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The giant electric dipole resonance built upon the 0+ ground state of ' Ne was studied via the
' F(p, yo) Ne reaction. Polarized and unpolarized angular distributions were measured between

E„=16.1 and 23.0 MeV (Ep =3-10MeV) and the E1 T-matrix elements extracted. The 'P, E1 par-

tial wave dominates, but the weaker P (spin flip) term is also resonant. A heuristic doorway state
model has been used to fit the pronounced structure in the giant E1 resonance. Data for the giant
resonance built on the first excited state as seen in the ' F(p, y & ) Ne reaction are presented and dis-

cussed. The microscopic, doorway state calculation in a deformed potential of Schmid and Do
Dang is in very good agreement with the main features of the results.

I. INTRODUCTION

The giant electric dipole resonance (GDR) has been ex-
tensively studied in nuclear physics. Because of its well-
defined systematics, such as large integrated cross section
typically about 60NZ/A mb MeV, width on the order of
3-5 MeV, centroid varying as 803 ' MeV, and similar
angular distributions of decay products, it has also lent it-
self to extensive theoretical treatment. Natural candi-
dates for these studies are the (y, x) reactions with (y, p)
and specifically (y, po) providing important results. By
time reversal invariance (detailed balance), the latter re-
action is equivalent to the (p, yo) process; in fact, many of
the possible (p, yo) reactions leading to giant resonances
in the compound nucleus have been studied experimen-
tally. The earlier studies with unpolarized protons were
subsequently extended with the use of polarized protons.

Studies of the 4N nuclei, with their desirable shell
characteristics and often simple angular momentum cou-
plings, have proven to be especially meaningful. The case
of ~oNe, first studied through ' F(p, yoy, ) Ne by Segel
et al. , is of particular interest because of the pro-
nounced intermediate structure displayed by the giant E1
resonances built on the ground and first excited states.
The (p, yo) angular distributions showed the constancy
over the intermediate structure that is typical of giant
resonances, which suggests a constant or similar
particle-hole configuration for all the structure. Yet, an
ad hoc fit of four distinct Breit-Wigner resonances to the
cross section data proved quite successful. The y-ray
transitions to the 0+ ground state of Ne may originate
from 1, 1+, and 2+ compound states, giving y-ray rnul-

tipolarities of E1, M1, and E2, respectively. Higher mul-

tipolarities (M2, E3, . . . , ) are very weak in the region
studied and may be neglected. Ample evidence suggests
that most of the M1 strength in Ne is found below the
region of the GDR, principally in the well-known level at
11.4 MeV. Thus, it might be possible to analyze the data
in the present experiment on the assumption that only E1
and E2 radiations are present. In a companion paper we
note that this assumption produced excellent fits to pre-
cise angular distribution data except in a narrow region
around E„=18 MeV in Ne. This difficulty was at-
tributed to the presence of M1 radiation. However, in
the present analysis which seeks only the E1 strength, the
assumption of E1 and E2 radiation is justified.

For the ' F(p, yo) reaction, the proton channels lead-

ing to E1 and E2 radiations each involve two partial
waves yielding a total of seven quantities (four amplitudes
and three phase differences) that must be determined for
a complete description of the reaction. The unpolarized
angular distribution measurements yield only five experi-
mental quantities if enough angles are measured so that
in the expansion

cr(E, O) = Ao(E)[ 1+Yak(E)Pk( cosO)]

the total cross section 4m do and the four Legendre
coefficients through the term in P4 can be determined.
The availability of polarized protons, however, allows an-
gular distribution measurements of analyzing powers
A (E,O) to be made which give four additional experi-
mental parameters, the four associated Legendre
coefficients through the term in P4 in the expansion

A (E,O)cr(E, O)= Ao(E)Xb„(E)Pk( cosO) .
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Thus, there are now nine experimental quantities that can
be used to (over)determine the seven unknown amplitudes
and phases. As a result, y-ray angular distribution mea-
surements of sufficient precision using both polarized and
unpolarized protons allow a complete determination of
the proton partial wave configurations leading to the
emission of E1 and E2 radiations.

