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Superdeformed bands #Mo, 8°Tc, and %*Tc were populated using #Ca beam with an energy of
185 MeV, impinging on a backe®Ni target. y rays and charged particles emitted in the reactions were
detected using the Gammasphere Ge detector array and tfid)@stay Microball. Average transition quad-
rupole momentQ,, with significantly improved accuracy compared to earlier work, were deduced for the
bands using the residual doppler shift technique. The experimental results were included into a systematic
study of theQ, values throughout the superdeformed mass 80-90 region. The superdeformed shell gaps are
predicted to move towards larger deformations with increagirand N in this mass region. This trend is
confirmed by the experimentg); values.
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[. INTRODUCTION In this work we examine the shape evolution of SD states
experimentally by means of Doppler shift measurements.

Since thesfirst discovery of a superdeform(&iD) band in The new improved experimental information includes data
the nucleus®Sr by Baktashet al. [1], the A=80-90 mass on the nuclef®o. 8Tc. and®Tc.

region has revealed a rich spectroscopy of SD states. This
mass region, which stands out compared to other SD regions Il. EXPERIMENTAL PROCEDURE
in the nuclear chart due to its proximity to the proton drip

line asl well as ton[he:\I:.Z line, '? of spedC|aI |rt1terest for the Lawrence Berkeley National Laboratory, using a 185
several reasons. First, since protons and neutrons near the .\, 405 ion beam with an average intensity of pnA.

respective Fermi levels occupy identical or similar orbitals, o wwo different targets used in the experiment consisted of
constructive interference between the two fermion systemg 35 ong 0.32-mg/ctn 8Ni, enriched to 99.6%, on 1
may er_1hance the stability ofglarge Qeformations. Th_is a_ppliesmglcmz gold backings. The targets were turned 10° from the
in particular to the “nucleué Ru, with Z=N=44, which IS peam axis in order to minimize the shadow effect of the
predicted to be the "doubly magic” SD nucleus of the massg et frame on the charged particle detectgnsys emitted
region, and to exhibit favored SD states even in the 1ow-Spiny, {he reactions were detected using the Gammasphere Ge
regime. Second, due to the proximity to the proton drip liné yetecior array3), at the time of the experiment comprising
unbound proton “continuum” states are located close to thg g, large escape-suppressed coamitype high-purity Ge
Fermi level and may affect the SD structures in new waySyeteciors. The targets were thin enough to allow fusion-
This might lead to proton decay competing with thelecay e\ aporation products to recoil into the vacuum of the target
out of the SD states. A third special feature of this region of.,amber. and the emittegd rays detected by Gammasphere
SD nuclei is that the ground states and low-lying states exyere consequently Doppler shifted. The 46 detectors placed
hibit a shape change with decreasing deformation as a fungosest to 90° relative to the beam axis were electronically
tion of increasing mass, with relatively large deformationsy;yiged into two segments. The primary interaction points of
for the nucle_l with Iov_v(_ar masses and almost sphenqal shapggq ¥ rays could thereforeon averaggbe determined with a
for t'he heavier nuclei in this region. The d|ﬂ§rence in defor'higher accuracy for these detectors, improving the Doppler
maﬂon_between SD _and ND states is relatlvel_y modest fofrraction of they rays, and thereby the effective energy
the Sr isotopes and increases when approaching the Tc apgdsgution in the spectra.
Mo isotopes in the heavier part of the mass region. This  1hg event trigger applied in the data acquisition system
allows for the unique possibility to.study th(_e mterplay be- required coincidences between five or more escape-
tween SD and ND states as a function of their relative defor'suppressed Ge detectors. Approximately<.14° raw events
mation by studying the decay out of the SD bands. The réyere collected during 6 days of irradiation time and were
sults of such a systematic study will be presented elsewhergoq on magnetic tapes for later offine analysis. The
[2]. heavimet absorbers, which normally protect the BGO sup-
pression shields from direct hits hyrays from the reactions,
were removed in order to enable the use of the detector sys-
*Present address: DAPNIA/SPhN, CEA Saclay, F-91191 Gif-surtem as a calorimeter. This information was used to improve
Yvette Cedex, France. the reaction channel selectivify,5].

