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The fourth 27 state in '30 at an excitation energy of 8.21 MeV has been studied by high-
resolution electron scattering. The Coulomb form factor for this state was measured in the
momentum-transfer range 0.9 <g <2.1 fm ™! and the extracted B(C2)t value was determined to be
7.314.2 e’fm*. The level at 8.21 MeV is identified as a four-particle, two-hole (4p2h) state of the
type p ~sd)*. Form-factor measurements in the range 1.0<q¢ <1.9 fm ™" are also presented for a
strongly excited normal-parity state at 9.36 MeV. Preliminary measurements of the differential
cross section for exciting this state by 135-MeV protons suggest a 2% assignment; the measured
Coulomb form factor of this state allows it to be identified as the best experimental candidate for a
predicted K =2 4p2h state with the four sd-shell nucleons coupled to T =0. The excitation of these
states and other members of rotational bands in '*O are discussed within the framework of structure
models. Shell-model calculations for the C4 form factors of the first three 4™ states in *O are com-

pared to existing data.

I. INTRODUCTION

The three 2% states in 0 with excitation energies of
1.98, 3.92, and 5.26 MeV have received much attention in
the last decade.! Of particular interest has been the exci-
tation of these levels by the inelastic scattering of
medium-energy electrons,” protons,’, and pions* and the
use of combined electromagnetic and hadronic data to
obtain empirical>*> or test model>*® proton and neutron
transition densities. While the microscopic structures of
these states are now believed to be well understood, with
the essential features of the analysis by Lawson, Serduke,
and Fortune’ remaining intact, the structure of the
fourth 27 state, which lies 8.21 MeV above the ground
state, is less certain. We have studied the 8.21-MeV state
by performing an electron scattering experiment at the
MIT-Bates Linear Accelerator Center. The main details
of the experiment and data analysis are presented else-
where.® Here we present and discuss the first measure-
ments of the longitudinal or Coulomb form factors for
the 2] state and a state at 9.36 MeV, which we suggest is
also a 2% state. An extended shell-model calculation us-
ing a complete (sd)? plus truncated 2% basis was per-
formed to investigate the band structures of positive-
parity states; predicted C4 form factors are compared
with existing data for the first three 47 states.

In the simple shell model, the low-lying positive-parity
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states of %0 are formed by adding two valence neutrons
to a closed-shell core of !°0O. Table I gives the positive-
parity spectrum predicted with the Chung-Wildenthal
(CW) interaction’® in this “O%w” basis. The predicted 2%
states at 2.00 and 4.03 MeV correspond to the levels ob-
served experimentally at 1.98 and 3.92 MeV, respectively.
The next level observed experimentally occurs at 5.26
MeV and has a mainly 4p2h structure. From Table I, it
can be seen that the Ofiw calculation predicts that the
next 2pOh 27 state should occur at about 9.45 MeV and
have the dominant structure, ds,,d3,,. Consider now the

" corresponding predictions for the 4™ states. The lowest

predicted 4% state at 3.52 MeV corresponds to the level
observed experimentally at 3.55 MeV. The next level ob-
served experimentally is the mainly 4p2h state at 7.12
MeV. One other 4" state whose dominant structure is
ds,ds,, is predicted to occur at 8.21 MeV. This level
corresponds to a state that was observed experimentally
at 9.0 MeV in the '°O(z,p)'0 and O(d,p)'®O reac-
tions.'? The 3.55- and 9.0-MeV d? levels are selectively
excited in heavy-ion two-neutron transfer reactions, such
as the 190(180,1%0)!80 reaction.!! The 9.0-MeV state
was not observed in the electron scattering experiment, a

. point that we return to later.

The leading or lowest representation in the SU; basis
for four particles in the sd shell and two holes in the p
shell is (Au)=(82). This representation contains a K =0
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TABLE I Theoretical Ofiw intensities (%) for positive-parity states in '®0 calculated with the

Chung-Wildenthal interaction in an (sd ) basis. The predicted erxcitation energies are given in MeV.

Ex J: (dS/Z )2 d5/2s1/2 (51/2 )2 d5/2d3/2 Sl/zds/z (dJ/z)2
0.00 of 74.9 17.1 8.0
4,01 05 16.4 82.8 0.8
14.38 oF 8.6 0.1 91.2
9.45 1 97.0 3.0
10.10 15 3.0 97.0
2.00 N 67.4 25.6 0.4 4.9 1.7
4.03 2y 29.6 67.6 0.5 2.3 0.0
945 . 2f 1.7 0.4 87.6 8.6 1.7
10.25 27 0.4 5.5 8.9 84.2 1.0
14.49 28 0.9 0.8 2.7 0.1 95.5
5.53 3F 99.3 - 07
9.51 3 0.7 99.3
3.52 4 91.2 8.8
8.21 43 8.8 91.2

