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Superdeformed bands in **Ho
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In a recent experiment performed with the EUROGAMray spectrometer three superdeform(&b)
bands have been established'fiHo. The properties of these bands are discussed in terms of single-particle
proton excitations and are compared with respect to the SD magic nuéf@ys These results represent the
first observation of SD structures in a holmium nucleus and provide further information on the proton orbitals
lying above theZ=66 shell gap[S0556-281®7)04111-3

PACS numbses): 21.10.Re, 23.20.En, 23.20.Lv, 27.7@

[. INTRODUCTION either the 7{301]1/2 or the #[651]3/2 orbitals into the

[ 770]1/2 (band 3 or the #[ 530]1/2 (band 3 orbitals. Band

Nuclei in the neutron deficient mass~ 150 region of the 2 has a large dynamical moment of inerti&?) which shows

Segre chart such as GadoliniumZE&64), Terbium ¢  evidence for an interaction occurring at a frequencywof
=65), and DysprosiumZ=66) have been extensively stud- ~0.5 MeV/#i, which has been attributed to the crossing of

ied over the past 10 years. This is mainly due to the presend@e 7[530]1/2 and then[770]1/2 orbitals. This interaction

of shell gaps(at Z=66 andN=286) at a prolate quadrupole leads to a gain in alignment of 3%, which is consistent

deformation of 8,~0.6, giving stability to superdeformed With that expected from theoretical calculatidi®g.

(SD) shapes, with a 2:1 axis ratio. The first evidence for a, Superdeformed states if*Ho (Z=67) (an isotone of
discrete line SD band originated in this mass regiof®fiDy “Dy) are expected to be based on thiDy core plus one
[1]. Following this discovery many other nuclei in this re- valence proton occupying one of the low-lying orbits above

; f the Sedrechart h b h ¢ SDthe shell gap. If the two proton excited bands'®Dy origi-
glz;):dso[Z] € Segrechart have been shown fo possess nate from thd 301]1/2 orbital then one might expect that the

. 5 . -
Of the twenty-one SD nuclei in this region, there are onlyyraSt SD t_)and in’ 3'_.'0 WO!"Id be identical to one c_>f thgse_
four with N> 86 (éngb 3] égg,Dy [4] ég"Dy 5], and égSDy bands. This suggestion arises from the observed identicality

_ 54 _ between the first excited band and the yrast band i isl
[6]) and only one withZ>66 (g3 Er [7]), thus lying above  peighnor in theN =86 isotone$10], which is due to particle-

the SD shell gaps. Therefore, information on the character gfgje excitations involving thi§301]1/2 orbital.

the nuclear orbits, specifically above the SD shell gafg at Previous studies of*%Ho [11] provided evidence for

=66, is minimal and stems mainly from the behavior of theriggelike structures in arf.,-E,, correlation matrix with a

excited SD bands assigned to nuclei lying at or below thisseparation from the matrix diagonal 652 keV, however,

gap. no discretey-ray transitions were observed. In this paper we
15Dy (z=66,N=86) can be defined as the doubly magic report on the first observation of three discrete-line super-

SD core nucleus in thA~150 region, with the highN in-  deformed structures if®3Ho.

truder configurationt6*»72. Six SD band$8] are presently

known in this nuclgus, tr_lree based on neutron excitations Il. EXPERIMENTAL DETAILS
from the core configuratiorfbands 4, 5, and)6and two
based on proton excitatiorfbands 2 and )3 The two proton The experiment was performed with the EUROGAM I

excited bands are thought to be based on excitations frony-ray spectrometdrl2] at CRN Strasbourg. High-spin states
in 3o were populated via th&°Sn®’Cl,4n) o fusion-
evaporation reaction at a bombarding energy of 177 MeV.
*Present address: WNSL, Physics Department, Yale Universitylhe *’Cl beam was provided by the Vivitron electrostatic