The experiment was performed at the 88-inch cyclotron of
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The Cs(Tl) detector array Microball6] was used in con-
junction with Gammasphere to detect charged particles emit- 1}
ted from the compound nuclei, mainly protons amdar-
ticles. The pulse shapes of the scintillation signals from the
Microball detectors were used to determine the type of each o.es-
detected particle. The efficiencies for detecting and correctly
identifying an emitted particle were69% and 46% for pro-
tons anda particles, respectively. The emission of particles 0ol
gives a significant contribution to the recoil of the nuclei,
affecting the associategtray energies in the laboratory sys-
tem. This was corrected for using the particle identity and  oss|-
linear momentum information provided by the Microball,

F()

thus reducing the Doppler broadening of thelines in I g ¥ ‘ L ]
particle-gated spectra. The reaction channels studied in this 500 1000 1500 2000 2500 500 1000 1500 2000 2500 3000
work were®Mo(2a2p)®°Tc(2a1p), and**Tc(1a3p). E, (keV)

The data were sorted offline, and a search for new discrete
SD structures was performed. This was done by applying FIG. 1. Experimentally deduced fractional Doppler shis),
sums of double gates while systematically varying the posias a function ofy-ray energy for the SD bands assignedtc (left
tions of and distances between the gates. This search resultB@e) and *Tc (right pane) are indicated by the circlei(n) is
in the finding of one new SD band, which was assigned tglefined as the_ ratio betvvegn the average velocny .tljat the r_1uc|e|
8Mo on the basis of coincidences with known lower-lying have when emitting a certaip ray and _the average initial velocity
transitions[7]. This result is discussed elsewh¢eg. of the nuclei. The velocity as a function gfray energy was ob-

The residual Doppler shift techniqyé] can be used to tained from the.reS|dL.JaI Doppler shift of therays after a partial
extract the lifetimes of SD states from thin-target data. ThesEPPIe" correctionusing a constant velocity as a function of en-
states have sufficiently short lifetimes to have a significan gy has been made. Transitions between known ND stat&4a

- . . .,are included for comparisaisquares The error bars show only the
possibility to decay while the reaction product nucleus Sm('&tatistical uncertainties. F&PTc, the solid line corresponds 1Q;

remains ipside even a thin target, and.the mean velo_cit)_/ =5.9eb and the dashed lines @=5.6 and 6.6 b (corresponding
the nuclei therefore varies as a function of the excitation, he uncertainties given in Table)lIFor °ITc, these values are

energy in a SD band. The thicknesses of the two target layex§,=¢ 7, 5.9, and 8.0. The dotted line has been included for compari-
used in the present experiment were optimized to slow dowRon and corresponds @=3.5€e b in both cases.

the product nuclei as quickly as possible during the decay of
the SD bands, while still allowing the lower-lying states to
decay in the vacuum of the target chamber after the recoilin
nuclei have passed through the composite target. By the ug

of a backed target, a steep@veragg velocity dependence tdeduced from the present work, are included in Table I.

as a function of excitation energy in the SD bands than fo . . .
normal homogenous targets was obtained, allowing for im-.SpeCtra showing the SD bands in these nuclei are presented

proved accuracy in the lifetime estimates for SD states. Meal eE/:I%ZnZT:V.\IePrtle\g:’]OUS|¥aI;eth:;et[gélfr;128:}(/:-??);1532(3]2:‘?2—3
velocity values for each SD configuration were obtained : ying 'y :

from the Doppler shifts of they rays. Average transition sponding to spherical shell model configuratipage marked
quadrupole moment®, for each SD band could be deduced N . .

by comparing the experimental velocity values to a simple TABLE I. Transition energies for the SD bands observed in the
rotational model using known stopping pow¢t®] and av- present experiment. Statistical uncertainties are given within paren-
eraging over different production depths inside the fertileneses. The transition placed at the top of the SD barfifTio is
part of the target. Each band was assumed to be fed througf"atve-

a cascade of two transitions witB(E2) values similar to

ith an improved accuracy. In addition, one new SD band
as found and assigned $¥MVo. The transition energies for
e SD bands assigned to the nuéfilo, 8°Tc, and%'Tc, as

those of the superdeformed band, an assumption to which the PTe il “Mo(1) "Mo(2)
final results are not very sensitive. The side feeding was 1149.23) 1348.43) 1238.64) 1459.48)
modeled using transition intensities extracted from the ex- 1258.8311) 1459.514) 1342.0723)  1595.67)
perimental data. A? minimization procedure was applied to 1384.3%7) 1569.7%17) 1480.7023) 1743.15)

find the Q, value for which the velocity curve most closely 1521.188) 1681.9713) 1633.4%22) 1894.85)
follows the experimental data points. Results #fc and 1668.096) 1792.6313) 17955025  2054.29)

ngC, shown in Flg 1, illustrate the procedure. 1818.828) 1903.7916) 1962.23) 2224.316)
1974.5719)  2014.8417)  2133.45)
IIl. EXPERIMENTAL RESULTS 2136.0110  2119.2617)  2306.%11)

