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Measurement of lifetimes in 23Mg
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Several lifetimes in 23Mg have been determined for the first time using the Doppler-shift attenuation method.
A Monte Carlo simulation code has been written to model the γ -ray line shape. An upper limit of τ < 12 fs at
the 95% C.L. has been obtained for the astrophysically important 7787 keV state.
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I. INTRODUCTION

The radionuclide 22Na is thought to be produced in
significant amounts in ONe-type classical novae [1]. It decays
by β+νe emission to the first excited state in 22Ne with a mean
lifetime of 3.75 yr. The daughter nucleus quickly relaxes to the
ground state by emitting a γ ray with a characteristic energy
of 1275 keV. The lifetime of 3.75 yr is sufficiently short to
ensure that the ejected 22Na is still close to the nova by the
time the decay occurs, making it possible to correlate the γ -ray
intensity with other observational properties, yet sufficiently
long for the 22Na to survive beyond the opaque phase of the
explosion, allowing the γ ray to be observed. These fortunate
circumstances make 22Na the most promising candidate for
detection of nuclear γ -ray lines from novae [2]. Nova models
predict 22Na γ -ray fluxes 1 order of magnitude below the
observational upper limit [3]. While detection does not appear
to be imminent, it seems reasonable to assume that it will
happen within the foreseeable future [4], and consequently
reliable estimates of 22Na yields in novae are desirable.
Nova production of 22Na may also be relevant for explain-
ing the nonstandard abundance of 22Ne observed in Ne-E
meteorites [5].

Under the conditions found in novae 22Na is mainly
destroyed by proton capture. Two direct measurements of
the proton-capture cross section have been reported. Such
measurements are very challenging because the target material
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is radioactive. The first measurement was performed at Ruhr-
Universität Bochum, Germany, in two attempts with results
published in 1990 [6] and 1996 [7]. The second measurement
was performed at the University of Washington in Seattle
with results published in 2010 [8] and 2011 [9]. Both studies
conclude that at peak nova temperatures the reaction is
dominated by a resonance at a proton energy of Ep = 213 keV,
corresponding to an excitation energy of Ex = 7787 keV
in the compound nucleus 23Mg. (At the very highest nova
temperatures a resonance at 288 keV also makes a significant
contribution.) However, the resonance strengths reported for
the 213 keV resonance differ substantially:

ωγ = 1.8 ± 0.7 meV (Bochum),

ωγ = 5.7+1.6
−0.9 meV (Seattle).

This leads to an uncertainty of about a factor of 2 in the amount
of 22Na ejected from novae [9,10].

Since p + 22Na and γ + 23Mg are the only open channels,
the resonance strength is given by

ωγ = 2J + 1

(2Jp + 1)(2JNa + 1)

�

τ
Bp(1 − Bp), (1)

where Jp = 1/2 and JNa = 3 are the spins of the proton and
22Na, respectively, J is the spin of the resonance, τ is the
mean lifetime, and Bp is the branching ratio for proton decay.
Thus a measurement of J , τ , and Bp provides an indirect
determination of the resonance strength. The spin-parity and
mean lifetime of the 7787 keV state have been determined
to be Jπ = 7/2(+) and τ = 10 ± 3 fs, respectively, in a mea-
surement of the fusion-evaporation reaction 12C( 12C ,n) 23Mg
[11,12]. The branching ratio for proton decay has been
determined to be Bp = 0.037 ± 0.07 in a measurement of
the βp decay of 23Al [13], which also provides compelling
evidence for a Jπ = (7/2)+ assignment. Thus the indirect
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FIG. 1. Decay scheme of the astrophysically important 7787 keV
state. The levels are labeled by their excitation energy in keV. The
branching ratio for proton decay is from Ref. [13]. The branching
ratios of the two γ -decay branches were deduced from their relative
intensity as given in Refs. [15,16], assuming that the proton-decay
branch and the two γ -decay branches account for the entire decay
width.

approach gives

ωγ = 1.3 ± 0.5 meV (Indirect, J = 7/2)

with the uncertainty obtained by adding the uncertainties on τ
(30%) and Bp (19%) in quadrature. This value agrees with the
old and less precise result of the Bochum group, but disagrees
with the more recent and more precise result of the Seattle
group. To resolve the disagreement we set out to remeasure τ .

