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This is the re-submission of a proposal which was approved last year, but not run  due to the late notification of approved beamtime, we were unable to fit all running into the year, despite running in two periods.  The measurement remains a vital pre-requisite for a programme of r-process studies at TRIUMF we are very keen to develop.  Hence we are re-submitting the proposal which remains as topical as last year.








Introduction





Neutron capture reactions (n,g) play an important part in many astrophysical processes, in particular the s-process in stars and the r-process in explosive situations such as supernovae, as well as being of possible importance in inhomogeneous models of the Big Bang.   For the s-process the (n,g) rates which are of interest can be measured directly.  This is because the path of the s-process lies along the valley of nuclear stability and so stable targets can be fabricated for measurements using neutron beams from reactors or spallation sources.  However, in both the r-process and inhomogeneous BB models, the reaction pathways flow through regions on the neutron rich side of stability where the nuclei are unstable.  Hence we cannot fabricate the necessary targets for conventional experiments, except in a few isolated cases where there are long lived isotopes.  In the absence of measurements of the relevant reaction rates we have to rely on models alone, but this is a notoriously unreliable approach.   Without an accurate knowledge of the energy dependence of these rates we cannot pin down the conditions of temperature and density which will be needed to define the parameters of the models of the astrophysical sites where these reactions occur.





The advent of accelerated radioactive beams, from facilities such as ISAC at the TRIUMF Laboratory and SPIRAL at the GANIL Laboratory, in principle allows us a first opportunity to study these processes.  However, although we have the unstable nucleus available as a beam, the absence of a neutron target means we cannot use a direct approach to the measurements of the rate.  Instead indirect methods will have to be used.   One possible approach is the use of the (d,p) neutron transfer reaction.  The strength of the transfer reaction depends on the spectroscopic factor (S), which is essentially the overlap between the wavefunction of the target plus neutron with that of the final state of the capture nucleus.  This is directly related to the neutron partial width (Gn) of the state.  By performing a (d,p) reaction we can determine the excitation energy and neutron width of the states relevant for the neutron radiative capture.   These, combined with the total width of the state, which can be obtained from gamma ray studies, allows the neutron capture rate to be determined.





We recently submitted a Letter of Intent to the Experimental Evaluation Committee at ISAC to carry out a programme of (d,p) reaction measurements of relevance to  the r-process and inhomogeneous Big Bang nucleosynthesis.   This would be carried out on the TUDA facility,  a charged particle detector array which was built by the University of Edinburgh with a grant from the EPSRC.   The letter of intent was welcomed by the EEC, who have encouraged us to submit a full proposal for this programme.   As part of this we will need to show that the required measurements can be carried out to the required accuracy in the inverse kinematic geometry which will be required.   In this proposal we are requesting beamtime for a proof of principle measurement using stable beams.








Test of the methodology





To be sure that the proposed methodology will work, we need to establish two things:





that we can use a model analysis of the (d,p) reaction yield to extract the neutron capture cross section





that the cross section can be measured with sufficient accuracy in the inverse kinematics arrangement required when radioactive beams are used





Fortunately the first of these has recently been confirmed by a Japanese group.   In the recent Nuclei in the Cosmos conference, Imai et al. [1] presented results on 12C, where the neutron capture widths are already known from direct measurements.  They measured the differential cross section for the 12C(d,p)13C reaction at 12 MeV and showed that, using a reaction model analysis, the neutron partial widths which they extracted were in agreement with the directly measured values.  Hence we consider that the first requirement is established.





The second requirement is more of a challenge.  The measurements by Imai et al. were relatively straightforward in that they could be carried out using a high beam intensity and on a relatively thick target which did not degrade under irradiation.   The measurements were also be carried out under ideal kinematic conditions to minimise uncertainties in the reaction model interpretation, i.e. a relatively high centre of mass energy and detection of the reaction products near zero degrees.   Unfortunately such conditions will not be possible using radioactive beams, were the inverse kinematics results in a low centre of mass energy and the need to use very thin targets (to minimise energy straggle which would otherwise limit the resolution).  In addition to these difficulties, the measurement of forward angle scattering (in terms of a conventional d,p measurement) requires the reaction products in the inverse kinematics arrangement to be detected at extreme backward angles, where the particle energies are very low and so detection is more difficult.  It is these aspects that we wish to explore in the proposed work at ANU.





Another issue to be explored in these measurements is whether the direct transfer yield can be distinguished from the compound nucleus reaction yield.  Since this latter is symmetric about 90°, a measurement at forward angles (backward angles in the direct yield where it should be zero) should allow us to determine this yield and subtract it from the measured backangle yield to determine the direct cross section.





The experimental setup





The experimental measurements at ANU would be carried out using double-sided strip detectors and electronics from the MEGHA system, placed in the forward and backward angle regions (q~5° - 15° and  q~110°- 160°).





The performance of the detectors and electronics is known from previous experiments and we expect an energy resolution of 20-25 keV for 5.5 MeV alphas,  and a low energy threshold at about 200 keV.  The angular resolution is dictated by the 3 mm strip width, which for a target to detector distance of 14 cm is about 1.2o.   The detectors would be instrumented with standard MEGHA preamps and amps, interfaced to the MEGHA data readout system.





