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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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Measurement of the Isovector Giant Quadrupole Resonance in 4 0 Ca 

D. A. Sims, R. P. Rassool, M. N. Thompson 
School of Physics, University of Melbourne, 

Parkville, 3052, Australia 

J-0 Adler, B-E Andersson, K. Hansen, L. Isaksson, 
B. Nilsson, H. Ruijter, A. Sandell and B. Schroder 
Department of Nuclear Physics, University of Lund 

J. R. M. Annand, G. I. Crawford and G. J. Miller 
Department of Physics and Astronomy, University of Glasgow 

The location of the IVGQR in nuclei has been studied, and the excitation energy of its location 
is found to be proportional to A'"3. However data for light nuclei is rather sparse. A 
measurement of the neutron capture reaction 40Ca(n,y0) by Berquist et al. at Lund1 located the 
IVGQR for 4 lCa, and a recent measurement at Illinois2 has located it for ""Ca, 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 
"°Ca(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. Figure 1 shows a typical 2D PSD plot, and illustrates how a clean cut could be 
made which allowed neutrons to be retained. Significant time was expended in this process, but 
the resulting TOF spectra are of very high quality. 

At this stage the analysis is not sufficiently complete to allow the forward/backward asymmetry 
to be determined. However as an indication of the quality of the data to be expected, figure 2 
shows the TOF spectrum obtained at an angle of 55° at an excitation energy about 30 MeV. The 
resolution allows clear separation of the ground-state neutrons from those to nearby excited states. 
Such separation was not seen in an earlier measurement from Melbourne by Eden et al? 
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Figure I. PSD scatter plot 
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Figure 2. Preliminary data at 55° and 30 MeV 
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Measurement of de-excitation y-rays following the Photodisintegration of "O: a test 
of the Quasi-Deuteron Model in Photonuclear Reactions above the GDR 

A. Kuzin, D. A. Sims, R. P. Rassool and M. N. Thompson 

School of Physics, The University of Melbourne 
PARKVILLE 3052 AUSTRALIA 

T. Terasawa, H. Itoh, O. Konno 

Laboratory of Nuclear Science, Tohoku University 
1-2-1 Mikamine Taihaku ku 

SENDAI 982 JAPAN 

1. INTRODUCTION 
One of the thrusts of the research program of the photonuclear tagging group is aimed at 
resolving the nature of the mechanism whereby a high energy photon (~!00 MeV) causes 
protons, neutrons, and correlated p-n pairs to be emitted from a nucleus. This report describes 
the results of a preliminary experiment where de-excitation y-rays were detected from states 
in I SN following the , 60(y,p) reaction. The feasibility of this experimental method in this 
energy region is discussed, and it is concluded that we will be able to resolve the nature of 
the reaction mechanism using this method. 

2. THE PHYSICS INVOLVED 
Two Contending Mechanisms 
Of the several proposed reaction mechanisms, two are able to explain most features of the 
experimental data: the Quasi-Deuteron Model (QDM) and microscopic models. Yet these are 
remarkably different in their basic assumptions. The QDM, as modified by Shier and Schoch' 
treats the nucleons as correlated neutron-proton pairs, coupled to S=l, T=0, within the 
nucleus. In so doing the model hides one of the most fundamental properties that influences 
the reaction process: the short range correlations between the nucleons. These correlations, 
meson-exchange effects and ground state correlations would seem to be critical, and are 
specifically treated in microscopic calculations such as those of Gari and Hebach2 and more 
recently those of Ryckebusch3. Specifically in the case of photodisintegration of l 6 0 , the low-
lying states that are populated in the residual nuclei depend on the reaction mechanism 
involved. 

Recent experiments, including some by this group, have attempted to resolve population of 
the excited residual states, as a function of excitation energy, by direct detection of the energy 
of the emitted proton (for l 60(y,p)) or proton-neutron pair (for l 60(y,pn)). The necessary 
resolution of the particle spectrometers is only marginally adequate, and so far definitive data 
is not available. 

The results presented here confirm a novel way to check for excited residual state population 
as a function of excitation energy, by detecting the de-excitation y-rays emitted from the 
excited residual states as a function of excitation energy (initially up to 100 MeV). 

