Compton
massA~ 60 region are unique for two reasons. First, theysuppressed Ge detectors in the first and second experiments,
belong to the lightest mass region where superdeformatiofespectively, and evaporated charged particles were detected
has been observed. Therefore, they exhibit the highest rot&y the 95-element Csl detector array Microbfll. The
tional frequencies. Second, superdeformed nuclei in thi§harged particle information was used to select the reaction
mass region are self-conjugate or nearly self-conjugate. Thighannel and to determine the velocity vector of the recoil.
allows the investigation of isospin-sensitive properties in SDINe SD band inf'Zn was identified from the analysis of the
nuclei for the first time. Our recent studig] of the SD band ~ channel-selecteghyy cubes from the two reactions. Figure 1
in the N=Z nucleus ®Zn has shown two interesting phe- shows a level scheme of this band and the ND s{&&§ in

61
nomena:(i) The SD band decays out by stretcHed-tran- Zn.

. . I Results from the first experimenfbout 250 million
sitions, suggesting that the process may be nonstatistical; ar}qproton—gatedyy or higher foIFc)i events. were obtained from
(i) the J® dynamical moments of inertia exhibit a large rise the 265i(3Ar, 2pn) reaction at a beam’energy of 143 MeV

at low angular frequency, which has been interpreted as th?he target consisted of a layer of 0.42 mgfcisotopically
simultaneous alignment of two pairs @f,, protons and neu- enriched 28Si evaporated onto a 0.9 mg/érfia foil, which
trons. In *2Zn 2], the decay-out transitions of the SD band taced the beam. The SD band, established up to the 3127-
were not established, possibly indicating' a different decayyeay transition, was observed to decay to the ND states via
out process compared to that fiZn. This suggests that two linking transitions(5127- and 5278-ke)/ as shown in
additional neutrons outside tihé=30 SD shell gap may sig- Fig. 1 and the inset of Fig.(d).
nificantly affect both pair correlations and the barrier be- To determine the multipolarities of the observed transi-
tween the SD and normally deformé¢dD) potential wells.  tions, data were summed up for the 15 most backward-angle
To further understand these issues, it is important to studgetectors (142.6°, 148.3°, and 162.7°) and 25 detectors near
617n, which has only one neutron outside tNe=30 SD  90° (79.2°, 80.7°, 90.0°, 99.3°, and 100.8°) to form two
shell gap and, thus, could provide information on pair corre-groups labeled as “30°” and “83°,” respectivelyThe la-
lations, as well as on other nuclear properties sensitive tbels represent the effective angles corresponding to the av-
changing valence particles. eraged cosines of the two detector groups30° versus 83°
High-spin states in®Zn were populated in two experi- matrix was created from a subsetpjy events, each having

ments performed at the Lawrence Berkeley National Laboat least oney ray identified as a knowf'Zn transition. From
this matrix, information of directional correlations from ori-

ented stategDCO) was then obtained by extracting DCO
*Present address: Defense Research Establishment Ottawa, (5‘?—“05 defined as

tawa, Ontario, Canada K1A 0Z4. 1(30°) I(y, at 30°, gated withy, at 839
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FIG. 1. Level scheme of the SD band §tzn deduced from the ENERGY (keV)

present work. The errors of the transition energies are about 1-2

keV for the SD band, and 3—4 keV for the 5172- and 5278-kev  FIG. 2. (a) Spectrum obtained by summing all possible double

linking transitions. See text for details of spin and parity assign-gates on members of the SD bandPin from the **Si(*Ar, 2pn)

ments. reaction. Circles and triangles represent the SD band and low-spin
ND states in®Zn, respectively. The inset shows the two transitions

and are plotted in Fig. 3 for both the SD band and some NEhat connect the SD band to the ND bartt) Similar spectrum

states. When compared to the knof@ E2 and dipole tran-  obtained from the*®Cal®si, 2a) reaction. Most transitions from
sitions- (open symbols Fig. 3 shows that the 937-, 1079- ND states are broadened due to the Ta backing. The inset shows the

and 1675-keV transitions are quadrupole transitions, whered§atve intensities of the SD band from both reactions. The two