2208.3413)  2224.1327)
The previously observed SD bands Mo [11] (three 2462.416) 2325.93)
bands, 8°Tc [12] (one bang, and®'Tc [13] (one bang were (26193)) 2421.53)
confirmed in this work. The transition energies were obtained
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FIG. 2. Spectrum produced by summing all combinations of FIG. 3. Spectrum obtained by summing all combinations of
triple gates on the transitions of the SD band®ic for events  triple gates on the transitions in the SD bandfic in coincidence
where two« particles and one or zero protons were detected. AWith 1e3p, 1a2p, or lalp, and subtracting a background spectrum.
filter based on the total detected energy andfray multiplicity A gate criterion on the total detected energy andhy multiplicity
has been applied to the data, and relevant background contributiofé2s also applied. In the inset the total energy distribution of the
have been subtracted. The inset compares spectra for the total egarged particles detected in coincidence with the SD band is com-
ergy of the charged particles detected in coincidence with transipared with a distribution in coincidence with known lower-lying
tions from the SD bandSD) and lower-lying transition$ND). As transitions in the same nucleus. Transitions connecting states in the
expected, the average energy of the emitted charged particles {2 band are marked by circles, and previously established transi-
lower when the SD band is populated. The unusually strong relativéions between lower-lying states are indicated by triangles.
intensity of the SD band in this nucleus reveals itself as the “bump”
in the “ND” particle energy spectrum. Compare, e.g., with the samds @ consequence 8fTc having a triaxial shape with a posi-
picture for®Tc (see Fig. 3, where this feature is not present. Tran- tive y deformation parameter. In the limit of high angular
sitions assigned to the SD band are indicated by filled circles, anthomenta, pairing correlations are weakened and the moment
transitions between lower-lying states in the same nucleus are indaf inertia approaches that of a rigid body. For positive values
cated by triangles. of the y deformation parameter, this results in an increasing

moment of inertia and in a decreasing transition quadrupole
in the spectra. The insets in Figs. 2 and 3 compare the energyoment relative to an axially symmetric quadrupole shape.
distributions of the charged particles emitted in coincidence
with the SD bands, with those emitted in coincidence with sool Mo
known lower-lying transitions. The average total energy of
the detected charged particles is lower for events where the |
SD bands were populated, since the nuclei, on average, ar
populated at a higher excitation energy in this case. Also, £ 200

note that the curve gated by the ND transitions has a differ—%
ent shape in the case &iTc. This is due to the remarkably € o
high relative intensityaround 15% of this SD band12]. 8

200
IV. DISCUSSION

100

The dynamical7® moments of inertia for the SD bands
observed in the present experiment are plotted in Fig. 5, and
the experimentally deduce@; values for bands 1 and 2 in
8Mo and the bands ii®°fTc are included in Table Il. The Energy (keV)
new Q, values are consistevithin experimental error lim-

its) with the previous work(in which Q, was deduced as FIG. 4. Background subtracted spectra showing the SD bands
6.02%eb for band 1 in®Mo [11], 6.73%eb for the SD (bands 1 and Rof 8Mo discussed in this article. The spectra have
Vo14 1 0-1-23

band in®Tc [12], and 8.I}:2 e b for Tc [1-3])_ TheQ, value been obtained by applying double gates on the in-band transitions.

for °ITc obtained in th t Kis | th ¢ Two « particles and one or two protons were required in coinci-
or “Ic obtained Iin the present work IS lower than expec eddence with they rays. In addition, the events were subject to a

for a purely prolate s_,hap_e and the very large observed dyinmuItaneous criterion applied to the total detectedy multiplic-
namical moment of inertidgsee Fig. 5 that has been ob- iy and total detected energy, in order to further filter out any con-
served for this nucleus. The highi® values for this band taminants emanating from other reaction channels. Transitions as-
was earlief13] attributed to an unusually large, “enhanced” signed to the SD bands are indicated by circles, and previously
deformation. It is possible that the relatively I&@y/.7? ratio  established lower-lying transitions by triangles.
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50

I Assuming thaiB, andy are the only deformation parameters
L0 {  that have nonzero values, that the moments of inertiTaf

a5)- E’:i;jﬁg - 4 and®Tc deviate from that of a rigid body in a similar man-
L | A& %0 pand 2 {  ner, and that the latter nucleus has close to axial deformation,
w0k i a simple calculation with3,~0.65 andy~12° reproduces

the experimental values fgi*? andQ,. The larger7? value
may also be attributed to a smooth and gradual band cross-

ing

5 (n*mev?
T
|

In order to interpret the experimental data on SD struc-
tures in theA=80-90 mass region, we have performed self-
consistent mean field calculations based on a Woods-Saxon

