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Within the context of explosive nucleosynthesis, the 25Al(p,γ)26Si reaction bypasses
the production of the important radionuclide 26Al. The present rate of the 25Al(p,γ)26Si
reaction suffers from significant uncertainties due to the lack of relevant structure in-
formation in the compound nucleus 26Si. We propose to measure the 25Al + p elastic
scattering reaction in inverse kinematics with the intent of exploring the level structure
of 26Si in more detail, and as a preliminary study to the potential measurement of the
25Al(p,γ)26Si at the DRAGON facility. Using the TUDA facility and 25Al beams from
ISAC, the 25Al(p,p)25Al reaction will be measured in inverse kinematics by taking energy
scans in the CM energy range of about 400 - 1450 keV, with solid targets of polyethylene.
This energy range covers the 25Al + p resonances in 26Si considered to be important in
stellar explosions.
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Experimental area

TUDA facility in the ISAC experimental hall.

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

Secondary channel ISAC - HE

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

500 MeV proton beam from the TRIUMF cyclotron.

The secondary beam required is 25Al with an intensity of 107 particles per second and
with laboratory energies from 400 to 1500 keV/u. In addition, 25Mg stable beams of
comparable intensity and energies will be used to calibrate the TUDA facility.
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TRIUMF SUPPORT:

NON-TRIUMF SUPPORT

Continued infrastructure support from TRIUMF for TUDA at ISAC, including assigned
personnel.

The TUDA scattering facility, electronics, targets and detector systems will be provided
by the University of Edinburgh group.
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Standard TUDA operation with short-lived radioactive isotopes (25Al, T1/2=7.2 sec).
Low voltage detectors and electronics.
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1 Scientific Motivation

1.1 Introduction: The 25Al(p,γ)26Si Reaction

Recent studies of 26Al gamma-emission in the galaxy [1] and of 26Al/27Al isotopic
anomalies in meteorites [2] have advanced our understanding of galactic and stellar evolu-
tion, as well as the origin of the solar system. While the observations of galactic gamma-ray
emission point to massive stars as possible major contributors to the 26Al distribution [3],
at present the origin of the 26Al remains an open question, requiring further understand-
ing on how 26Al is produced in various stellar settings. Within the present framework of
nucleosynthesis in high temperature stellar environments such as novae, the production
of 26Al can be bypassed if the 25Al(p,γ)26Si reaction becomes faster than the β+ decay of
25Al [4]. The strengths and locations 25Al+p resonances in 26Si have been estimated using
shell-model calculations and nuclear structure information from analog assignments [5],
but the stellar reaction rate remains uncertain by about a factor of 1000, and no direct
measurements have yet been attempted.

The present author, along with the DRAGON collaboration, has submitted a proposal
to the TRIUMF EEC for a direct measurement of the 25Al(p,γ)26Si reaction. The reader
is referred to that proposal for a more detailed description of the nuclear astrophysics
motivation than that given above. For the present proposal, we focus on the fact that
the level structure of 26Si is presently uncertain and warrants further study, as described
in the 25Al(p,γ)26Si proposal. The direct measurement of the 25Al(p,γ)26Si reaction will
be greatly aided by a more thorough knowledge of the structure of 26Si at energies up
to 1 MeV in the CM frame, especially with regard to s-wave resonances. Furthermore,
measurements above Ecm = 1 MeV may provide constraints on mirror assignments for the
levels below. The aim of the present experiment is to provide further information on the
structure of 26Si over this range of energies.

1.2 Spectroscopy of 26Si

The 25Al(p,γ)26Si reaction rate has been estimated by Iliadis et al. [5]. The Q-value is
5518 keV. While resonances within 1 MeV of the proton threshold of 26Si can contribute for
temperatures less than 1.5 GK, they find that the rate at lower temperatures is dominated
by an s-wave (Jπ = 3+) resonance whose mirror is a known state in 26Mg at Ex = 6.125
MeV. Iliadis et al. use Coulomb displacement energies to assign an energy of Ex =
5.970 MeV (Er = 452 keV), with an associated uncertainty of ±100 keV. The widths and
resonances strength have not been measured, and were also calculated using information
available on the respective mirror state. Unfortunately, no 3+ resonance in 26Si has
been observed in this energy region to date. Overall, using the presently available nuclear
structure information, the 25Al(p,γ)26Si rate at nova temperatures is uncertain by a factor
of 100 - 1000. This uncertainty would be reduced with better spectroscopy of 26Si although
even then a direct measurement would still be necessary.