The Significance of Photo-reactions involving "O 
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A recent high resolution measurement of the l 60(y,p) reaction cross section by van Hoorebeke 
et al* taken at an excitation energy of about 61 MeV, observed that proton emission from l 6 0 
not only populated the GS and 6.3-MeV -ve-parity states of I 5N as expected, but significantly 
populated the +ve-parity doublet of lp-2h states near 5.3 MeV. Confirmation of this 
observation was made by our group5. 

The significance of this observation is that, if a two-step reaction process is discounted (as 
van Hoorebeke et al. show), the 5.3-MeV doublet cannot be populated if the generally 
accepted form of the quasi-deuteron mechanism is involved. They solved the dilemma by 
proposing a modification of the QDM to include a significant component of quasi-deuterons 
with isospin T=l. 

Our paper (ref. 5) suggested that, at least for energies up to 40 MeV or so, evidence of 
population of this doublet might be explained in terms of collective effects and the known 2p-
2h components of the 1 6 0 ground state wave function. 

Van Hoorebeke et al.6, refuted this explanation citing evidence from data for the l2C(y,p) 
reaction that is published in their earlier paper (ref. 4), which shows that population of the 
equivalent +ve parity state in "B occurs, and increases relative to the population of nearby -
ve parity states when the excitation energy is increased to 70 MeV. Their data is however 
limited because of poor resolution; they cannot actually resolve the state from its neighbours. 

A change in reaction mechanism near 60 MeV 
It is necessary to clarify this conflicting and incomplete evidence. The importance of defining 
the reaction mechanism is fundamental to an understanding of photo-reactions in this energy 
region. This is can be done for the case of l f tO, since the relevant states in I 5N (the +ve parity 
doublet near 5.3 MeV and the -ve parity state at 6.3 MeV) are well separated. 

The results presented here confirm that it is possible to measure the population of the first 
three excited states in l 5N by detecting y-rays from their de-excitation. 

Nature of the low-lying states in l 5N and , s O 
An understanding of the nature of the low-lying states in "N makes the importance of these 
measurements evident: The GS (1/2) and 6.3-MeV (3/2" states, are both single p-shell 
particles coupled to the S= 1, T=0 GS of ''N. Population of these states is expected on the 
basis of either the QDM or microscopic models. The +ve-parity doublet is however a single 
particle in the s-d shell coupled to the lst-excited (S=0, T=l) state of l 4N; and as such cannot 
be populated via the standard QDM involving (T=0) quasi deuterons. 

One implication of lhit>, that can be proven by simple isospin-coupling arguments, is that the 
, 60(y,pn) reaction should not populate the 1st excited state (with T=1) of M N if the QDM is 
dominant. In the full-blown experiment that should derive from this test, evidence of 
population of this state at 2.13 MeV in l 4 N will also be checked by detection the y-ray 
emitted in its de-excitation following the l 60(y,pn) reaction cross section. 

3. EXPERIMENTAL DETAILS 
Resolving the relative population of the residual states using the immediate y-ray decay 
following the proton emission imposes a less critical requirement on the proton energy 
resolution compared with that for direct proton measurement. In order to limit the de-
excitation y-ray detection to those reactions where a proton is emitted, the data acquisition 
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system is triggered only when a proton is detected from the target using an efficient proton 
detector placed near 1 6 0 target. The proton trigger also allows us to reject any de-excitation 
y-rays that follows a decay of higher energy residual state. 

Estimated count rate 
For the reaction leading to the 5.3 MeV doublet and 6.3 MeV state in , 5N, triggering by a 
proton, the count rate of tnese y-rays from both 5.3 MeV doublet and 6.3 MeV state was 
estimated as -12 per day. 

Tagged photon source 
The electron tagging spectrometer of the Laboratory of Nuclear Science of Tohoku University 
was used to provide tagged photons in energy bins of less than 250 keV width between 40 
and 80 MeV. The 100% duty factor electron beam was derived from Small Stretcher Ring 
(SSTR) of the Laboratory. 

Experiment 
The rate of incident electrons was 106 e/sec that producing about 2*105 tagged photons. The 
2-mm thick water target was phced at an oblique angle of about 15° relative to the beamline 
thus providing etfective thickness of ~5 mm for the beam but allowing the protons to leave the 
target in the direction of proton detectors with an acceptably small energy loss . 

