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We have excited the giant resonance region in 2C via inelastic electron scattering, and have
measured the first complete angular correlations for charged particle emission for this reaction for
four values of momentum transfer ranging from 0.24 fm ™' to 0.61 fm~*. By analyzing the a-emission
channels via the Legendre and resonance formalisms, we unambiguously determined the multipole
contributions to the total cross section for o emission to the ground state of ®Be, and have set
limits on these contributions for a emission to the first excited state of ®Be. We have found that,
in both cases, E2 radiation is the strongest contribution but that £0 and E3 contributions cannot
be ignored. By constructing total multipole form factors and fitting them within the distorted wave
Born approximation using a transition charge density specified by the Tassie model, we deduced
multipole transition strengths and fractions of the appropriate sum rules. Our results are compared

with those from the (p,p'a) and (e, @’a) reactions.

PACS number(s): 24.30.Cz, 25.30.Dh, 25.30.Fj, 27.20.+n

I. INTRODUCTION

While the systematic characteristics of many giant res-
onance modes are well known in medium and heavy nu-
clei, the data for light nuclei, which are more amenable
to microscopic calculations, are incomplete and incon-
sistent. In particular, the giant quadrupole resonance
(GQR) in *2C has been the subject of a number of studies
using various reactions [1-9], which have claimed differ-
ing amounts of strength. Electromagnetic probes [1-4]
are unique in that they are equally sensitive to both
isovector and isoscalar excitations and can, in princi-
ple, excite all multipoles. In contrast, hadron scatter-
ing is more strongly selective for isoscalar excitations be-
cause of the relative weakness of the t7 component of
the hadron-nucleus interaction as evidenced by previous
studies using (*He,3He') scattering [5] and (p,p’) reac-
tions [6]. Inelastic (a,a’) scattering [7] is even more se-
lective due to the S = 0,7 = 0 nature of the probe.

Since GR’s exist in the continuum, a complete de-
scription can be achieved only with coincidence measure-
ments. In this case, one can measure angular correla-
tions, which are characteristic of the multipolarity, and
choose an emission particle which selects a specific reso-
nance mode. In particular, choosing the a-emission chan-
nels provided us with a tool by which, apart from isospin
mixing, the isoscalar modes can be studied. Indeed, it
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has been theoretically shown [10] that for nuclei with 1p
and 2s-1d valence orbitals, a emission accounts for most
of the GQoR decay.

In this experiment, we measured the first complete an-
gular correlations for the 12C(e, e’a) reaction for momen-
tum transfers up to 0.61 fm~1. We have performed a mul-
tipole decomposition of the cross sections, constructed to-
tal multipole form factors from this decomposition, and
extracted multipole transition strengths and sum rule
fractions. We found that the dominant multipole is E2
[11] but that E0 and E3 contributions cannot be ignored.

II. THEORETICAL CONSIDERATIONS

In the plane-wave Born approximation, the general
form of the electron scattering cross section is typically
expressed as [12]

d®c

m = GM(VLWL + VTWT + VLTWLT COS Yg

+VrrWrr cos 2¢,) . (1)

The kinematic dependence of Eq. (1), given in terms
of the four-momentum transfer @), the three-momentum
transfer ¢, and the electron scattering angle 9., is ex-
pressed through the V'’s

V= (%) , (2)
Vr = %(%) + tan?® (%) , (3)
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where the energy transfer w relates Q and q, Q% = ¢2—w?.

The Mott cross section for scattering off a point charge
is given by

2
_ [ akccos(¥./2)
M—(m) | “

where E; is the incident electron energy, while the W'’s
reflect the nuclear dynamics. The subscripts L and
T refer to interaction of the exchanged virtual photon
with the longitudinal and transverse nuclear currents,
while the subscripts LT and TT refer to longitudinal-
transverse and transverse-transverse interferences, re-
spectively. Figure 1 illustrates the kinematics and the
coordinate system used to define the particle emission
angles. Here, the polar angles of the emitted particle,
¥, is defined with respect to q, and ¢., the azimuthal
(out-of-plane) angle of the emitted particle, is defined
with respect to the electron scattering plane as in, for
example, de Forest [12].

If the cross section is dominated by a few multipoles,
as it is in the resonance region, then it is useful to expand
Eq. (1) in terms of Legendre polynomials [13]

d5a 2 2L
— Al Pl 192 2),
Trdnodo ~ M 2 2 Ailcosda) coslin) , (1)

where the response functions Wy and Wp both con-
tribute to the A coefficients, and the A} coefficients
constitute a multipole decomposition of the 3rd response
function, Wr. By fixing the out-of-plane angle at 135°,
Wrr and its expansion in A2’s was eliminated from the
sum. This removes any ambiguity in the analysis since
the P2’s are not independent of the Py’s.

In the approximation that the reaction cross section
is resonance dominated, the Legendre coefficients can be
factored into excitation form factors, which depend only
on the nuclear dynamics and g, and angular correlation

FIG. 1. Kinematics for '?C(e,e'z). The particle emission
plane, indicated by the right-handed coordinate system, was
fixed at an azimuthal angle of ¢, = 135°.

shape coeflicients which depend only on the particle emis-
sion and w and are independent of g [13-15]. Following
the static limit resonance approximation (SLRA) of Klep-
pinger and Walecka [13], the longitudinal and transverse
excitation form factors are given by C(L) and T'(L), re-
spectively, while the shape coefficients are given by ax (L)
and ax(L,L’') for pure and interfering radiation, respec-
tively.

