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It is proposed to measure the proton+2'Na elastic scattering reaction in inverse kine-
matics at the TUDA scattering facility employing a solid polyethylene target. The reason
for such a measurement is to explore the state structure of the compound nucleus 2?Mg as
preparation for the measurement of the radiative capture reaction ?'Na(p,y)??Mg at the
DRAGON facility. Such a study is necessary for several reasons: A recent measurement
of the *Mg(p,t)??Mg transfer reaction found a substantially different state structure of
22Mg in the region of interest than quoted in literature. Furthermore, even under optimal
conditions it will not be possible for DRAGON to map a full excitation function, therefore
the precise knowledge of possible radiative capture resonances is crucial. If a sufficient
number of states have been identified, a comparison with shell model calculations and the
analog nucleus ?2Ne will allow to identify missing states close to threshold not accessible
in elastic scattering. In the same measurement, it should be possible to identify inelastic
transitions to the E,=330 keV first excited state in 2! Na which (combined with a radiative
capture measurement) will allow to conclude the rate of the 2!Na*(p,v)?2Mg reaction. To
investigate the efficiency of the system and to determine necessary correction factors we
propose in addition to measure well known low energy resonances in 2*Na(p,y)?**Mg in
inverse kinematics in off-line mode.
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Experimental area

ISAC-HE, TUDA

Primary beam and target (energy, energy spread, intensity, pulse characteristics, emittance)

p-MgO or SiC, 500 MeV, cw

Secondary channel ISAC-HE

Secondary beam (particle type, momentum range, momentum bite, solid angle, spot size, emmittance, intensity,
beam purity, target, special characteristics)

2INa (unstable) up to 10% s, 0.4 to 1.5 MeV /u, 23Na (stable), 0.2 to 1.5 MeV/u
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TRIUMF SUPPORT:

TUDA services as presented to and reviewed by TRIUMF. This includes an electronics
cabin and special grounding.

NON-TRIUMF SUPPORT

The TUDA facility, including considerable manpower for setup and operation, will be
provided by U. of Edinburgh group. A NSERC project grant for manpower, replacement
parts and computing support has been submitted.
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Standard TUDA operation with a short lived radioactive isotope, (*'Na, T /p=22.483).
Low voltage detectors and electronics.
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Fig. 1 Level structure of 22Mg close to the 2! Na-+p threshold and the analog state region
in 22Ne from literature [2].

1 Scientific Justification

1.1 Introduction

In recent years there has been considerable interest in nuclear reactions being part of
what is labelled the (stellar) rp-process. Identified astrophysical sites for this process are
novae and class I X-ray bursters. One of the reactions assumed to play a part in novae and
particular the formation (or bypass) of the y-ray observable, long lived isotope, 2?Na is the
2INa(p,7)*#2Mg reaction (see references in Ref. [1]). The TRIUMF EEC has approved a
measurement of the 2! Na(p,y)?2Mg reaction (E824). For efficient running of the radiative
capture measurement knowledge of the energy positions of the resonances is important.
However, recent measurements indicate that this knowledge is incomplete. The proposed
experiment will attempt to improve this knowledge.

1.2 Level structure of ?Mg

Figure 1 shows the level structure of ?Mg close to the ?'Na+p threshold and the
analog state region in 2?Ne as known about two years ago from literature [2]. Possible
analog assignment of states between Mg and ??Ne are made in figure 1. It may be noted
that the positive parity states have a stronger downward shift than the negative ones,
and that there are strong J dependences for the positive parity states. Potential proton
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resonances in 2'Na+p system are then possibly found to be at Ep=0.212, 0.336, 0.464,
0.770, 1.088, 1.286 and 1.483 MeV, respectively. However, a couple of the higher lying
states in ??Ne have no analog assignment and may be found in the experimental region of
interest.

Recently a 2*Mg(p,t)22Mg transfer reaction has been performed by parts of our group
to reduce the rather large errors on some of the Mg excitation energies reported in
literature. To our surprise two more states than previously known in the interesting region
were found in Mg while the existence of a state at E;=5.837 MeV was not confirmed.
One of these is at the astrophysical important energy of E;=6.046 MeV corresponding to
a resonance at 0.545 MeV. It is not clear, if this state or the state at E,=5.965 MeV are
of JT=0T according to analog assignment with ?2Ne. The shell model does not predict
additional states in this region (of natural parity). It may be pointed out that all transfer
reactions leading to ?2Mg so far investigated are largely sensitive to natural parity states
only. In particular 1" states corresponding to s-wave capture could be missed.