272 Whitney Avenue, New Haven, CT 06511. accelerator and was incident upon two stacked, self-
'Present address: Department of Physics and Electronic Engineesupporting targets of'2°Sn, each of nominal thickness
ing, University of Paisley, High St., Paisley, PA1 2BE, U.K. 440 g cm 2. Approximately 7.% 1% events of suppressed
*Present address: Physics Department, University of Notre Damépld =4 were collected during the experiment. After unfold-
Notre Dame, IN 46556. ing these data, using the method described in Ref], ap-
SPresent address: National Accelerator Center, Faure P.O. Box 7proximately 8.8<10° triplefold coincidences resulted. The
ZA 7131, South Africa. 4n exit channel to'®Ho was the most intensely populated,
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TABLE I. The y-ray energies, relative in-band intensities, and  TABLE Il. The y-ray energies, proposed spins, and relative in-
the measuredR,q,m angular correlation ratios for SD band 1. The band intensities for SD bands 2 and 3. The unmarked transitions
unmarked transitions were unable to be measured due to contamivere unable to be measured due to contamination or low intensity.
nation or low intensity. Tentative transitions are marked with anTentative transitions are marked with an asterisk.
asterisk.

Band 2 Band 3
E, (keV) Intensity Rasym E, (keV) Intensity E, (keV) Intensity
651.3 (19 0.44 (5) 713 (2 657 (2)
695.8 (11) 0.75 (8) 1.5 (4 761 (2) 683.3 (7) 0.95 (8)
740.0 (8) 0.95 (8) 1.3 808.4 (3) 0.41 (8) 726.3 (5)
784.0 (2) 0.99 (8) 1.4 4 854.1 (3) 0.74 (8) 770.8 (3) 0.83 (9)
830.6 (5) 900.3 (3) 1.26 (9) 816.3 (3) 0.98 (8)
875.6 (3) 0.97 (10 1.3 (2 946.6 (3) 0.96 (9) 861.3 (3) 1.00 (8)
922.3 (3) 1.06 (9) 993.1 (5) 906.9 (5)
969.5 (5) 0.89 (9) 1.3 (3 1041.3 (5) 953.3 (3) 0.89 (8)
1014.9 (5) 0.92 (8) 1.4 (3 1087.6 (3) 1.04 (10 996.4 (5)
1059.9 (3) 0.60 (10 1.6 (6) 1133.7 (6) 0.92 (9) 1046.1 (4) 0.67 (10
1103.1(3) 0.71 (10 1182.3(3) 0.94 (9) 1092.7 (3) 0.71 (8)
1144.4(3) 0.41 (7) 1229.6 (3) 0.84 (8) 1143.3(5) 0.64 (8)
1180.3 (3) 0.52 (8) 1278.4 (4) 0.71 (8) 1194.9 (5)
1215.5(3) 0.27 (6) 1326.2 (4) 0.24 (8) 1247.4 (10) 0.51 (8)
1251.1(3) 0.27 (5 1377.0 (4) 1297.4 (10 0.32 (9)
1295.2 (6) 1428 (2) 1351 (2) 0.32 (9)
1343 (1) . .
1390° (1) Measured band intensiti€Band 1= 100%)

30+5 305
Assigned spins for the lowest and highest
observed transitions

274314 (651 keV)

Assigned spins and parities for the lowest and highest
observed transitions

toees  1i0- § h—% 1 (713 keV) S h—% #i (657 keV)
=2 h—7 fi (1390 keVf 1217,  117- 117-, 113~
== h—= (1425 keV} = h—= h (1351 keV)

carrying=~45% of the total evaporation cross section for the 35 a1 .
reaction. For comparison, théHo (3n), 5%Ho (5n), keV 37— 3A normal-deformed transitiofl18] (the 913-

15 15 15 keV transition directly feeds the 229-ns isomer ttHo).

"Dy (p3n), ™Dy (p4n), and ™"Tb (3n) channels car- Bands 2 and 3 are weaker than band 1, having intensities
which are~30% that of band 1.