If, for example, the cross section is entirely E2 in na-
ture, then the pertinent Legendre coefficients can be writ-
ten within this approximation as

43 = VLIC@P +VrlT )P , ®)
43 = a@EVICER)P +VZIT@)P),  (9)
A3 = ay(2) (—gmcmnz - VT|T<2)|2) . (o)

Az = \/ga2(2)(VLT|C(2)“T(2)|) , (11)
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where 4w A is the total E2 cross section. Further, if the
a emission populates the 0+ ground state of the residual
nucleus ®Be (ap emission), then there is only one partial
wave which contributes to the outgoing o wave function
and the shape coefficients are uniquely determined from
angular momentum coupling considerations. This is not
the case for a emission to the first excited state of Be
(o1 emission) at 2.93 MeV. Full expressions for the cross
section derived within the SLRA for multipoles up to
L = 3, as well as interferences between these multipoles,
are given in the Appendix.

III. EXPERIMENTAL CONSIDERATIONS

Data for the reactions 2C(e,e'z), where z = p,a,
were accumulated at the Institut fiir Kernphysik, Uni-
versitdt Mainz using the microtron MAMI-A [16]. Con-
tinuous wave electron beams of 124.1 and 183.4 MeV,
with average currents between 8-15 pA, impinged on
self-supporting carbon foils of natural isotopic compo-
sition with thicknesses of 2.4 and 3.6 mg/cm?. The
scattered electrons were detected in the 180° double-
focusing magnetic spectrometer [17], the focal plane of
which was fitted with an array of overlapping scintillators
and Cherenkov counters. The spectrometer was set be-
tween 22° and 40° defining momentum transfers of 0.24,
0.35, 0.41, and 0.61 fm~!, and had a solid angle of 4.0
msr, a momentum acceptance of 6%, and a momentum
resolution of 2.5x10~%. The measured excitation energy
range was w = 18-28 MeV. For all data runs, the electron
arm resolution was significantly better than the smallest
Auw bin size for o emission used in our analysis.
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TABLE 1. Specifications for the Mainz detectors and tele-
scopes. The detector thickness and area and telescope solid
angle and stopping power are given by ¢, A,Q., and S. The
labels “AE,” “E,” and “AFE + E” refer to the first detector,
the second detector, and both detectors, while “p” and “a”
refer to protons and alpha particles.

t(AE) 75 pm
t(E) 1000 pm
A(AE) 300 mm?
A(E) 450 mm?
(9 22.4, 39.4 msr
S(AE) P 2.7 MeV

a 10.8 MeV

S(AE + E) p 12.8 MeV
a 51.3 MeV

The charged particle emission products were de-
tected in coincidence with the scattered electrons by
transmission-mount silicon surface-barrier (SSB) detec-
tors arranged in AE-FE telescopic arrays. These tele-
scopes were mounted on a goniometer—a ring that could
be rotated out of the electron scattering plane about q
and rotated in its own plane—such that angular correla-
tions could be measured. Since the goniometer was al-
ways fixed at an out-of-plane angle ¢, = 135° as shown
in Fig. 1, we had complete freedom to vary 9, in the par-
ticle emission plane without interfering with the incident
or scattered electrons. This allowed for the first complete
angular correlation measurements for these reactions.

In order to eliminate low-energy Mgller electrons, per-
manent magnets were placed in front of the telescopes.
Specifically, SmCo magnets were employed which created
a field of about 0.1 T over a distance of 2 cm. This field
effectively swept away electrons of up to 1 MeV thus al-
lowing for cleaner data.

For all of the data runs, the SSB detectors were ar-
ranged into seven telescopes with two detectors per tele-
scope. The specifications for these detectors and tele-
scopes are given in Table I. The detector thicknesses were

FIG. 2. A representative telescope configuration. The tele-
scopes were mounted on a ring that could be rotated out of
the electron scattering plane about q and rotated in its own
plane. This allowed for the measurement of complete angular
correlations.

AE

\

collimator sweeping magnets

FIG. 3. A telescope cross section. AE and E indicate 75
pm and 1000 pm silicon surface barrier detectors. The col-
limator defined the telescope solid angle and the sweeping
magnets eliminated low-energy Mgller electrons.

chosen based on the maximum proton kinetic energy of
interest and were more than adequate to stop all a par-
ticles. The decay a’s were detected for E, > 2.5 MeV.