We note that recently a different spin-parity assignment
for the 7787 keV state has been proposed by Tripathi et al.
[14]. Based on a comparison of the experimentally determined
β-decay strength of the 7787 keV state to the β-decay strength
predicted by a shell-model calculation, Tripathi et al. argue
that Jπ = 5/2+ is a more plausible assignment, which gives

ωγ = 1.0 ± 0.4 meV (Indirect, J = 5/2)

aggravating the discrepancy with respect to the Seattle mea-
surement.

In a recent measurement of the βγ spectrum of 23Al
[15,16] the 7787 keV state is observed to decay to the 451
keV and 2052 keV states with relative intensities of 81 ± 4%
and 19 ± 4% and γ -ray energies of 7335.2 ± 0.6 keV and
5735.4 ± 0.7 keV. The excitation energy of the 7787 keV state
is determined to be Ex = 7787.2 ± 0.6 keV, which is the most
precise value to date and the value that we adopt in the present
study. While originally only published in a PhD thesis [16],
this value has since been quoted in a peer-reviewed publication
[13]. We further note that the value agrees with the value
of Ex = 7785.7 ± 1.1 keV obtained in the 12C( 12C ,n) 23Mg
experiment [11,12], where only the 7787 keV → 451 keV
transition was observed. (The value given in Ref. [11] is
Ex = 7784.6 ± 1.1 keV, but this value appears not to have been
corrected for the nuclear recoil.) A simplified level scheme is
shown in Fig. 1.

II. EXPERIMENTAL TECHNIQUE

We employ the Doppler-shift attenuation method (DSAM)
[17,18]. The excited nucleus is produced at high speed and
slows down in a dense medium. If the lifetime is sufficiently
short, the nucleus will decay before it comes to rest, and

hence the energy of the emitted γ ray will be Doppler-shifted
according to

Eγ = Eγ,0
( 1 − β2 )1/2

1 − β cos θγ

, (2)

where Eγ,0 is the γ -ray energy at rest, β is the instantaneous
speed of the nucleus in units of c, and θγ is the angle of emission
of the γ ray relative to the trajectory of the nucleus. A shorter
lifetime leaves less time for the nucleus to slow down resulting
in a larger Doppler-shift and vice versa. Consequently, the γ -
ray line shape is sensitive to the lifetime of the excited nucleus.
In addition to the lifetime, several experimental effects also
influence the γ -ray line shape. These are discussed in Sec. IV.

For very short-lived excited states the average speed
reduction is roughly δβ ≈ 0.32 × 10−3 × (τ/A) × (dE/dx),
where τ is the mean lifetime in units of fs, A is the mass number
of the excited recoil, and dE/dx is the stopping power in
units of MeV/μm. Three important observations can be made
from this formula: First, a dense medium with a high stopping
power gives the highest sensitivity. This makes Au an ideal
stopping medium. Second, the stopping power must be known
to extract the lifetime. At the speeds relevant to the present
study (β = 0.059–0.082) the energy loss of Mg ions in Au
is dominated by electronic stopping, and the stopping powers
have been determined experimentally by Forster et al. [19] to
a precision of ±4%. Approximately, dE/dx ≈ 8.5 MeV/μm.
Third, lifetimes shorter than 1 fs will be very difficult to
measure even in an idealized experiment. Assuming τ = 1 fs
one obtains δβ ≈ 1.2 × 10−4, which implies a shift of only
0.9 keV for the 7787 keV → 451 keV transition.