the 1402-keV transition is a dipole transition. If all the quad-curveS are norma_dized at 1626 ke.v’ with the y axis representin_g_ the
o o . percentage of intensities relative to the 937-keV transition
rupole transitions are stretché&® transitions, the spins of —1000) from the?®Si(*%Ar, 2pn) reaction
these ND levels can be assigned as shown in Fig. 1. Thse ’ '
DCO ratio for the 5278-keV linking transition has very large the 3%ar+ 28Sj reaction[see Figs. 1 and(B)]. This is con-
error bars, but slightly favors the quadrupole charatiee  sistent with the relative intensity patterns of the SD band
Fig. 3. An assumption of stretcheB2 character for this from the two reactionsee inset of Fig. ®)], and suggests
transition(which makes the decay-out pattern similar to thatthat the feeding of the SD band occurred at a higher spin for
in %9zn), along with the clear quadrupole character for thethe 2°Si+“°Ca reaction than for thé®Ar + 28Sj reaction. The
transitions in the SD ban@see Fig. 3 results in the spin 5172- and 5278-keV decay-out transitions were also ob-
assignments shown in parentheses in Fig. 1. served in this reaction.

In addition to the observed linking transitions, the SD A search for possible discrete-line proton dec$89]
band also decays out at spif83/2 and(29/2) to another set from the SD band was unsuccessful in both experiments. An
of ND stateg(see Fig. 1 The linking transitions themselves, analysis of coincidence intensities between the SD band and
however, were not established. The relative intensity of thehe 996-, 872-, and 1141-keV ND transitions established an
SD band is shown as the inset in FigbR The total intensity  upper limit of ~5% for the missingy intensity that might be
of the SD band is approximately 1.6% of that of the 937-keVattributed to such a decay mode.

(ND) transition. The 5278-keV decay-out transition carries Since the dipole 1402-keV transition can be eitEdr or
about 25% of the intensity of the 1432-ke8D) transition, M1, the parities of the higher spin ND and SD states cannot
and the branching ratio for the 5172-keV transition isbe determined. Furthermore, although the DCO ratio of the
<25%. 5278-keV linking transition favors th&2 assignment, its

Results from the second experimeAbout 64 million  large uncertainties could not rule dat or M1 assignments,
2a-gated,yy or higher fold events, were obtained from the see Fig. 3. Thus, the 11367-keV SD level is likely to have
“0Cal®si, 2a) reaction at a beam energy of 130 MeV. The | =25/2, corresponding to the signature indexaof + 1/2.
target consisted of a layer of 0.5mg/erenriched “°Ca  But a spin assignment o= 23/2 (a= — 1/2) cannot be ruled
evaporated onto a layer of 2.5mg/€ria foil as backing. out. The parity of the band is uncertain in either of the two
The SD band in®'Zn was observed one level higher than in scenarios.
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FIG. 3. DCO ratios|(30°)/1(83°), as a function ofy-ray en-
ergy for transitions in®'Zn. The “known” multipolarities refer to
the results from the previous measureméit See text for a more
detailed description.

22| HF+SLy4 S
The average transition quadrupole mom@nptof the SD s | |

band in %2Zn was measured with data from tH&Si(Ar, 05 150 13 20

2pn) reaction. Using the technique described in Refs. fo(MeV)

(10,11, the relative velocity of the recoils, F, _ ]

=V(E,)/Vmax Were extracted for the SD band and shown in FIG. 4. (@ Experlmenta_l (filled symbolg and _calculated
Fig. 4 together with calculations. For comparison, fhés of ~ (Curves values ofF, as functions Q’E& for the SD(circles and
several low spin ND states are also plotteiamonds. The ~ S°me ND (diamonds transitions in *Zn. (b) Ca'.cglated (HF
calculations used theNESHAPE program[12] and the stop- +SLy4) Q, sasa function oftw for the SD band in an.250|ld
ping powers in Ref[13] (corrected according to Ref14]). and dashed lines Correszpoznd o [H81]3/2(a=+1/2), [4°4"] and
The simulations used a time step of 0.7 fs and produced 10 101/2(a=+1/2), [474'] configurations, respectively. The

. . . . aded area represents the meas@gedith its height indicatin
histories. Side feedings were modeled by a two-level rota P Qedith | d d

. ; ) ) the experimental uncertainty, and its width indicating the region of
tional sequence into each state with the sagpand J'~ as ho where experimental data were available for measurement.