The multipolarities of the in-band transitions for band 1
have been established from the angular correlation ratio, de-

ried ~2, 3, 8, 10, and 22% of the total reaction intensity,
respectively.

lll. RESULTS fined as
The data were sorted into &,-E ,-E,, three-dimensional
coincidence cubg14], which was examined for rotational as m:Iy(forward-Fbackward
structures with a separation ef50 keV (the typical separa- Y 1,(90°)
tion of SD transitions in this mass regionsing the search
algorithms of Wilson[15] and Hibbert[16]. Several struc- To extract theR,qm ratio the data were sorted into two

tures were found that appeared to be good candidates for Séingle-gatedE ,-E,, asymmetric matrices, with the require-
bands in '*Ho. On subsequent analysis, the majority of ment that at least one of the “clean” band members was
these bands were identified with the previously known yraspresent in any detector before the matrix event was incre-
SD bands in*?%5Py [8,4] and **°Tb [17]. However, three mented. The first matrix had detectors at the angles 22.4°,
SD bands have been identified based on these searchd®.4° (forward), 133.6°, and 157.6¢backward on the one
which have not been previously observed in any of the majoaxis versus all detectors on the second axis, while the second
reaction channels populated in this reaction. These thrematrix contained those detectors which were close to 90°
bands have all been assigned ¥oHo based on observed (71.0°, 80.0°, 100.0°, and 109)0%ersus all detectors. The
coincidences with low-lying normal-deformg#iD) transi-  R,symratio for ay-ray transition was obtained from the ratio
tions in ®Ho and on the population intensities of theseof the peak areas in both matrices when the same coinci-
bands measured with respect to ND channels. dence gates were placed on the “all” detector axis. The ratio
The transition energies of these new SD bands are listedas extracted for both the band members and some of the
in Tables | and II, while coincidence spectra of the threenormal-deformed transitions if>*Ho [18] for calibration.
bands are shown in Fig. 1. Band 1 was found to carrykKnown stretched quadrupole transitions yielded a weighted
~0.4% of the decay intensity of°*Ho, relative to the 913 average ratio,R,syni=1.49+0.15, while stretched dipole



2492 D. E. APPELBEet al. 56

600

R 1.2 .
1 g e
500 o e [)
A 0.6 . ) +*
02 saw
a '800 800 1000 1200
g A A A
8 300t
@) A
200 T
100 lw
0+ f } } } }
600 700 800 900 1000 1100 1200 1300 1400
600 o
1.0 s % .
0.6
041 @
4004 A 0.2 L
) 0.0
= 800 1000 1200 1400
=] Ah Al 4 Al A a
o 30071 A A
@) A A
200+
A
1001
o+ } t } t } — ! !
600 700 800 900 1000 1100 1200 1300 1400
400 TT T
A 1.2
A A 101 @ 988 4
0.8 ° )
0.6 0t
A A 0.4 .
300 o3 @ ®
A A &
- A 200 800 1000 1200
= A A A A
=] A A
D 200+
QO
J A
| Iy
100+ |
0 t t : t ! ! t !
600 700 800 200 1000 1100 1200 1300 1400
EY (keV)

FIG. 1. Coincidence spectfdouble gatepifor SD bands 1-3 ift®*Ho. Band 1(top) is compressed to 1 keV/chan while bandsrddle)
and 3(bottom are at 2 keV/chan. The insets show the relative in-band intensities. Band members are markid by a

transitions gaveR s = 1.08+0.12. The measurelg,mval- other SD bands in this mass region; the band is fed over the
ues for the individual band members are presented in Table §even to eight highest energy transitions until it reaches a
The weighted average value for band 1 Rgg,,=1.41 plateau region(where there is no discernible feed-in or
+0.12, which is consistent with the transitions beingdecay-out and then decays over the lowest energy two to
stretched quadrupole in nature. three transitions.