1.3 Using elastic scattering as a resonance probe

In general, providing the reaction widths are not too small, elastic scattering experi-
ments A(p,p)A provide a valuable probe to study resonance parameters for the A(p,y)A
reaction. Information concerning resonance energies, angular momentum and total widths
can be obtained. However, since there are two possible channel spins (s=1 or 2) in the
entry channel, the final angular momentum of a state must be derived by other means,
normally some nuclear structure arguments, analog assignments, or if known from DRAG-
ON, ~ strength arguments. In principle, due to different angular correlation coefficients,
the extremely careful measurement of an angular distribution will also allow to determine
the spin of the resonance'. However, in a first generation experiment we do not expect to
achieve such precision.

The J™=67 state in ?’Ne state has no obvious partner in ??Mg and is expected to
be somewhere between the Ex=0.464 MeV and the Ex=0.770 MeV resonance. It maybe
identified with either the F,=5.965 MeV or the E,=6.046 MeV state. However, in both
cases this would be a rather unusual level shift. A state of J*=6" (¢=4) will certainly not
show much resonance strength in this energy region. With good resolution the Er=0.464
MeV, the Er=0.544 MeV and the Er=0.770 MeV resonance will be visible in elastic
scattering depending on the angular momentum of the entrance channel (see below).
Further unnoticed resonances are expected around Egp=1 MeV and higher from analog
states in ??Ne. If spin assignments for these states can also be obtained, then this will not
only provide valuable information concerning (p,y), it will also clarify analog assignments
in the mirror nucleus ?2Ne and yield precision Thomas-Ehrmann shifts.

Between the likely relatively narrow states of 2?Mg in the energy region covered, the
elastic scattering will test the nuclear potential directly as deviations from hard-sphere
scattering can be observed. Indeed broad structures from s-wave scattering may be ob-
served as there are two known 17 states below threshold and above our energy range. Such
an observation will have implications for the estimate of the non-resonant direct capture
part of the 2!Na(p,y)??Mg reaction as well as for shell model calculations of this nucleus.

! Polarized beams would do, of course, too.




DETAILED STATEMENT OF PROPOSED RESEARCH Expt # 879 | Sheet 8 of 20

1.4 Radiative capture from the first excited state of > Na

From an astrophysical viewpoint radiative capture for the reaction 2'Na(p,y)?2Mg is
complicated due to the low first excited state of 2'Na with a spin/parity of J7=5/2" at
E,=330 keV. This state will be populated in a thermal bath? at temperatures around and
above 1 GK (X-ray burster). This can also lead to radiative capture from this state. Likely
resonances are with the J*=07 state at E;,=5.965 MeV or E,=6.046 MeV excitation and
the J™=47 state at E;=6.267 MeV excitation (this state may have a considerable width),
unless more states are found in this energy region by elastic scattering. With inelastic
proton scattering through these resonances the partial widths of the py and p; transitions
can be measured. With a knowledge of the y-resonance strengths for the 2'Na ground
state transitions it is possible to deduce the stellar reaction rate for proton capture at
the first excited state of 2!Na as well. A final scattering analysis of wider states at higher
energies has to take this additional particle channel into account, as well as the two possible
channel spins in each physical channel and multiple angular momenta that can contribute
in the population of a specific state.

2 Description of the Experiment

The experiment is planned at the TUDA facility under construction in the ISAC
experimental hall. TUDA is a facility which comprises large scale silicon arrays to measure
charged particle reactions in inverse kinematics. Figure 2 shows an overview of the facility.
The facility is under construction and is expected to be operational by late autumn of
2000, including electronics (256 channels) and data acquisition. For 2001 an upgrade
to 512 channels is planned. Event rates of up to 50 kHz will be handled by the data
acquisition system. Detectors available to the Edinburgh group are shown in Fig. 2. At
present, it is planned to use two LEDA arrays and one CD array, all mounted at forward
angles.

We plan to run an excitation function from 0.45 MeV (9.9 MeV) to 1.43 MeV (31.5
MeV) in the centre-of-mass (lab.) system. The plan is to measure solely the recoil protons
from the target using background suppression available from the time structure of the
beam. In such an experiment the possible angular coverage is given for low lab. angles
of the protons (high c.m. angles) by the achievable count rates of background beam (the
2INa nuclei only scatter into 2.7°), for high lab. angles (low c.m. angles) by the ever
diminishing energy of the proton towards 90°. With this (assuming a 200 keV detection
threshold for the proton) we expect to be able to cover laboratory angles from 10° to
70°, covering about 40° to 160° in the c.m. system. The major background will result
from recoil scattering of '2C particles from the polyethylene foil at large angles and the
scattering of 2!Na on '2C with a maximum opening angle of 35° for low angles.