For each momentum transfer point, the seven tele-
scopes were configured in two different ways and the go-
niometer was set to four distinct positions: two aligned
roughly parallel to q and two aligned roughly perpendic-
ular to q. The parallel settings allowed measurement of
the angles 10°-60° and 150°-220° while the perpendicu-
lar settings allowed measurement of the angles 50°-160°,
230°, and 240° where all angles are measured with re-
spect to q. Within this scheme, 28 correlation data points
were measured between 10° and 240° in steps of 10°.
Since any geometrical inconsistencies between the two
telescope configurations could lead to a false asymmetry
in the measured angular correlations, four of these an-
gles (typically 50°,60°, 150°, and 160°) overlapped in the
different settings. A representative goniometer configura-
tion and a telescope cross section are shown schematically
in Figs. 2 and 3, respectively.
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FIG. 4. '2C(e, ') singles spectrum (top) and corresponding
12C(e, e'z) raw coincidence spectrum (bottom) for ¢ = 0.61
fm~!. The radiative tail was calculated using the program
ALLFIT [18], and the coincidence spectrum is the sum of seven
telescopes configured in the parallel goniometer setting.
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FIG. 5. A typical >C(e, e'z) particle iden-
tification (PID) spectrum (left) and scattered
electron energy (E') vs particle  kinetic en-
ergy spectrum (right). The left spectrum in-
dicates proton (p) and alpha () components.
The right spectrum, derived by invoking the
appropriate a cuts, indicates two final states
populating definite kinematically allowed loci
(labeled ap and a;). For both spectra, back-
ground has not been subtracted. The labels
AFE and AFE + FE indicate energy deposited -
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IV. DATA REDUCTION

To illustrate the power of the coincidence technique, a
sample (g = 0.61 fm~1) 12C(e, e') singles spectrum (top)
and corresponding 2C(e, e'z) raw coincidence spectrum
(bottom) are shown in Fig. 4. Here, the radiative tail
was calculated using the program ALLFIT [18], and the
coincidence spectrum is the sum of seven telescopes con-
figured in the parallel goniometer setting.

In order to identify the true and accidental coincidence

in the first and both detectors, respectively.

events, cuts were made on the following spectra: (1) one-
dimensional TDC spectra, (2) pulse height vs coincidence
time distributions, (3) particle identification (PID) spec-
tra which allowed for the separation of the various emis-
sion products based on mass and charge, and (4) scat-
tered electron energy (E’) vs particle z total kinetic en-
ergy (AE + E) spectra which allowed for the separation
of resolved final state particles for a given particle type.
Figure 5 shows typical raw PID (left) and E' vs AE+ F
(right) spectra for a momentum transfer of 0.61 fm~!
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w = 25.0 £ 0.17 MeV
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and an emission angle of 10°. The latter spectrum was
derived by invoking the appropriate a cuts, and back-
ground has not yet been subtracted. Separation between
the first two final states which populate definite kine-
matically allowed loci (labeled ap and «; in Fig. 5) was
achieved for all ¢ points and all emission angles.

After cuts were performed, the data were normalized.
The normalization was achieved for each g by extracting
the proton as well as the a data, normalizing the proton
data from our analysis to the same proton data previ-
ously analyzed and correctly normalized [19], and then
applying the same overall factor to the a data. Each
normalization factor included corrections for electronic
deadtime, inefficiencies in the electron focal plane, and
variations in the spectrometer acceptance.

Finally, cross sections plotted as a function of the
center-of-mass (c.m.) a-emission angle were generated
for all Aw and for all q. Figures 6 and 7 show angular cor-
relations for oy and a; emission for the four-momentum
transfer points and for excitation energies of 21.640.15
MeV and 25.0 £ 0.17 MeV. The curves come from fits to
the Legendre expansion and will be discussed in the next
section.

V. DATA ANALYSIS

The correlations were fit to the Legendre expansion
[Eq. (7)] and resonance formalism [Egs. (8)—(12) and the

Appendix] via the method of least squares; we included
the appropriate Legendre coefficients in the first case,
and excitation form factors and angular correlation shape
coeflicients in the second case as the fit variables. In both
cases, this procedure was often rendered intractable by
demanding that too many coefficients be determined. It
was, therefore, necessary to invoke as many constraints
as possible. By simply observing the form of the angular
correlations for both a-emission channels one can derive
a reasonably accurate picture of how to proceed.

The expectation is that E2 radiation is dominant due
to the observation that there are relative maxima in most
correlations around 0°, 90°, and 180° as shown in Figs.
6 and 7. The asymmetry between the forward-angle and
backward-angle cross sections is consistent with interfer-
ence of this dominant £2 multipole with one of opposite
parity, namely E1, E3, or both. The isotropic compo-
nent observed in some correlations uniquely indicates the
presence of E0 radiation. Further, magnetic multipoles
are forbidden by parity conservation. Finally, for the
kinematics chosen, we expect |C(L)|2 > |T(L)|?.

For the Legendre analysis, the condition for a coeffi-
cient to be nonvanishing is the same for A and A} and
depends on the multipolarity of the radiation and the
kinematics. The selection rules lead to the following con-
ditions: for pure radiation of multipolarity L, k& < 2L
and is even; for interfering radiation of multipolarity L
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and L', k < L+ L’ and is even (odd) if L + L' is even
(odd). For the Legendre fits then, it appeared that co-
efficients up to order £ = 6 were sufficient to describe
the data since it is unlikely that L > 3 will contribute
significantly for ¢ < 0.61 fm™1.

The best Legendre fits to ap and «; emission were
achieved via inclusion of AJ-A3, A}, AL, and A} for a
total of 10 coefficients to determine. This choice pro-
vided us with sensitivity to multipoles up to E3. Fits
were attempted with & up to 8, but the coeflicients with
k = 7 and 8 were consistent with zero, thus substanti-
ating our expectation. In all cases, inclusion of odd A}
coefficients resulted in very large errors evaluated for all
fit parameters and an unphysical w dependence for the
A3 coefficient. However, given the quadrupole shape of
the correlations and the kinematics chosen, we expect the
ratios A} /AQ where k is odd to be small.

