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A study of 26Si states by neutron removal from a fast radioactive beam of 27Si has been performed
for the first time. A beam of 27Si of energy 84.3 MeV/nucleon impinged on a polypropylene foil
(C3H6) of 180 mg/cm2 in thickness. De-excitation γ-rays were detected with a highly-segmented
germanium detector array, in coincidence with the 26Si recoils, and the corresponding 26Si level
energies were determined. In comparing our results to two previous γ-ray spectroscopic studies of
26Si level structures, we find good agreement with a recent measurement of the 12C(16O, 2nγ)26Si
reaction. Our results support the use of excitation energies from that study in helping determine
the important resonance energies for the thermonuclear 25Al(p, γ)26Si reaction rate. We do not
observe a bound state at 4093 keV reported in an earlier study of the 24Mg(3He, nγ)26Si reaction.

PACS numbers: 23.20.Lv, 26.30.-k, 25.40.Lw, 27.30.+t, 25.60.Je

I. INTRODUCTION

In classical nova explosions, the 25Al(p, γ)26Si reaction
(Qp = 5513.7(5) keV [1]) plays an important role in the
synthesis of the γ-emitter 26Al, whose 1.809-MeV decay
line is an ongoing target for γ-ray astronomy [2]. While
massive stars are likely the main sources of the observed
galactic 26Al [3–5], contributions from classical novae
cannot be discounted [6]. The main reaction sequence
leading to the synthesis of 26gAl is 24Mg(p,γ)25Al(β+,
ν)25Mg(p,γ)26gAl. However, José et al. [6] concluded
that the 25Al(p,γ)26Si reaction significantly affects
the final 26Al yield, since 26Si decays to the isomeric
first-excited state of 26Al, which decays to 26gMg, thus
bypassing the production of 26gAl.
The 25Al(p,γ)26Si reaction is also important in type

I x-ray bursts (T peak ∼ 1.5 GK), in which the rp-
and αp-process are the dominant nucleosynthesis path-
ways [7, 8]. Burst simulations show that 25Al(p,γ)26Si
is active within the rp-process in the burst’s ignition
and convective regions [7], and furthermore the reaction
has been identified as one of the strongest contributors
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to the energy generation as the peak temperatures in
the burst are approached [9]. Lastly, bottlenecks in
the reaction flow at “waiting-point” nuclei have been
shown to affect the burst’s light-curve structure and
evolution [10]. In this context, the 25Al(p,γ)26Si reaction
connects the waiting-point nuclei 22Mg and 26Si through
the reaction sequence 22Mg(α,p)25Al(p,γ)26Si(α,p)29P,
leading finally to the waiting point at 30S, which has
been suggested as an explanation for the double-peaked
structure in the light-curves of certain x-ray bursts [10].
In the temperature regime characteristic of explosive

hydrogen burning, the thermonuclear 25Al(p,γ)26Si
reaction rate is dominated by contributions from iso-
lated and narrow 25Al+p resonances of 26Si. Since
a direct measurement of the 25Al(p,γ)26Si reaction is
presently untenable due to insufficiently intense beams
of 25Al, transfer reactions and in-beam gamma-ray
spectroscopic studies have been used extensively to
determine indirectly the important level properties
of 26Si, such as resonance energies and spin-parity
assignments [1, 11–25]. The rate has been re-evaluated
recently [23, 26–28], and Ref. [23] in particular provides
a comprehensive overview of recent experimental work
and a new set of adopted 26Si level energies.
Experiments using γ-ray spectroscopy have played

an important role in this effort to date. The earliest
such experiments were a study of the 24Mg(3He, nγ)26Si
reaction by Bell et al. [11], and of the 12C(16O, 2nγ)26Si
reaction by Seweryniak et al. [20]. Excitation energies
from Bell et al. [11] had been widely used in the energy
calibration of other experiments, which determined
the energies of astrophysically important resonances in
the Ex∼5.9-MeV region. However, some of these level
energies were measured by Seweryniak et al. to disagree
by up to ∼10 standard deviations, resulting in significant
changes to some of the excitation energies [27].
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Furthermore, Bell et al. [11] discovered two states at
Ex(

