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Transition quadrupole moments in the superdeformed band of40Ca
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The transition quadrupole momentsQt for the superdeformed band in40Ca have been determined through
thin-target Doppler-shift attenuation analyses. A best-fit value ofQt51.3060.05e 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 results inQt(high)51.8120.26

10.41 e b and
Qt(low)51.1820.05

10.06 e b, respectively.Qt values extracted for individual transitions in a Doppler-broadened
line-shape analysis also indicate smallerQt values 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 massA540 region has received attention recen
with the discovery of superdeformed~SD! bands in40Ca @1#
and 36,38Ar @2–4#. The low-spin behavior of these bands
distinctive as compared to SD bands in other mass regi
in that a considerable amount of decay intensity stays wi
the band, nearly down to the excited 01 bandhead. Anothe
important observation is that these SD bands are linked
intense, discrete transitions to spherical or normal deform
states in the respective nuclei. In each of these nuclei, the
structures are attributed to multiparticle-multihole (np-nh)
excitations across theN,Z520 spherical shell gaps into th
f p shell. Nuclei in this region offer an opportunity to explo
this coexistence of noncollective~spherical! and highly col-
lective ~highly deformed! states through a variety of theore
ical models, including several mean field approaches
large-scale shell model calculations.

One of the most sensitive probes of the underlying str
ture of the deformed bands is the transition quadrupole
mentQt . In Ref. @1#, a thin-target Doppler-shift attenuatio
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measurement was performed for40Ca, from which a large
Qt51.8020.29

10.39 e b value was deduced for the transitions d
caying from the 161 through 61 states in the SD band, as
suming a fixedQt throughout the sequence. This valu
agreed with theB(E2) for the 914-keV 41→21 transition
in that band which was previously reported to be 100234

156

W.u. @5#, equivalent toQt51.6920.32
10.42 e b. Cranked relativis-

tic mean field calculations predicted an equally largeQt
value for this band,Qt;2 e b @1#. An 8p-8h configuration
was assigned in Ref.@1#, consistent with early shell mode
predictions for the 03

1 , 22
1 , and 42

1 levels of the SD band
that had been previously identified@6#. In Table 3 of Ref.@6#,
however, the calculated amplitudes of thenp-nh (n
50,2,4,6,8) components of the 03

1 wave function are pro-
vided; these indicate that there are substantial contribut
to the wave function from then,8 components. Similar
results were obtained from those calculations for the 22

1 and
42

1 states. The intense decay from the SD band to a sec
bandlike structure, proposed in Ref.@1# to be based on a
4p-4h configuration, may be a reflection of the admixtu
discussed in Ref.@6#. This situation is apparent in Fig. 1
which is a partial level scheme of40Ca showing the SD band
~labeled 1! and the 4p-4h band~labeled 2!. This scenario in
40Ca is similar to that found in38Ar, where considerable
mixing was observed between 4p-6h and 2p-4h configu
tions at low spin@4#.

One would expect the admixture ofn,8 np-nh configu-
rations to reduce theQt value relative to the pure 8p-8h cas
In light of this, the data of Ref.@1# have been reanalyzed an
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combined with results from a new experiment, which inclu
a lifetime analysis for individual states; in the current stu
theQt moment was allowed to vary with spin to account f
the possibility of changes in deformation throughout the
band. This Rapid Communication presents the combined
sults from both experiments on the transition quadrupole m
ments in the SD band of40Ca.

Details of the first experiment, experiment 1, which pop
lated 40Ca via the 28Si(20Ne,2a) reaction, are provided in
Ref. @1#. The second experiment produced40Ca with the re-
action 24Mg(24Mg,2a). A 92-MeV 24Mg beam was provided
by the 88-Inch Cyclotron at Lawrence Berkeley Nation
Laboratory. This reaction forms the same compound sys
as the previous experiment, but with a larger average in
recoil velocity^b0&. Two types of targets were used: a se
supporting24Mg foil of nominal thickness 0.5 mg/cm2 ~ex-
periment 2a), and a 0.5-mg/cm2 24Mg foil backed with
3.6-mg/cm2 Ta ~experiment 2b). Emitted g rays were de-
tected with the Gammasphere array@7#, which consisted of
102 Compton-suppressed high-purity Ge detectors arran
in 16 rings of constant angleu relative to the beam axis. Th
Microball array of 95 CsI~Tl! detectors was used fo
charged-particle identification@8#. A total of 7.43108 (6.7
3108) events withg-ray fold of three or higher was re
corded in the self-supported-~backed-!target run, as well as
any Microball pulse height and timing information correlat
with the event trigger. The efficiencies for identifying pr
tons anda particles were found to be about«p '65% and
«a'50%, respectively. Events were selected off-line,
which exactly twoa particles were detected; 1.43107 (1.2
3107) events satisfied this gating condition.