band and a K =2 band, with the K =0 band expected to
occur lower in energy. It is now well established that the
low-lying positive-parity levels in *0 at 3.63 MeV (0)),
5.26 MeV (25), and 7.12 MeV (4]) are predominantly
4p2h states.” These so-called “intruder states” can be
identified as members of the predicted K =0 band; the
dominant structures of these states also can be described
by the weak-coupling configurations, *°Ne(J ™) *C(0"),
where J7=07, 2", or 4™, which leads to large a-particle
spectroscopic factors for *C+a. These states also have
appreciable components of 2°Ne(2¥)® *C(2%) and other
parentages. Analogous states in 'O are found at 6.05
MeV (0;), 6.92 MeV (2{), and 10.36 MeV (4] ); these
predominantly 4p4h states are the lowest members of the
K =0 band contained in the leading SU, representation
(84) for four particles in the sd shell and four holes in the
p shell. The (84) representation also contains a K =2

|

band and a K =4 band. The 2] state in °0 at 9.84 MeV
can be identified as the head of this K =2 band. We ar-
gue in Sec. II that a normal-parity state in '30 at 9.36
MeV is the best experimental candidate for the corre-
sponding head of the K =2 band contained in the (82)
representation. A feature of these K =2 bands in °0 and
130 is that they contain very small °Ne(J™)® '>4C(0%)
components, and the 2% states have large 0*®2" and
2*®2* components. A  consequence is that
0"—K=2,2" transitions are dominated by lp—1p
transitions, as is evident in the form factor for the 9.84-
MeV 25 state in 'O, which is strikingly different in
shape from those of the 2% levels at 6.92 and 11.52
MeV.1? ,

Excitation energies of particle-hole states in 30 can be
estimated by using the Bansal-French-Zamick formula
for weak-coupling configurations,!>!*

E, {[(sd)"],T,®p ~"J, T, T} =Ep(16+m)+Ep(16—n)~Ey('0)—Ez(**0)+ Amn+B(T, T} . (1)

Here E, is the excitation energy of a state with the
weak-coupling structure of m sd-shell particles with spin
J, and isospin T, coupled to n p-shell holes with spin J,
and isospin T,. The energy of the particle-hole state, so
formed, with spin J and isospin T is a combination of
binding energies (including excitation energies) and the
expectation value of the particle-hole interaction; the
coefficients, 4 and B in Eq. (1) were found' to have
values of 0.23 and 5.02 MeV, respectively, by requiring
approximate agreement between the calculated and ex-
perimental energies of the first T=0 and T=2 excited
states in %0, Table XI compares calculated and experi-
mental excitation energies for several weak-coupling
configurations in '®0. The experimental values are from
Ref. 1 and the calculated values use binding energies
(Ep) from the tables of Wapstra and Bos.!> The first four
states in Table II are members of the K =0 band already

discussed; for these states, the four sd-shell nucleons cou-

|

ple to T=0. The next three states arise from coupling
two p-shell holes to four sd-shell nucleons with T=1. As
we discuss later this configuration probably forms a large
component of the 2; state at 8.21 MeV. For the two 17
states in Table II, the sd-shell nucleons have the
configurations of the 1] state in %°F at 1.06 MeV and its
analog in *°Ne at 11.26 MeV, which is the most prom-
inent 17 state in the 2®Ne(e,e’)*°Ne reaction.!® The nar-
row state seen at 8.82 MeV in the *O(p,p’)'*O reaction'’
is a strong candidate for the lowest 4p2h 17;1 state in
180 since the ds/,d5,, configuration should have a con-
siderable neutron width and is expected at hi§her excita-
tion energy (see, e.g., Table I). The 4p2h 17;2 state in
180 is found'® at 18.87 MeV with B(M1)1=0.28(4) uy?,
a value that is consistent with the 10-20 % 4p2h admix-
ture in the 30 ground state deduced from analyses of
other data (see later). With the 17 states so identified, a

27 state is expected below 8.8 MeV for which a candidate
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TABLE II. Comparison of calculated and experimental excitation energies (MeV) for selected 4p2h
states in '®0. The experimental values are from Ref. 1 and the notation for weak-coupling
configurations is that of Ref. 14. (An asterisk denotes isobaric analog states with T=1.)

