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Abstract

Since the last report the experimental program has been pursued
using the facilities at the Laboratory of Nuclear Science of
Tohoku University, at the MAX Lab. at Lund University and at
Saskatchewan University. This report summarises the current
progress in studies at energies up to 100 MeV, and lists recently
published papers.
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The reaction mechanism involved for photonuclear reactions between the giant resonance
and the pion threshold is not fully understood. The 12C(7,p) reaction studied [1, 2, 3, 4] at
E7 « 60 MeV is an example. The reaction was found to populate the excitation region at
about 7 MeV in the residual nB nucleus, with known levels at 6.74 MeV (£"), 6.79 MeV
(|+) and 7.29 MeV ( |+) . While Springham et al. [1] and recently Ruijter [3] report little
strength to the 7.29 MeV (|+) state, Van Hoorebeke et al. [2] claim appreciable popula-
tion of this state. This point is important, as Van Hoorebeke et al. interpret their result
as evidence for photon absorption on T=l pairs rather than T=0 pairs as in the simple
quasideuteron model. By contrast the microscopic calculations of Ryckebusch et al. [5, 6, 7],
which give a reasonable account of all measured (7,p) cross sections for 12C and 16O, pre-
dict that the strength near 7 MeV is predominantly to the ( |+) state in nB at 7.29 MeV.
On the other hand if only little strength goes into
the ( |+) state, as found in [1, 3] the important ques-
tion is how the strength is divided between the (|~)
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and ( | ) states. However, in all the 12C(7,p) experi-
ments performed so far the resolution is not really ad-
equate to determine how the strength is distributed
between the three states at 6.74, 6.79 and 7.29 MeV.
It is difficult to improve the resolution in single arm
experiments as it is dominated by the effects of the
target thickness. An alternative is to detect the de-
cay 7-rays as well as the emitted protons. Then the
resolution is little affected by target thickness, and
depends mainly on the resolution of the 7-rays de-
tector. Furthermore, because of the different decay
patterns from the states at 6.74 MeV and 6.79 MeV
it is also possible to determine the relative popula-
tion of these two states by measuring of the specific
cascade 7-rays.

In this experiment it has been possible to detect •t:<1Sure •
7-rays emitted from the residual nucleus, in coinci-
dence with photoprotons leading to the excited resid-
ual state. This technique has been carried out for the first time using a source of tagged
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photons. Although the proton energy resolution is still limited by the target thickness, the
200 keV 7-ray resolution permits the identification of the residual states and allows off-line cuts
to be made in order to identify the excitattion region in nB from what particular de-excitation
7-rays are seen.

The experiment was done at the MAX Laboratory of Lund University using tagged photons
with energies between 50 and 70 MeV, two 10" Nal 7-ray detectors, 235 rag • cm~2 natural
carbon target, three 3" Csl detectors each with two thin AE detectors.

The excited states in n£? shown in Figure 1 decay, not only directly to the ground state,
but also by cascades through intermediate states. Thus the relative intensity of de-excitation
7-rays will not necessarily represent the relative populations of the excited states. For this
reason it was necessary to have a reasonably good-resolution proton spectrometer system,
to determine the approximate energy of the excited residual state. This information, plus
the known decay 7-ray branchings [8] will allow the true relative populations to be found.
Figure 2 shows the excitation-energy spectrum
of the residiual nucleus produced by tagged
photons in the energy range 50 to 70 MeV for
the forward angle (65°) detection of protons.
The energy scale is the missing energy less the
Q[15.97 MeV] of the 12C(7,p) reaction. The
peak at energies less than 3 MeV includes pro-
tons to the GS of UB and to the 2.12-MeV
state. The higher energy peak includes protons
leading to higher states in llB\ above this are
protons to states in WB. The peak widths are
about 3 MeV as expected from the target thick-
ness. The entire spectrum rides on a. smooth Figure 2: A typical excitation-energy spec-
background due to random coincidences with trum produced by tagged photons in the en-
the tagger. . ergy range 50 to 70 MeV.