For the SLRA analysis, the Legendre results as well as
Siegert’s theorem were used as constraints. This latter
constraint, where the longitudinal and transverse ampli-
tudes are related to each other via the continuity equa-
tion, T'(L) = —+/(L + 1)/L(w/q)C(L), was invoked only
for those multipoles which were not expected to domi-
nate the cross section, namely F1 and E3. Furthermore,
in the case of ap emission, due to the spin-0 nature of
the ®Be-ag system, there is a unique outgoing partial
wave for each multipole which determines the correla-
tion shape coefficients and eliminates them as variables
to the fit. This provided us with a tremendous advan-
tage in accurately extracting the excitation form factors.
For interfering multipoles, since there is a phase that re-
mains ambiguous, the best we could do is set limits on
these shape coefficients. For this emission channel, the
cross section is best described in terms of E0, E2, and E3
radiation, and with Siegert’s theorem used to constrain
T3, only nine coefficients were needed as variables to the
fit. The inclusion of E1 radiation produced no significant
strength for all w and all ¢, but larger uncertainties in the
other fitted parameters. Therefore, the F1 contribution
was found to be negligible in this decay channel—a point
which will be examined more closely in a later section.

For «; emission, however, we could not similarly
uniquely identify the contributing partial waves for pure
radiation. This meant that our ability to unambiguously
determine the contributing multipoles was lost. The
most reasonable a; results were obtained with the ap-
proximation that the 5G, partial wave for E2 radiation
and the ®Hj partial wave for E3 radiation did not con-
tribute significantly to the cross section. This approx-
imation is reasonable from an angular momentum bar-
rier perspective. Within this constraint, it was concluded
that two SLRA fits, neither of which completely charac-
terized the data, were needed. The first fit included EO
and its associated shape coeflicients as well as F2 and
E3 for a total of 14 fit coefficients, while the second fit
included only E2 and E3 for a total of 11 fit coefficients.
We had no way of knowing which parameter set was more
reasonable based on the reduced chi-square for the cor-
relations since they were virtually identical in each case.
However, in the case where E0 radiation was included,
the extracted C(0) excitation form factor was an essen-

tially uniform fraction of the total cross section, clearly
an upper limit for this strength. FE1 radiation was not
included in any of the a; fits based on the fact that such
strength was not observed for oy emission and the obser-
vation that the ag/a; branching ratio is ¢ independent
(see Fig. 12). It is useful to note that the same branching
ratio for the %0(e, e’a) reaction was also found to be ¢
independent [20].

An essentially model independent way to extract multi-
pole transition strengths from the SLRA fits, and to com-
pare our results to those of other experiments, is through
sum rules. Since this comparison is made at the real pho-
ton limit (¢ = w), the data were analyzed in such a way
that an extrapolation to this limit was readily achieved.
Specifically, for all ¢ points, the angular correlations were
integrated over a-emission angle and the excitation form
factors were integrated over various ranges in w. In this
case, the coincidence cross section becomes

d®c d%o )
// ———dﬂedﬂadwdﬂadw = E; =dmom|F|*, (13)

where |F|? is the total form factor for a given multi-
pole. The reduced transition strengths, B(EL), were
extracted by fitting these form factors via the hydro-
dynamic Tassie model where the transition charge den-
sity for L > 1 is given by pg(r) o< rL=18,, (r)/0r,
while the L = 0 “breathing mode” density is given by
pec(r) = 3pg.s.(r) — r[0g.s.(r)/0r] according to Satchler
[21]. In order to extract these strengths accurately, a
distorted wave Born approximation (DWBA) calculation
was performed using the code FOUBESFIT [22].

FOUBESFIT generates cross sections for a given tran-
sition by performing a phase shift DWBA calculation
based on a Fourier-Bessel decomposition of the specified
charge density. For '2C, the ground state charge distri-
bution was given in terms of the phenomenological two-
parameter Fermi function, pgs (1) = po/(1 + e("=9)/%),
where c is the half-density radius, z is the skin thick-
ness, and pg is the central density. The Fourier-Bessel
expansion of this density is

15
Pe.s.(r) = Z a,jo(vnr/R) forr < R,

v=1

(14)

where it is assumed that pgs (r) = 0 for r > R. An
expansion in 15 parameters and a cutoff radius of R = 9.0
fm were sufficient for all fits.

Bringing together this ground state charge density and
the model for the transition charge density, the experi-
mentally derived total multipole form factors were fit us-
ing the method of least squares by allowing ¢ and B(EL)
to vary. The initial parameters used for ¢ and 2z were 2.56
fm and 0.38 fm, respectively [23].

VI. RESULTS

The Legendre coefficients extracted from the fits are
presented in terms of AJ, AJ/AJ, and A}/AS. Divid-
ing the AD and A} coefficients by A9 removes the energy
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0.24 fm!

FIG. 8. '2C(e,e’ap) Legen-
dre fit results as a function of g.
The A coefficients indicate sig-

0.35 Fm?!

nificant resonant strength cen-
tered at 21.6 MeV while the ra-
tios A3/A{ indicate a large E2
component.

0.41 fm

0.61 fm™

w [MeV]

dependence of the total cross section, leaving a multipo-
larity “shape” which allows for a more direct comparison
between ¢ points.