E, (Expt)

J7 T ~ Configuration E, (Calc.)
(sd)5=0®pr2:
o+ 1 0Ne(0+)®C(0*) 3.34 3.63
2+ 1 WNe(27 )0 M*C(0™) 4.97 5.26
4+ 1 ONe(41)® “C(0T) 7.59 7.12
6" 1 ®Ne(6" )@ *C(0F) 12.12 11.69
(sd)r=189p72,
27 1 [?°Ne*(2%)e C(0*) 8.05 8.21
_ZOF(2+)®I4N*(O+)]/‘/§
1* 1 [®Ne*(1%)® *C(0*) 9.07 8.82
_ZOF( 1t ® 14N*(0+ )]/‘/i
1t 2 [**Ne*(1%)® *C(0™) 19.11 18.87

+20F(l+)®l4N*(0+)]/-‘/"i o

exists at 8.21 MeV. We now argue that the levels in %0
at 8.21 and 9.36 MeV possess a number of properties that
enable us to identify them as the 4p2h 27 states already
described.

II. ANALYSIS AND DISCUSSION

In the standard plane-wave Born approximation, total
form-factor measurements for normal-parity states in
even-even nuclei can be separated into longitudinal and
transverse components:

4 2 0
1F|2=%1Fc,<q>|2+ L tian?

|Fe (q)?, 2)

where Q2 and ¢? are the square of the four- and three-
momentum transfer, respectively, and 0 is the electron
scattering angle. We fitted the total form-factor measure-
ments with a polynomial-times-Gaussian parametriza-
tion, as discussed, for example, in Refs. 8, 12, and 14:

1/4” ZJ _ N
F, (q)=__ fcm(q)f (q)e 7 Anyn »
o Z 7+ v ,,2="o
(3)
Fo )=__V47r q’ J+1 1
BT T | T
® _ N+l
X;fc.m.(q)fN(q)e 7 2 Bny" H (4)
n=0

where y =(gb /2)?. This parametrization was chosen to
facilitate comparisons with shell-model calculations that
use harmonic-oscillator wave functions. The oscilla-
tor parameter was determined® to have the value,
5=1.8791+0.023 fm, by simultaneously fitting form-
factor measurements for 15 normal-parity states in 0.
The measurements were obtained by exposing BeO tar-
gets, enriched up to 90.8% in 180, to intense electron
beams at the M.I.T.-Bates Linear Accelerator Center.
For the 8.21- and 9.36-MeV states discussed here, mea-

surements were performed at scattering angles of 90° and
160° with beam energies between 120 and 300 MeV. All
measurements presented here for the 9.36-MeV state
were obtained with a °Be'®O target that had an average
thickness of 47.3 mg/cm? The width of the 9.36-MeV
state was found to be <20 keV and the uncertainty in its
excitation energy was 1£0.02 MeV.

A. The level at 8.21 MeV

Table III summarizes the expansion coefficients, 4,
and B,, for the longitudinal and transverse form factors
of the 2] level at 8.21 MeV. The first column of Table
IIT gives the results of a fit in which all expansion
coefficients up to n =2 are allowed to vary. This fit gives
a good representation of the extracted Coulomb form fac-
tor, which is shown in Fig. 1. However, the y? per degree
of freedom is large (y2/v=6.1), and it is clear that all
five expansion coefficients cannot be extracted from the
data. In fact, the fitted B, coefficients give rise to an un-
physical |Fy|>=|Fg,|% which exhibits three maxima at
geg~0.3, 1.0, and 2.0 fm ™. In addition, |F|? points ob-
tained by subtracting the fitted |F; |2=|F,|? values show
considerable scatter and do not yield a clearly defined
transverse form factor. The second column of Table III
gives the result of a fit in which B, and B, are set to zero.
In this case, A4, is still undefined. The third and fourth
columns of Table III give the results of fits with A4, also
set to zero for two values of the oscillator parameter,
b=1.879 fm from the omnibus fit to 15 states and
b=1.821 fm deduced!® from the measured rms charge
radius of 2.794 fm (Ref. 20).

The coefficient 4,=B, corresponds to B(C2)1=7.3
1+4.2 e*fm* where the quoted uncertainty takes into ac-
count the model dependency of our parametrization and,
in particular, the fact that there are no data points for
geg<0.85 fm™!. The value obtained for B(C2)1 is in
agreement with the result, B(E2)!=0.910.3 W.u. or
B(C2)1=13%4 e¥m®*, obtained from the “C(a,y)10
measurement of Gai et al.?!
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TABLE III. Expansion coefficients (in efm?) for the longitudinal and transverse electric form factors
of the 27 state in '®0 at 8.21 MeV, fitted to 23 data points at =90 and six data points at §=159.8".
The value of the oscillator parameter b obtained by fitting 15 levels simultaneously was 1.879(23)* fm
(Ref. 8), while that obtained from the rms charge radius is 1.821 fm (Ref. 19).

Quantity Value®
b 1.879 1.879 1.879 1.821
Ao 2.71(26) 2.79(20) 2.89(8) 2.78(8)
A, —0.33(30) —0.46(22) —0.59(4) —0.66(4)
A, —0.08(8) —0.03(6) 0 0
B, —8.6(43) 0 0 0
B, 3.9(17) 0 0 0
X2/ 6.13 5.89 5.74 5.70
B(C2)1° 7.3(14) 7.8(12) 8.4(5) 7.7(4)

*Uncertainties in the last significant figure are given in parentheses.