Since the thrust of the present work was to obtain in-
formation on the GDR of Ne, the extraction of E2
strength was not stressed, and only three angles were
measured in the polarized angular distributions. These
were chosen so as to maximize the sensitivity to E1 radi-
ation at the expense of E2 radiation. This limitation on
the number of angles reduces the number of independent
experimental quantities from nine to eight, which are still
enough to determine all the amplitudes and phases.

II. EXPERIMENTAL METHOD

Polarized protons obtained from an ANAC ground
state atomic beam type of source were accelerated by the
Stanford FN tandem accelerator, and the y rays from the
reactions ' F(p; yo, y, ) Ne, Q = 12.845, 11.211 MeV
were detected by the Stanford 25)& 25 cm NaI spectrome-
ter equipped with an anticoincidence shield. The target
was a layer of CaFz deposited on thin gold foils. The
beam polarization was measured periodically with the
well studied' C(p, po) reaction' at E =9.8 MeV and
0=70', and monitored continuously by recording the
elastically scattered protons from ' F(p, po) at 8=30' on
the side of the reaction opposite the y spectrometer.

A typical ' F(p, y) spectrum is shown in Fig. 1. The
well-resolved (in all spectra) transitions to the ground and
first excited states of Ne (yo and y, ) were fitted by a
computer with standard line shapes obtained from reac-
tions such as "B(p,yo) and ' N(p, yo). These reactions
provide isolated peaks with energies that bracket the re-
gion of interest in Ne. The large background below 10
MeV in Fig. 1 is due mostly to thermal neutron capture y
rays in Fe, and to the bountiful' F(p,a, y) reaction. In
this region, into which the yo and y, fits cannot be ex-
tended, the line shapes were extrapolated linearly to zero
at E~=O. We estimate the absolute error in this pro-
cedure at less than 10% and, presumably, it does not in-
troduce any relative errors into the results.

The 90' yield curves for yo and yi (Fig. 2), obtained
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from fairly thick targets (typically 2 mg/cm of CaFz),
agree with the results of Segel et al. " but do not display
all the fine structure seen in these thinner target measure-
ments. The (p, y) results also agree well with the (y, n)
(Ref. 11) and (e, e') (Ref. 12) experiments. A curious
feature of these data is the apparent strong correlation
between the yo and y, yields, as will be discussed herein.

Seven-angle (between 40' and 140') unpolarized distri-
butions and three-angle (45', 90', and 135') polarized dis-
tributions were obtained separately but systematically
throughout the region of the GDR. Some typical distri-
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FIG. 1. Typical spectrum for the ' F(p,y) Ne reaction. The
two-line-shape fit is superimposed on the data.

FIG. 3. A sample of the unpolarized and polarized angular
distributions for the ' F(p, yo) Ne reaction. The proton bom-
barding energy is given for each pair of curves.
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FIG. 4. The angular distribution yield coefficients and
analyzing power coefficients derived from the ' F(p, yo) Ne
measurements. The values of b&, b3, and the linear combina-
tion b&+0.41b4 are extracted from three-point angular distribu-
tions at 45', 90', and 135'.

butions for yo are shown in Fig. 3. All the Legendre and
associated coeScients extracted from the yo distributions
are shown in Fig. 4. The overall constancy of these
coefficients (distributions) is apparent, although there are
notable fiuctuations in the valleys of the cross section
curve. The nonzero, positive values of al indicate the
presence of radiation of parity opposite to E1, presum-
ably chiefly E2 radiation. The fairly constant, small, neg-
ative values of a3 are a clear signature for interfering ra-
diation of multipolarity greater than unity, i.e., E2 radia-
tion. Some typical angular distributions for yl, both un-

polarized and polarized, are shown in Fig. 5, and all the
extracted Legendre coefBcients are presented in Fig. 6.