0 0

2 3906

4 5280

6 6932

10 11687

12 14233

14 16530

16 20579

67975

89854

1012335

1215267

14 18720 1418497

1622061

46544

25632

0 3352

8 9307

05213

67678

1374

1653

2547

2297

4049

1880

2481

2932

3452 3230

3563

1432

914

553

2921

2695

2640

2381

2375

3030

5632

1628

2398

2176

3906

1
2

FIG. 1. Partial level scheme of40Ca showing the 8p-8h SD ban
1 and the 4p-4h band 2. The arrow widths are proportional to
g-ray intensities in the28Si(20Ne,2a) reaction. Energies of state
and transitions are given in keV.
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For each experiment, the 2a-gated events were unfolde
into constituent twofoldg-g coincidences and incremente

into Eg(all)2Eg( ū) matrices if at least one of theg rays was
detected by a Ge detector at specified anglesu. This g-ray

energy was included on theEg( ū) axis of the matrix. For the
coincidentg ray, the energy of which was included on th
Eg(all) axis, any angle position was accepted. Those ring
Gammasphere with similar angles were combined in

same matrices: rings 2 and 3 (ū534.5°), ring 4 ~50.1°!,
rings 5 and 6~66.5°!, rings 7–11~90°!, rings 12 and 13
~114.0°!, ring 14 ~129.9°!, and rings 15–17~151.2°!. The
g-ray energies on both axes were Doppler corrected us
the average velocitybesc measured for the recoils when e
caping from the target. In addition, the measureda-particle
energies and Microball detector angles were used to perf
an event-by-event correction for the recoil ‘‘kicks’’ provide
to the residual nucleus by the emitteda particles; this re-
sulted in an improvement of about a factor of 3.5 in t
measuredg-ray energy resolution. For the subsequent li
time analysis, background-subtracted, angle-dependent s
tra were projected from each matrix by gating on theEg(all)
axes at energies corresponding to transitions within or dec
ing out of band 1 below the transitions of interest.

Residual Doppler shifts@9# were measured for transition
decaying out of the 161 through 61 states in band 1: Fo
each transition, theg-ray peak centroids were measured a

function of the angleū and used to extract the residual v
locity ^b res& for the corresponding level. The residual an
applied velocities,̂b res& andbesc, were added, yielding the
velocity ^b&. The latter was normalized to the maximum in
tial velocity b0, defining the fractional velocitŷb&/b0. The
fractional velocities were corrected for a bias arising fro
gating with the Microball. Briefly put, the act of selectin
events through charged-particle gating with an asymmet
efficiency detector such as the Microball can create a bia
data sample that has an average recoil velocity different fr
when the charged-particle detector was not used.~In the cur-
rent example, the average velocity is reduced by about 15!
This will be discussed in more detail separately@10#.

The corrected fractional velocities are plotted in Figs. 2~a!
and 2~b! for experiments 1 and 2a, respectively. It is prefer-
able to gate above the transitions of interest when perform
a lifetime analysis in order to avoid the influence of si
feeding. However, the statistics are often not sufficient to
so. In the analysis of experiment 2a, it was possible to gate
from above and measure centroid shifts for the 1880-
2481-keV transitions@see Fig. 2~b!#. The value for the 1880-
keV transition gated from above falls somewhat lower th
the value obtained when gated from below, while the valu
for the 2481-keV transition agree within uncertainties. The
is no indication of a significant systematic error arising fro
the side-feeding lifetimes.

To extract theQt values for these transitions, band 1 w
modeled using a code developed by Lee@11#. Side feeding
into each state was treated with the somewhat standard
sumption that these transitions have the same lifetimes as

e
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in-band transitions feeding the states with the same sp
Intensities were taken from the experimental data. Stopp
powers for the target materials were taken from Ref.@12#.
The modeled̂ b&/b0 curve was compared with the data a
x2 was minimized by adjusting the values ofQt .