The proton detecting arm consisted of nine 20-cm long by 10-cm diameter NE102 plastic 
detectors. They were chosen because of their fast light response (~5 ns) to an ionizing particle. 
The detectors were assembled in groups of three with a common thin 2 mm plastic delta-E 
detectors for every assembly. They were placed 25 cm away from the centre of the target, at 
angles of approximately 75°, 90° and 105° relative to the beamline. The 4" Nal gamma-
detector was placed opposite the proton detectors 30 cm away from the centre of the target. 
In order to eliminate the y-ray background 10 cm thick lead shield was placed around the Nal 
detector, leaving a window looking on target. This opening was shielded with 2 mm lead foil 
to attenuate the low-energy y-ray background scattered from the target. 

In order to discriminate against the large number of false triggers due to electrons entering 
the proton detectors. Thin delta-E detectors were placed in front of the full-E plastic detectors. 
The delta-E detector was used to identify the particle by using the energy loss characteristics 
of the particles. 

An event was recorded when there was a coincidence between a signal in delta-E detector, 
a signal in one of the three proton detectors and a signal in the Nal detector. A rough cut of 
the data from proton arm was applied so to eliminate the triggering of the data acquisition 
system with the electrons and other background particles. 

4. RESULTS 
The effective data collection time was about 70 hours and about 60 Mbytes of compressed 
raw data were collected. The expected number of de-excitation y-rays in the energy region 
of 5-6 MeV for this length of run-time was 35 for the conditions described above. The y-ray 
spectrum after processing reveals a number of y-rays in that region of energies consistent with 
this estimation. A rather high photon background was present in region of energies below 1 
MeV, particularly due to neutron capture in Nal crystal and inelastic scattering on lead. 
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5. CONCLUSION 
This short experiment test gives an indication that under more favourable conditions it will 
be possible to detect a statistically significant number of de-excitation y-rays. Thus, using a 
higher intensity beam (107 e/sec) and 10" Nal detectors placed closer to the target, the 
estimation of the de-excitation y-ray intensity is about 500 per day that gives an opportunity 
to measure the relative population of first excited states in l 5N with significant accuracy. 
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A High Resolution Measurement of the "0(y,p) Cross Section to Excited Residual 
States 

D. A. Sims, A. Kuzin, R. P. Rassool and M. N. Thompson 
School of Physics, University of Melbourne 

PARKVILLE 3052 AUSTRALIA 

S. Ito, O. Konno, and T. Terasawa 
Laboratory of Nuclear Science, Tohoku University 

1-2-1 Mikamine Taihaku ku 
SENDA1 982 JAPAN 

INTRODUCTION 

In a recent paper* describing one of the few high resolution measurements of photoprotons 
from the l 2C nucleus, the authors claimed evidence for absorption of high-energy photons by 
T=l pairs of protons and neutrons. This could be a significant contribution to the 
experimental confirmation of a new and generally unexpected reaction mechanism for photon 
absorption in this energy region. Of the several theories for reaction mechanisms for 
absorption at intermediate energies, one (the quasi-deuteron model or QDM) invokes the 
presence of T=0 p-n pairs to explain the observations. 

The photonuclear group from Melbourne University quickly responded with data on the 
similar l 60(y,p) reaction2, which exhibited the same phenomenon (unexpected population of 
the +ve parity states in the residual nucleus) which might be interpreted as additional evidence 
for the T=l quasi-deuteron absorption mechanism. The Melbourne group however preferred 
to leave the question open, pointing out that another explanation in terms of residual collective 
effects might account for the observation. 

From the l 2C experiment, Van Hoorebeke et al. report population of states in "B around 7 
MeV which are not seen in the l2C(e,e') reaction3. This implies that a direct knockout process 
is unimportant, and more than a single nucleon is involved in the photon absorption. Of the 
several proposed reaction mechanisms, two are relevant here: the QDM and microscopic 
models. The QDM, as modified by Shier and Schoch4 treats the nucleons as correlated 
proton-neutron pairs, coupled to S=l, T=0 within the nucleus. The microscopic calculations 
such as that of Gari and Hebach5 include multi-particle effects by specific reference to short 
range correlations between the nucleons, meson-exchange effects and ground state 
correlations. Van Hoorebeke et al. opted for the QDM to explain their data; however this was 
not able to explain the population of the +ve-parity states without the introduction of the T=l 
n-p pairs. 

