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Absolute (y,po) and (y,pl) cross sections and angular distributions
for the light, deformed nucleus '9F
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Absolute (y,po) and (y,pl) differential cross sections for ' F have been measured at seven angles in
the energy interval between 13.4 and 25.8 MeV. A sum of Legendre polynomials was fitted to the
angular distributions to deduce the angular distribution coefficients. The (y,po) and {y,pl) cross sec-
tions have a similar magnitude and represent a minor fraction of the total photoproton channel.
The global difference between the two cross sections is attributed to configurational splitting effects.
From the {y,po) angular distribution coefficients, an E2 cross section was estimated, contributing
about 37%%uo to the total E2 energy-weighted sum rule.

I. INTRODUCTION

Light (2s-ld ) shell nuclei have always received a great
deal of attention in photonuclear physics. This is readily
understandable, as these nuclei exhibit some very particu-
lar features, such as a great amount of fine structure in
their photonuclear cross section, or a very large width of
their giant dipole resonance (GDR). One of the reasons
for this large width is believed to be the "configurational
splitting" of the GDR in (2s-ld) shell nuclei, due to the
energy difference between excitations from various shells.

For some of these nuclei, the (y, po) cross sections have
been measured in great detail, using the inverse capture re-
action. ' In the case of ' F, this procedure could not be
used, as the separation between the ground and first excit-
ed state in ' F is extremely small. And yet, more infor-
mation seems to be needed for light odd-Z nuclei in order
to allow a detailed and systematic study of the effects
leading to the observed small (y, pz) cross sections.

The (y, po) and (y, pl) differential cross sections at 90'
have been measured only once for ' F, by Tsubota et al.
However, the energy resolution was rather poor, and no
angular distribution measurements were performed. De-
tailed knowledge of the angular distribution would seem
desirable in order to investigate the E1-E2 interference ef-
fects on which the older (y, p) results have revealed con-
flicting data, and to estimate the E2 contribution, if
present, quantitatively.

A detailed study of the (y, po) cross section for light,
deformed nuclei is further hoped to lead to some specific
information on the microscopic structure and the excita-
tion mechanism of the giant resonances, not obtainable in
spherical nuclei. To this end, Schmid and Do Dang have
performed several theoretical calculations concerning the
' F(p, yz) Ne cross section and angular distributions, 9

and have compared their results with the experimental
data. Apart from the problem posed by the unpaired
proton, such calculations would seem appropriate for the
similarly deformed ' F nucleus as well. To make such
calculations useful, one should have at one's disposal de-
tailed and reliable experimental results.

For all these reasons, we set up a careful and elaborate
study of the ' F(y, po) and (y, pl) cross sections and angu-

lar distributions. On the other hand, it would be interest-
ing to have more extensive (y, no) measurements available,
as the existing data' cover too small an energy range to
allow a detailed comparison with our (y, po) result.

2 —I

I I I I I I I I I
I I I I I I I I I

8=54'

I I I I I I I I I I I
I I I I I I I I I I I

WIlo ~0~ W~ +~~go

I 1
I
I

0
I
I

I I I I I I I I I I I I
I I I I I I I I I I I

4444 44 4
4 8=90'

4 4 444 44 4 44
'4 4444444444"44p- —.4

4

I I I I I I I I I I I
I I I I I I I I I I I I

t I )I&~ »~»g4 e~ e 109'
'4"»+

I I I I I I I I I I I I
I I

tt
I I I I I I I I I I

H)III II Iyf 8&» q~4I &», , gg 8=126'
4 4 444~ 4 44Wq~,.4„.

~ ~

I I I I I I I I I I
I I I I I I I I I I

h~» &4 &g~»»~ - V

I I I I I I I I I I I I I

4 I I I I I I I I I I I I

Tsubota et al . ~

s=so

IIII(Il&0,I&

o I' 13 18 23
Excitation Energy E (MeVj

FIG. 1. The absolute differential cross sections for the
' F(y, po) reaction, ' the error bars purely represent the statis-
tical errors. The result of Tsubota et al. (Ref. 4) at 90' is shown
in the lower part of the figure for comparison.
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II. EXPERIMENTAL PROCEDURE
AND DATA ANALYSIS