A significant change was made to the lifetime analysis
Ref. @1# regarding the treatment of parallel decay paths. A
seen in Fig. 1, there is extensive feeding from band 1 i
band 2. The lifetime of a state with more than one dec
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FIG. 2. Fractional recoil velocities for the transitions in band
Left: measured values~filled circles! for experiments~a! 1 and~b!
2a and calculated curves forQt51.3060.0560.14 e b. Right:
measured values for experiments~c! 1 and ~d! 2a and calculated
curves forQt(high)51.7520.30

10.2860.21 e b and Qt(low)51.1920.05
10.06

60.13e b. The open circles in~b! and ~d! are the results obtaine
when gating above the transition. The data point for the 2481-
transition has been offset in energy for clarity. The thin, solid lin
in each panel indicate the statistical and systematic uncertain
added in quadrature. The dot-dashed horizontal line in each p
marks the escaping recoil velocity.

1.0 1.5 2.0 2.5 3.0 3.5
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FIG. 3. Fractional recoil velocities for experiment 2b~open
circles! in comparison with the corresponding best-fit values
Qt(high)51.9220.48

12.1060.21 e b and Qt(low)51.1120.14
10.2360.13 e b.

The results from experiment 2a ~filled circles! are also shown. The
data point for the 2481-keV transition has been offset in energy
clarity. The thin lines indicate the statistical and systematic un
tainties, added in quadrature, on the values ofQt . The escaping
recoil velocity is off-scale, around̂b&/b050.45.
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branch is shorter than the partial lifetime for the in-ba
transition; thus, the modeled recoil velocity for a state th
decays in part out of the band should be larger than if th
was solely in-band decay. To take this into account in
analysis, the code of Ref.@11# was modified to allow a
branching ratioB5~in band intensity!/~total intensity! to be
entered as an input for each state. The partial lifetime
each in-band transition, determined through the value ofQt ,
is then scaled by the branching ratio to yield the lifetime
the state, from whicĥb&/b0 is calculated. For states such a
the I p581 state in band 1 whereB;20%, this effect is
quite pronounced, leading to the elevated data point at 1
keV seen in Fig. 2.

As in Ref. @1#, a constantQt value was initially assumed
for all levels in band 1. The thin-target data, from expe
ments 1 and 2a, were fitted in parallel using the same valu
of Qt for each dataset, and the combinedx2 was minimized.
The best-fit value isQt 51.3060.0560.14 e b, and is pre-
sented in Table I. The first uncertainties quoted are statist
and reflect the values ofQt for which x2 increases by 1. The
second uncertainties quoted are systematic and are estim
from the difference in value ofQt when each experiment i
fitted independently, including the uncertainties in the b
correction and in the stopping powers (;10%). The frac-
tional velocity curves calculated for each experiment at
best-fitQt value are shown in panels~a! and ~b! of Fig. 2.

The assumption of a constantQt throughout the entire
band is probably simplistic. The aforementioned decay fr
band 1 to band 2 suggests that the configuration for band
low spins may be admixed with that of band 2, and possi
others. The above fits were repeated, but using two sepa
Qt values, Qt(high) for the 2932-, 3230-, and 3563-ke
transitions from the high-spin states, andQt(low) for the
1432-, 1880-, and 2481-keV transitions from lower-sp
states in the band. Again, the combinedx2 was minimized
for this two-parameter fit, resulting in the best-fit valu
Qt(high)51.7520.30

10.2860.21 e b and Qt(low)51.1920.05
10.06

60.13 e b ~see Table I!. The curves calculated at theseQt
values are presented in Figs. 2~c! and 2~d!. Clearly, separat-
ing the fit into two values forQt reveals a considerably
smaller result for the lower-spin states as compared to
high-spin states. The result ofQt51.30 e b when a single
‘‘average’’ value is used reflects the greater sensitivity of
fit to the transitions on the falling part of the^b&/b0 curve;
this is also apparent in the relative sizes of the uncertain
for the Qt(high) andQt(low) moments.