The ap Legendre coefficients are shown in Figs. 8 and
9. The AJ coefficient is dominated by a single resonance
which is centered at 21.6 MeV, has a width of ~1.5 MeV,
and sits on a relatively monotonic background. The ra-
tio A2/AY, which uniquely indicates the presence of E3
radiation, is significant for the highest ¢ point alone,
with structure centered at an energy approximately cor-
responding to that of the resonance. The ratio A3/A9,
which indicates E2 and/or E3 radiation, exhibits struc-
ture for all four-momentum transfers at a value of w cen-
tered around the resonance. Given that E3 radiation is
significant for the highest ¢ point alone, this ratio sup-

AL/AS

ports the claim that the ap-emission cross section is pre-
dominantly quadrupole in nature.

The presence of F1 radiation must be carefully consid-
ered. If isovector (isoscalar) E1 strength were present in
our data, such strength would be apparent at low (high)
momentum transfer due to the ¢ (¢%) dependence of the
form factor. The Legendre coefficients that are most sen-
sitive to E1 strength are A%, A9, and A3. The first thing
to observe is the ¢ dependence of A3/AS. Since this ra-
tio is sensitive to pure radiation, it is useful to look at
the angular correlation shape coefficient az(L) which is
fixed by angular momentum coupling considerations. By
using the Appendix, and assuming that the cross sec-
tion is dominantly longitudinal (which we expect at our
kinematics), we can calculate A3/AS for E1, E2, and E3

1 0
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radiation. This ratio is 2, 10/7, and 4/3 for these multi-
poles, respectively. That is, the values for £2 and E3 are
essentially identical to each other and significantly differ-
ent from that of E1. Therefore, if isovector (isoscalar) E1
strength were present in a significant amount, we would
be able to see this at low (high) g. Instead, we observe
that A9/A is g independent.

Next we observe the g dependence of the ratios
A9/AY and AY/AJ which are sensitive to E0/E1, E0/E3,
E1/E2, and E2/E3 interference. We have already found
that E3 radiation is insignificant at ¢ = 0.24 fm~—! indi-
cating that E£2/E3 interference cannot be present. What
we have left is E1 radiation interfering with E0 and/or
E2 radiation. We observe, however, that A%/A9 and
AY/AS are insignificant at low g. This shows that isovec-
tor E1 strength is not present in our data within sta-
tistical uncertainty. At ¢ = 0.61 fm ™!, we observe that
these Legendre ratios have become quite large. We have
already found that E3 radiation contributes significantly
at high ¢ and that A3/AJ is ¢ independent suggesting
that isoscalar E1 strength is not present. However, due
to the limited g range of our data, we must allow for the
possibility that this strength exists to some degree. In-
deed, isoscalar E1 strength has been observed in several
light- and medium-weight nuclei [24].

The ratio A}/AJ indicates E3 LT interference for the
highest g and for large excitation energies, while the ratio
Al/AY indicates that there is (mainly) E2 LT interfer-
ence for all momentum transfers centered around w = 22
MeV. In both cases, the sign of the interference is con-
sistent with Siegert’s theorem. The other Legendre ra-
tios indicate multipole interference at various momentum
transfers and energy regions. Unfortunately, we cannot
uniquely identify the EO contribution via this method of
analysis.

The a; Legendre coefficients are shown in Figs. 10
and 11. The A3 coefficient again reveals a well-defined
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resonance centered at 21.6 MeV with a width of ~1.5
MeV. Additionally, there is structure observed at 18.5
and 24.0 MeV. The ratio AJ/AJ indicates significant E3
strength for the two highest ¢ points, while the ratio
AY/AY indicates that the 21.6 MeV resonance is largely
E2 in nature with additional quadrupole strength spread
out over the full energy range. The remaining A3/A9
ratios indicate multipole interference at various momen-
tum transfers and energy regions while A1/AJ and AL/A
indicate significant LT contributions. With the Legen-
dre A9 coefficients, and ap branch of the total a yield,
o(ao)/[o () +0(ar)], can be calculated. Figure 12 illus-
trates the fact that this ratio is essentially independent of
g, indicating that the multipole decomposition of the oy
channel is the same as that of the ag channel. With this
observation, the same conclusions about E'1 strength that
were drawn from o emission can be applied to a; emis-
sion. That is, isovector E1 strength is not present within
the statistical uncertainty of our data and isoscalar F1
strength may be present to some degree at high gq.

The best SLRA fits to ag emission are shown in Fig.
13. As expected, the total ag cross section exhibits the
same structure as the Legendre AJ coefficient for all mo-
mentum transfers and the |C(2)|? component of the cross
section is dominant with resonant strength centered at
21.6 MeV.

The |C(0)]? excitation form factor for ap indicates
significant monopole strength for all ¢’s around 21.0
MeV. It is useful to note that localized E0 strength has
also been identified via the 12C(e, e’po) reaction [25] at
around 20.5 MeV, and that both of these results are
in good agreement with predictions [26]. Identifying
the EO strength distribution is particularly interesting.
The centroid energy for this multipole is given by [27]
WEo (R2K 4 /M, (R%))/2, where M, is the nucleon
mass, R4 is the nuclear radius, and K, is the nuclear
compressibility. To date, most of the information on
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this multipole (and K 4) comes from small angle inelastic
hadron scattering on medium and heavy nuclei [28]. In-
deed, the py and ay measurements represent the first ex-
perimental identification of the continuum monopole dis-
tribution in 12C via electron scattering. The |C(3)|? ex-
citation form factor indicates that the octupole strength
is small and fragmented for the three lowest data points,
but at ¢ = 0.61 fm~?! this multipole approaches ~ 37%
of the corresponding |C2|? strength. Here, as in the Leg-
endre results, this octupole strength peaks at the same
excitation energy as for the quadrupole strength.