The relative in-band intensity profile for band 1 is dis- By using a series of double gates in &p-E ,-E ., coinci-
played in the inset of Fig. {top) and is typical of those of dence cube, where one of the gates was on a ND transition,
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while the second was placed on a SD transition, the third the availability of an unpaired proton it is likely that the
ray being projected, it was possible to determine what NDobserved SD bands if®*Ho are based on valence proton
states were fed by band 1. It was found that band 1 fed NRonfigurations(SD bands based on neutron excitations are
states in**Ho up to spin 49/, however, no transitions expected; however, such bands would have a weak popula-
were observed linking the ND states to the SD states. tion intensity, as in*>2Dy [8], compared with bands based on

Band 2 consists of sixteen-ray transitions ranging in proton excitationy. Calculated single-particle proton
energy frqm 713 t'o 1425 keV. 'A tr'lples' commderjce SP€C-Routhians are plotted in Fig. 3 as a function of rotational
trum of this band is presented in Fig.(thiddle), while the frequency for a deformation ¢8,=0.62(a similar deforma-
energies and rela.tive in.-band intensities are givgn in Table ”tion to that measured for the yrast SD band'fDy [19]).
Egtebte()r;heea\;vtizlé 'r}tﬁgsrg'\fagf,;hiﬁ-ggﬂg }rf?;sﬁgif;tngﬁgugg The low-lying proton[530]1/2 orbital is an obvious choice

' $ Jfor the 67th proton for band @the yrast band The observed

(middle, insel, shows that this band is fed over the two toHnteraction in this band is well reproduced by the crossing of
th hi iti : .
ree highest energy transitions, and depopulates over t e [770]1/2 intruder orbital atw~0.6 MeV/i. The mea-

lowest energy two to three transitions separated by a lar
plateau regig%. P y gsured gain in alignment for band %2.4%, compares well
The transition energies of band 2 lie at the half points, inVith the calculated change of 278 Thus a likely configu-

