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The transition quadrupole momer@ for the superdeformed band #Ca have been determined through
thin-target Doppler-shift attenuation analyses. A best-fit valu®,ef 1.30+ 0.05e b is obtained when a single
value is assumed for the entire band. Fitting separate quadrupole moments for in-band transitions decaying
from the high-spin states and the presumably admixed low-spin states res@ighigh)=1.81"33: e b and
Qt(low):1.18f8j8§ eb, respectivelyQ, values extracted for individual transitions in a Doppler-broadened
line-shape analysis also indicate smallrvalues at lower spins. These results are consistent with the inter-
pretation of this band as an eight-particle—eight-hole superdeformed band with a significant admixture of
less-collective configurations at low spins.
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The massA=40 region has received attention recently measurement was performed féiCa, from which a large
with the discovery of superdeformé8D) bands in*°Ca[1] Q,=1.80"333 eb value was deduced for the transitions de-
and *538r [2—4]. The low-spin behavior of these bands is caying from the 16 through 6 states in the SD band, as-
distinctive as compared to SD bands in other mass regionsuming a fixedQ, throughout the sequence. This value
in that a considerable amount of decay intensity stays withirigreed with theB(E2) for the 914-keV 4 —2" transition
the band, nearly down to the excited ®andhead. Another in that band which was previously reported to be 140
important observation is that these SD bands are linked byV.u. [5], equivalent toQ,=1.69"33 eb. Cranked relativis-
intense, discrete transitions to spherical or normal deformelic mean field calculations predicted an equally laQe
states in the respective nuclei. In each of these nuclei, the Sgalue for this bandQ,~2 eb [1]. An 8p-8h configuration
structures are attributed to multiparticle-multinolepgnh) ~ Was assigned in Re[l],+con3|stent with early shell model
excitations across thi,Z= 20 spherical shell gaps into the Predictions for the §, 2; , and 4 levels of the SD band
fp shell. Nuclei in this region offer an opportunity to explore that had been previously identifi¢@]. In Table 3 of Ref[6],
this coexistence of noncollectivepherical and highly col- however, the calculated amplitudes of thep-nh (n
lective (highly deformed states through a variety of theoret- =0,2,4,6,8) components of the; Owave function are pro-
ical models, including several mean field approaches andided; these indicate that there are substantial contributions
large-scale shell model calculations. to the wave function from thex<8 components. Similar

One of the most sensitive probes of the underlying struc¥esults were obtained from those calculations for thead
ture of the deformed bands is the transition quadrupole mo4, states. The intense decay from the SD band to a second
mentQ,. In Ref.[1], a thin-target Doppler-shift attenuation bandlike structure, proposed in Réf] to be based on a

4p-4h configuration, may be a reflection of the admixtures
discussed in Ref[6]. This situation is apparent in Fig. 1,
*Present address: RIKEN, The Institute of Physical and Chemicaivhich is a partial level scheme fCa showing the SD band

Research, Saitama 351-0198, Japan. (labeled 3 and the 4p-4h ban@abeled 2. This scenario in
"Present address: LANSCE-3, MS H855, Los Alamos National*°Ca is similar to that found ir’®Ar, where considerable

Laboratory, Los Alamos, NM 87545. mixing was observed between 4p-6h and 2p-4h configura-
*Present address: Radiation Oncology Center, Washington Unkions at low spin4].

versity, St. Louis, MO 63110. One would expect the admixture ok 8 np-nh configu-
Spresent address: DAPNIA/SPhN, CEA-Saclay, F-91191 Gif-surfations to reduce th®, value relative to the pure 8p-8h case.

Yvette Cedex, France. In light of this, the data of Ref.1] have been reanalyzed and
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For each experiment, thewjated events were unfolded
into constituent twofoldy-y coincidences and incremented

into E,(all) — Ey(g) matrices if at least one of thgrays was
detected by a Ge detector at specified angle$his y-ray

energy was included on tte,( ¢) axis of the matrix. For the
coincidenty ray, the energy of which was included on the
E,(all) axis, any angle position was accepted. Those rings of
Gammasphere with similar angles were combined in the

same matrices: rings 2 and 3<34.5°), ring 4(50.19,
rings 5 and 6(66.59, rings 7—-11(90°), rings 12 and 13
(114.09, ring 14 (129.99, and rings 15-17151.29. The
v-ray energies on both axes were Doppler corrected using
the average velocity.s. measured for the recoils when es-
caping from the target. In addition, the measutegarticle
energies and Microball detector angles were used to perform
an event-by-event correction for the recoil “kicks” provided
to the residual nucleus by the emittedparticles; this re-
sulted in an improvement of about a factor of 3.5 in the
measuredy-ray energy resolution. For the subsequent life-
time analysis, background-subtracted, angle-dependent spec-
tra were projected from each matrix by gating on Ehgall)