Itt0 II It'ttkt
IO IIII'

I I I

8=37 "F (y p )—

Photoprotons from a thin Teflon foil (CFq,' 2.66
mg/cm ), irradiated with a beam of bremsstrahlung pho-
tons produced at the 70 MCV linear electron accelerator of
the Ghent University, were detected simultaneously at
seven different angles 8 (between 37' and 143') using un-

cooled Si(Li) detectors. The experimental energy resolu-

tion, determined by the target thickness, is of the order of
100 keV for 8 MeV protons. A detailed description of the
experimental setup can be found elsewhere. "

Spectra were measured at bremsstrahlung end point en-

ergies varying between 15.5 and 26.0 MeV, in 0.75 MeV
intervals. As thc first excited state ln thc residual nucleus
' 0 is located at 1.98 MeV, this small end point energy
step allowed us to derive absolute differential cross sec-
tions for the (y, p0) reaction in a direct way. Likewise, as
the second excited state in ' 0 is located at 3.56 MeV, we
could use the same peeling procedure to deduce the abso-
lute differential (y, p&) cross sections as well. (For more
details on the analysis procedure and the corrections ap-

plied, see Ref. 12.) The differential cross section results
are shown in Figs. 1 and 2.

To these differential cross sections, a sum of Legendre

polynomials was fitted:

do 1 8
(E,H) = o(E) 1+ Q a;{E)I';(cosO)

dQ 4n. i=1

The fitting was performed up to fourth order for the
(y, p0) results, and —in view of the poorer statistics —up to
second order for the (y, pl) data.

III. RESULTS AND DISCUSSION

A. The integrated-over-angles cross section

The integrated-over-angles {y,p0) cross section o(E) is
shown in Fig. 3(a). It exhibits pronounced structure at
13.65, 14.35, 15.45, 16.70, 17.35, and 18.55 MeV excita-
tion energy, while some indication of structure can be
found at 15.85 and 17.90 MeV. The higher energy region
is dominated by a broad bump centered around 20.5 MeV,
with additional minor structures at 19.5, 21.3, 22.2, and
23.5 MeV. There is good agreement concerning the struc-
ture with the older (y, p) and {e,p) measurements,
although the amount of fine structure seen in our experi-
ment is much larger than in the older results, due to a far
better energy resolution.

The (y, p0) reaction has been studied for other light
(2s-id ) nuclei such as ' F (only at 90 ) (Ref. 15) and Ne
(Ref. 2). The results are compared with our cross section
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FIG. 2. The absolute differential cross sections for the
' F(y, pi) reaction; the error bars purely represent the statistical
errors. The result of Tsubota et aI. (Ref. 4) at 90' is shown in

the lower part of the figure for comparison.
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FIG. 3. (a) The over-angles-integrated ' F(y, po) cross sec-
tion. (b) The angular distribution coefficients a; (E),
i = 1, . . . , 4, as a function of excitation energy.
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FIG. 5. (a) The over-angles-integrated ' F(y, pl) cross sec-
tion. (b) The angular distribution coefficients a;(E), i =1,2, as a
function of excitation energy.
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FIG. 4. The (y, po) cross sections for the nuclei ' F (upper),
' F (middle), and Ne (lower).

for the ' F(y, po) reaction in Fig. 4. One notices immedi-
ately the striking differences between these cross sections,
indicating that adding one or two valence nucleons has a
drastic effect on the shape of the cross section. Clearly,
these valence nucleons do not behave as just "spectators, "
but indeed have a large influence on the location and
shape of the collective dipole vibration.

Another interesting feature that emerges from Fig. 4 is
the decreasing mean energy of the (y, po) cross section for

Ne and ' F as compared to ' F. This agrees with the
predictions of Neudatchin and Shevchenko on the charac-
teristics of the configurational splitting They state that
the (2s-id) '(2p-lf) configurations are located at de-
creasing excitation energy for increasing atomic mass, and
that these play a dominant role in the (y, po) reaction.