The structure of 26Si has been determined from measurements of the 28Si(p,t)26Si [6]
and 24Mg(3He,n)26Si [7] [8] reactions, and more recently through a measurement of the
29Si(3He,6He)26Si reaction [9]. Note that the (3He,6He) measurement should be sensitive to
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Fig. 1 Level structure of 26Si close to the 25Al+p threshold and the analog state region
in 26Mg. The solid arrow shows a firm mirror assignment, while dashed arrows show
tentative assignments used in the present proposal.

unnatural parity states, while the two-nucleon transfer reactions are expected to populate
them only weakly at best. Lastly, the ORNL/University of North Carolina group has
recently remeasured the 28Si(p,t)26Si reaction [10], which should provide confirmation of
the (p,t) results from Ref. [6] with better energy resolution (uncertainties < ±10 keV),
and determination of spins and parities for many of the observed states. The data analysis
is still in progress.

The energy levels of 26Si and 26Mg in the region of interest are shown in Figure 1, along
with tentative analog assignments. Among the shortcomings in our present knowledge are
the fact that many of the energies are not known to sufficient precision, ranging from
±15 keV for the best cases and ±30 for the worst. Furthermore, as already mentioned,
the location of the key 3+ resonance is presently unknown. Another deficiency is that
the mirror assignments from which information on partial widths are extracted are only
tentative. One should also note that another s-wave resonance corresponding to a T=1
level in 26Al at Ex = 6.85 MeV has yet to be observed in either 26Si or 26Mg.

The discussion above points to the need for further study of the structure of 26Si. Our
expectation is that the situation will be further elucidated with results from ongoing and
planned experiments. For example, the ORNL/UNC (p,t) experiment data analysis is
almost complete. Also, a measurement of the p(27Si,d)26Si is planned at the Michigan
State University coupled-cyclotron facility next year [11], which should provide further
information.
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Table 1 Level parameters adopted for low-lying 25Al + p resonances.

Ex (keV) Er (keV) E25Al(MeV) Jπ a) � Γ (keV) b)

5687(15) 169(15) 4.358 (3+) s, d, g 8.1×10−5 c)

5910(30) 392(30) 10.110 (4+) d, g 4.4×10−5

5962(15) 444(15) 11.451 (0+) d 2.2×10−5

6350(25) 832(25) 21.457 2+ s, d, g 7.9×10−2

a) Assignments in parentheses are tentative.
b) Derived from estimates in Ref. [5].
c) Width scaled from estimate for 3+ state at Ex= 5970(100) keV in Ref. [5].

Another useful approach is the measurement of elastic scattering. This method has
already been used successfully to measure 21Na+p resonances in 22Mg [12], providing
level structure information and guidance for the subsequent direct measurements of the
radiative capture reaction with the DRAGON facility. At ISAC, with 25Al beams, we
propose to probe the resonance structure of 26Si using elastic scattering, which generally
can provide information on energies, total widths and spins. However, since the 25Al+p
system has two entrance channel spins (s = 2 or 3), the final spin of the state needs to be
derived through other means, such as nuclear structure arguments or analog assignments.
The spin may also be extracted from the angular distribution of the scattered protons. If
present estimates are correct, however, the widths of the lowest resonances (listed in Table
1) are likely to be too narrow for measurement with elastic scattering. Nevertheless, the
widths of the higher energy resonances are likely to be sufficiently broad (Γ > 1 keV).
Note from Figure 1 that the spins of these higher resonances are presently unknown.