FIG. 1. Partial level scheme dfCa showing the 8p-8h SD band 2X€S at energies corresponding to transitions within or decay-

1 and the 4p-4h band 2. The arrow widths are proportional to thdnd out of band 1 below the transitions of interest.
y-ray intensities in the?®Si(>°Ne,2) reaction. Energies of states ~ Residual Doppler shifti9] were measured for transitions

and transitions are given in keV.

decaying out of the 16 through 6" states in band 1: For
each transition, the-ray peak centroids were measured as a

combined with results from a new experiment, which includefunction of the angled and used to extract the residual ve-
a lifetime analysis for individual states; in the current study,locity (B,.s) for the corresponding level. The residual and
the Q; moment was allowed to vary with spin to account for applied velocities{3,es) andBesc, Were added, yielding the
the possibility of changes in deformation throughout the SDvelocity (8). The latter was normalized to the maximum ini-
band. This Rapid Communication presents the combined resal velocity 3,, defining the fractional velocity3)/8,. The
sults from both experiments on the transition quadrupole mofractional velocities were corrected for a bias arising from

ments in the SD band of°Ca.

gating with the Microball. Briefly put, the act of selecting

De'i%ils of the fif% gx%eriment, experiment 1, which popu-eyents through charged-particle gating with an asymmetric-
lated ""Ca via the ~*Si(“"Ne,2x) reaction, are provided in efficiency detector such as the Microball can create a biased

Ref.[1]. The second experimentzaroducé‘lﬂ:a with the reé-  gata sample that has an average recoil velocity different from
action “Mg(“"Mg,2a). A 92-MeV “"Mg beam was provided \yhen the charged-particle detector was not ugedthe cur-

by the 88-Inch Cyclotron at Lawrence Berkeley National
Laboratory. This reaction forms the same compound system
as the previous experiment, but with a larger average initial
recoil velocity{8,). Two types of targets were used: a self-
supporting?*Mg foil of nominal thickness 0.5 mg/ctn(ex-
periment &), and a 0.5-mg/cfh Mg foil backed with
3.6-mg/cnt Ta (experiment ). Emitted y rays were de-
tected with the Gammasphere arf&}, which consisted of
102 Compton-suppressed high-purity Ge detectors arrang
in 16 rings of constant anglé relative to the beam axis. The

rent example, the average velocity is reduced by about 15%.
his will be discussed in more detail separatgl@].

The corrected fractional velocities are plotted in Figs) 2
and Zb) for experiments 1 and& respectively. It is prefer-
able to gate above the transitions of interest when performing
a lifetime analysis in order to avoid the influence of side
feeding. However, the statistics are often not sufficient to do
&Pp- In the analysis of experimena2it was possible to gate
from above and measure centroid shifts for the 1880- and

Microball array of 95 CHTl) detectors was used for 2481-keV transitiongsee Fig. 2o)]. The value for the 1880-
charged-particle identificatiof8]. A total of 7.4x< 108 (6.7  keV transition gated from above falls somewhat lower than
X 10%) events withy-ray fold of three or higher was re- the value obtained when gated from below, while the values
corded in the self-supportedbackedytarget run, as well as for the 2481-keV transition agree within uncertainties. There
any Microball pulse height and timing information correlatedis no indication of a significant systematic error arising from
with the event trigger. The efficiencies for identifying pro- the side-feeding lifetimes.

tons ande particles were found to be abosaf ~65% and To extract theQ, values for these transitions, band 1 was
£,~50%, respectively. Events were selected off-line, inmodeled using a code developed by Lid&]. Side feeding
which exactly twoa particles were detected; x40” (1.2  into each state was treated with the somewhat standard as-

X 10") events satisfied this gating condition.

sumption that these transitions have the same lifetimes as the
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branch is shorter than the partial lifetime for the in-band
transition; thus, the modeled recoil velocity for a state that
decays in part out of the band should be larger than if there
was solely in-band decay. To take this into account in the
e analysis, the code of Refll] was modified to allow a