Figure 3.A shows the de-excitation 7-ray
spectrum, triggered by protons leading to the
lowest 3 MeV of the excitation energy spectrum; thus it shows evidence only of population of
the 2.12 MeV state in nB.

In Figure 3.B the de-excitation 7-ray spectrum is triggered by protons contributing to the
region of the excitation energy spectrum between 5 and 8 MeV; so that excited states from
5.02 to 7.29 MeV are examined. The 7-rays at 2.3 and 4.44 MeV are assumed to be the result
of cascade decay from the states at 6.74 MeV.

It is clear that the population of the 7.29 MeV state is considerably weaker than one or
both of the states at 6.8 MeV This cannot be caused by the different decay branching because
87% of decays from the 7.29 MeV state are direct to the ground state [8]. This observation is
in disagreement with Van Hoorebeke et al. [2] but confirms the findings of Springham [1] and
Ruijter [3]. It suggests that the theory [6] needs to be re-examined possibly to take account
of two step mechanisms [9], which can be expected to populate the 7/2~ 6.74 MeV state. The
fitting routine using the least squares method was applied to unfold the spectrum to estimate
populations of the peaks in question. After the peaks were fitted the relative populations were
found as shown in Table 1.
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Figure 3: De-excitation 7-ray spectra following the 12C(7,p) reaction for tagged photons in
the energy range 50 to 70 MeV. (A) triggered by protons from excitation energy region less
than 3 MeV. (B) triggered by protons from excitation energy region between 5 and 8 MeV.
(the energies of the states in nB are shown by the bolded tick marks on the energy axis).
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6.74 MeV

Relative
population

1
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2+

0+

3+

WB core
T=l

T = l

T=0

5.16 MeV

1.74 MeV

G.S.

Table 1: Population of the states near 7 MeV in nB.

Summary
We have successfully applied the de-excitation 7-ray technique to the study of photonuclear

reactions at intermediate energies. Further analysis of the present data will give information of
the behaviour of the relative population of the three states in nB at 6.74, 6.79 and 7.29 MeV
depending on energy of the incident photons and the angle of proton detection. It is likely to
resolve the question also whether a T=l quasi-deuteron needs to be introduced in the sim-
ple QDM, and will confront microscopic theories with more challenging data. The technique
can also be used to overcome energy resolution problems in other photonuclear reactions e.g.
(7,pn) in nC and in other nuclei. It has great potential to improve the understanding of
photonuclear reaction mechanisms.
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Measurement of the Isovector Giant Quadrupole Resonance in 40Ca
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The location of the IVQR in nuclei has been studied, and the excitation energy of its location is found
to be proportional to A'm. However data for light nuclei is rather sparse. A measurement of the
neutron capture reaction 40Ca(n,yo) by Berquist et al. at Lund1 located the IVGQR for 41Ca, and a
recent measurement at Illinois2 has located it for 40Ca, but much of the strength lies above the energy
range of the Illinois accelerator. The present measurement extends the data to higher energies using
the tagged photon facility of the MAX-LAB at Lund University.

Interference effects between El and E2 absorptions produce a forward-backward asymmetry in the
emitted neutrons, and this asymmetry is an indication of the presence of the Iso-Vector Giant
Quadrupole Resonance (IVGQR). The aim of the present experiment was to measure the 40Ca(y,n)
reaction cross-section to the ground-state of 39Ca, at forward and backward angles. The measurement,
using tagged photons was performed at MAX lab in 1993.

The 40Ca(Y,n) reaction was measured using tagged photons in the energy range 25-50 MeV. Neutrons
were detected using two 9-element, liquid scintillator, neutron detectors placed at angles of 55° and
125° at flight paths of 3.2 m. The target was a cylinder of 215 gram of natural calcium metal, of
diameter 42 mm and length 100 mm, which was kept under an argon atmosphere. The absolute cross
section was determined relative to that for D(y,n)p, which was measured using a heavy water target.