III. SETUP AND PROCEDURE

The experiment was carried out at the ISAC-II facility of
TRIUMF. A schematic drawing of the setup is shown in Fig. 2.
A similar setup has been successfully employed in previous
experiments at TRIUMF to measure lifetimes of excited states
in 19Ne [20,21] and 15O [22].

The 24Mg beam is accelerated to 3.125A MeV correspond-
ing to β = 0.082 and directed onto a 3He-implanted Au foil.
Excited states in 23Mg are populated via 3He( 24Mg ,α) with
a Q value of 4.05 MeV. Kinematic curves are shown in Fig. 4.
Because the experiment is performed in inverse kinematics,
the recoils are strongly focused in the forward direction with
speeds in the range β = 0.059–0.065. The α particles are
detected using a �E-E telescope placed downstream of the
target, consisting of two Si surface-barrier detectors with an
active area of 150 mm2 and thicknesses of 100 μm and 500 μm.
The target is sufficiently thick to stop the beam and the recoils,
thus preventing damage of the detectors, while thin enough to
allow transmission of the α particles. A 4 mm diameter circular
aperture placed at a distance of 14.2 mm downstream from the
target limits the angular acceptance of the �E-E telescope
to 0−8 ◦. A γ -ray detector consisting of four separate HPGe
crystals is situated 7.83 cm downstream of the target and covers
angles up to ≈32◦. The placement of the detectors at 0◦ serves
to maximize the Doppler shift. By gating on the α particles
we suppress competing channels such as n, p, 2p, d, n + p,
3He, d + p, and n + 2p, resulting in a significantly cleaner
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FIG. 2. Schematic drawing of the experimental setup. The setup also includes a cooling system and a collimator not shown in the drawing.
The collimator consists of two circular apertures with diameters of 2.5 and 3.0 mm placed at distances of 73 and 49 mm, respectively, upstream
from the target. εγ is the energy- and angle-dependent detection efficiency of the HPGe detector, here shown for a fixed energy of Eγ = 8 MeV.

γ -ray spectrum. By gating on the α particles we also reduce
the spread in recoil velocities (magnitude and angle) and thus
the kinematic broadening of the γ -ray lines.

The target was prepared at the Université de Montreal by
directing a 30 keV 3He beam onto 22.6 ± 0.2 μm thick Au
foil. In this way the 3He ions were implanted at shallow depth
with a number density of 6.6 × 1017 cm−2. The depth profile
predicted by SRIM [23] is shown in Fig. 3. It peaks at 0.07 μm,
but is quite broad with a tail that extends 0.15 μm into the
Au foil. The thickness of the Au foil was determined using a
precision mass balance.

The integrated beam time was 5 d. Typical beam intensities
were 1–2 × 1010 ions/s. The target temperature was kept at
−80◦ using a LN2 cooling system, see Refs. [20–22] for
details. This is necessary to prevent loss of 3He due to
beam-induced heating of the target. The elastic scattering rate
was used for on-line monitoring of the 3He content of the
target. No indication of 3He loss was seen.

During the initial pump-down residual gas and water vapor
was inadvertently condensed on the surface of the cooled target
due to poor vacuum. The thickness of the condensation layer
has been estimated to be 0.2 μm of water equivalent based on
the observed energy of the main 3He and α-particle groups.
As a result the beam energy was degraded by 0.25 MeV.
Reactions between the beam and the surface contaminants
contribute to the background in the γ -ray spectrum, but
serendipitously also provide us with two unshifted γ -ray lines
at high energy, namely, the 6877.88(8) keV line from 28Si
and its single-escape peak, which enable us to determine the
energy calibration and the intrinsic detector resolution very
precisely in the energy region of interest. (The γ -ray energy
given here differs slightly from the γ -ray energy of 6877.0 keV
given in the NDS evaluation [24]. The γ -ray energy given
here was calculated from the excitation energies given in the
NDS evaluation, corrected for the nuclear recoil energy.) The
6877.88 keV line and its single-escape peak are shown in

contamination, 0.2 μm

Au, 22.5 μm

Au+3He, ∼ 0.1 μm
0 0.05 0.10 0.15 0.20

depth (μm)

3He density (arb. units)

FIG. 3. Target composition and 3He depth profile predicted by SRIM [23]. The surface contamination resulted from condensation of residual
gas and water vapor.
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Fig. 5. The uncertainty on the energy calibration is ±1 keV at
7.8 MeV. Gain variations during the experiment were below
±0.5 keV.