III. THE GROUND STATE GDR

We now proceed to analyze the yo results in terms of
E1 and E2 transitions. For Ne, a light nucleus re-
moved from a closed shell, we choose to work in the LS
coupling scheme. This choice is arbitrary in that the ac-
tual configuration can be constructed either from the LS
or the jj configurations. In this coupling scheme the pro-
ton partial waves are 'P and P for formation of a 1

state leading to E1 radiation and 'D and D for a 2+ state
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FIG. 5. A sample of the unpolarized angular distributions for
the ' F(p, y&) Ne reaction. The proton bombarding energy is
given for each pair of curves.
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FIG. 6. The angular distribution yield coefficients and
analyzing power coefficients derived from the ' F(p, y&) Ne*
measurements. The values of b&, b3, and the linear combination
bz+0. 41b4 are extracted from three-point angular distributions
at 45', 90, and 135'. At the top is the total cross section curve.

as derived for a complete yield angular distribution (num-
ber of angles greater than four) but an analyzing power
distribution restricted to the three angles g, 90', and
180'—g. We note that the nature of this restriction leads
to a measurement of the linear combination bz+c(g)b4
which depends only on the dipole partial waves'P and P.
The parameter

c(()=P4( cosg)/pz( cosg) .

In this experiment (=45' and c(45')=0.417. It is this
simplification in the data taking that deemphasizes the
measurement of the E2 radiation.

For pure E1 radiation, i.e., no E2 radiation, these rela-
tions (1) collapse to
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Thus, for pure E1
(a) only the coefficients az and b~ are nonzero;
(b) only az is nonzero if only one partial wave contrib-

utes to E 1 (a polarization effect requires interference);

For E1 radiation we expect the non-spin-flip to dominate
the spin-flip transitions. In fact, the "constant" value of
az (see Fig. 4) of about —0. 8 in the structure peaks is
strong preliminary evidence that the expected 'P
configuration is indeed dominant in the ground state
GDR of Ne.

The solutions to Eqs. (2), the pure El case, can be
presented graphically as is done in Fig. 7, where the total
cross section o =4m. Ao is normalized to unity. Because
of the quadratic nature of the equations, for each value of
az and of bz there are two solutions, given by the two
points where the horizontal line corresponding to the
value of az intersects the closed curve corresponding to
the value of bz. Because of the choice of LS coupling
scheme which leads to horizontal lines for values of az
corresponding to single values of

I

'P I, the two solu-
tions have identical values for the two intensities

I

'P
I

and
I

P
I

but two separate, symmetric values for the
phase difference ('P, P)=g and 180'—g. Thus in pure
LS coupling there is no ambiguity with respect to the
strength of non-spin-flip versus spin-flip transitions. if we
adopt values of az ———0.8 and bz ——0.2 over the peaks in
the GDR, the two solutions (froin Fig. 7) are

I

'P
I

=0.87,
I

P
I

=0.13 and ('P, P)=55' or 125', in-
dicating, as above, a dominant non-spin-flip component.

The detailed analysis of the data could now be carried
out by using the complete Eqs. (1) for E 1 and E2 radia-
tions. In actual fact the final analysis was not done in a
two-step procedure by going from the experimental data
to the Legendre coefficients to the partial wave ampli-
tudes and phases, but in a single step process from the ex-
perimental data directly to the amplitudes and phases. In
this latter procedure it is easier to propagate the experi-
mental uncertainties into correct errors in the final re-
sults. These results are displayed in Fig. 8. We do not
show the results for the 'D and D partial waves which
lead to E2 radiation. They are small at all energies and
were determined with low precision since only three-
point polarization distributions were obtained.

It is apparent in Fig. 8 that the 'P dominates the P
partial wave throughout and that both resonate with the
intermediate structure in the total cross section. This is
further evidence of the remarkable and dominant charac-
teristic of the GDR that, no matter how complex and
pronounced the structure, a fairly constant angular distri-
bution seems to be impressed over the whole GDR even
though the microscopic configuration might be changing
drastically. ' Some success has been achieved in explain-
ing this feature by a doorway-state model as discussed
herein. Only one of the two choices for the phase
difference ( P, 'P) is plotted in Fig. 5. We see that fluc-
tuations in the phases also seem to correlate with the val-
leys of the structure.

Figure 8 also shows the total cross sections for E1 and
E2 strength in the region studied, as obtained from the
'P, P and 'D, D amplitudes, respectively. Although
plotted to a larger scale, it is readily apparent that the E2
strength is much smaller and not determined with great
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precision. The E2 strength has now been measured with
much better precision in the companion paper and is dis-
cussed there.