In an attempt to clarify the validity of this modification to the reaction mechanism, 
particularly as a function of excitation energy, the Melbourne group has undertaken a further 
high resolution measurement of the l 60(y,p) reaction. Many improvements have been made 
to the experimental set up since the preliminary measurement of 1991. The main changes 
made were to insure that the data was of a higher resolution with decreased statistical 
uncertainty, and that it extended to higher excitation energies. This experiment was completed 
in October of 1993. 
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EXPERIMENT 

The l 60(y,p) i : ,N experiment was measured at the Laboratory for Nuclear Science, Tohoku 
University, Sendai, Japan. This facility has a linear accelerator which, in conjunction with 
the stretcher ring and tagging spectrometer, produces a photon beam with an 80% duty factor 
and a tagging efficiency of 50%. 

The aim of this measurement was to look for evidence of population of the 5.3 MeV positive 
parity doublet, at three specific incident photon energy regions: 42.5, 60 and 80 MeV. 
Because of the close proximity of the 5.3 MeV states with the 6.3 MeV negative parity state, 
a net proton resolution of about 1 MeV was required to positively resolve their population 
strengths. This resolution requirement governed every aspect of the experimental design. To 
obtain the required tagged-photon resolution, the original tagging spectrometer was replaced 
by a new tagging microscope, which concentrated on the three energy regions of interest to 
this experiment. Each tag channel detector was a 2mm wide strip of plastic scintillator 
(NE213), which provided a tag-channel width of 250 keV. 

In order to minimise proton energy loss in the target, a thin (0.3 mm) target was used. The 
water was enclosed between thin mylar walls. The mylar was partially aluminised to reduce 
the amount of water lost to water evaporation. Three proton telescopes were used as the 
detectors. The full-E detectors were (3" x 3") Csl scintillators, with a measured energy 
resolution of approx. 1%. In front of each Csl detector were three 0.5-mm plastic AE 
scintillators. These were arranged so as to allow "tracking" of the detected protons to allow 
correction for kinematic energy effects. Figure 1 shows the overall experimental set-up of the 
measurement. 

ANALYSIS AND RESULTS. 

The analysis of this data is currently under way, and only preliminary results are presented 
here. The analysis procedure follows three basic steps. The first is to use the AE vs E 
"scatter" plots to discriminate the protons from the electron background. The second step is 
to use the timing information < l'lected to identify, by time-of-flight, those protons emanating 
from the target. Finally, the spectra from the three Csl detectors obtained from the 32 tag 
channels had to be normalised and summed after making the kinematic corrections using 
information from the tracking detectors. 

The figure shows the preliminary results for a photon excitation energy centred about 
42.5 MeV. 

Evidence for the population of the 5.3 MeV state can again be seen, in agreement with our 
earlier measurement. With more detailed analysis, the resolution of this data should be further 
improved, and we expect to obtain similar resolution and statistics in the two higher 
excitation-energy regions. We plan to compare the relative populations of the 5.3-MeV 
doublet, the 6.3-MeV state and the ground state. Changes in these relative populations at 
different excitation energies may be indicative of changes in the reaction mechanism. 
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10 



ftiJSXtAU&Str 
:<0(Y,n)) Reaction Cross Section for 35 MeV < E T < 105 MeV 

G. J. OKeefe*. A. D. Bates*. R. P. Rassoof, D. J. McLean\ M. N. Thompson*. 
T. Terasawa* and M. Sugawara*. 

School of Physics, University of Melbourne, Parkville, Vic. 3052 
" Laboratory of Nuclear Science, Tohoku University, Mikamine 1-2-1, Sendai, 982, Japan. 

Double differential cross sections for the "0(Y,N) and l60(Y,NN) reactions have been 
measured with the Photon tagging facility at Tohoku University. These comprehensive 
measurements provide information on the important aspects of the reaction mechanism at a 
microscopic level. This work which was reported in preliminary form is now complete, and 
has formed the basis of the PhD thesis of G. J. O'Keefe. 

In summary the results, together with data from the ,60(Y.p) measurement of Bates et a/.(see 
below), are compared with other measurements and the predominant theoretical calculations. 

Fig. 1 shows the differential cross sections at 60° for l60(Y,n0) from this work, together with 
the l6O(Y,p0) results from Melbourne (see Bates below), Findlay et al.x and Schoch et al.2, 
The consistency of the data in magnitude and shape is notable. The apparent change in slope 
between 40 and 60 MeV may indicate a change in reaction mechanism. 
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Figure 2 compares the ^CKY.n,) and "OtyPo) results with the current theories: The modified 
QDM of Schoch 3, and microscopic calculations by Gari and Hebach4 and Ryckebusch5. 
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Only one calculation for the 160(v,n) cross section to the low-lying excited states exists, that 
of Ryckebusch The available experimental data at 90° is compared with this in figure 4. 
Data at more forward angles agree similarly well. 
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Data for which analysis is nearing completion 

The angular distribution of , 6 O(y,p 0 ) and 1 6 0(Y,p I 2 3 ) c r o s s sections 
for E Y = 35 Mev to 100 MeV. 