YParameters set to zero are so indicated.

°B(C2)1= A}=B}in e’fm*. Only the uncertainties due to fitting are represented.

Figure 1 shows the extracted Coulomb form factor for
the 27 state in 0 at 8.21 MeV (the solid curve was gen-
erated from coefficients listed in the first column of Table
ITN). This state’s measured transverse form factor is
negligible (within experimental uncertainties), as are
those of the lowest three 2% states.? The only structures
at all likely for 27 states in '®0 excited by Coulomb exci-
tations are a mainly ds,,d;,, configuration or mainly
4p2h configurations of the two types discussed in Sec. I.
If the structure of the 8.21-MeV level is as we suggest in
Table II, then its C2 form factor should be similar to
those of other 27 states excited by C2 transitions within
the sd shell. The shape given by the harmonic-oscillator
1d — 1d form factor, with a polynomial 1—2y, is approx-
imately correct, as is that of an empirical 1d —1d form
factor extracted by Norum et al,> with a minimum
around g.z=2.1 fm~’; thus, the shape expected for the

10 E 1 ] E|
-4
10 &= 3
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I N ]
-5
10 & E
C 1
-8
10
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FIG. 1. The solid curve shows the fitted Coulomb form fac-
tor for the 2 state at 8.21 MeV. Solid squares indicate mea-
surements of Coulomb form factors from this analysis and solid

circles indicate measurements from an earlier analysis.?

excitation of the ds,,d,, configuration is also consistent
with the data. However, in the Chung-Wildenthal (sd )
model, B(C2)t is only 2.1 eXm* (for 8e,=0.5 and
b=1.821 fm) and, more tellingly, a d5,d , state at 8.21
MeV should be strongly populated in the 'O(d,p )0 re-
action, contrary to the experimental results.’® The very
small neutron width (quoted as 6.2X107%% of the
Wigner limit?2) of the 8.21-MeV level also argues against
a significant ds,,d;,, component. These observations
clearly reveal that the 8.21-MeV state must be a
multiparticle-multihole configuration, since it is incon-
sistent with a mainly two-particle configuration. Finally,
we note that the experimental excitation energy agrees
very well with the weak-coupling-model prediction of
8.05 MeV (Table II).

We conclude from the preceding discussion that an
identification of the 4p2h 27 state with the 8.21-MeV
state in '%0 is consistent with the measured (e,e’) form
factor, while a ds,,d3,, assignment is inconsistent with
the properties of the 8.21-MeV level on several counts.
The very small « width (quoted as 0.9% of the Wigner

" 1imit??) of the 8.21-MeV level is also consistent with the

expectation of a very small *C++a spectroscopic factor.

B. The level at 9.36 MeV

At excitation energies between 9 and 14 MeV, the most
prominent states in the spectrum (Fig. 2) for 194.3-MeV
electrons scattered from '®0 at 90° (g=~1.3 fm™') are a
level at 9.36 MeV and one at 11.65 MeV. The measured
widths of these levels in this work are <20 keV and
76+8 keV, respectively. The observed strengths of these
states indicate that they have J <4; both states have nor-
mal parity as indicated by their mainly Coulomb form

. factors. The shape of the Coulomb form factor for the

9.36-MeV level was determined well by these measure-
ments. Table IV summarizes the expansion coefficients,
A4, and B,, for the longitudinal and transverse form fac-
tors of the level at 9.36 MeV and Fig. 3 shows the ex-
tracted Coulomb form factor; also shown in Fig. 3 are
curves obtained by fitting the data under assumptions

that the level is either a 2, 37, or 4T state. Its shape is
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FIG. 2. A spectrum for 194.3-MeV electrons scattered from
9Be!®O at #=90°, corresponding to g.s=1.4 fm~!. Note the
strongly excited levels at 9.36 and 11.65 MeV.

consistent with any of these assignments; however, the
large C4 strength implied assuming J™=4" argues
against that assignment.

Preliminary measurements® of the differential cross
section for exciting the levels in %0 at 8.21 and 9.36 MeV
by 135-MeV protons are shown in Fig. 4. The similarity
of the angular distributions with each other and with an-
gular distributions for known 2% states in !0 (Ref. 24)
suggest strongly that the level at 9.36 MeV is also a 27
state. With this assignment, our electron-scattering mea-
surements indicate a B(C2)1 of 2.2+1.3 e*fm* where
the quoted uncertainty takes into account the model
dependency of our parametrization and, in particular, the
fact that there are no data points for g.y<1.03 fm™ .
The form factor for the 9.36-MeV level (Fig. 3) is similar
in shape to that of the 25 level at 9.84 MeV in '%0 (Ref.
12) and suggests that this state is excited mainly by a
1p — lp transition. In contrast,? the C2 form factors of
the three 27 states in 20 at 1.98, 3.92, and 5.26 MeV all
exhibit minima below g.z=2 fm™".