26Si) = 3842 and 4093 keV. These states, however,
were not observed in the 12C(16O, 2nγ)26Si measure-
ment [20], which reported a 26Si level scheme apparently
complete up to the proton threshold, based on mirror
assignments to states in 26Mg.
More recently, in a new measurement of the 24Mg(3He,

nγ)26Si in which neutrons were detected in coincidence
with decay γ-rays [36], a potentially important new state
was found at 5888 keV via its decay cascade, which was
not observed in either Ref. [20] or Ref. [11].
Thus, further studies are needed to clarify these

issues, and to search for γ-ray transitions from other
26Si proton-unbound states. In particular, transfer
reactions involving radioactive ion beams can be helpful
and have not been extensively utilized so far. To this
end, we present results for the first time from a γ-ray
spectroscopic study of 26Si levels by neutron removal
from a fast radioactive beam of 27Si.

II. EXPERIMENT DETAILS

The experiment was performed at the National Su-
perconducting Cyclotron Laboratory, with a technique
similar to that of Ref. [29]. The secondary radioac-
tive beam of 27Si (t1/2 = 4.16 sec) was produced us-
ing the A1900 fragment separator [30] by fragmenting
a 150 MeV/nucleon 36Ar (q = 18+) primary beam on
a 940-mg/cm2 9Be target. The momentum acceptance
was restricted to ∆p/p = 0.5%. The 27Si beam had 84.3
MeV/nucleon and an intensity of ≈106 particles/s.
Excited states in 26Si were populated by neutron re-

moval reactions on 26Si in a 180-mg/cm2 polypropylene
foil serving as a secondary target, at the target position of
the S800 spectrograph [31]. The 26Si recoils were trans-
ported to detectors at the S800 focal plane for measure-
ments of energy and time-of-flight (TOF). The energy
losses and residual energy were measured by a 16-segment
ionization chamber and a plastic scintillator, respectively.
The 26Si recoils were identified by their time-of-flight
between a poly-crystalline diamond strip detector (up-
stream from the polypropylene target) and the plastic
scintillator, plotted against their energy losses (∆E) in
the ionization chamber, as shown in Figure 1.

The γ-rays from the de-excitation of states in the 26Si
recoils were detected with the Segmented Germanium
Array (SeGA) [32], which surrounded the S800 target
position. SeGA comprised 17 high-purity Germanium
detectors mounted in two rings at θlab = 37◦ (7 detec-
tors) and 90◦ (10 detectors) with respect to the beam di-
rection, and located 20 cm downstream from the target.
Each detector consists of 32 segments, providing accurate
measurements of the γ-ray detection points, allowing for
event-by-event Doppler reconstruction of the measured
energies. The in-beam energy resolution was determined
to be 2% at 1796 keV after Doppler correction, while the
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FIG. 1: (Color online) Two-dimensional histogram of ∆E vs.
time-of-flight through the S800 for ions detected at the S800
focal plane, following interactions with the polypropelene tar-
get. The 26Si recoils of interest and other strong particle
groups are indicated.

in-beam efficiency was 2% at the same energy. The ar-
ray’s energy calibration was performed with known γ-ray
transitions from standard 56Co, 152Eu and 226Ra sources.
Data were taken over a period of 150 hours, yielding ∼

105 26Si–γ-ray coincidence events.