The yield of the 6877.88 keV line relative to the elastic
scattering rate was constant during the experiment, confirming
that the condensation took place only during the initial pump-
down of the chamber.
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FIG. 5. The unshifted γ -ray line due to the 6879 keV → g.s.
transition in 28Si.

IV. LINE SHAPE

Several experimental effects contribute to the γ -ray line
shape. In order to extract reliable lifetimes these effects must
be accurately and precisely modeled. Below, we list the
effects and estimate their contribution to the relative spread in
γ -ray energy, δEγ /Eγ , at Eγ = 7.8 MeV. The estimates are
rather crude and merely serve to provide an idea of the relative
importance of the various effects. The quantitative treatment
is discussed in Sec. V.

Intrinsic resolution. The intrinsic resolution of the γ -ray
detector is reflected in the line shape of unshifted peaks. At
the highest γ -ray energies the line shape is found to be well
described by a Gaussian; at the lowest γ -ray energies two
additional components, a skewed Gaussian and a smoothed
step function, must be included to obtain an adequate fit, see
Ref. [22] for details. Fits to the unshifted γ -ray lines due to
the 279 keV → g.s. transition in 197Au (τ = 26.8 ps) and the
6879 keV → g.s. transition in 28Si (τ = 2.7 ps) are shown in
Fig. 6. The FWHM of the Gaussian component is found to
obey the relation, FWHM = 3.3 keV × (Eγ /MeV)0.52. This
gives δEγ /Eγ ≈ 1.2 × 10−3 at Eγ = 7.8 MeV.

Angular acceptance. The finite angular acceptance of the
detectors results in kinematic broadening of the Doppler-
shifted γ -ray lines. Accurate modeling of this effect requires
knowledge of the detector geometry and the angular depen-
dence of the γ -detection efficiency. In principle knowledge
of the angular distribution of the α particles and the α-γ
angular-correlation function is also required, but their effect
on the line shape is rather small due to the limited angular
acceptance. The finite acceptance of the �E-E telescope
causes a spread of δEγ /Eγ ≈ 0.6 × 10−3, while the finite
acceptance of the γ -ray detector causes a spread of δEγ /Eγ ≈
0.6 × 10−2.

Beam emittance. The finite emittance of the beam also
contributes to the line shape. The energy spread translates
directly into a spread in speed and thus a spread in the
Doppler shift. In the present experiment the energy spread
of the beam was 0.2% (FWHM), resulting in a spread of
δEγ /Eγ ≈ 0.6 × 10−4. The divergence and transverse size of
the beam influences the line shape in a subtler way by allowing
the detection of α particles with scattering angles larger than
the 8◦ acceptance of the circular aperture in front of the �E-E
telescope. The divergence of the beam can safely be neglected.
The transverse size is constrained by the 2.5 mm diameter
circular aperture placed at a distance of 73 mm upstream
from the target. Visual inspection of the target at the end
of the experiment revealed a burn mark with a diameter of
2–3 mm, consistent with the size of the aperture. A beam
diameter of 2.5 mm thus appears realistic, and we conclude
that α particles with scattering angles as large as 13◦ reached
the detector. We estimate the spread caused by this effect to be
δEγ /Eγ ≈ 0.9 × 10−3.

3He depth profile. Since a reaction can take place at
any depth inside the 3He-implanted layer, the beam-energy
resolution is fundamentally limited by the energy loss inside
this layer. The maximum energy loss, which occurs if the
reaction takes place at the bottom of the 3He-implanted layer
near a depth of 0.15 μm, is 1.0 MeV. This results in a spread
of δEγ /Eγ ≈ 0.4 × 10−3.
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FIG. 6. Fits to the unshifted γ -ray lines due to the 279 keV → g.s. transition in 197Au and the 6879 keV → g.s. transition in 28Si.