The energy integrated (y, po) cross section over the en-
ergy region 13.4—25.8 MeV equals (11.1+0.1) MeVmb,
or about 4% of the Thomas-Reiche-Kuhn (TRK) sum
rule. For the 90' differential cross section, integration
over the interval 13.4—25.4 MeV yields (1.22+0.02)
MeVmbsr '. The only comparable result is that of Tsu-
bota et al., shown in Fig. 1; their integrated cross section

over the same energy region is 1.80 MeVmbsr ', i.e.,
about 50% higher than our value. We have no explana-
tion for this discrepancy.

The integrated-over-angles (y, p&) cross section is shown
in Fig. 5(a). Although the statistical accuracy is much
poorer than in the (y, po) case, one can still clearly distin-
guish two main bumps, at about 17.0 and 21.5 MeV exci-
tation energy. This result shows a certain similarity with
the (y, po) cross section presented in Fig. 3(a), which also
exhibits, apart from the fine structure, two main peaks in
the cross section, centered around 17.0 and around 20.5
MeV. However, there is a marked difference in the rela-
tive magnitude of both bumps. As the ground and first
excited states in the residual nucleus ' 0 do have distinc-
tive structures, ' this suggests that these two maxima in
the cross sections are dominated by dipole states with dif-
ferent configurations. This difference in magnitude is
therefore to be attributed to the effect of configurational
splitting.

The energy integrated (y, pt) cross section over the re-
gion 15.4—25.8 MeV is (8.6+0.2) MeVmb again only
3% of the classical dipole sum. For the 90' differential
cross section, integration over the interval 15.4—25.4
MeV yields (0.69+0.03) MeVmbsr ', to be compared
with the value 0.50 MeV mb sr ' obtained from the data
of Tsubota et al. (shown in Fig. 2), now about 30'%flower
than our value.
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If we compare the integrated (y, po) cross section with
the total (y, p) result, which we could also derive from our
experimental data (and on which we will report in a forth-
coming paper), it turns out that the (y, po) channel con-
tributes only 7% to the (y, p) reaction. This is in marked
contrast to the large ground state contribution (about
40%) in the (y, p) reaction of the even-even nuclei '60
(Refs. 1 and 19) and Ne (Refs. 2 and 20). The low value
for the ' F(y, po) and (y, pi) cross sections can be account-
ed for in a semidirect reaction model, since the proton
pickup spectroscopic factors for the ' 0 levels' show a
much smaller overlap with the ' F ground state for the
states which have a (2s-ld) proton hole with respect to
' F (such as the ground and first excited state of ' 0) than
for the 1p hole states.

B. The angular distributions

The angular distribution coefficients a; (i =1—4) for
the (y, po) reaction are shown in Fig. 3(b). The asym-
metry coefficient a i rises slowly from zero at low energies
to a maximum of 0.75 at 23.5 MeV, which indicates im-
portant interference effects at high energy. The other
asymmetry coefficient a3 is very small, but on the average
nonzero and negative, again indicating interference be-
tween multipoles of different polarity. The anisotropy
coefficient aq shows some structure but remains negative,
with a minimum value close to —1.0 in the central part
of the energy range, and with maxima, approaching zero,
at 14.0 and 23.5 MeV, indicating possibly a higher E2
fraction at these energies. Finally, the E2 coefficient a&
is small, but remains positive over almost the entire re-
gion; again, this indicates a nonnegligible E2 contribution
over the whole energy interval. Asymmetric angular dis-
tributions have already been measured, over a limited en-

ergy range, in earlier (y, p) experiments, and were in
some cases related to E2 interference effects. '

A quantitative derivation of the E2 contribution from
angular distribution measurements is often rather specula-
tive, due to the approximations that have to be made to
reduce the number of electromagnetic multipole transition
matrix elements (see, e.g., Ref. 12). From the above con-
siderations, it is clear that in this case certainly no E2
matrix elements can be neglected. However, we felt that
we could disregard all Ml contributions, as the M1
strength is believed to be concentrated around 353
MeV excitation energy in light nuclei, ' that is, around 13
MeV in ' F. Thus, the above approximation may be in-
correct at the lowest energies considered.