On-line PSD allowed the major part of the electron response in the neutron detectors to be
eliminated. Further off-line analysis allowed extremely clean neutron time-of-flight spectra to be
obtained. The resulting missing-energy spectra clearly resolve the neutron population to the
ground state of 39Ca from population of the group of states near 2.5 MeV: such separation was
not seen in an earlier measurement from Melbourne by Eden et al}

The forward/backward asymmetry in the 40Ca(Y,no) cross section, resulting from E1/E2 interference
has been used to locate and parameterise the FVQR. The asymmetry was fitted according to
predictions of both the semi-classical model4 and the Direct/Semi/direct model. Figure 1 shows the
experimental asymmetry and the fit using the semi-classical model.
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Figure 1. The Ca(y,n<,) asymmetry fitted by the semi/classical model.

The parameters obtained indicate that the IVQR in 40Ca occurs at 31+1.5 MeV, and has a width of
16+1.5 MeV. It exhausts (95+10)% of the EWSR. Although the width of the resonance is
consistent with theoretical predictions, the resonance energy is lower than that predicted on the
basis of EIVQR= 130A"'10. However it is consistent with the trend for collective resonances in light
nuclei.
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Figure 2. The Ca(y,no) cross section at 0n-55°



An interesting feature of the data is shown in Figure 2, where there is clear evidence of structure
at 35 MeV. Evidence of this structure can be found in the total absorption measurement of
Ahrens5, but there has so been no discussion of its origin. This structure is not the IVQR, as its
characteristics are entirely wrong. Evidence of similar structure has been seen in the I2C(y,no) and
12C(y,po) cross sections6, and has been suggested as indicating a change in the reaction
mechanism. A further experiment is planned at the MAX Lab. To investigate this structure.
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A High-Resolution Measurement of the 16O(y,p)15N Reaction Cross Section
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In the intermediate energy range, the photo-absorption process has been successfully
described by microscopic model calculations of Gari and Hebach1 and the Hartree-
Fock Random Phase Approximations (HF-RPA) models of the Bologna2 and Gent3

groups. The importance of meson- exchange currents and long-range correlations have
been emphasised. Presumably, one of the most important findings from the
microscopic models has been that the reaction mechanism must include contributions
from shell-model, exchange currents and nucleon-nucleon interactions. The question
arises as to the relative importance of each of these different components in the
photonuclear reaction mechanism.

Investigating the relative importance of the components of the reaction mechanism can
be done using the reaction 16O(y,p)15N. The structure of the low-lying states in the
residual 15N nucleus are well established. The ground and third excited (6.3 MeV)
states are known to be 1-hole states, and these states can be formed by proton knock-
out from the p shell. Conversely, the positive parity states, at 5.27 and at 5.30 MeV in
I5N, are predominantly lp-2h states and cannot so easily be populated in such a
manner.

However, it is accepted that states with this structure are likely signatures of photon
absorption by two-body currents. Thus, a high resolution measurement of the
16O(y,p)15N cross section to the low-lying states is a sensitive probe of the role of
meson-exchange currents in photo- absorption. We have recently measured the
reaction I6O(y,p)15N with tagged-photons of energy Ey = 40 and 60 MeV, at the
Laboratory of Nuclear Science of Tohoku University (LNS). Experimental conditions
were optimised to provide the best possible resolution. Of special note was the use of
narrow 2-mm detectors on the focal-plane of the tagging spectrometer. The results are
presented in Figure 1.
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Figure 1: Fits to the excitation energy Spectra for the 16O(y,p)15N reaction cross
section, measured at 60 MeV.

Each of the excitation-energy spectra exhibits the hallmarks of a high resolution
spectrum. The ground-state transitions are clearly resolved with a FWHM of 800 keV.
Finer details are apparent in the structure near 6 MeV: in particular, the shoulder near
5 MeV, the sharp peak at approximately 6 MeV, and the valley between this peak and
that near 7 MeV, are consistent with the improved resolution. The resolution of 800
keV in the 60 MeV spectrum is the best tagged-photon proton energy resolution
achieved at the LNS.