Since the best SLRA fit results to the a;; data are those
in which only E2 and E3 contributions as well their in-
terferences were included, only these results are shown
in Fig. 14. As expected, the total a; cross section re-
veals the same features as the Legendre AJ coefficient for
all momentum transfers. Examination of the squares of
the longitudinal excitation form factors indicates domi-
nant quadrupole strength centered at 21.6 MeV. Since we
have not included monopole strength in this fit, the E2
strength here is an upper limit. The octupole excitation
form factor shows some structure around 21.6 MeV for
all data points and significant resonant structure at this
energy for the highest g.

For both formalisms and both emission particles, the
reduced chi-square for all excitation energies was between
1.2-2.5. This, and the similarity between the extracted
A3 coefficients and total cross sections, provide confi-
dence in these results.

Table II includes the DWBA transition charge density
parameters, multipole transition strengths, and sum rule
percentages for o emission and for two energy regions.
The first energy region encompasses the 21.6 MeV res-
onance while the second energy region encompasses the
full measured range. We see that for each multipolar-
ity, the fitted value of c¢ is consistent for both energy
regions. For the EO0 form factors, c is consistent with
the ground state value while for the E2 (E3) form fac-

tor, ¢ is nominally 1.7cg s (1.5¢cgs.) for the small energy
bin. The expressions used for the multipole transition
strengths are related to the excitation form factors and
are given by B(EL) = [(2L + 1)!!/¢?)?|C(L)|? for L > 1,
and B(E0) = [47 - 36/¢%]|C(0)|? for L = 0.

Using the following expressions for the electric isoscalar
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FIG. 12. The fraction of '>C(e,e’a) into the *2C(e, e’'ao)
channel as a function of q. The g independence of this ra-
tio validates our multipole decomposition via the SLRA of
Kleppinger and Walecka [13].



40

20

0.61 Fm

52
&
L
<
o
IS
& FIG. 13. 2C(e,e'a0) SLRA
1o fit results as a function of
g q. The total cross sec-

tions indicate significant reso-
nant strength centered at 21.6
MeV. The C(0) and C(2) longi-
tudinal excitation form factors
indicate resonant strength for
all ¢’s. C(3) strength is ob-
served only for ¢ = 0.61 fm™!.

0.41 fm™*

rest of this multipole strength exists.

Table III includes the DWBA transition charge density
parameters, multipole transition strengths, and sum rule
percentages for a; emission, for the two fit trials, and for
the same two energy regions as for ay emission. We see
that for each multipolarity, the fitted value of c is again
consistent for both energy regions but different for each
fit trial. For the first a; SLRA fit (top of Table III), the
fitted value of ¢ for EO radiation is consistent with that
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where M, is the proton mass and (r?) is the mean-
squared charge radius of !2C, we find that only a small
fraction of the sum rule strengths are exhausted for this

emission channel.

For the monopole contribution, it is

this small sum rule fraction that prevents an accurate
evaluation of K 4 for 12C since we do not know where the
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from g emission while the E2 and E3 values are larger.
Fit parameters for E3 radiation for the large energy bin
could not be accurately deduced due to the scatter in the
data points for this form factor. We expect E0, E2, and
E3 radiation to describe the a; data just as they did the
ag data although the actual multipole strengths would
be under suspicion due to the inability to fix the angular

%

P'.'{BE"'-". _

o
s

20

V"’l‘#'w
25

0.41 Fm?  0.35 fm?  0.24 Fm?!

0.61 Fm?

FIG. 14. 'C(e,e’a1) SLRA fit results as
a function of q. The total cross sections
indicate significant resonant strength cen-
tered at 21.6 MeV with additional strength
at 18.5 MeV and 24.0 MeV. It is assumed
that the C(2) longitudinal excitation form
factors contain C(0) as well. The C(3) res-
onant strength is ~ 37% of C(2) + C(0) at
q=0.61 fm™'.
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TABLE II. '2C(e,€e’,00) DWBA Tassie model fit results
and sum rule percentages as a function of multipolarity and
energy region. The units of B(EL) are e*fm* for L = 0 and
e2fm?L for L > 0.

L w (MeV) ¢ (fm) B(EL) % EWSR
0 20.6-22.6 2.56+0.19 1.10+0.14 1.62+0.21
18.0-28.0 2.61+0.33 5.12+0.53 7.53+0.78
2 20.6-22.6 4.424+0.43 0.77+0.10 1.0940.11
18.0-28.0 4.00+0.27 1.36+0.13 2.00+0.18
3 20.6-22.6 3.9+1.4 23.5+8.7 1.53+0.57
18.0-28.0 3.6+1.4 78.0+33 5.08+2.1

TABLE III. '2C(e,e’,a1) DWBA Tassie model fit results
and sum rule percentages as a function of multipolarity and
energy region for two fit trials. The units of B(EL) are e*fm*
for L = 0 and e*fm?" for L > 0.