251 - potential[16—20Q. For °Tc the calculations predict the pres-
- : ence of several SD configurations, associated with both tri-
20 e s 0 = axial and prolate shapes, near the Fermi level in the spin
hw (MeV) range where the SD band 8fTc is fed. Therefore, it is

difficult to make a definite configuration assignment for this
FIG. 5. Experimental dynamica® moments of inertia for the SD band. It should also be noted that Qgvalue deduced
SD bands discussed in this work plotted as a function of rotationafrom the experimental data only estimates #weragetran-
frequency. Note the very high® moment of inertia for the band sition quadrupole moment for all the states in the band,
assigned td'Tc and the irregularity in the curve that may indicate whereas the deformation may not stay constant throughout
a band crossing. Statistical uncertainties are indicated by the errqhe entire sequence. The experimerﬂéﬂ) curve exhibits a
bars. rise at the top of the band. One possible explanation for this
feature may be the presence of a band crossing at the highest

rotational frequencies.
TABLE Il. Deduced@; values and assigned=5 intruder or- 9

bital occupation numbers for the SD bands in the mass 80-90 re-
gion. The values in the second column have been plotted as a func- Systematics ofQ,

; o values for SD bands in the mass region
tion of Z in Fig. 6.

Experimentally deduced transition quadrupole moments
SD band Queb Assignment Ref. for the SD bands in th&~80-90 mass region and assigned
occupation numbers for th&=5 intruder orbitals are given

80 0.26 1,0 . .o .
805(1) 3428?? V517750 [22] in Table 1. TheQ, values, divided byZA%3 in order to re-
Sr(2) 3-63;8%5 V55 [22] move the macroscopi andZ dependencies, are plotted as a
80s1(3) 4.150¢ (v5'75°) [22] function of Z in Fig. 6. In the Woods-Saxon single-particle
80s1(4) 4.992 V5la5t [22] diagram of Fig. 7, the superdeformed shell gaps move to-
81sr(1) 3.089312 v5trs0 [22] wards larger deformations with increasing proton numbers
81Sr(2) 3.309%] v5ts° [22] (the trend is similar for the neutrongor the nuclei in the
825y 3.54013 V5L s0 [22] A~80-90 mass region. A simple, approximate relation be-
83gr 3.6019-29 15150 [22] tween the_ deformation paramei@y and the quadrupole mo-
82y 4318 VL0 5L 5t [22] ment is given by[21]
8y (1) 4.497 v5l5t [22]
83y (2) 3.608 550 [22] 0.01
83y (3) 3.6'9% (v5°750) [22] = T
8y 3.6'93 v5trs0 [22] mﬁ $ #@ """
837r(1) 5.8 V525t [22] e 0005 B I G
84zr 5.6 V525t [22] S
8zr(1) 4698 525t [23] 4
86 0.3 2. 1 1 1 | 1 | 1
Zr(2) 4 Ofg-g womS [23] %738 39 40 41 42 43
867r(3) 5.47%7 5275t [23] Z
86Z 4 . 0.6 2, 1
r4) 3895 V5 S (23] FIG. 6. Experimentally deduced transition quadrupole moments
8Nb(1) 5.2'%% 5375t 24
"~-08 & [24] divided byZA2" as a function o for the SD bands in the neutron-
8/Nb(2) 5.000¢ V5375 [24] G i :
. 10 . deficient A=80—90 mass region are shown with error bars. The
Nb(3) 5.37% Vo7 TS [24] data points have been offset slightly from the correspondinglue
#Mo(1) 5.293 V52751 15? 75" (8] for improved readability. The dashed line shows the quadrupole
8Mo(2) 7633 V5275t (8] moment as defined by the simple relation 1, wheyés taken as the
89T¢(1) 5,9j8:; 525t [8] predicted mean SD shell gap deformatiasse, e.g., Fig )7 The
9T¢ 6.7%‘3 153752/ 154 522 [13] tendgncy of a systematically incrgasi@gand Bo deformation as a
= - function of Z present in the data is reproduced by the simple theo-
hese assignments assume a prolate shape. retical model.
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V. CONCLUSIONS

The previously reported SD bands&Mo, &Tc, and®'Tc
were studied experimentally. Transition quadrupole mo-
ments, with a significantly improved experimental accuracy,
were deduced for the strongest bands. The dynamical mo-
ment of inertia of the superdeformed band assignédTio is
significantly higher than that for the bands in the other nu-
clei, which may indicate that it has a larger deformation.
However, the transition quadrupole moment deduced from
the present experiment is lower than can be expected for a
purely prolate nucleus with such higi? values. The pres-
ence of a smooth and gradual band crossing and a triaxial
shape of the SD band #Tc are two possible explanations
for this.

A gradual increase iB, deformation as a function dfl
andZ for SD states in the neutron-deficient mass 80-90 re-

=0.8 MeV. Proton numbers for the largest shell gaps and intrudegion has been predicted by shell model calculations and was
orbitals emanating from th&/=5 and 6 shells are indicated in the confirmed in a systematic study of experimentally deduced

figure. The symbols for the differeritr, @) configurations: solid,
(+,3); dotted:(+, -2), dash dottedt-, 3); and dashed-, -3).

3
Q= —R?ZB,(1+0.163,). (1)
\/57T

transition quadrupole moments for SD bands in this mass
region.
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