In order to investigate the band structures of positive-

TABLE 1V. Expansion coefficients (in efm’) for the longitu-
dinal and transverse electric form factors of the state in '*0 at
9.36 MeV, fitted to six data points at §=90° and four data
points at #=159.8°. The assumed spin and parity of the state
are so indicated; the value of the oscillator parameter b was
1.879 fm.

Quantity Value
J7 2t 3” 4*
Ay 1.47(15) 12.78(94) 112(9)
A, 0.36(8) —1.14(42) —23(4)
B, 1.98(81) 7.3(53) 28(55)
X2 /v 1.09 1.32 2.69
B(CJ)1* 2.16(45) 162(24) 1.25(21) X 10*

2B(CJ)I1=A23=B} in e*fm”. Only the uncertainties due to
fitting are represented.
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FIG. 3. Coulomb form-factor measurements for the state in
0 at 9.36 MeV. The solid, dashed, and dot-dashed curves
were obtained by fitting the data under the assumptions that the
levelisa 2%, 37, or 47 state, respectively.
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- FIG. 4. Measurements of the differential cross section for
scattering 135-MeV protons from the levels in O at (a) 8.21
MeV and (b) 9.36 MeV.
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TABLE V. Collective band structures in '*O. Theoretical 2% intensities (%) in the SU, basis and excitation energies (MeV) were
calculated in a full O%iw plus truncated 2% basis as discussed in the text.

JT E, (Theory) E, (Expt.) 25w (%) (82) (90) (71) (63) (44)
K =0 band
ot 3.49 3.63 87.9 62.2 15.6 6.9 2.6 0.8
2t 4.90 5.26 91.3 63.0 15.4 7.0 3.4 1.5
4% 7.44 7.12 80.2 54.9 11.8 6.3 45 2.8
6+ 11.57 11.69 100.0 64.2 13.5 12.4 9.2 0.8
K =2 band
2t 9.49 9.36 95.8 79.8 1.3 6.7 5.0 3.0
3t 10.47 99.9 79.9 2.5 8.1 6.3 3.0
4+ 11.50 99.5 72.0 4.6 11.8 6.4 4.6
5% 13.20 100.0 58.1 2.4 9.4 24.4 5.7
6" 14.49 100.0 51.4 6.5 28.9 11.4 1.8

parity states in '*O more fully, we also performed a more
extensive shell-model calculation using a complete (sd )?
plus truncated 2#iw basis [(Ap)=(82), (90}, (71), (63), and
(44) with total spin S <1]. In this basis, the wave func-
tions for positive-parity states have the general form,

lr=+)=al(sd)?) +Blp "Usd)*)+yIp " Nsd)pf)) .
(5)

The predicted compositions and excitation energies of the
low-lying K=0 and K =2 bands having large com-
ponents of the (82) representation are listed in Table V.
The K=0 states are all predicted to have large
1C(g.s.)+a spectroscopic factors (0.15<&,<0.18) and
the levels listed as their experimental counterparts are all
strongly populated in a-transfer reactions on a “C tar-
get.2>~?7 A breakdown of the contributions to the poly-
nomial coefficients 4, and 4, for transitions from the
lowest 27w O™ state to the 2% 2V states is given in Table
VI. It is clear that 1p—1p transitions dominate in the

excitation of the K =2 27 state. Estimates of the intensi-
ty of the 4p2h 0% component in the ground state range
from just over 10% (Ref. 7) to just under 19% (Ref. 6).
An admixture of 15%, with the 4, coefficient from Table
VI, gives B(C2)1=17.9 e*m* for the excitation of the
pure 2%w state identified with the 9.36-MeV 27 state of
180, A further range of variation in the theoretical pre-
diction arises because the B(C2)T also scales as
(1+8e,)’b*, where 1+8e, is the effective charge ap-
propriate for a p-shell proton transition; e.g., the value
148e,~1.15 found for "°C (Ref. 28) is lower than the
value 1.5 used in Table VI and would imply B(C2)1=4.7
eYfm*.