One should mention in passing that while elastic scattering will be sensitive primarily
to resonances at higher energies, these measurements can be complemented with a mea-
surement of the 24Al(3He,p)26Si transfer reaction in inverse kinematics. Near-threshold
states in 26Si are determined by detecting the proton groups. This reaction has the ad-
vantage of a large Q-value of 14.732 MeV, which allows for many excited states in 26Si
to be populated. Also, only relatively low beam intensities (∼105 particles/second) are
required. We plan to propose a measurement of this reaction with the TUDA facility and
a 3He gas cell once the technique has been developed in the context of another proposal
by the TUDA collaboration to the TRIUMF EEC to measure the 17Ne(3He,p)19Na [13].

2 Experimental Description

2.1 Experimental Technique

The experiment will be carried out in inverse kinematics with beams of 25Al (T1/2

= 7.2 seconds) from the TRIUMF-ISAC facility and polyethylene (CH2) targets in the
TUDA scattering chamber. TUDA has been specifically designed for studying charged
particle reactions in inverse kinematics using the well-known LEDA silicon detector arrays,
developed by the University of Edinburgh group, and allows for flexible set-up of detector
configuration to suit a given experiment. To date, the TUDA facility has already been
commissioned, and first elastic scattering experiments have been successfully performed
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Fig. 2 TUDA schematic

and analyzed.

Each LEDA detector consist of 8 sectors. Each sector is further comprised of 16
silicon strips which provide information on the scattering angle. Each strip is 4 mm
wide, resulting in an angular resolution of about 1◦ at a distance of 20 cm away from the
target location. The performance of these detectors has been well established in previous
measurements, with an energy resolution of 25 keV for 5.5 MeV alpha-particles and a
timing resolution of 1-2 nsec. At present, TUDA has the capability of 256 channels,
although an upgrade to 512 channels is anticipated for 2002.

The measurement will consist of a systematic search for states in 26Si within Ecm =
1.45 MeV above the proton threshold. This will require ISAC beams in the laboratory
energy range of 400-1500 keV/u. A survey of the excitation function will be measured with
thick target scans over the full energy range. (CH2)n targets of 250 µg/cm2, corresponding
to an energy scan of 240 keV/u, will be used for this purpose. Thin (CH2)n targets of 50
µg/cm2 will be used to study specific resonances in more detail.

The recoil protons from the target will be detected with a configuration of two LEDA
arrays in the forward hemisphere to maximize solid angle coverage. The lower limit for
the laboratory angle is determined by the maximum scattering angle of 2.3◦ for the 25Al.
The two detectors will be set up to give a coverage in lab solid angle from 4◦ to 33◦.
The main sources of scattered background come from recoil scattering of 12C from the
target, and scattering of 25Al from the 12C with a maximum opening angle of 30◦ for
low beam energies. The detectors will be covered with mylar foils of sufficient thickness
to suppress this scattered background. One detector will be left unprotected in order to
normalize to the scattering of 25Al off the 12C, and to monitor the hydrogen depletion
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in the polyethylene target. Further suppression of background (including the beta-decay
positrons) will be achieved using the RF time structure of the beam. Gain-matching will
be performed with an alpha source. For each energy, short runs with a C/Au foil will
be taken for beam normalization, assuming that the 25Al scattering on gold has a pure
Rutherford cross-section.

In order to estimate a typical count rate in one strip, we assume a Rutherford cross-
section of 35 mb/sr at θ(lab) = 30◦, a 1◦ coverage corresponding to a strip width of 4
mm located about 20 cm upstream from the target, and a thin target thickness of about
4×1018 hydrogen atoms/cm2. For an 25Al beam intensity of 107 particles/second, the
resulting count rate per strip is about 1 event/minute. At these rates, we expect to obtain
high statistical accuracy quickly by integrating over the large angular range of the TUDA
array.

Prior to the p(25Al,p)25Al measurement, known resonances in the 25Mg(p,p)25Mg reac-
tion will be used to calibrate the TUDA facility. Several broad resonances have been seen
in other 25Mg(p,p)25Mg studies [14], which can be used for this purpose. Beam currents
comparable or slightly higher to that used for the radioactive 25Al beam measurements
will be requested.

3 Beam Time Required

The estimates below assume a beam intensity of 107 particles/second for both stable
and radioactive beams.

For stable beam calibration using 25Mg(p,p)25Mg, 2 calibration points with high statis-
tics will be measured at known resonances, requiring a total of 6 shifts.