The biggest technical issue is probably the target.   The simplest approach would be to use a deuterated polythene target, material which is readily obtainable.  However, reactions off the carbon content would produce protons in the same energy region as those of interest, masking the process we wish to study.  We have explored two other possibilities which we consider technically feasible.





The first approach is to use a small gas cell, in the shape of a 1cm cube, containing deuterium gas at a pressure of one tenth of an atmosphere.   This provides an effective target thickness of 18mg.cm-2.  The beam entrance and exit windows would be Ni foils of thickness 500mg.cm-2, which we know from experience will hold such pressures across this area.  The use of a gas target degrades the angular scattering information, but we need only the magnitude of the cross section, and not the detailed angular variation.   The effect of smearing on this magnitude can be simulated using a Monte Carlo calculation (in any case, in this extreme back angle geometry, the smearing effects are minimised).   The Ni windows will contribute a flux of elastically scattered 12C, but should not contribute any reaction products as the collision energy is below the Coulomb barrier (Ecm = 16 MeV while VCB = 28 MeV).  In fact this elastic scattering flux can provide a useful means of measuring the beam current exposure in the experiment.   There will be safety issues to consider which we will need to discuss with Dr Weisser when the detailed design is ready.  However, in view of the small gas volume and the fact that we already make routine use of flammable gases in our gas detectors, we believe that these can be addressed.





The second approach would be to use  a deuterated titanium foil (we have past experience of using hydrogenated titanium foils in experiments at the NSF).   Again, the titanium  content of this target will contribute a flux of elactically scattered 12C, but should not contribute any reaction products as the collision energy is below the Coulomb barrier (Ecm = 16 MeV while VCB = 22 MeV).  However there will be a considerable differential energy loss in the target between reactions which occur at the front and rear of the target.   Energy loss calculations suggest this will be of the order of 1.3 MeV/mm, so limiting the target thickness to about 0.5 mm in order not to compromise the separation of the states in the duetron energy spectrum.  Foils of this thickness are available commercially and would be heated in a vacuum and then allowed to absorb deuterium gas.   Past experience using such foils for the polarimeter on experiments at the NSF shows that the hydrogen content is approximately equal to the titanium content (i.e. all interstitial lattice positions are filled) and also that it remains fixed in the foil under intense beam exposure.  Under these conditions the deuteron content gives an effective thickness of 10 mg.cm-2.





The kinematics of the reaction, coupled with the energy detection threshold, show that the back scattered protons can be detected over the full angular range of the detectors.   The forward detector will cover the centre of mass angular range from about 156-172o and the back angle detector from about 8-40o.   The protons will be identified from other reaction products through a measurement of the time of flight.   In the backward angle detector the energies are limited to less than 2 MeV, which implies a separation between the p, d and t ions of 2ns, which matches the expected time resolution.  In the forward angle detector the energies are higher, up to 10 MeV, but a longer flight path will compensate for this.








Expected yields and beamtime estimate





Figure 2  shows the result of a DWBA calculation for the transfer, indicating an expected cross section of between 500 and 1000 mb/sr in the angular region covered by the detection system.   The curve is a calculation using the FRUCK code, using  published optical potentials.





As indicated above, the deuterium content of the target will be  approximately 10mg.cm-2 .   Although we will wish to measure the yield over the full angular range of the detectors to check the shape of the angular distribution predicted by the model calculation, the spectroscopic factor will be determined by the normalisation to the forward angle points where the cross section is expected to be about 0.4 mb.sr-1.   However, the Jacobian for transforming from the centre of mass to laboratory frame is about 0.25, so we use a cross section of 0.1 mb.sr-1.





We will require 12C beams at an energy of about 20 MeV (the typical energy available from ISAC).   Discussions with Dr  Weisser at ANU indicate that there will be ample intensity available at this energy (30 nA) with the machine run with shorting rods, and that the beam pulse width will be below 1 ns.  These are more than adequate for our needs.





With a 10nA beam we can then expect a count rate of 0.1 pps in a typical 2o bin of the  rear detector (about 30 msr), so that  we would require 3 shifts of beamtime.  We wish to perform the measurement at three energies ranging from 20 MeV up, to explore the contributions associated with compound nucleus yield.   A further shift would be required at each energy to measure the elastic scattering angular distribution, which is necessary to enable us to check the optical potential for the entrance channel.  In addition the setup of the beam is expected to take 1 shift and we require 2 shifts to set up and calibrate the detectors.   Hence we estimate the measurement would require 15 shifts.








Summary





In summary, we plan to establish a programme of inverse (d,p) measurements to investigate neutron capture data on radioactive nuclei relevant to the rp-process and in inhomogeneous big bang models.  To  prove the methodology proposed for this programme we wish to make measurements at ANU, using stable beams, under  conditions as close as possible to those which would be employed in the radioactive beam measurements.   The measurements would be carried out on the n+12C system, where the neutron capture data has already been measured and where the principle of using (d,p) transfer to extract these widths is established.   If the methodology can be proven in the ANU experiments it will be transferred to the radioactive beam programme.  We also anticipate that these "proof of principle" results would lead to a separate publication.





[1] N Imai et al. Proceedings of Nuclei in the Cosmos 2000