— Q(highow)=1.75.1.19eb branching ratioB=(in band intensity/(total intensity to be
""""""""""""" ] entered as an input for each state. The partial lifetime for
each in-band transition, determined through the valu®,of

is then scaled by the branching ratio to yield the lifetime of
the state, from whicki)/ 8, is calculated. For states such as

foL 0.94 o exp.2a 1 *exp.2a ] the |"™=8" state in band 1 wher8~20%, this effect is
092 — 35'1_23%?;‘9" wbove - 3E’h'i§i’,%‘£?‘iﬁ"7%Yf_lgeb. quite pronounced, leading to the elevated data point at 1880
o TR ST - keV seen in Fig. 2.
10 15 20 25 30 3510 15 20 25 30 35 As in Ref.[1], a constan®); value was initially assumed
E [Mev] E [Mev] for all levels in band 1. The thin-target data, from experi-

ments 1 and &, were fitted in parallel using the same value
FIG. 2. Fractional recoil velocities for the transitions in band 1. P 9

Left: measured value§illed circles for experimentga) 1 and(b) of Q, for e?Ch datqset, and the combingtiwas m|n|m|zed.
2a and calculated curves foR;=1.30+0.05+0.14 eb. Right: The be?‘t'f't value i8); ,:1'3(& 0.05i9.14eb, and is pre-
measured values for experimerits 1 and(d) 2a and calculated sented in Table I. The first uncertainties quoted are statistical
curves forQ,(high)=1.75'328+0.21 e b and Q,(low)=1.19"3% and reflect the values @, for which x? increases by 1. The
+0.13eb. The open circles ith) and(d) are the results obtained Second uncertainties quoted are systematic and are estimated
when gating above the transition. The data point for the 2481-ke\from the difference in value o, when each experiment is
transition has been offset in energy for clarity. The thin, solid linesfitted independently, including the uncertainties in the bias
in each panel indicate the statistical and systematic uncertaintiegorrection and in the stopping powers-10%). The frac-
added in quadrature. The dot-dashed horizontal line in each panéibnal velocity curves calculated for each experiment at the
marks the escaping recoil velocity. best-fitQ, value are shown in panelg) and(b) of Fig. 2.

The assumption of a consta}; throughout the entire
in-band transitions feeding the states with the same spindand is probably simplistic. The aforementioned decay from
Intensities were taken from the experimental data. Stoppingand 1 to band 2 suggests that the configuration for band 1 at

powers for the target materials were taken from R&g].  low spins may be admixed with that of band 2, and possibly
The modeled 8)/ 8, curve was compared with the data and others. The above fits were repeated, but using two separate
x? was minimized by adjusting the values @f . Q; values, Q;(high) for the 2932-, 3230-, and 3563-keV

A significant change was made to the lifetime analysis oftransitions from the high-spin states, a@j(low) for the
Ref.[1] regarding the treatment of parallel decay paths. As isl432-, 1880-, and 2481-keV transitions from lower-spin
seen in Fig. 1, there is extensive feeding from band 1 intestates in the band. Again, the combing8l was minimized
band 2. The lifetime of a state with more than one decayor this two-parameter fit, resulting in the best-fit values
Qi(high)=1.75"338+0.21 eb and Q(low)=1.19"00¢
+0.13eb (see Table )l The curves calculated at the€g

Lo values are presented in FiggcRand 2d). Clearly, separat-
098 ing the fit into two values forQ, reveals a considerably
smaller result for the lower-spin states as compared to the
- 0.9 high-spin states. The result 6),=1.30eb when a single
i “average” value is used reflects the greater sensitivity of the
V' 094 fit to the transitions on the falling part of th@)/ B, curve;
1 ;gg: §S this is also apparent in the relative sizes of the uncertainties
092 — Q(highlow)=1.92,1.11 eb for the Q,(high) andQ(low) moments.
The aim of the backed-target measurement of experiment
0.0 2b was to increase the sensitivity to the lifetimes of the
015 Z'CI’EV[M :\f] 30 385 lower-spin states. The Ta backing continues to reduce the

recoil velocity of those nuclei that would have otherwise
FIG. 3. Fractional recoil velocities for experiment Zbpen escaped f_rom the target in experimeat Zhis has the effect
circles in comparison with the corresponding best-fit values of Of stretchlng_out_ thql3>/_ﬂo curve to lower _v:_;llues(No'Fe
Qq(high)=1.92"219+0.21 e b and Q,(low) =1.11' 323+ 0.13eb.  thatthe backing in experimenbawas not sufficient to bring
The results from experiment2(filled circles are also shown. The the recoils to rest, but only to reduce the velocity to about