Multiple scattering. Angular deflection due to multiple
scattering in the target influences the line shape in the same
way as the finite beam emittance by allowing the detection of α
particles with scattering angles larger than the 8◦ acceptance.
The half-width of the angular distribution [α1/2 in Eq. (3)]
may be estimated from Eq. (20) in Ref. [25], though the stated
range of applicability (20–90 A MeV) is somewhat above the
range of speeds probed in the present study (5–10 A MeV
for the α particles and 1–2 A MeV for the 23Mg recoils).
For the α particles the half-width after passage through the
Au foil is found to vary between 1.8◦ and 3.6◦, the precise
value depending on the energy, resulting in a typical spread of
δEγ /Eγ ≈ 1.0 × 10−3. The 23Mg recoils are also deflected,
but less so: the half-width after a distance of 0.36 μm in
the Au foil (the distance covered in approximately 20 fs)
is found to vary between 0.6◦ and 1.2◦, the precise value
again depending on the energy. The lateral deflection caused
by multiple scattering can safely be neglected.

Energy-loss straggling. The energy-loss straggling may be
estimated using the semiempirical formula of Ref. [26]. Using
the same numbers as above (40 MeV, 0.36 μm) the energy
loss of the 23Mg recoils is determined to be 3.4 MeV and the
straggling to be 0.23 MeV (FWHM). This results in a spread
of δEγ /Eγ ≈ 1.8 × 10−4.

TABLE I. Experimental effects contributing to the γ -ray line
shape and their relative importance for the 7786 keV → 451 keV
transition in 23Mg compared to the shift caused by a lifetime of 1 fs.

Experimental effect δEγ /Eγ (‰)

Intrinsic resolution 1.3
�E-E acceptance 0.6
HPGe acceptance 6
Beam-energy spread 0.06
Beam transverse size 0.9
3He depth profile 0.4
Multiple scattering 1.0a

Energy-loss straggling 0.18a

Shift caused by τ = 1 fs 0.12

aAssuming τ = 20 fs. For shorter lifetimes the effect is smaller.

The experimental effects contributing to the γ -ray line
shape are summarized in Table I.

V. MONTE CARLO SIMULATION

A quantitative treatment of the experimental effects dis-
cussed in the preceding section is most easily accomplished
with a Monte Carlo simulation. A simulation program has been
written in the language C++. The program makes use of func-
tionalities provided by the data analysis framework ROOT [27].
A flowchart of the program is shown in Fig. 7. The program
may be obtained at https://github.com/oliskir/SimDSAM.git.

We begin by sampling the properties of the beam particle,
i.e., its energy and transverse displacement from the beam axis,
the depth of the implanted 3He atom in the target, the emission
angles of the α particle in the c.m. frame, the emission angles
of the γ ray in the rest frame of the 23Mg

∗
recoil, and the

lifetime of the excited state (t). For the beam we assume a
Gaussian energy distribution with a spread of 0.2% (FWHM)
and a uniform circular transverse profile with a diameter of
2.5 mm. For the 3He implantation depth we assume the profile
determined by SRIM [23] shown in Fig. 3. For the emission
angles we generally assume isotropic distributions. The error
introduced by this simplifying assumption has been estimated
by trying a few different realistic anisotropic distributions and
has been found to be negligible compared to other errors for
all the transitions considered, except the 2908 keV → g.s.
transition where it gives an error of ±2 fs. Finally, the lifetime
is drawn from the standard exponential-decay distribution.