L w(MeV) (fm) B(EL) %EWSR

0  20.6-22.6  2.50+0.66 9.7%1.6 143124
18.0-28.0  2.56+0.21  48.9+13.6  71.9+20.1

2 20.6-22.6  4.91+0.50  3.50+£0.50  5.14:0.69
18.0-28.0  5.08+0.51 15.3+3.6 22.4:+5.4

3 20.6-22.6  5.64+0.44 178+33 11.64+2.1
18.0-28.0

2 20.6-22.6  4.41+0.21  6.96+0.54  10.21+0.80
18.0-28.0  4.3840.34  30.6+5.5 44.948.1

3 20.6-22.6  3.56:+0.38 103419 6.7+1.4
18.0-28.0  3.66+0.52 540+39 35.242.8

w = 20.6-22.6 MeV

correlation shape coefficients. Instead, the shapes of the
E2 and E3 multipole form factors are different, evidence
that that fit does not accurately describe the data. It
should be noted that the uncertainties calculated for the
B(EL) are aresult of the sensitivity of x? to this quantity
and are given by the fitting code FOUBESFIT.

For the second a; SLRA fit (bottom of Table III), the
fitted values of ¢ for E2 and E3 radiation are nominally
the same as those found for oo emission, evidence that
the data are being described correctly although incom-
pletely. Here, we assume that the fitted E2 strength
contains F0 and E2 components—an assumption based
on the well-known similarity of the C'(0) and C(2) form
factors—and that these multipoles exist in the proportion
indicated by ao emission—an assumption which is sup-
ported by the ¢ independence of ag/a; branching ratio
as shown in Fig. 12. Given this, we again see that only
relatively small fractions of the appropriate sum rules are
exhausted.

The ap and a; form factors and fits for both energy
regions are shown in Fig. 15. Included are the EO, E2,
and E3 multipole contributions for the ap data and the
E0+ E2, and E3 multipole contributions for the a; data
from the second SLRA fit. From this figure, it is appar-
ent that, for both energy bins, the £2 and E3 multipole
form factors have the same g dependence for both a-
emission channels as previously indicated in Table III.
The E2 Tassie model fit suggests that these curves peak
at around 0.70 fm~! while the fits for E3 radiation con-
tinue to rise rapidly, precluding any accurate prediction
of a maximum.

w = 18.0-28.0 MeV
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xp (E2)

FIG. 15. *2C(e,€'ao) and *2C(e, e’a;) to-

tal multipole form factors integrated over the
21.6 MeV resonance (left) and the full energy
range (right). The curves are Tassie model
o fits.
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VII. COMPARISON WITH OTHER DATA

From our analysis, it is clear that the resonance ob-
served at 21.6 MeV consists of unresolved 2% and 3~
isoscalar states. Experiments which have identified this
level as 2% and T = 0 include inclusive a scattering [7],
the (o, a’a) reaction [8], and the (p,p’a) reaction [9].
In these cases, the spin and parity were identified by
comparing the measured partial angular correlations to
a DWBA calculation where the elastic scattering optical-
model potential parameters were adjusted for an o par-
ticle emitted in the continuum. The cross section in
these cases was assumed to be entirely F2 in nature even
though complete angular correlations were not measured.
This assumption is not valid since the detailed fits do not
agree with the data over the full angular range, indicat-
ing the presence of other multipoles. Experiments which
have identified this resonance as 3= and T' = 0 include
inclusive electron scattering [1] and inelastic proton and
a scattering [6]. It is interesting that a state at 21.52
MeV has been identified via p;, p2 and ap emission after
proton capture on !B [29]. Here, the spin and parity
were identified by a fit which produced the best results
for all emission particle correlations. Since the oo emis-
sion width observed for this state was small (~ 0.3 MeV),
it was assigned a T' = 1 nature.

Figure 16 shows the 12C excitation spectrum tagged
on ag emission (left) and «; emission (right) for three
different reactions and for 18 < w < 28 MeV. The top
two spectra are the (e,e’a) SLRA results for ¢ = 0.24
fm~! and ¢ = 0.61 fm~!. Here, the total cross section is
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FIG. 16. Comparison of 2C(e,e'a), ?C(a, a’a) [8], and
2C(p,p'a) [9] cross sections. The electron scattering his-
tograms are the E2 component of the total cross section.

represented by the data with error bars while the ag (1)
E2 (EO0 + E2) component is included in histogram form.
The lower two spectra are the total cross sections from
(p,p'@) and (a,a’a) at momentum transfers of 0.60 and
1.20 fm™!, respectively. In comparing the aq data, it
is clear that all three reactions show structure around
21.6 MeV. However, the hadron scattering results show
significantly more strength outside of the 21.6 MeV peak
with additional structure around 19.0 (26.5) MeV for the
proton (o) induced reactions. For the a; data, all three
reactions again show structure around 21.6 MeV. In this
case, the proton data closely resemble the electron data
while the a data reveal significant additional structure
around 26.0 MeV.

Table IV summarizes the extracted E2 transition
strengths and percentages of the isoscalar E2 sum rule for
ag and a; emission, for the three reactions, and for com-
parable energy regions. The errors in the (e, e’ ap) results
reflect the statistical uncertainty and the limited q range
while the errors in the (e, e’a;) results are dominated by
the systematic uncertainty. This systematic uncertainty
is due to the E0/E2 ambiguity and was calculated to in-
clude the two extremes for C'(0). For a scattering, no er-
rors for the sum rule strengths, and no interval for energy
integration for the 21.6 MeV resonance, were quoted.