III. DATA ANALYSIS

The mean midtarget 26Si velocity (β) was used in the
Doppler correction. This velocity was determined with
an iterative Doppler-reconstruction technique in which
β and the target position are adjusted in the offline
analysis to align the strong 1796-keV transition with its
known energy for all SeGA detection angles. A second
determination of β, whose result was consistent with
the first, used the mean post-target 26Si momentum
determined with the S800 spectrometer, combined
with target energy-loss calculations. A value of β =
0.393(8) was adopted. The dominant contributions to
the uncertainty in β are uncertainties in the γ emission
point in the target, the energy loss calculation, and
the beam energy spread. The Doppler-corrected γ-ray
spectrum is shown in Figure 2.

The transition energies were determined by fitting
Gaussian functions with a quadratic background to the
peak profiles. The uncertainties include statistical and
systematic uncertainties, added in quadrature. The
latter is dominated by the uncertainty in the midtarget
recoil velocity mentioned above. The transition energies
are shown in Table I. For comparison, results from the
γ-ray spectroscopy study of Seweryniak et al. [20] are
also included. These are a useful benchmark for our
work, since they were able to reconstruct a complete
level scheme for particle-bound states in 26Si, based
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TABLE I: Transition energies and intensities from the present work compared with those from previous γ-ray spectroscopic
studies of the 12C(16O, 2nγ)26Si [20] and 24Mg(3He, nγ)26Si [11] reactions.

Jπ present work Ref. [20] Ref. [11] Adopted

Ex (keV) Eγ (keV) Ex (keV) Eγ (keV) Ex (keV) Eγ (keV) Ex (keV) Eγ (keV)

2+1 1797 1796a 1797.3(1) 1797.2(1) 1795.9(2) 1795.9(2) 1796.0(3) 1796.4(4)

2+2 2785(8) 987(4) 2786.4(2) 988.8(1) 2783.5(4) 987.0(5) 2785.8(3) 987.6(6)

2787(13) 2785.5(3) 2784.4(10) 2785.4(3)

0+2 3330(3) 1533(7)b 3336.4(6) 1539.1(5) 3332.5(3) 1536.6(2) 3332.8(4) 1536.7(2)

3+1 3753(8) 968(4) 3756.9(2) 970.4(1) 3756(2) 971(3) 3756.2(3) 970.4(1)

1959(9) 1960.4(2) 1963(4) 1960.4(2)

4
(+)
1

c 3842(2) 2046(2) 3842(2) 2046(2)

(1, 2)c 4093(3) 4094(4) 4094(4) 4094(4)

2+3 4135(20) 4139.3(7) 1355(2) 4138(1) 4138.3(6) 1355(2)

2341.9(6) 2342(1) 2341.9(5)

4135(20) 4141(3) 4135(6) 4140(3)

3+2 4190(10) 1405(6) 4187.1(3) 1400.7(2) 4186.9(3) 1400.7(2)

2391.4(5) 2391.4(5)

4+2 4444(9) 1652(8) 4446.2(4) 1657(2) 4445(3) 4445.0(4) 1656.7(19)

2648(12) 2648.8(3) 2649(3) 2648.8(3)

4+3 4803(16) 3006(14) 4798.5(5) 3001.0(4) 4805(2) 3000(8) 4797.2(5) 3001.0(4)

(2+4 ) 4810(12) 2025(9) 4810.7(6) 2024.2(5) 4805(2) 2024(2) 4810.1(6) 2024.2(5)

(0+3 ) 4831.4(10) 2044.9(9) 4830.8(10) 2044.9(9)

2+5 5144(14) 2359(11) 5146.7(9) 2360.2(8) 5146.3(8) 2360.2(8)

3351(2) 3351(2)

4+4 5284(9) 839(4) 5288.2(5) 842.1(3) 5287.2(4) 842.1(3)

1533(7)b 1531.1(5) 1531.1(5)

2503(2) 2503(2)

3500(17) 3500(17)

4+5 5511(10) 1067(5) 5517.2(5) 1071.8(4) 5516.9(4) 1071.8(4)

1334(6) 1329.4(3) 1329.4(3)

1764.4(8) 1765(3) 1764.4(8)

2733(3) 2733(3)