energy, of those in band (for energies below 1 Me)/in-  ation for band 1 ist6*17%® w[ 770]1/2 (a=— 1/2) at high
dicating that these two bands may be signature partners. Féiequencies andr6*»7?@ n[530]1/2 (a=—1/2) at lower
energies=1 MeV the relationship between the transition en-frequencies, below the crossing.
ergies of bands 1 and 2 is no longer constant. No evidence The transition energies of band 1 are almost identical to
has been observed experimentally that band 2 and bandthose of the yrast superdeformed band!MDy [8] below
“talk” to each other via interlinking dipole transitions. Due w=0.5 MeV/4, with a root mean squar&.m.s) average
to the relatively weak population intensity of this band theenergy difference of 2.08 keV. This is similar to the effect
ND states fed by this band were difficult to discern. observed in'%Ce [20] when the extra neutron above the
Band 3 consists of sixteen-ray transitions ranging in  3Ce core is placed in theeutron[530]1/2 orbital. In this
energy from 657 to 1351 keV. A triples coincidence spec-case the observed r.m.s. deviation from identicality between
trum of this band is presented in Fig.(fiottom), while the  the superdeformed core nucleu$®®Ce) and theN+1
energies and relative in-band intensities are given in Table linucleus was 1.0 keV over the frequency range 0.55 to
Again, due to the weak population intensity of this band the0.75 MeV#. Outside this range there was a small observed
Rasymratios could not be measured. The relative in-band indifference from identicality, attributed to the curvature of the
tensity profile, Fig. 1(bottom, inset shows that the band ¢[530]1/2 orbital.
decays over the lowest two to three energy transitions, while As a specific decay sequence has not been observed link-
the band is fed over the highest energy seven to eight traring the SD states to the ND states’itiHo it is not possible
sitions until a relatively small plateau region is reached.to determine the absolute spins of the SD states. Rather the
Similarly to band 2, the ND states fed by this band werespins of the observed SD states’itiHo have been assigned
difficult to discern. relative to the spins of the yrast SD band Dy [8]. In
assigning the spins to the yrast SD band'#Dy, Dagnall
IV. DISCUSSION et al. [8] used the relative alignment method prescribed by
Ragnarssorj21]. Ragnarsson suggested two possible spin
The dynamic moments of inertia7t?) of SD bands in  assignments for the yrast SD band'#Dy, differing by two
the mass 150 region have been shown to be sensitive to thaits of spin. From the two possibilities calculated by Rag-
single-particle structure of the band, with the magnitude renarsson, Dagnaét al.[8] assigned the 602.4-keV transition,
lated to the number of high- intruder orbits that are occu- in the yrast band of*Dy, to deexcite from the 26to the
pied [9]. Theoretically, theA?) moment of inertia reflects 24" state. Assuming that these spins are correct, making use
the curvature of the single-particle orbitals, while experimen-of the relationship between transition energy and spin shown
tally it is simply extracted from the measurgetay energies. by Stephen§22], and taking into account the signature of the
The experimental/?) moments of inertia of bands 1, 2, and orbital containing the extra proton, the 651-keV transition in
3 are plotted in Figs. @)—2(c) as a function of rotational band 1 has been assign&di— 5. As this band is built on
frequency where they are compared with the moment of inanN=5 orbital, the in-band states are assigned to have nega-
ertia for the yrast SD band if®Dy (open squargsAs can tive parity.
be seen, at low frequencies, belew0.5 MeV/#, the mo- The similarity of theA?) moments of inertia for band 2
ments of inertia of bands 1 and 2 are similar to each otheand the yrast SD band if®®Dy implies that both of these
and to that of'>Dy. However, band 1 appears to undergo abands are based on the same higlmtruder configuration,
band crossing at a frequency of 0.6 MéYivhere a large i.e., w6%v72, with the 67th proton occupying a flat, natural
increase in the7? is observed. In contrast, the moment of parity orbital. Examples of such proton orbitals close to the
inertia of band 2 continues smoothly up to its highest ob-Fermi surface for 1®Ho are the [530]1/2(a=+1/2),
served frequencyw~0.7 MeV/i. The 72 for band 3 is [523]7/2(a=+1/2), and the[532]3/2(a=+1/2) orbitals.
different from that of bands 1 and 2 in that it exhibits a dropThe transition energies for band 2 lie at the half-points of
in magnitude at a frequency @f~0.55 MeV/, indicative  those of the yrast SD band i##®Dy. This requires an orbital
of a strong interaction taking place at this frequency. having a decoupling parameter=—1, where the decou-
Due to the large shell gap for neutrons 1.7 MeV) and  pling parameter is defined in the strong coupling limit as
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FIG. 2. A comparison of the dynamical moment of inegfafor bands 1(a), 2 (b), and 3(c) in ®Ho, and the yrast band of the doubly
magic SD nucleus®Dy.

a=(— 1)N5A,o [23]. The orbital closest to the Fermi surface [ 770]1/2 orbitals, is & which does not agree well with the
in 3o which fulfills these conditions is the negative parity measured value for band 1. Furthermore at this lower defor-
[530]1/2 orbital. Accordingly we have assigned band 2 asmation there is predicted to be a quasineutron crossing at a
the signature partner to band 1 with the configurationfrequency ofw~0.45 MeV# (see Fig. 8 in Ref.17] and the
764720 7[530]1/2(a= +1/2). This is the first identical associated discussiprevidence for such a crossing would
SD band in theA~150 mass region which is observed at be observed by a rise in the magnitude of & for the
half-point energies where the concept of pseudospin is ndfand at this frequency. Such a riseff?) at low frequencies
required to explain. is not observed for either bands 1 or 2, therefore, the former
An alternative configuration for bands 1 and 2 could in-configuration is preferred.
volve the nearbyr[523]7/2 orbital. A configuration based The spins and parities for band 2 have been assigned in a
on the occupation of this orbital by the 67th proton alsosimilar way to band 1. As bands 1 and 2 are thought to be
reproduces the observed features of these bands, the interaignature partners, the spins of the states in band 2 should
tion and energy relationships although at a somewhat lowenave 1% more spin(as the proton is excited from an
deformation of3,=0.58 MeV. The predicted gain in align- = —1/2 state to amv= + 1/2 stat¢. This implies that the spin
ment, however, due to the crossing of th523]7/2 and  of the 713-keV transition i$t4— 3 4. Again the states in
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FIG. 3. Cranked shell model calculations for the proton single-  F|G. 4. A comparison of the experimental relative alignments of
particle orbits close to the Fermi surface 6fHo. Calculated for  the three SD bands 3o with respect to thé>?Dy SD core, and
B>=0.63, 8,=0.12, y=0.0° [Dotted lines represent orbitals with the calculated contributions to the alignment of the nucleus from
(ma)=(+,-1/2); dashed for f,a)=(—,-1/2); solid for  cranked shell model calculationCSM). Filled circles: band 1;
(m,@)=(+,+1/2); dot-dashed for#,a)=(—,+1/2)]. squares: band 2, triangles: band 3. Dashed line: CSM predicted