The shell-model prediction of 9.49 MeV (Table V) for
the excitation energy of the K =2 band head agrees very
well with the experimental value of 9.36 MeV. As ai-
ready noted, the shell-model wave function for this state
is dominated by the (82) representation in an SUj; basis.
In this calculation, the K =2 27 state mixes weakly with
the predicted nearby (sd)? configurations at 9.2 MeV

TABLE VI. One-body density-matrix elements and polynomial coefficients for 0% —2" transitions
between 4p2h states in '*O. Results for the K=0 27 state are given first, followed by results for the

K=227 state. .
Shell Operator® Zb Z,p A® R
p (11) —0.1812 —0.1801 3.11
sd (11) —0.7445 0.0017 19.05 —7.62
sd (22) —0.2321 0.0006 —0.64
22.16 —8.26
p (1) 0.4245 0.4229 7.29
sd (11) —0.0007 0.0048 —0.04 0.02
sd (22) —0.0492 0.0046 —0.13
7.25 —0.11

*SU, quantum numbers of a 'a coupled to (Au) AL =2, AS=0; for (11), in the sd shell, the polynomial is
1— %y; for (22) in the sd shell, the combination of K =0 and K =2 that gives a nonvanishing form factor
is listed; small contributions involving pf orbits are omitted.

®One-body density-matrix elements reduced in J but not T.

¢Polynomial coefficients of Eq. (2) for b=1.821 fm and effective charges, 8¢, =8e,=0.5.
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(dspds ) and 10.0 MeV (s, ,d3 5). We expect the spac-
ings of states within bands to be. roughly maintained in
shell-model calculations that use an expanded basis or
slightly different interaction; interestingly, the strongly
excited normal-parity state at 11.65 MeV shown in Fig. 2,
is near the K =2 47 state predicted to lie at 11.50 MeV.
Preliminary measurements® of its form factor are con-
sistent in shape with a 4% assignment; however, the
strong excitation of this state is not presently understood
and all we can say with confidence is that J <4.

The shell-model basis, for the calculation already de-
scribed, was chosen to give a good account of the cou-
pling of two p-shell holes to the T'=0 states of the 2’Ne
ground-state band with mainly [4] symmetry for the four
sd-shell nucleons. A pair of p-shell holes, with either spa-
tial symmetry, can couple to four nucleons with [31] sym-
metry, of which the lowest T=1 states are examples, to
form 4p2h states that also have [4*2] symmetry and
therefore S=0 for T=1. From the same couplings, 4p2h
states with [4*11] or [4°33] symmetry and S=1 for T=1
can be formed. For each coupling of symmetries, specific
weightings of the various T,5,87,S, possibilities are
implied, including combinations with T,=0 or T}, =0;
thus, since the effective interaction favors high spatial
symmetries, the lowest state with mainly [31] symmetry
for (sd)* may have a somewhat different structure from
that used for our simple weak-coupling estimates in the
Introduction. Indeed, we find that the first band struc-
ture apart from the “(82)” bands is a K =1 band with
S =0, mainly from the (63) representation with apprecia-
ble (71) components. The 1% and 2% members are
around 11.3 MeV, about 2-3 MeV higher than the candi-
date states discussed in this paper. Calculations with a
basis large enough to incorporate the sd-shell and cross-
shell correlations important for the energies of such
states are necessary as the next step towards an under-
standing of states above 8-MeV excitation energy in '20.

Finally, with regard to the 9.36-MeV 2% level, it is of
interest to consider the theoretical prediction for the
transverse form factor. The transverse form factor for
the *C core transition has been measured by Plum.’® In
fact, the mixed Op2h and 2p4h 27 states in *C at 7.01
and 8.32 MeV, respectively, have very similar transverse
form factors; the total transverse strength is understood if
the magnetization current contribution to Fr is quenched
by a factor of ~0.7, as was necessary?® for E2 transitions
in 3C. There is little sd-shell contribution to Fy in *C,
but we note that such contributions play a role in the lon-
gitudinal form factor’®3! with constructive (destructive)
interference between p-shell and sd-shell contributions for
the lower (upper) 27 state. The magnetization current
contributions to the E2 form factor are controlled by the
AL=2,AS=1 OBDME (one-body density-matrix ele-
ment). For the 4p2h 07 —K =227 transition in 20, the
p-shell OBDME dominates with Z,=Z,=—0.2075, to
be compared with —0.3065 for the simple Op2h transi-
tion in C. The polynomial coefficient B; in Eq. (3) is
easily evaluated using the results in Appendix A of Ref.
28. For a 15% 4p2h admixture in the '*0 ground state
and a quenching factor of 1/V2, we have B, =4.52 efm?,
with By=1.5 efm? from the continuity equation. The

TABLE VII. Expansion coefficients (in efm*) for the longitu-
dinal and transverse electric form factors of the 4% states in 130
at 3.55 and 7.12 MeV (fitted to 48 and 38 data points, respective-
ly). The value of the oscillator parameter b is 1.879 fm (see
Table IID).