The aim of the backed-target measurement of experim
2b was to increase the sensitivity to the lifetimes of t
lower-spin states. The Ta backing continues to reduce
recoil velocity of those nuclei that would have otherwi
escaped from the target in experiment 2a. This has the effect
of stretching out thê b&/b0 curve to lower values.~Note
that the backing in experiment 2b was not sufficient to bring
the recoils to rest, but only to reduce the velocity to abo
^b&/b050.45.! The centroid shifts of the 1880-, 2481
2932-, and 3230-keV transitions in band 1 were measure
these backed-target data. It was not possible to obta
meaningful fit for the 1432-keV transition in this dataset,
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TABLE I. DeducedQt values for the transitions in the SD band of40Ca. The first column gives the
experiment~s! ~see text!. The notation 1Qt or 2Qt fit indicates that one or two averageQt values were fitted
to several transitions~residual Doppler shift analysis!, while LS indicates a Doppler-broadened line-sha
analysis. The remaining columns are headed by the transition energies in keV, and give the corres
values ofQt in e b. Only the statistical errors are listed here.

Expt. Fit 1432 1880 2481 2932 3230 3563

Ref. @1# 1Qt 1.8020.29
10.39 1.8020.29

10.39 1.8020.29
10.39 1.8020.29

10.39 1.8020.29
10.39 1.8020.29

10.39

112a 1Qt 1.3020.05
10.05 1.3020.05

10.05 1.3020.05
10.05 1.3020.05

10.05 1.3020.05
10.05 1.3020.05

10.05

112a 2Qt 1.1920.05
10.06 1.1920.05

10.06 1.1920.05
10.06 1.7520.30

10.28 1.7520.30
10.28 1.7520.30

10.28

2b 2Qt 1.1120.14
10.23 1.1120.14

10.23 1.9220.48
12.10 1.9220.48

12.10

112a,b 2Qt 1.1820.05
10.06 1.1820.05

10.06 1.1820.05
10.06 1.8120.26

10.41 1.8120.26
10.41 1.8120.26

10.41

2b LS 1.0120.08
10.09 1.5320.15

10.14 1.4620.27
10.48
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part because there is some overlap between this trans
and the 1374-keV 41

1→21
1 transition at backward angles

The fractional velocities for the fitted transitions were det
mined and are given as open circles in Fig. 3. The val
deduced from experiment 2a are also shown on the plot a
filled circles, for comparison. As expected, the average
locities are lower in experiment 2b than in 2a, and the dif-
ference increases down the band. A two-parameter fit to th
data results in the best-fit valuesQt(high)51.9220.48

12.1060.21
e b andQt(low)51.1120.14

10.2360.13e b, also shown in Fig. 3.
These results are consistent with those from experimen
and 2a. Simultaneously fitting all three datasets results in
following values: Qt(high)51.8120.26

10.4160.21 e b and
Qt(low)51.1820.05

10.0660.13 e b ~see Table I!. For a rigid,
axially-symmetric rotor, these correspond to quadrupole
formations of b2(high)50.5920.07

10.1160.06 and b2(low)
50.4060.0260.04, thus confirming the superdeformed n
ture of the band. It should be noted that theQt moment
deduced for the low-spin states is not inconsistent with
value of Qt51.6920.32

10.42 e b for the 914-keV transition given
in Ref. @5#.

The backed-target data provide the opportunity to perfo
a Doppler-broadened line-shape analysis. Spectra for
analysis were created in a fashion similar to those for
centroid shift analysis. Here, the energies incremented on
Eg( ū) axis of the matrix had a zero applied recoil veloc
and were, hence, recoil corrected but not Doppler correc
Those energies on theEg(all) axis ~the gating axis! were
Doppler corrected in one set of matrices withb50.02, ap-
proximately the escaping recoil velocity, for gating on slow
transitions, andb50.042 in another set of matrices for ga
ing on faster transitions. The Gammasphere rings used in
analysis were grouped as follows: rings 2 and 3 combined
and 15 and 16 combined formed one set of spectra, and r
4, 9, and 14 formed a second set. Spectra were create
the 1880- and 2481-keV transitions by gates from both
low and above the states of interest, and for the 2932-
3230-keV transitions from gates below the states. In ad
tion, spectra were created for the 2176-keV transition dec
ing out of the 81 state of band 1, parallel to the 1880-ke
transition.

Lifetimes of each state were determined using theLINE-

SHAPEanalysis codes of Wells and Johnson@13#, modified to
04130
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handle input of the backing thickness so that in the simu
tions the recoils are not assumed to stop in the back
These codes were used to generate 5000 Monte Carlo s
lations of the velocity history of recoiling nuclei traversin
the target and backing material in time steps of 0.001 ps.
number of time steps was limited to a maximum of 100
Stopping powers were taken from the tabulations
Northcliffe and Schilling with corrections for atomic she
effects@14#.