For the p(25Al,p)25Al measurement, thick target scans will be performed over the
energy range of 400-1500 keV/u. The average energy range covered in a single scan is
about 210 keV/u. As a consistency check, each scan will overlap the previous one by 100
keV/u, therefore requiring 10 scans to cover the full energy range. Assuming 2 shifts for
each scan, the beam time requirements for the thick target scans are 20 shifts of 25Al
beam. For thin target scans over selected resonances, we assume measurements for 4
resonances with 3 shifts/resonance, resulting in a total of 12 shifts.

In summary:

• Stable 25Mg beam shifts: 6

• Total radioactive 25Al beam shifts: 32

• Total shifts: 38
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F. Borasi, R.E. Segel, J.C. Blackmon, M.S. Smith, A.A. Chen, and P.D. Parker,
“Widths of Astrophysically Important Resonances in 18Ne,” submitted to Physical
Review C (2001).

2. A.A. Chen, R. Lewis, K.B. Swartz, D.W. Visser, and P.D. Parker, “The Structure
of 22Mg and its Implications for Explosive Nucleosynthesis,” Physical Review C 63,
065807 (2001).

3. A.A. Chen, R. Lewis, K.B. Swartz, and D.W. Visser, and P.D. Parker, “The Struc-
ture of 22Mg and and its Implications for Explosive Nucleosynthesis,” Nuclear Physics
A688 146c-149c, (2001).

4. J.C. Blackmon, D.W. Bardayan, W. Bradfield-Smith, A.E. Champagne, A.A. Chen,
T. Davinson, K.I. Hahn, R.L. Kozub, Z. Ma, P.D. Parker, G. Rajbaidya, R.C.
Runkle, C.M. Rowland, A.C. Shotter, M.S. Smith, K.B. Swartz, D.W. Visser and
P.J. Woods, “Determination of the 14O(α, p)17Fg.s. Reaction Rate by Measurement
of the 1H(17F, α)14O Cross Section,” Nuclear Physics A688 142c-145c, (2001)

5. D.W. Bardayan, J.C. Blackmon, C.R. Brune, A.E. Champagne, A.A. Chen, J.M.
Cox, T. Davinson, V.Y. Hansper, M.A. Hofstee, B.A. Johnson, R.L. Kozub, Z. Ma,
P.D. Parker, D.E. Pierce, M.T. Rabban, A.C. Shotter, M.S. Smith, K.B. Swartz,
D.W. Visser, and P.J. Woods, “The Astrophysically Important 3+ State in 18Ne
and the 17F(p, γ)18Ne Stellar Rate,” Physical Review C 62, 055804 (2000).

6. D.W. Bardayan, J.C. Blackmon, C.R. Brune, A.E. Champagne, A.A. Chen, J.M.
Cox, T. Davinson, V.Y. Hansper, M.A. Hofstee, B.A. Johnson, R.L. Kozub, Z. Ma,
P.D. Parker, D.E. Pierce, M.T. Rabban, A.C. Shotter, M.S. Smith, K.B. Swartz,
D.W. Visser, and P.J. Woods, “Observation of the Astrophysically Important 3+

State in 18Ne via Elastic Scattering of a Radioactive 17F Beam from 1H,” Physical
Review Letters 83 1, 45 (1999).

7. B. Harss, J.P. Greene, D. Henderson, R.V.F. Janssens, C.L. Jiang, J. Nolen, R.C.
Pardo, K.E. Rehm, J.P. Schiffer, R.H. Siemssen, A.A. Sonzogni, J. Uusitalo, I.
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Kieser,R.Santo, P.Schmalbrock, H.P.Trautvetter, A.Vlieks, C.Rolfs, J.W. Hammer,
R.E.Azuma, W.S.Rodney, “The 3He(α ,γ)7Be reaction and the solar neutrino prob-
lem”, Z. Phys. A., 304 (1982) 307

69. L.Buchmann, H.W.Becker, K.U.Kettner, W.E.Kieser, P.Schmalbrock, and C.Rolfs,
“Stellar reaction rate of 26Mg(p,γ)27Al ”, Z. Phys. A., 296 (1980) 273
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