While the state structure of 2> Mg in the region of interest is at least partially known,
there is little information about the widths of the states discovered, except for a general
upper limit of about 30 keV and one lifetime measurement for the 2 state at 5.714 MeV
[3]. To estimate reaction cross sections and the integrative properties of our target, we
assume therefore an all over proton dimensionless reduced width of ©,=0.1. With an

>The transition to the J*=3/2% ground state of ' Na is of M1/E2 nature and therefore not suppressed.
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Fig. 2 Overview of the TUDA facility.
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The LEDA (top), CD (middle) and SWAN (bottom) detector arrays.
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E, (MeV) Eg (MeV) Eoipyg(MeV) J7 ? T (keV)®

5.714 0.212 4.664 2t s,d,g  8.6x107°°
5.837 0.336 7.392 3= p,f¢ 3.7x1073
5.963 0.461 10.142 0te d¢ 1.6x1073
6.047 0.545 11.990 ote d° 6.1x1073 9
6.247 0.745 16.390 4t d,g 5.8x1072
6.323 0.821 18.062 1=¢  p,fe 1.2
6.613 1.111 24.442 2+¢  s.d, g¢ 19
6.753 1.281 28.182 3= p,f.h 11
6.980 1.478 32.516 3= pf.h 20

¢ Lowest ¢ assumed.

b From Ref. [3]: 1.6x107° keV.
¢ Assumed value.

4 For an s wave: I'=0.41 keV.

Table 1 Resonance properties in 2! Na+p and deduced resonance widths for ©,=0.1. Where
available, state energies from our ?*Mg(p,t)??Mg measurement have been used.

interaction radius a=5.3 fm this results in a reduced width amplitude of y=0.35 MeV'/2.
From s

[ =2Py*(1+7*(75) m,) (1)
the width of each state can then be calculated. Resonances and widths of states in ?'Na
are given in table 1. The maximum strengths of these resonances can be higher up to a
factor of about 150 with (%)IER slightly positive.

The initial target will be a polyethylen foil. For about 10'® atoms/cm? in such a
foil the stopping in the c.m. system at the Er=0.545 MeV resonance is about 20 keV.
Integrating over this thickness and applying a simplified one channel cross section to the
problem lets us estimate the effects of this resonance on an excitation function. The result
for a laboratory angle of 30° (~120° in c.m.) is shown in Figs. 3, 4, 5, and 6.

Obviously for a d-wave capture into this Fr=0.545 MeV resonance, the detectibility of
this resonance becomes marginal. However, because the array provides the possibility to
integrate over a wide angular range and select excitation functions around specific angles,
we are confident to detect d-wave capture into the Fr=0.545 MeV resonance. As shown
in Table 1, effects for the Fp=0.461 MeV resonance are about a factor five smaller. The
detection of d-wave capture into this state may therefore be difficult, but both s- and
p-capture with reasonable strengths will be detected. With a cross section of about 25
mb/sr and a 1° ring coverage, a 10! cm? target and 108 s~! beam, one expects then 0.09
events/s or 5 events/minute. For laboratory angles towards 90° this rate will quickly rise
while for smaller laboratory angles the decline is relatively slow. Coverage of a large solid
angle (10° to 70°) will then allow to obtain quickly a good statistical accuracy.

We will determine the beam charge deposited by measuring and integrating the beam
current at the insulated TUDA scattering chamber. However, an absolute knowledge of
the target thickness and the integrated charge is not necessary, because it can be shown
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Fig. 3 Excitation function at a laboratory angle of 30° over the EFr=0.545 MeV resonance
assuming s-wave capture and ©,=0.1 integrated over a target thickness of 20 keV in the
cm system.
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Fig. 4 Excitation function at a laboratory angle of 30° over the Er=0.545 MeV resonance
assuming p-wave capture and ©,=0.1 integrated over a target thickness of 20 keV in the
cm system.
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30 deg excitation function around 0.545 resonance for d-wave
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Fig. 5 Excitation function at a laboratory angle of 30° over the EFr=0.545 MeV resonance
assuming d-wave capture and ©,=0.1 integrated over a target thickness of 20 keV in the
cm system.
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Fig. 6 Excitation function at a laboratory angle of 30° over the Er=0.545 MeV resonance
assuming d-wave capture and ©,=1.0 integrated over a target thickness of 20 keV in the
cm system.
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that the ratio of yields between different angles produces the same resonance information
as absolute excitation functions.