1+ 5659(22) 3862(20) 5677.0(17) 3879.4(17) 5675.7(18) 3879.3(17)

aused for calibration.
bpotential doublet consisting of the 1539.1-keV and 1531.1-keV γ-ray transitions observed in Ref. [20]. The placements of this 1533-keV

transition in our decay scheme follow the placements of these two γ-rays in the work of Ref. [20].
cfrom Ref. [11].

on expectations from known levels in the well-studied
mirror nucleus 26Mg [33] and from shell-model calcula-
tions [34]. The results from the study of Bell et al. [11]
are also shown.
Events corresponding to γ-γ coincidences were an-

alyzed to re-construct the cascades for our strongly
populated states. The background was estimated
with gates on regions near the peak in question. This
information, with additional guidance from the results
of Ref. [20] and the known cascades of analog states in
26Mg, was used to determine the energies and spin-parity
assignments of our 26Si states.

IV. RESULTS AND CONCLUSIONS

Although the precision of our measured energies
is lower than those of both previous studies [11, 20],
our agreement with the results of Ref. [20] is good.
While we did not observe the 4831.4-keV level seen by
Seweryniak et al., its existence is also firmly established
from other studies with transfer reactions (see Ref. [17]
and references therein).
Bell et al. reported two levels at 3842(2) keV and

4093(3) keV, with the latter observed as a transition to
the ground state. Seweryniak et al. found no evidence
for these two states, and we also did not observe the
4093-keV level. In Bell et al., the level at 3842(2) keV
was established from a measurement of 2046 + 1796
keV cascade, which we also did not observe. While we
found a peak at 3862(20) keV with a width consistent
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FIG. 2: Doppler corrected γ-ray spectrum. The gamma tran-
sition energies are labelled with units of keV (see text for
discussion).

with that of a single transition peak, the statistics were
insufficient to establish coincidence with the 1797-keV
transition. We assume here that this is the case, yielding
a proton-unbound state at 5659(11) keV that most likely
corresponds to the 5677.0-keV level of Seweryniak et

al. [20]. Our lower excitation energy suggests that the
importance of this resonance to the 25Al(p, γ)26Si, which
was already small [23], is reduced even further.
As mentioned earlier, a potential new level at 5888(2)

keV was recently reported in a study of the 24Mg(3He,
nγ)26Si reaction by de Séréville et al. [36]. Its excitation
energy was re-constructed from the observation of
coincident γ-ray transitions of 1749(2), 3102(2) and
4091(2) keV to the bound 2+ states at 4139, 2785 and
1797 keV, respectively. This state falls in the region of
astrophysical interest, and its spin-parity assignment is
unknown. Since a spin-parity assignment of 3+ has been
firmly assigned to the astrophysically important level
at 5923(3) keV (weighted average of 5927(4) keV from
Ref. [24] and 5921(3) keV from Ref. [27]), this new level

is most likely the 0+4 state of 26Si, as suggested by the
shell-model calculation of this state’s γ branchings by
Richter et al. [28]. If so, however, this level would not
have been populated in our experiment at a statistically
significant level, since shell-model calculations [37]
indicate a negligible spectroscopic factor for one-neutron
removal from this state.
The confirmation of this new level’s existence and

a determination of its properties will therefore require
further experiments. In addition, such experiments will
help guide future direct measurements of the 25Al(p,
γ)26Si reaction at radioactive ion beam facilities (e.g.,
Ref. [35]), which require prior precise knowledge of the
key resonance energies.
In the meantime, the present work helps clarify some

remaining questions related to low-lying 26Si states.
Our results also support the 26Si level scheme and
mirror assignments derived from the 12C(16O, 2nγ)26Si
study [20]; as well as the use of those excitation energies
to determine the energies and properties of the impor-
tant 26Si states to the thermonuclear 25Al(p, γ)26Si
reaction rate in explosive hydrogen burning.
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