The (e, e’ag) and (p, p'ao) E2 strengths compare favor-
ably for the 21.6 MeV resonance while the (e, e’c;) and
(p,p'a1) strengths just agree within the quoted uncer-
tainties. However, the proton induced strengths must be
an upper limit since these cross sections were assumed
to be entirely E2 in nature. Further, since the ¢ for
this measurement essentially overlaps with our highest
value, we expect the existence of other multipoles. The
(e, e'ap+a) strength is approximately a factor of 5 larger
than the (o, 0’ap + a1) strength for the 21.6 MeV reso-
nance, and approximately a factor of 4 larger when in-
tegrated over an energy bin comparable to our full mea-
sured range [8]. The unexpectedly low (o, a'a) strength
cannot be explained particularly in light of the fact that
no errors were quoted in the literature.

TABLE IV. E2 transition and sum rule strengths from
2C(e,e’,a) compared to those from !2C(a,a’,a) and
2C(p,p’, @) [9] as a function of emission particle and energy
region. Reference [8] quoted neither the integration region
over the 21.6 MeV resonance nor the uncertainties on the es-
timated E2 strength.

Reaction w (MeV) B(E2) % E2 EWSR
(P, P a0) 20.95-22.65 1.440.7
20.95-25.25 2.9+1.4
(a, @' o) 21.6 0.6
(e, €'ao) 20.6-22.6 0.74+0.07 1.09+0.11
18.0-28.0 1.36+0.13 2.00%0.18
(p,p 1) 20.95-22.65 5.0-£2.5
20.95-28.15 15.8+7.9
(o, ' 1) 21.6 1.4
20.0-30.0 6.4
(e,€'a1) 20.6-22.6 5.60+1.60 8.20+2.3
18.0-28.0 23.60+4.7 34.7+6.9




VIII. CONCLUSIONS

To summarize, we excited the giant resonance in 2C
via inelastic electron scattering and have measured the
first complete angular correlations for charged particle
emission for this reaction and for four values of momen-
tum transfer ranging from 0.24 fm~! to 0.61 fm~1.

Selecting the a-emission channels provided us with a
way to isolate and study the isoscalar resonances. By
constructing a-emission angular correlations for all Aw
and fitting these correlations to the Legendre and res-
onance formalisms, we unambiguously determined the
multipole contributions to the total cross section for ag
emission and have set limits on these contributions for
a; emission. We found that, in both cases, E2 radiation
is the strongest contribution, but that £0 and E3 contri-
butions cannot be ignored. Specifically, for ay emission,
we found significant EO strength around 21.0 MeV while
both emission channels reveal unresolved E2 and E3 res-
onant strength at 21.6 MeV.

By constructing total multipole form factors—the
first ever for an isoscalar resonance in '2C tagged on
a emission—and fitting these form factors within the
DWBA and with a transition charge density specified by
the Tassie model, we were able to deduce multipole tran-
sition strengths. The E2 isoscalar sum rule strengths
were compared to those deduced from the (p,p’a) and
(a, a’e) reactions for both ap and «; emission and for
several energy regions. The result was that our strengths
nominally agreed with those from proton scattering and
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disagreed with those from o scattering. However, for
the hadron-induced reactions, the cross section was as-
sumed to be entirely E2 in nature and complete angular
correlations were not measured implying insensitivity to
interfering multipoles.

We found that the a yield from 2C in the resonance
region exhausts relatively small fractions of the isoscalar
E0, E2, and E3 energy-weighted sum rules indicating, as
expected, that these multipole strengths are fragmented
for this light nucleus.
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APPENDIX: SLRA CROSS SECTIONS

The coincident cross sections derived within the SLRA
for E0,FE1,E2, and E3 radiation as well as their inter-
ferences are presented. Here, Fy(w) describes the w de-
pendence of the cross section and BR is the branching
ratio for particle 2. The other quantities are defined in
the text.
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([28; \/728;) a4(1,3) P} (cos 19;3)} COS P,

17(1) T(3) 1
T6C(1)C(3) 24

tVraqy [a2(1,3) P2(cos ¥,) + a4(1,3)P4(co§03)]

[a2(1,3)PZ(cos 9,;) + a4(1,3)PZ(cos ¥;)] cos 2<p,;} , (A9)
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d50(E2/E3)
dQedQ,dw

T(2)T@)

—as(z,S)Ps(cosM] MEEOIEE)

=oM \/Fg(w)F3(w)BR|C(2)||C(3)I{VL\/§ [%al (2,3)Py(cosV;) + 2a3(2,3)Ps(cos¥,)

[21(2,3)Py(cos V) + as(2,3)Ps(cos V) + as(2,3) Ps(cos 9, )]

+VLT|:{(\/§TE§; ggg) a1(2,3)P}(cos V) + = ([ [T(Z )

2 T(2)

xa3(2,3)Py(cos V) — (\/j—g—g% + T-C—,—(é—)->a5(2,3)P52(cos192)] COS g

a3(2,3)PZ(cos V) — —a5(2,3)P51(c05193)} cos 2<pz} .

(A10)
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