data point for the 2481-keV transition has been offset in energy fof )/ Bo=0.45) The centroid shifts of the 1880-, 2481-,
clarity. The thin lines indicate the statistical and systematic uncer2932-, and 3230-keV transitions in band 1 were measured in

tainties, added in quadrature, on the valuexQpf The escaping these backed-target data. It was not possible to obtain a
recoil velocity is off-scale, aroun¢ig)/ 8,=0.45. meaningful fit for the 1432-keV transition in this dataset, in
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TABLE |. DeducedQ, values for the transitions in the SD band $¥Ca. The first column gives the
experimen(s) (see text The notation D, or 2Q, fit indicates that one or two avera@g values were fitted
to several transitiongresidual Doppler shift analysiswhile LS indicates a Doppler-broadened line-shape
analysis. The remaining columns are headed by the transition energies in keV, and give the corresponding
values ofQ, in eb. Only the statistical errors are listed here.

Expt. Fit 1432 1880 2481 2932 3230 3563
Ref.[1] 1Q, 1.80°53%  1.80°03%  1.80733  1.80°93%  1.80703%  1.80°%%
1+2a 1Q,  1.3073%  1.30°9% 130755 130992 1.30°9%  1.30°0%2
1+2a 2Q, 119793 1.1979% 12973 1.75°9% 175733 1.75°0%
2b 2Q, 111792 1.a19% 192219 1927210

1+2a,b 2Q,  1.1873%  1.189% 11833 181735 181737  1.81'0%
2b LS 1.01°3% 15391 1.46°058

part because there is some overlap between this transitidmndle input of the backing thickness so that in the simula-
and the 1374-keV #—2; transition at backward angles. tions the recoils are not assumed to stop in the backing.
The fractional velocities for the fitted transitions were deter-These codes were used to generate 5000 Monte Carlo simu-
mined and are given as open circles in Fig. 3. The valuesations of the velocity history of recoiling nuclei traversing
deduced from experimenta2are also shown on the plot as the target and backing material in time steps of 0.001 ps. The
filled circles, for comparison. As expected, the average venumber of time steps was limited to a maximum of 1000.
locities are lower in experimentt2than in 2a, and the dif- Stopping powers were taken from the tabulations of
ference increases down the band. A two-parameter fit to thesgorthcliffe and Schilling with corrections for atomic shell
data results in the best-fit valu€g(high)=1.92378+0.21  effects[14].
eb andQ,(low) =1.113%3+0.13eb, also shown in Fig. 3. A detailed description of the line-shape fitting procedure
These results are consistent with those from experiments dan be found in, e.g., Ref15]. The intensities of the side-
and 2a. SimultaneOUS|y flttlng all three datasets results in thq8€d|ng transitions were taken from experimeat\ﬂhen fit-
following values: Q(high)=1.81"33:+0.21 eb and ting the spectra gated from below, or set to zero when gated
Q:(low)=1.18"302£0.13 eb (see Table I For a rigid, from above. Each side-feeding cascade was treated as a se-
axially-symmetric rotor, these correspond to quadrupole dequence of three rays with an independef@, parameter and
formations of B,(high)=0.59"0¢7=0.06 and B,(low)  the same7® moment of inertia as the average value for the
=0.40=0.02+0.04, thus confirming the superdeformed na-in-band transitions. The three spectra from each set of rings
ture of the band. It should be noted that tQ¢ moment were fitted simultaneously. Examples of these fits are given
deduced for the low-spin states is not inconsistent with thén Fig. 4. These peaks are not shifted much from their fully
value of Q;=1.69"J35 eb for the 914-keV transition given shifted energies, reflecting the short lifetimes of these states.
in Ref. [5]. NeverthelesQ; values could still be extracted from the line-
The backed-target data provide the opportunity to perfornshape fits. The weighted avera@g for each state was de-
a Doppler-broadened line-shape analysis. Spectra for thigrmined from the results of the global fits to the sequences
analysis were created in a fashion similar to those for thevhen gated from below and when gated from above, where
centroid shift analysis. Here, the energies incremented on thepplicable, as well as for the two parallel decay paths