If the total E1 capture cross sections are converted to
cross sections for the inverse Ne(y, po)' F reaction by
detailed balance and then integrated over the region of
observation (Er ——15.5—23 MeV), it is found that 8.5%
of the electric dipole sum rule (60 NZ/A mb MeV) is ex-
hausted by the po decay channel in the photoexcitation of
the GDR of Ne. This is a fairly typical value for the
light nuclei.

IV. THE FIRST EXCITED STATE GDR

The properties of the giant resonance built upon the
first excited state of Ne (we adopt the notation GDR,
and GDRO for the first excited and the ground state
GDR's) as studied by the ' F(p, y, ) Ne' reaction can be
seen in Figs. 2, 5, and 6. Because of the pronounced
structure in both GDR, and GDRO, it is difficult to see if
the center of GDR& is shifted up from that of GDRo by
the excitation energy of the first excited state (1.63 MeV)
as is observed in many other cases. ' To test this point
the centroids of both distributions were computed. In
both cases a y ray interval from 15.66 to 21.25 MeV was
used. For GDRO the centroid comes at a y energy of
18.2 MeV, whereas for GDR& it lies at 18.6 MeV. Thus,

to the extent that the strengths are localized, the excita-
tion energy of GDR& based on the first excited state is, if
anything, greater than the energy of GDRO.

If the total cross section curve for y, (Fig. 6) is con-
verted to a curve for Ne'(ypo)' F by detailed balance,
the integrated E1 strength over the region studied is
found to be about 3.5% of the dipole sum rule after sub-
traction of a nominal E2 strength of =3.0%. That this
El strength is only =40% that of the po channel for
GDRo can be traced to the fact that the (p, y, ) strength is
not 2J+ 1 =5 times stronger than the (p, yo) strength as
observed in other cases in the light nuclei. ' This in turn
may be due to the fact that GDR& is more spread out
than GDRO and strength is thereby missing from GDR&,
or simply that the microscopic configuration of GDR& is

less likely to decay into the po channel than is the
configuration of GDRO.

Another feature of GDR, is the apparent presence of
structure strongly correlated with the GDRO structure.
Since such a correlation is not expected, we have carried
out a cross-correlation analysis' between the two yield
curves in Fig. 2. The large amplitudes of the correlation
curves, shown in Fig. 9, reveal a significant degree of
correlation. Such a result would imply that the 1 struc-
tures in GDRO also contribute significantly to GDR& al-

though there is no a priori reason for this to be so. No
other such case has been observed. We note that the pos-
sible deformation of the Ne nucleus does not appear to
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be the cause of this correlation (see the following).
In GDR& there can be 1,2, and 3 states that con-

nect to the 2+ first excited state by E1 radiation, 0+, 1+,
2+, 3+, and 4+ states that go by E2 radiation, and 1+,
2+, and 3+ states that decay by M1 radiation. Thus, a
complete analysis in terms of E1, E2, and M1 radiation
would require determination of 43 parameters (22 partial
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wave amplitudes and 21 relative phase differences). The
M1 radiation is included since there is little information
about the location of M1 strength based on the first excit-
ed state. Thus, it is quite impossible to obtain enough ex-
perimental information to determine all these parameters.
Even if it was desired to study the case of pure E1 radia-
tion, the complexity would be prohibitive. In view of
these diSculties we choose to wait for theoretical gui-
dance before attempting an analysis of GDR, .

20—
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FIG. 8. The E1 partial wave amplitudes, 'Pand P, and rela-
tive phase for the ' F(p, yo) Ne reaction extracted from the an-
gular distribution measurements. The solid lines superimposed
on these data are fits discussed in the text. ' The total E1 and
E2 cross sections derived from the 'P, 'P and 'D, 'D (not shown)
amplitudes, respectively, are labeled oz& and az&, respectively.
The curve through the E1 data is drawn merely to guide the
eye. The 90' differential cross section curve labeled THEORY
is derived in Ref. 23 as discussed in the text. At the top is given
the total cross section curve.