Quantity 4 4 4 A
Ay 31.13(56)  31.28(55)  31.34(61)  113.8(15)
4, —1.38(24) —14121D —12922) —13.1(6)
B, 94(15) —122(15) 0 —55(81)
x*/v 120 L17 145 226

core polarization corrections that quench the peak values
of magnetization-current dominated E2 form factors are
also expected to make the form factors hold up above the
simple p-shell form factor at high ¢.2%32

C. 47 levels

The form factors of the first two 4™ states in 130, at
3.55 and 7.12 MeV, were measured and analyzed by
Norum et al.,> within the framework of the model of
Lawson, Serduke, and Fortune (LSF).” Subsequently, a
state in '30 at 9.0 MeV has been identified as the predom-
inantly ds,,d;,, 4% state.'® This state is not observed in
our experiment and we try to understand this fact, and
the form factors of the levels at 3.55 and 7.12 MeV,
within the framework of shell-model calculations.

The expansion coefficients obtained from fitting the
data for the 4; and 45" levels are given in Table VII. Fig-
ure 5 shows the extracted Coulomb form factors for these
levels with curves corresponding to the fitted coefficients
in columns 1 and 4 of Table VII. For both levels, 4, is
well determined. The inclusion of B, in the fit leads to an
improved y? for the 4; level. Because |B,y|>|B,| over
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FIG. 5. The solid curves show the fitted Coulomb form fac-
tors for the 47 states in *0 at 3.56 MeV (4;) and 7.12 MeV
(45). Solid squares indicate measurements from this analysis
and solid circles indicate measurements from an earlier
analysis.?
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“ TABLE VIII. One-body density-matrix elements ( 1d — 1d ) for pure 2pOh and 4p2h 0F —4* transi-
tions in '30. CW, denotes a state from Table I; 24w denotes the lowest 27w state. Z, and Z, are

defined in Table VI. _
AL=4,AS=0 AL=4,AS=1
4+ - ot Z, Z, Z, VA
CW, cw, 0.3063 —0.3063 - —0.0445 0.0445
CW, CW, 0.2325 —0.2325 —0.1385 0.1385
(ds;)? CwW, 0.2235 —0.2235 0 0
ds,ds Ccw, 0.3173 ~0.3173 —0.1450 0.1450
2w 2w 0.4650 0.0002

the range of ¢ for which data exist, there are comparable
fits for either sign of B,. The fit for (B,B,) <0, as ex-
pected theoretically (and discussed in the following), has
a slightly better 2. For the 4;" level, B, is undetermined.

The OBDME relevant to the computation of C4 and
E4 form factors for the two (sd ) states and the lowest
4p2h state are given in Table VIIL. For the (sd)? states,
let @B denote the (ds,)?(ds,;)* amplitudes in a 0OF
state and a',8' denote the (ds ;)% ds ,d5,, amplitudes in
a4t state. Then,

ZO(AL=4,AS=0)=——‘/11—-—5aa'+ﬁ/3[3’+711_~5—a6' ,

—0.0200 0.0005

b=1.879 fm. For B,, we set Q=1/V2, as we did for E2
transitions, to represent the empirical quenching of spin
excitations.

Table IX gives the wave functions of the three 4%
states from the ‘““‘unconstrained II” version of the LSF
model’” and from our shell-model calculation. The two
sets of wave functions are very similar except for the in-
creased mixing of the (ds,,)? and d; ,d, configurations
in the shell-model calculation, a consequence of using the
CW interaction for the sd shell. We take the '*0O
ground-state wave function to be a mixture of the first
CW 07 state (Table I) and the 2#iw 0" state. We do this
because the LSF model omits (d;,,)* components from

(6) the ground-state wave function (see footnote to Table IX)
1 1 and because we believe that the 2#iw intensity in the
Z,(AL=4,AS=1)= _—\/—I_Z—aﬁ'+ 783/3' , (7)  ground state is larger than that given by the LSF model.

which makes explicit the sensitivity to the (d3,,)* com-
ponent in the ground state and to the mixing of (ds )
and ds/,d;,, in the excited states. Values of 4, and B,
for each of the cases in Table VIII can be evaluated from

Evidence for the latter is supported by the fact that the
B(C2)t for the 27 state determined from electron
scattering is a factor of three larger than that given by
the LSF model and that the accepted value' of B(C2)t
for the 2;" state is now about 25% larger than the value
used in the LSF analysis.