Taking then only E1 and E2 contributions into ac-
count, there are only four possible transition matrix ele-
ments in this reaction. ' However, as the three phase
differences between the complex matrix elements also
have to be determined, we have seven unknowns and the
problem is underdefined. To reduce the number of un-

knowns, we assume that the phases are independent of the
angular momentum j of the intermediate state, that is, we
assume no phase difference between the p~/q and p3/p E 1

matrix elements (describing E 1 transitions to the —, and
state, followed by p-wave or I = 1 proton emission, in

the channel spin formalism), or between the d3/3 and d5/3

E2 matrix elements (describing E2 transitions to —, and
5+

states, followed by d-wave or I =2 proton emission).
This approach is based on the fact that for radiative cap-
ture reactions, the relative phase is given by the follow-
ing:

pi —pi = —arctan[Fi(R)/GI(~)l+rIt

+ arctan[Fi (R)/Gi (R)] r—Ii +nm.
under the assumption that the target nucleus can be
described by the model of a hard-core scatterer with a
Coulomb field, and that there is no interference between
various resonances. The functions I'I and GE are the
regular and irregular Coulomb functions, while qI is the
Coulomb phase shift. This expression for the phase
differences has been used several times in the analysis of
capture angular distributions. ' However, we do not
rely on its explicit form; all that matters here is that

n~ if I——=I',
the validity of which has been confirmed, apart from
some minor deviations due to spin orbit coupling, in a re-
cent Si( p, yo) 'P experiment.

As only one phase difference

( el = 1 Ol'=2)

is left to be determined, the set of five equations suffices
to calculate the five unknowns. The equations can be
written as the following

1=p &/z+2p3/p+2d 3/Q+ 3d 5/p,
2 2 2 2

9ai ——2W3(Pi/zd3/3+ 5@3/3d5n

+ 5P3/283/2) cosp,
2 2 && 2

az ———p 3/p 2p $/~3/p+d 3/Q+ —,d s/z

6+ 7 3/2 5/2 ~

4
~3 2~3(Pi/2~5/2+ 5P3/2~5/3

6+ 5 I 3/2 I3/2 ) coW

12 Q 48
a4 7 d 5/2 d3/pd5/p

The short-hand notation xJ stands for ( —1)"
~
xj ~, where

xz is the corresponding complex Inatrix element, and the
sign ambiguity comes from the last term in Eq. (1).

Solving this set of equations is straightforward, and
leads to two possible results for the E2 fraction in the
(y, po) cross section. Without additional information,
there is no way to decide which is the correct one. How-
ever, as can be seen from Fig. 6(a), the two results are very
close to each other. The overall shape agrees quite well
with our qualitative considerations: The E2 contribution
shows a minimum around 19 MeV, and maxima around
14 and 23.5 MeV.

The magnitude of the E2 contribution might seem
somewhat unrealistic, but one should bear in mind that
polarized proton capture experiments have also revealed
considerable E2 strength in the neighboring nuclei ' 0
and Ne (Ref. 21). This strength would, however, prob-
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ably be mostly of isovector nature, as it is found at higher
excitation energies than the strength in a capture or had-
ron scattering experiments. Our results are further sup-
ported by the agreement of the E2 strength distribution
with the expectations for light nuclei: no resonance
behavior, but a broad, structured distribution, situated
below the predicted excitation energy (632 '~ MeV). In
fact, these are the same characteristics as those of the E 1

giant resonance in light nuclei (and possibly of all giant
resonances). Therefore, one would also expect to find at
least an indication of deformation splitting in the giant
quadrupole resonance (GQR), since it was suggested to be
present in the giant dipole resonance of ' F (Refs. 29 and
30). Such a deformation splitting has been predicted for
the similarly deformed nucleus Ne (Refs. 31 and 32) and
was found experimentally. ' We therefore believe that
the observed splitting in the (y, po) E2 contribution is re-
lated to the deformation of the ' F nucleus, especially as
the splitting is very similar to the one predicted and ob-
served in Ne (see Fig. 7).

Taking all these arguments into consideration, we feel
that we can be rather confident of our E2 results, at least
as far as the strength distribution is concerned. From the

FIG. 7. Theoretically predicted E2 distributions for Ne
compared to a measured (a,a') spectrum, shown in the lower
part of the figure.

lowest solution, we calculated the E2 cross section, shown
in Fig. 6(b), and the contribution to the E2 energy-
weighted sum rule. As we have mentioned, the detected
E2 strength is probably partly isoscalar and partly isovec-
tor. Therefore, a comparison has to be made with the to-
tal energy-weighted sum rule. In Table I, this is done for
the smallest solution, as well as for the "minimum" E2
cross section, calculated independently from the a4 coeffi-
cient only. ' The agreement between both results suggests
their reliability.