To compare this data with the predictions of the theoretical models, cross sections to
specific states in 15N need to be extracted. Of particular relevance to the discussion is
the population of the 5.3 MeV states. Given the obtained resolution, the determination
of the cross section to these states was done by utilising a fitting procedure.

For some time it has been known that the ground-state wave function of oxygen is not
a pure closed core. Although it consists largely of a neutron and proton configuration
closed at the pm shell, there are significant admixtures with basis states involving two
or four particles in the s-d shell. Agassi4 gives a closed core configuration probability
of 66.5%, with 2p-2h and 4p-4h components with probabilities of 27.1% and 5.5%
respectively.

It has also been known for some time that the positive parity states, at 5.27 and
5.30 MeV in 15N are essentially lp-2h states relative to an lSO core. It is also possible
to consider these configurations to be based on a 14N core. The dominant configuration
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of these states on this basis, is a particle in the s-d shell coupled to the 2-hole, 0+, T=l
state in 14N. Population of the positive-parity states has been observed in earlier
16O(y,p)15N measurements5. The present measurement confirms that their population
is significant.

In the earlier HF-RPA calculations for the population of the negative-parity states, the
relatively low spectroscopic factors were indicative of substantial depletion of the shell.
As discussed earlier, it is well established that approximately 30% of the 16O-ground-
state wavefunction consists of at least 2 particles in the s-d shell. With such a
configuration, it is possible to populate the positive-parity states at 5.3 MeV by direct
knockout, or by a 2-nucleon absorption process where the neutron is recaptured. The
most recent HF-RPA calculations , in which the ground-state admixtures have been
included, reproduce the experimental data excellently. Consistent with the earlier
observations, the major strength in the cross section is derived from photon-absorption
by meson-exchange currents.
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Measurements planned or in progress

High Resolution Study of the 16O(y,p), 16O(y,pn), and 16O(y,d) Reactions
by detection De-excitation y-rays

This measurement will take place in December of this year in collaboration with the MAX Lab. of
Lund University. It is designed to determine the relative population of excited states in the residual
nuclei for photon excitation energies up to 90 MeV, as a means of resolving the reaction
mechanism. In particular we will be interested in the population of the positive parity states in 15N,
and the population of the low-lying states in 14N, especially the T=l state at 2.31 MeV. The
experiment follows directly from the successful measurement of the 12C(y,p) reaction using the
same technique, reported by A. Kuzin above.

Measurement of the 16O(y,pn) Cross Section with a view to resolving the
Reaction Mechanism

This measurement was performed at the Saskatchewan Accelerator Laboratory late last year. It is
a collaborative program involving The University of Saskatchewan, Trent University and The
University of Melbourne. Angular correlations between the emitted proton and neutron pairs have
been determined with an energy resolution sufficient to define the populated state in 14N.
Preliminary analysis suggests that the 2,31-Mev state in 14N is not significantly populated. A
more complete report on this work will be found in the Research Summary from the
Saskatchewan Accelerator Laboratory.
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uB cross section from 44 to 98 MeV,

K. Mori, P. D. Harty, Y. Fujii, O. Konno, K. Maeda, I. Nomura, G. J. O'Keefe,
J. Ryckebusch, T. Suda, T. Terasawa, M. N. Thompson and Y. Torizuka,
Phys. Rev. C51, 2611 (1995)

High-Resolution Study of 12C(y,p) Using De-excitation y-rays,
A. Kuzin, M. N. Thompson, J-0 Adler K. Fissum, K. Hansen, L. Isaksson, H. Ruijter,
B. Schroeder, J. C. McGeorge, J. R. M. Annard and J. Gregel
Proc. North-West Europe 96 Conf. On Nucl. Phys, Vreij Univ. Amst. May 1996p 63.
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