alignment contribution from the[530]1/2(a= — 1/2). Dot-dashed
line: CSM predicted alignment contribution from the
7[530]1/2(a= + 1/2). Solid line: CSM predicted alignment contri-

band 2 arz? assigned to be negative parity. bution from ther[523]7/2(a= — 1/2). Dotted line: CSM predicted
The 72 moment of inertia for band 3 betwees~0.45  alignment contribution from ther[523]7/2(c= + 1/2).

and 0.55 MeVit is similar to that of band 1 if>Dy. How-
ever at higher frequencies, it exhibits a small but measurable
drop in the magnitude of itg?), this is accompanied by a

loss in alignment of~0.5:. As with band 1, this loss in 5 he 324 and“24. As this band is thought to be based on an

alignment can be used to aid in the configuration assignmen— 5 ‘orpjtal, the individual states comprising the band are
for this band. It is possible to extract, from cranked She”assigned to be of negative parity.

model calculationg24], the theoretical addition a specific
orbital contributes to the alignment of the system. The cal-

culated single-particle contributions to the alignment from V. CONCLUSIONS

the 7[530]1/2 and#[523]7/2 orbitals are shown in Fig. 4.

The experimentally measured relative alignment for band 3 1hrée superdeformed bands have been observed, and have
(relative to the yrast SD band if?Dy) shows a gradual been assigned to the nucIe&?—lp. The conflguratl_ons of
increase fromw~0.4 MeV/i to w~055MeVf where the three bands have been assigned based on single-proton
there occurs a sudden loss in alignment. Theoretically, ca€XCitations. The transition energies for band 2 lie at the half
culations carried out for th€523]7/2 (a=+1/2) orbital, POTStS of thg corre§p0nQ|ng transitions of.the yrast SD band
Fig. 4, show that this orbital mimics the experimentally ob-'" “Dy, this relationship is understood in the strong cou-
served behavior. However, the calculated loss in alignment iBlinNg limit without the need to invoke pseudospin. This is the
~0.2%, which occurs atw~0.6 MeV/4. From these ob- first study of SD states in Z=67 nucleus and the first ob-
served characteristics, the most probable configuration forervation of excited SD structures in a nucleus vilth 66.

band 3 is the'>Dy SD core coupled to the positive signature
of the #[523]7/2 orbital.

In order to assign the spins and parities for band 3, a
similar procedure to that used for bands 1 and 2 has been We wish to thank the crew of the Vivitron for providing
employed. It is found that the transition energies for band 3he beam, we also wish to thank D. C. Radford for his analy-
lie at the 3/4 points to the transition energies for the yrast Sis softwarg14]. Two of us(D.E.A. and M.B.S). acknowl-
band in *>Dy. Following this relationship, the spins of the edge the support of EPSRC. EUROGAM is jointly funded
two states connected by the 657-keV transition are assignday EPSRC(U.K.) and IN2P3(France.
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