E,(6) axis of the matrix had a zero applied recoil velocity through the 2176- and 1880-keV transitioriés discussed
and were, hence, recoil corrected but not Doppler correctecgarlier, there is no clear systematic error evident when in-
Those energies on the,(all) axis (the gating axis were cluding the effects of side feedingThe relevant branching
Doppler corrected in one set of matrices wjgh=0.02, ap-  ratios were again included in the determination of Qe
proximately the escaping recoil velocity, for gating on slowermoments. The resulting values foR, are 1.46J3,
transitions, angd=0.042 in another set of matrices for gat- 1.53'01s, and 1.015.53 eb for the 2932-, 2481-, and 1880-
ing on faster transitions. The Gammasphere rings used in thieV transitions, respectivelisee Table ). A meaningful Q;
analysis were grouped as follows: rings 2 and 3 combined, 9alue was not determined for the 3230-keV transition, as the
and 15 and 16 combined formed one set of spectra, and ringkeduced lifetime for this transition acted only as an effective
4, 9, and 14 formed a second set. Spectra were created ftgeding time for the levels below it.
the 1880- and 2481-keV transitions by gates from both be- These results, particularly for the line-shape analysis of
low and above the states of interest, and for the 2932- anthe individual states, provide clear evidence that@heval-
3230-keV transitions from gates below the states. In addiues are smaller at lower spins in band 1. This is in contrast
tion, spectra were created for the 2176-keV transition decaywith the behavior of the highly collective band #iAr. The
ing out of the 8 state of band 1, parallel to the 1880-keV lifetime analysis in Ref[3] indicates that thd8(E2) (and,
transition. henceQ;) values in that band decrease with increasing spin,
Lifetimes of each state were determined using ithes- which has been attributed to a change in the nuclear shape
SHAPE analysis codes of Wells and Johngdi], modified to  towards oblate noncollectivity as the band approaches termi-
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for states in band 1. In Ref17], an attempt was also made to
reproduce the properties of band 1 by including mixing of
differentnp-nh configurations. Components witi>8 were
found to be absent, as these configurations lie too high in

o 1880, , 300 2481 : pole deformatiornB,~0.6) have been consistently predicted
|
|
|
|
|

! 90.’00 excitation energy. The predominant admixture with the 8p-8h
C, : o configuration was found to be the 4p-4h configuration, which
| ] has less quadrupole collectivity and, hence, decreases the

guadrupole moments in the band. Experimentally, the very
large predictedQ; moment is only observed at high spins,
indicative of a rather pure 8p-8h nature. The decrea3gd
values at low spins deduced in the present work, however,
are suggestive of configuration mixing, and place more strin-
gent tests on calculations than the previous measurements
1800 1850 1900 1950 O 00 aas0 200 2550 in Ref.[1].
E, [kev] E, [keV] In summary, the quadrupole moments of several transi-
tions within the SD band of°Ca were measured in a series
FIG. 4. Examples of line shapes from experimebt Zhe left ¢ experiments. A smaller averad@, than reported previ-
panels show spectra .for the 1880-keV peak, gated from apove, iBust in Ref.[1] was determined when assuming a fixed
rings (top) 2 and 3,(middle) 9, and(bottom 15 and 16. The right -value throughout the band®, =1.30+0.05+0.14eb. On
panels show spectra for the 2481-keV peak, gated from below, Bhe other hand, separating the fit into two valuegpfor the

rings (top) 4, (middie) 9, and(bottom 14. The dashed lines mark high- and low-spin states in the band results in the values
the unshifted positions of the transitions. T@g labels mark the (high=1.81'941+021 eb and Q(low)=1.18"0%
positions of contaminant peaks. Note that since the recoils do nott 9 o —0.26— V7 ) o<t (T 2-0.05
come to rest in the backing, even the slowest transitions exhibit- 0-13€b. This is consistent with an interpretation of band 1

Doppler shifts. as an SD band with a rather pure 8p-8h configuration at high
spins, and an admixture of< 8 np-nh configurations at low
spins. The detailed behavior of the variation@fwith spin,

B . 0 .
nation. This does not appear to be the casé’®a, and is  owever, has not yet been reproduced by current theoretical
possibly due to the fact that the terminating state should bgqrts.

higher in this nucleus by several units of spin.

In several theoretical analyses, such as the relativistic This work was supported in part by the U.S. Department
mean field calculations discussed in Ré€L], the fixed- of Energy, Nuclear Physics Division, under Grant No. DE-
configuration deformed Hartree-Fock calculations of Ref.FG02-88ER-40406 and Contracts Nos. W-31-109-ENG-38
[16], and the recensd-pf shell model calculations of Ref. and DE-AC03-76SF00098, and by the Swedish Research
[17], quadrupole moments between 1.7 and@(quadru-  Council.
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