V. THE DOORWAY STATE MODEL

The doorway-state model of nuclear reactions' has
been used to explain the appearance of structure of inter-
mediate width in reaction cross section curves. In the
formation of a giant resonance, the width of the inter-
mediate structure lies between that of the overall giant
resonance (gross structure) and the average width of the
statistical (Ericson) fluctuations (fine structure). An out-
standing case is that of the GDR's in Si as revealed by
the Al(p, yoy, ) Si reactions. ' The doorway model has
been applied with considerable success, ' ' to explain the
structure that appears in the GDR of ' O. In this case
the main GDR may consist of two gross structures which
are then broken up into several intermediate structures
that may be associated with resonances in decay channels
other than the proton channel. ' No fine structure
has been identified ' with any certainty in ' 0, as is
reasonable from a consideration of the coherence width
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in such a light nucleus.
The GDp's in 2oNe as displayed by the

' F(p, yoyi) Ne reactions would appear to be extreme
cases of intermediate structure, in that the GDR strength
appears to be broken up almost entirely into such struc-
tures. This idea has been tested in an ad hoc manner by
assuming the main GDR strength built on the ground
state lies in four coherent intermediate states of Breit-
Wigner shape. The principal results of the analysis have
been published elsewhere, but in Fig. 8 we show the fits
achieved to the amplitudes and phases.

In an important series of papers, Schmid and Do
Dang have given a fully microscopic treatment of the
proton capture process especially as it applies to the
' F(p, yoy, ) Ne reactions. The calculation is based on
the Feshbach formulism incorporating the doorway state
description' as later applied to ' 0 by Shakin and
Wang. ' The bound states are described as linear com-
binations of angular momentum projected 1p-1h
configurations in a deformed Hartree-Fock basis. Thus,
we can think of the calculation as a microscopic doorway
state model in a deformed potential which gives rise natu-
rally to the type of pronounced intermediate structure
that is seen in both the yp and y& yield curves. Schmid
and Do Dang illustrate direct comparisons between the
theoretical and experimental yield curves. For yp the
theory faithfully and strikingly reproduces the observed
intermediate structures in considerable detail, although
some shifts in energy are apparent. (See Fig. 8.) For y,
the same kind of pronounced structure is obtained but a
one-to-one correspondence with experiment is not ap-
parent. For the angular distributions some success is
achieved in reproducing the dominant E1 features as por-
trayed by the a2 coefficient of the distributions. In gen-
eral more Iluctuations in the az curves are found theoreti-
cally than are observed experimentally, a common failure
of theory calculations. For the other coefficients
(a, , a3, and a4) less success is obtained, but here the
diSculty may be attributed more to the treatment of the
multipoles other than E1. As yet the calculations have

not been used to obtain a comparison with the partial
wave amplitudes and phases found experimentally. In
summary, we believe the work of Schmid and Do Dang,
coupled with the success of the earlier work on ' 0, pro-
vides very strong support for the doorway state model.

VI. CONCLUSIONS

In this study of the ' F(p, yo) Ne reaction we find that
E1 radiation is dominant over the E2 contribution, if it is
assumed that nearly all the M1 radiation is concentrated
in the level at 11.4 MeV. The use of polarized protons
enables all the E1 and E2 partial waves and phase
differences to be determined. Both the 'P and P partial
waves resonate with the intermediate structure, but the
spin-flip P wave is much weaker as expected for E1 radi-
ation.

The microscopic deformed doorway state calculations
of Schmid and Do Dang are in good qualitative agree-
ment with the experimental yield curves but are not able
to fit the angular distribution data as weil. The E1 par-
tial wave amplitudes and phases are not yet available
from such calculations. It is noted that a good fit can be
made to the amplitudes and phases with four partially
overlapping Breit-Wigner resonances.

The yield curves for yp and y, both display pro-
nounced intermediate structure in agreement with earlier
results. The y, structures correlate strongly with those
of pp suggesting that y &

decays originate from some of
the same intermediate states with J =1 . Because of
the possible presence of GDR& states with J"=1,2
3, 0+, 1+, 2+, 3+, and 4+, the y& angular distribution
data cannot produce an exact solution for all of the possi-
ble partial waves which would allow a test of this hy-
pothesis. Similar strong correlations are not apparent in
the work of Schmid and Do Dang.
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