For testing the predicted behaviour of the TUDA array we propose the use of the
2Na(p,y)?*Mg reaction in inverse kinematics. This reaction is characterized by a number
of very well known broad resonances in the energy range between 0.2 and 1.0 MeV/u
which have been observed in the elastic (p,p), the (p,y), and the (p,a) channel. We
propose to use these low energy resonances for testing the behaviour, the sensitivity and
the efficiency of the TUDA array. The 11 resonance at 0.836 MeV (center of mass energy)
has a width of 7.5 keV and can be easily identified in the elastic channel. The 27 resonance
at 1.046 MeV (center of mass energy) has a total width of 5 keV and can be observed in
the elastic channel, but should also be observable in the (p,a) channel. This would provide
information about the sensitivity of the array since the ?*Na(p,a) resonance strength is
very well known. Known low energy resonances can be used to investigate the limitations
of the device towards narrow resonances. We therefore propose to search for the resonances
at 0.567 MeV /u (I'=0.64 keV) and at 0.325 MeV /u (I'=0.7 keV). In addition we propose
to look for the resonance at 0.240 MeV /u (I'=1.75 keV) to test the low energy response of
the facility. The ?*Na beam can be provided by the external ECR source while the 2! Na
beam is being developed. It is expected that for stable beams TUDA will be rate limited
by the data acquisition system. Therefore we do not expect to use currents far in excess
of 108 s=! for the same target thicknesses as used with radioactive beams. Therefore
approximately the same counting rates as for 2!Na, will be recorded.

3 Readiness

The installation of TUDA has been extensively discussed with the TRIUMF man-
agement. In summary, it is planned that the detector array including the chamber and
electronics is machined, bought and assembled at the University of Edinburgh and shipped
to TRIUMF in March to early summer 2000. At the same time an instrumentation cabin
to shield of electronic noise and to provide stable temperature conditions will have been
constructed by TRIUMF. It is envisaged that after two months the system is ready for
tests with a-sources. Even with generous leeway for problems, TUDA will be operational
and ready for stable and radioactive beam by September 2000.

4 Beam Time required

The results of the experiment and the need for beamtime will be critically dependent
on the amount of radioactive beam currents which will be delivered to the target. We
assume that currents in the order of 10® s~! will be available from the begin of the
experiment, still at least one order of magnitude less of what is required at DRAGON
for the radiative capture reaction. If beams initially are significantly less, the experiment
will be restricted to measure a coarse excitation function with a rather thick polyethylene
target. Another critical parameter is the time needed for making energy changes on
the ISAC DTL. Because we plan to measure excitation functions, many of those will be
necessary. For sake of argument, we assume the average beam energy change time here
to be 15 minutes. To cover an excitation function with a relatively thick target about 20
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steps with 50 keV energy change in the centre of mass are necessary. Taking less than an
hour to accomplish each step, a day of running time would be sufficient. Stepping with a
thinner target in about 20 steps over known resonances should take another day. However,
with such short runs, the actual need for running time will be probably “bug”-dominated,
and we would therefore like to double the numbers of days to four. One day for setup
with stable, and one day for setup with radioactive beam should be added. If radioactive
beams intensities would be less, down to the 107 s~! level run times would simply scale up
while the “bug” rate will likely approximately stay constant. Below the level of 5x106 s~!
of beam we would likely forgo statistical and experimental accuracy. It should be pointed
out that similar experiments have been performed down to beam levels of less than 10*
s~!. For the 23Na beam experiment, we expect a short run some days which will be largely
used to test and debug the system. We request therefore initially 3 shifts for testing our
system with 22Na+p. However, occassional hour long runs on *Na maybe requested in
the 2!Na run to check out the system.

5 Data Analysis

The plans for a data acquisition system for TUDA are well advanced. The system will
be based on VME coupled to CAMAC and is expected to handle event rates of up to 50
kHz. Events will be written both onto disk and tape (DLT) from a PC based system. For
data analysis both systems in Edinburgh as well as here will be available. In particular,
we are setting up a BEOWULF cluster (TRIBEC) and should manage to invoke up to 100
300-500 MHz CPU’s in simultaneous data analysis if an NSERC grant for such a cluster
is approved.

It has proven to be extremely computer intensive to fit actual elastic (and inelastic)
scattering data of extended excitation functions of high statistical accuracy using multi-
channel approaches and employing realistic experimental conditions requiring e.g. inte-
gration of steeply varying functions over the energy range of the target. At the moment
we are gaining experience in parallel processing for similar problems (1?C+« scattering)
using the MPI standard for message passing and should be able by the end of 1999 to
master the computational effort necessary using TRIBEC.
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