A. D. Bates, D. J. Mclean, G. J. OKeefe, R. P. Rassool and M. N. Thompson. 
School of Physics, University of Melbourne, Parkville, Australia. 

and 
S. Ito, O. Kono, K. Maeda, T. Suda, Y. Sugawara and T. Terasawa. 

Laboratory for Nuclear Science, Tohoku University, Sendai, Japan. 

Analysis of the measurement of the 160(y,p) reaction cross sections measured, at the 
Laboratory for Nuclear Science, Tohoku University in Japan is now essentially complete. The 
data was taken with energies from 30 MeV to 100 MeV and at ten angles: +30°, 445°, +60°, 
+75°, -70°, -85°, -100°, -115°, -130° and -150°. The figure below shows the angular 
distribution for the 16O(y,p0) reaction at about 56 MeV. 

The angular dependence of the 16O(y,p0) and l 60(y,p I 2 3) has been extracted over excitation 
energies from 30 to 100 MeV. The magnitude and trends for the 16O(y,p0) coefficients are 
consistent with those measured by Anghinolfi et al.\ They, vary smoothly with energy as 
expected as the cross sections fall off smoothly with increasing gamma energy. The 
observed steady increase of a, from about 0.4 near 40 MeV to about 1.2 near 60 MeV may 
be indicative of the increasing importance of multipoles other than El. 

The simultaneous determination of the l6O(y,p0) and l 60(y,p,23) angular distributions over a 
range of energies provides a good basis to test the RPA calculations that have been performed 
recently by Cavinato et at.2. 
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Measurement of the 4 He photoneutron cross section 

D. J. McLean, K. Maeda 6\ A. D. Bates, O. Konno', I. Nomura t , R. P. Rassool, T. Suda *', 
Y. Sugawarac, T. Terasawa', and M. N. Thompson 

tf College of General Education, Tohoku University, Sendai, Japan 
£ Laboratory of Nuclear Science, Tohoku University, Sendai, Japan 

The 4He(y,n)3He cross section was measured using the tagged-photon facility at Tohoku 
University. The cross section was measured at 35°, 50°, 65°, 90°, and 110°, using tagged 
photons of energy 25 to 102 MeV with a resolution of approximately 2.5 MeV. The use of 
tagged photons allows a reliable determination of the absolute cross section scale, without the 
normalization problems inherent in earlier measurements made using bremsstrahlung photon 
beams. Neutrons were detected by NE213 scintillator cells placed at distances of 1.1 m to 3.1 
m from the liquid helium target. Neutrons were discriminated from background by standard 
pulse-shape discrimination techniques, and neutron energies determined from time-of-flight. 
The missing-energy spectra clearly separate 4He(y,n)3He events from the 4He(y,n)pd+ppn 
processes. Analysis of the data is now nearly complete. 

Further information can be obtained from David McLean by email: 
DJM @ photon.ph.unimelb.edu.au 

Measurements planned or in progress 

De-excitation y-rays from U B following l 2C(y,p) 

This measurement will take place later this year in collaboration with the MAX Lab. of Lund 
University. It is designed to detennine the relative population of excited states as a function 
of photon excitation energy, as a means of resolving the reaction mechanism. The reasoning 
behind the proposed method is discussed in full in the report above: Measurement of de-
excitation y-rays following the Photodisintegration ofl60: a test of the Quasi-Deuteron Model 
in Photonuclear Reactions above the GDR, by A. Kuzin 

Measurement of the 1 6 0(y,n) Cross section at 60° and 20°. 

This measurement is made in collaboration with the Laboratory of Nuclear Science of Tohoku 
University. The measurement at the very forward angle is designed to provide data to 
distinguish between theories based on the different reaction mechanisms. The group at 
Melbourne has designed and built a highly efficient data acquisition system, and with this and 
techniques developed for analysing TOF neutron data taken at high beam rates, we are 
conficent of obtaining statistically well defind data. 
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