the SD band. The uncertainty associated with these assump-
tions is not included in the final results, but is expected to b&hould have been observed experimentafige, e.g., ND
much smaller than the shown errors. The best fit between thgands in 62zn [18]). No evidence for the presence of the
experimental and calculate& ;s resulted in aQ;=3.0  signature partner of the observed SD ban§%n was found
+02eb for the SD band in®'Zn [see Fig. 4a)]. Assuming  in our experiments. Thg310]1/2(a= — 1/2) assignment is
an axially symmetric shape, this corresponds to a quadrupol&lso unlikely, because it is calculated to lie about 0.5 MeV
deformation of 8,=0.50+59¢. This result is compared to higher than its opposite-signature baigi.0]1/2(a= +1/2),
the calculated ones in Fig(i). and thus is energetically unfavored. The remaining two con-
Calculations of the SD bands if'Zn have been per- figurations, namely, [431]3/2(a=+1/2), [4%4?] and
formed within the Hartree-FockHF) method (no pairing  [310]1/2(a= +1/2), [4242], have opposite parities but the
with the Skyrme SLy4 interactiof15], using the code same signaturer=+1/2, and thus are in good agreement
HFODD (v1.75 [16]. Detailed analysis of the SD bands in this with the most likely signature assignment based on experi-
mass region will be published elsewhé¢fer]. The SD con- mental DCO ratios. To further narrow down the choice be-
figurations in%Zn are built on the doubly magic?4?> SD  tween these two options, we have examined the calculated
configuration in%%Zn. (4"4P denotes thah andp lowestgy,  quadrupole moment§, [Fig. 4(b)], dynamic moments of
No=4 intruder states are occupied for neutrons and protonsnertia, J® [Fig. 5a)], and the relative alignments! with
respectively. Above theZ=30 SD gap, the 31st neutron in respect to the SD band i#fCu[Fig. 5b)]. The experimental
61zn can occupy five possible orbitals, which &a& the data agree better with the calculated results for tf4%4
third intruder state[431]3/2(a=+1/2), which gives the configuration than those for the’4? assignment. The very
4342 configuration; and(b) the two signatures of the good agreement of the calculatdef) and Al with the ex-
[310]1/2 or[303]7/2 orbitals, which correspond to thé4#  perimental data at higthw for the 4°42 configuration is

configurations. especially convincing, becaus& € 1) pair correlations are
Among the above five possible assignments for the SDeast important at high spins.
band in 52Zn, the two highk configurations [303]7/2) are The experimental® moments of inertia for the SD band

least likely, because they correspond to two strongly-coupleéh %1Zn are plotted in Fig. 6 together with those §/%%Zn.
signature partners that lie close to each other, and botithe most pronounced feature seen in Fig. 6 is the peaking of
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compared tab) those of the SD bands iff*¢%zn.

proton (p-p) and neutron-neutron r{-n) pair correlations
were responsible for the simultaneous prot&md neutron
alignments in®%Zn, the odd neutron irf'Zn should only
block the neutron contribution to the alignment, while the
proton part should remain and should result in an alignment
roughly half of that observed if°Zn. The only noticeable
bump in theJ® plot of 81Zn in Fig. 6 occurs at a highére

of ~1.1 MeV, and the alignment gain is much too small to

be attributed to thgy,, proton pair.

The anomalous behavior of this crossing is best seen
when it is compared with the example of simultaneous align-
ments of neutrons and protons in the=Z nucleus “éCr
[19]. The spins of the yrast band in this nucleus are plotted as

was assumed for the 8915-keV lenebolid and dashed lines cor- a function offiw in Fig. 7(a) together with those fo'qu
respond to thd 431]3/2(a= +1/2) and[310]L/2(a=+1/2) con- [20]. Here the role played by the odd neutron fCr is
figurations, respectively. Th&Cu band was chosen as the refer- Obvious: With the neutron alignment blocked fiCr, its
ence, because it is free of discontinuities and can be well describé@tal alignment is half of that irf®Cr. At the lowest and
by calculationg9], which is not the case for th&Zn reference. highestf w, the spins of*°Cr are, respectively, larger and
smaller than the spins ¢¥Cr. Such a pattern is not seen in
the pair of SD nuclei®®Zn and 'Zn [see Fig. T)]. The
spins of %Zn are larger than those ifZn both at lowand
high angular frequencies.