Next, we propagate the beam particle in the target until it
reaches the specified depth. This involves three tasks: First,
the energy loss is calculated by numerical integration of
the stopping powers (cf. Sec. VI) assuming that the particle
travels along a straight path. (This assumption implies a slight
underestimate of the energy loss which, however, is negligible
at the energies relevant to the present study.) Second, the
angular deflection due to multiple scattering, α, is drawn from
the distribution (Eq. (8) in Ref. [25])

f (α) ∝ sin(α) exp

(
− ln 2

α2

α2
1/2

)
, (3)
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Start

Sample beam properties, implantation
depth, emission angles, and lifetime (t).

Propagate 24Mg ion in target
to the specified depth.

Determine momenta of α particle and 23Mg∗ recoil
in c.m. frame and boost to lab frame.

Propagate α par-
ticle in target.

Propagate 23Mg∗ recoil in
target until t =

∫
γ ds/v.

Determine momentum of γ-ray
and boost to lab frame.

If α particle strikes Si telescope,
determine the measured energy
by drawing from a Gaussian
distribution.

If γ ray strikes HPGe detector, determine
if interaction occurs and, if so, determine
the measured energy by drawing from the
appropriate distribution.

Output: measured Eα and Eγ

FIG. 7. Flowchart of the Monte Carlo simulation program. See text for details.

where α1/2 is the half-width given by Eq. (20) in Ref. [25].
Note that for small deflections sin (α) ≈ α, implying a
“universal” distribution of the form f (u) ∝ u exp(−u2) with
u = √

ln 2 α/α1/2. Third, the energy-loss straggling is sampled
from a Gaussian distribution with the standard deviation given
by the semi-empirical formula of Ref. [26].

We determine the momenta of the α particle and the excited
23Mg

∗
recoil in the center of mass (c.m.) frame, using the

already sampled emission angles, and boost to the laboratory
(lab) frame, always using relativistic kinematics. We then
propagate the α particle and the 23Mg

∗
recoil in the target,

the former until it exits, the latter until it decays, i.e., until
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t = ∫
γ ds/v, where v = cβ is the instantaneous speed of the

recoil, γ = (1 − β2)−1/2, and ds is an infinitesimal step along
the trajectory of the recoil. We then determine the momentum
of the emitted γ ray, again using the already sampled emission
angles, and boost to the lab frame.

Finally, we check if the α particle and the γ ray strike
the detectors and sample the intrinsic resolution of each
detector. For the γ -ray detector we also use the energy- and
angle-dependent detection efficiency, εγ (Eγ ,θγ ), determined
by a GEANT4 simulation [28] and shown in Fig. 2 for Eγ =
8 MeV. (In practice, simulations were performed for Eγ =
0.1, 0.5, 1, 2, 3, . . . ,10 MeV and the efficiency at intermedi-
ate energies was determined by cubic-spline interpolation.)

VI. STOPPING POWERS

Inside the 3He-implanted layer the stopping power is
different from that in pure Au. The presence of the 3He
atoms acts to increase the stopping power, but also causes
the region to swell which lowers the density and thus the
stopping power. This must be taken into account when the
energy loss is calculated. Letting c(x) denote the local relative
concentration of 3He at depth x in the target, the local swelling
is given by �V/V = Ac(x), where A = 0.75 ± 0.25 [29].
We take c(x) to be the 3He depth profile predicted by SRIM

[23] normalized to the total number of implanted 3He atoms,
6.6 × 1017 cm−2. As seen in Fig. 3 the concentration peaks
at a depth of x0 = 0.07 μm, reaching a maximum value of
c(x0) = 1.05. The stopping power may then be calculated as

dE

dx
= ρAu

1 + A c(x)

[(
dE

ρ dx

)
Au

+ 3

197
c(x)

(
dE

ρ dx

)
3He

]
,

(4)

where ρAu = 19.30 g/cm3 is the density of gold and
(dE/ρ dx)Au and (dE/ρ dx)3He are the stopping powers in
Au and 3He in units of MeV/(g/cm2). For Au we use the
experimental stopping powers of Ref. [19], measured to a
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g.s. and 7787 keV → 451 keV transitions in 23Mg and the
6878 keV → g.s. transition in 28Si. The background spectra were
obtained by gating on a narrow energy window just above the
photopeak.

precision of ±4%. For 3He we use SRIM stopping powers [23].
In both cases we interpolate between the tabulated values using
cubic-spline interpolation.
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TABLE II. Mean lifetimes, τ , and γ -ray energies, Eγ , determined from line-shape fitting. States are labeled by their excitation energy
in keV, as given in the most recent evaluation [31]. Upper limits are given at the 95% C.L.