A detailed description of the line-shape fitting procedu
can be found in, e.g., Ref.@15#. The intensities of the side
feeding transitions were taken from experiment 2a when fit-
ting the spectra gated from below, or set to zero when ga
from above. Each side-feeding cascade was treated as
quence of threeg rays with an independentQt parameter and
the sameJ (2) moment of inertia as the average value for t
in-band transitions. The three spectra from each set of ri
were fitted simultaneously. Examples of these fits are gi
in Fig. 4. These peaks are not shifted much from their fu
shifted energies, reflecting the short lifetimes of these sta
Nevertheless,Qt values could still be extracted from the line
shape fits. The weighted averageQt for each state was de
termined from the results of the global fits to the sequen
when gated from below and when gated from above, wh
applicable, as well as for the two parallel decay pa
through the 2176- and 1880-keV transitions.~As discussed
earlier, there is no clear systematic error evident when
cluding the effects of side feeding.! The relevant branching
ratios were again included in the determination of theQt

moments. The resulting values forQt are 1.4620.27
10.48,

1.5320.15
10.14, and 1.0120.08

10.09 e b for the 2932-, 2481-, and 1880
keV transitions, respectively~see Table I!. A meaningfulQt
value was not determined for the 3230-keV transition, as
deduced lifetime for this transition acted only as an effect
feeding time for the levels below it.

These results, particularly for the line-shape analysis
the individual states, provide clear evidence that theQt val-
ues are smaller at lower spins in band 1. This is in contr
with the behavior of the highly collective band in36Ar. The
lifetime analysis in Ref.@3# indicates that theB(E2) ~and,
hence,Qt) values in that band decrease with increasing sp
which has been attributed to a change in the nuclear sh
towards oblate noncollectivity as the band approaches te
3-4
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nation. This does not appear to be the case in40Ca, and is
possibly due to the fact that the terminating state should
higher in this nucleus by several units of spin.

In several theoretical analyses, such as the relativi
mean field calculations discussed in Ref.@1#, the fixed-
configuration deformed Hartree-Fock calculations of R
@16#, and the recentsd-p f shell model calculations of Ref
@17#, quadrupole moments between 1.7 and 2.0e b ~quadru-
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FIG. 4. Examples of line shapes from experiment 2b. The left
panels show spectra for the 1880-keV peak, gated from abov
rings ~top! 2 and 3,~middle! 9, and~bottom! 15 and 16. The right
panels show spectra for the 2481-keV peak, gated from below
rings ~top! 4, ~middle! 9, and~bottom! 14. The dashed lines mar
the unshifted positions of the transitions. TheCi labels mark the
positions of contaminant peaks. Note that since the recoils do
come to rest in the backing, even the slowest transitions exh
Doppler shifts.
A

F
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pole deformationb2;0.6) have been consistently predicte
for states in band 1. In Ref.@17#, an attempt was also made t
reproduce the properties of band 1 by including mixing
different np-nh configurations. Components withn.8 were
found to be absent, as these configurations lie too high
excitation energy. The predominant admixture with the 8p
configuration was found to be the 4p-4h configuration, wh
has less quadrupole collectivity and, hence, decreases
quadrupole moments in the band. Experimentally, the v
large predictedQt moment is only observed at high spin
indicative of a rather pure 8p-8h nature. The decreasedQt
values at low spins deduced in the present work, howe
are suggestive of configuration mixing, and place more st
gent tests on calculations than the previous measurem
in Ref. @1#.

In summary, the quadrupole moments of several tran
tions within the SD band of40Ca were measured in a serie
of experiments. A smaller averageQt than reported previ-
ously in Ref. @1# was determined when assuming a fix
value throughout the band,Qt 51.3060.0560.14e b. On
the other hand, separating the fit into two values ofQt for the
high- and low-spin states in the band results in the val
Qt~high!51.8120.26

10.4160.21 e b and Qt(low)51.1820.05
10.06

60.13e b. This is consistent with an interpretation of band
as an SD band with a rather pure 8p-8h configuration at h
spins, and an admixture ofn<8 np-nh configurations at low
spins. The detailed behavior of the variation ofQt with spin,
however, has not yet been reproduced by current theore
efforts.
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