The observed peak iffZn is unlikely to be the result of a
simple single-particle like evolution of the structure, such as
an unpaired crossing that has been observet!1&d [21].

This is because in a doubly magic SD systeumch ast®zZn),
there are no candidate orbitals for such a crossing. Further-
more, even if such a crossing were present, it should occur

FIG. 5. (a) Experimentalfilled circles and theoreticalcurves
dynamic moments of inertia)®, of the SD band in®'zn. (b)
Experimental(filled circles and theoreticalcurves relative align-
ments of the SD band if'Zn (1 =25/2 was assumed for the 11367-
keV leve) with respect to those of the SD band fCu [9] (1=9

J@ at low spin in®%Zn, and the absence of a similar peak in
617Zn (data for 82Zn are not sufficient to either rule out or
establish such a pepkThe peak in%Zn has been interpreted
[3] as the simultaneous alignments of tfg, protons and
neutrons. This interpretation is now difficult to understand in
view of the absence of any alignment gain®¥n that might

be attributed to thegy, orbitals. If independent proton-

for both neutrons and protons in the= Z nucleus®zn, and

- g 0%Zn |1 should have persisted for protons §tzn. Therefore, in the
25 / IZ;ZH . absence of any conventional explanation for the observed
S L /n 0°°Zn |] anomaly, one has to consider alternative mechanisms.
g - ] We would like to offer a tentative explanation to this
o 20F /\ ! ] anomaly in terms of a change in the pairing correlations.
S d '\_,o"o\ ] Although it is known that Coriolis antipairing significantly
@h isF \ 0\70\ ] reduces the conventional € 1), staticp-p andn-n pairing

correlations at very high spins, tfie=0 proton-neutron §-

i \n . n) correlations are not necessarily destroyed by rotation.
1oF, L, e Therefore, the absence of the expected alignment'zn
06 1.0 14 1.8 may indicate that the peak in thé?) of %Zn is due to the
ho (MeV) crossing of theT=1 andT=0 bands(The addition of one

neutron to ®°Zn would significantly reduce th&=0 p-n

FIG. 6. Experimental? moments of inertia for the SD bands correlations in 6Zn.) Obviously, more experimental and,
in 806167 Data for®%%Zn are from Refs[2,3].

specially, theoretical investigations of properties of odd- and
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odd-odd nuclei around®Zn are needed to support or dis- *go, Which is consistent with the tentative configuration

prove such a hypothesis. Unfortunately, despite intense thessignment. Comparisons of th&) moments of inertia and
oretical investigations of the competition between Thel relative spins of the SD bands iffzn and 5%Zn show in

and T=0 pairing modes, a satisfactory description of this ®1zn the absence of an alignment observed%n, suggest-
problem is still lacking. However, a recent calculation ofing that the effect in%Zn may be caused by a different
high-spin properties of®Cr indicates that th=0 mode mechanism than the simultaneous alignment of neutrons and
may indeed survive at high frequencies where el  protons. An alternative explanation that stipulates the pres-

mode has been quenchf2P]. Similar calculations i"Zn  ence of T=0 proton-neutron pairing correlations i#zn
are not yet available. In view of the results discussed here, Fhay provide a solution to this anomaly.

is highly desirable to perform self-consistent, particle- and
isospin-projected calculations that would treat The 1 and Fruitful discussions with Dr. R. Wyss are gratefully ac-
T=0 pairing modes on equal footing. knowledged. Oak Ridge National Laboratory is managed by
To summarize, the yrast superdeformed band inkhe Lockheed Martin Energy Research Corp. for the U.S. DOE
=Z+1 nucleus®Zn was established using two complemen-under Contract No. DE-AC05-960R22464. This work was
tary reactions. Two discrete transitions linking this SD bandalso supported by the U.S. DOEontract Nos. DE-ACO05-
to the normally deformed states were observed, which aré6OR00033(ORISE and DE-FG05-88ER4040®/U)], the
probably E2 transitions. Experimental evidence as well asPolish CSR(Contract No. 2 PO3B 040 }4the German
theoretical calculations show that this band most likely haBMBF (Contract No. 06-OK-862] the National Science and
the [ vgg]°[ mgqs]? configuration. The measured quadru- Engineering Research Council of Canada, and the Swedish
pole moment ofQ,=3.0+J%b corresponds tg3,=0.50  Natural Science Research Councils.
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