It turns out that the (y, po) E2 cross section exhausts
(37+7)%%uo of the total E2 energy-weighted sum rule.
This value is extremely high, and should be referred to
with some care. In fact, we do believe that our E2 cross
section may be overestimated, due to the influence of the
a4 coefficient, of which the statistical significance is not
beyond doubt. ' However, it could be that the extremely
large E2 contribution results from the neglect of possible
M1 strength. As this strength is supposed to be located
around 13 MeV, it might contribute in the low energy re-

TABLE I. The contribution of the ' F(y, po) E2 cross section, deduced from the present experiment,
to the E%SR value which is equal to 6.709 (AT =0)+7.454 {hT= 1) pb/MeV.

E2
solution

ccLowvs

"Min"

0
(qb MeV-')

5.28+0.94
4.72+2.36

ET=0

0.79+0.14
0.70+0.35

Sum rule
fraction

0.71+0.13
0.63+0.32

{AT=0)+(AT=1)

0.37+0.07
0.33+0.17



2052 E. KERKHOVE et al.

M
O
O

O I I t I I I I I I I I I I

f3 18 23
Excitation Ener gy E (MeV)

FIG. 8. The absolute value of cosP, wherein P is derived
from Eq. (1) (full line), and from the angular distribution coeffi-
cients (data points).

gion of our results. Moreover, if we assume the M 1 giant
resonance to show the same characteristics as E 1 and E2,
it might be spread out over an energy interval of several
MeV, thus contributing possibly up to 16 MeV or even
higher. Since it is in this area that the E2 cross section
contributes mostly to the energy-weighted sum rule, any
small M 1 fraction would reduce the sum rule value sig-
nificantly. It is worthwhile mentioning here that a com-
parison between the phase difference P derived from the
angular distribution coefficients, and the theoretical value
of Eq. (1), is satisfactory in the higher energy region, but
rather meaningless below 18 MeV (Fig. 8). This again
might be an indication of unjustly neglected (M 1) matrix
elements.

The angular distribution coefficients a~ and az for the
(y, p~) reaction are shown in Fig. 5(b). As the residual nu-

cleus is left in a 2+ state, the number of possible elec-
tromagnetic multipole transition matrix elements is much
larger, and they cannot be determined unambiguously
from our data. The a~ coefficient is definitely nonzero
and almost everywhere positive, indicating interference ef-

fects between states of opposite parity. The az coefficient
again is nonzero and, in contrast to the az coefficient for
(y, po), mainly positive.

IV. CONCLUSIONS

We have measured the absolute ground and first excited
state photoproton cross sections and angular distributions
for ' F in the energy region between 13.4 and 25.8 MeV,
using a bremsstrahlung photon beam. Our energy resolu-
tion was better than in any of the older (y, p) measure-
ments, allowing us to observe more detailed fine structure.

Comparison with neighboring nuclei revealed the influ-
ence of the valence nucleons, and confirmed the predic-
tions of Neudatchin and Shevchenko on the configura-
tional splitting. ' Furthermore, our data confirm the
trend of small (y, po) cross sections for odd-Z nuclei, first
noticed by Shoda. These low (y, po) and (y, p~) cross sec-
tions are in our opinion simply the reflection of the small
overlap between the ground state of the target nucleus and
the ground and first excited states of the residual nucleus.

Although they show some similarities, the (y, po) and

(y, p&) cross sections are distinctly different in the relative
magnitude of their structures. This was not to be expect-
ed if they had originated from dipole states with the same
configurations. We believe that their differences are
therefore a manifestation of configurational splitting ef-
fects.

The observed angular distributions indicate the presence
of other than E 1 excitations over the entire energy region.
A quantitative analysis of the (y, po) angular distribution
coefficients, neglecting M 1 contributions, leads to an es-
timated E2 cross section exhausting about 37% of the to-
tal (isoscalar plus isovector) E2 energy-weighted sum
rule. However, the inclusion of M1 excitations can sig-
nificantly lower this value.
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