— 4

A40=15.93 b*(egZyte,Z,), @) From Eq. (8) and Table VIII, the A, values for
_ #ie ., CW(0")—(ds))H4"),  27w(0%)—2%w(4%),  and

B, ==5.99357—b"QpoZo i Z1) ©)  CW(0%)>ds ,d;,,(47) are 44.4, 184.7, and 63.0 efm?,

X

where ey=1+38e,+de,, e;=1+8e,—8e,, uo=p,tu,
=0.880, p;=p, —p,=4.706, and @ is a quenching fac-
tor for the AS=1 excitation. From an analysis of E4
transition probabilities in the sd shell, Brown et al.’*3*
have found e;=~2, while the microscopic calculations of
Sagawa and Brown®* give 8e,=0.6, 8¢,=0.3. To make
rough estimates for A, we use 8ep =08e,=0.5 and

respectively. Taking a ground-state wave function of the

form V'0.85 CW(0™)+V0.15 2w, we find for the LSF

4" wave functions from Table IX:
Ao(4])=40.4+4.6+8.8=53.8,
Ay(4)=4.9—65.2—22.8=~83.1,

Al4F)=—4.6—28.9+52.7=19.2,

TABLE IX. Wave functions for the first three 4 states in '*0 for the model of Lawson, Serduke,
and Fortune (LSF) and our shell-model calculation.

Shell Model®

Model LSF?
Iy (dsp, ) 27w dspds g (dsy )’ 2ﬁ¢0° dspdsp
4t 0.986 0.065 0.151 0.918 0.098 0.335
4; 0.120 —0.912 —0.392 0.242 —0.888 —0.373
43+ —0.113 —0.404 0.908 —0.285 —0.445 0.805

*Constrained II wave functions from Ref. 7 with the phase of the 27w component adapted to our con-
vention. The ground-state wave function for the same fit is 0.848 (ds ;)2 +0.438 (5, )*+0.297 2#w.
"Wave functions are not normalized because the amplitudes listed represent only three components of a
much larger basis. The ground state has 4.1% 2#w components and 95.9% CW, of Table I.

“The 2o amplitudes listed represent only the contributions from the lowest “K =0” 2fio state.
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where the individual contributions from each basis state
are given in the order of Table IX. An important point
to note is the strong cancellation for the 4; level (almost
complete for the shell-model 4% wave functions); also,
Ao(4] ) is too large and 4,(4;") is too small compared to
the values deduced from the (e,e’) form factors (Table
VII). The most obvious way to improve the agreement
with experiment would be for the matrix element that
mixes the lowest (sd)?> 4 state and the 2% state to
change sign. This matrix element is small and it is clear
that a small admixture of the opposite sign would be
sufficient to give rather good agreement with experiment.
Whether such a sign change could reasonably be obtained
requires a much more detailed analysis and extended
shell-model calculations. It is of interest to note that of
the 4.1% 2#%w admixture in the lowest 41 model state,
less than 1% is from the lowest “K =0 2#w state; most
of the 2#iw admixture involves configurations in which
the four sd-shell nucleons are coupled to T =1.

The 2%w» admixtures make little contribution to the
transverse form factors of the 4 levels (see Table VIII).
The dominant magnetization current contributions to the
transverse form factors are then a measure of the
ds,d3,, component for each level. For the lowest 4
level, the shell-model wave functions give B;~ —142
efm®, which is consistent with the fitted value in Table
VII, while the LSF value is about a factor of two smaller.
The peak value of |Fy|*> obtained from the fit is
7.8X1077 at g4=1.7 fm™, two orders of magnitude
smaller than the peak value of |F LIZ. For the third 47
level, the peak value of |Fy|? should be about §X 1075,
This form factor should be measurable at 180° if the 4;
state were an isolated level; however, it may not be
measurable for a relatively broad level at 9.0 MeV in 120.

III. SUMMARY AND CONCLUSIONS

We have presented the first high-resolution form-factor
measurements for the 2% state at 8.21 MeV and for a
normal-parity state at 9.36 MeV, which we suggest is also

a 27 state. The measurements are construed as evidence
that these levels are basically 4p2h states; properties of
2p0h states are inconsistent with the data. Weak-
coupling arguments suggest that the states are K =2
bandheads for levels of the type p ~2®(sd )*, where the
four sd-shell nucleons couple to T=1 and T=0 for the
8.21- and 9.36-MeV levels, respectively. In terms of SU,
symmetry, the dominant representations in these bands
are (63) and (82). We have noted the effective interaction
will tend to mix the simple weak-coupling configurations
in such a way that the lowest states have high spatial
symmetry, in which case the lowest (63) configurations
should have S =0 and K =1. Although we have attempt-
ed to match the observed states with theoretical candi-
dates on the basis of excitation energies and the shapes
and magnitudes of form factors, our assignments are not
definitive. Larger basis shell-model calculations are
necessary to investigate whether the weak-coupling or the
symmetry-preserving characteristics of the interaction
prevail.

The results of existing calculations were compared to
data for the first three 47 states at 3.55, 7.12, and 9.0
MeV. While the shapes and relative magnitudes of these
states are qualitatively understood within the framework
of these calculations, it will be interesting to see if
extended-basis calculations can actount for the known
47" state at 10.3 MeV and whether the presence of this
state or other low-lying 4* levels influence the mixing
and properties of the two lowest 4T levels.
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