Initial state Final state(s) Eγ (keV) τ (fs)

Present Literature

2052 451 1601.4 ± 1.3 104 ± 18 80 ± 20 [32]
2771 g.s. 2769.7 ± 1.2 98 ± 15 155 ± 30 [32]
2908 g.s. 2906.4 ± 1.1 15 ± 3 < 25 [32]
3798 451 3343.9 ± 1.3 41 ± 6 <20 × 106 [31]
4353 g.s. 4356 ± 2 <11 <20 × 106 [31]
5287 451 4837 ± 3 <14 5 ± 2 [12]
5453 2052 3401 ± 2 <15
6236 2052 4186 ± 3 <40
6375 2052 4322 ± 6 <45
6899 g.s. 6907 ± 3 <10
7444 g.s. 7443 ± 3 <14
7493 2052 5442 ± 2 <20
7787 451 7335 ± 2 <12 10 ± 3 [11]

VII. DATA ANALYSIS

As shown in Fig. 8, the differential energy-loss data from
the �E-E telescope allows us to cleanly separate α particles
from other light ejectiles, such as p, d, and 3He. The reaction
channel of interest, ( 3He ,α), produces α particles with a
well-defined energy at 0◦ degrees, providing unambiguous
determination of the excitation energy of the 23Mg

∗
recoil.

Experimental effects smear out the measured energy, resulting
in an α-particle energy resolution of 1 MeV (FWHM),
which translates into an excitation-energy resolution of about
0.5 MeV (FWHM). A standard α source, consisting of 239Pu,
241Am, and 244Cm, was used to calibrate the Si detectors.

By gating on the Doppler-shifted γ -ray line of the
2908 keV → g.s. transition in 23Mg, one obtains the α-
particle spectrum drawn by the solid line in Fig. 9(a), where
a clear peak is seen at Eα ≈ 32 MeV. When the energy
loss of the α particles in the Au foil is taken into account
(≈4 MeV), the peak energy is found to be consistent with
the excitation energy of the 2908 keV state, cf. Fig. 4. The
α-particle spectrum obtained by gating on the Doppler-shifted
γ -ray line of the 7787 keV → 451 keV transition is shown by
the solid line in Fig. 9(b). Again a clear peak is seen, this
time at Eα ≈ 21 MeV, an energy that is consistent with the
excitation energy of the 7787 keV state. In contrast, no narrow
peak is seen in the α-particle spectrum obtained by gating
on the unshifted γ -ray line of the 6878 keV → g.s. transition
in 28Si, shown in Fig. 9(c). This strongly suggests that the
28Si

∗
recoil is produced in a fusion-evaporation reaction, such

as 24Mg + 12C → 2α + 28Si
∗

or 24Mg + 16O → 3α + 28Si
∗
.

The γ -gated α-particle spectrum may thus provide important
clues to the origin of unidentified γ -ray lines.

It may be noted that the α-particle spectra obtained by
gating on the two γ -ray transitions in 23Mg contain significant
amounts of intensity in addition to that contained in the narrow
peaks at Eα ≈ 32 MeV and Eα ≈ 21 MeV. This extra (back-
ground) component may be attributed to the Compton tails of
more energetic γ -ray transitions leaking into the photopeak
gate. Indeed, moving the gate to an energy region just above

the photopeak has little effect on the background whereas the
narrow peaks disappear completely. Note that the background
is broad, mostly featureless, and extends to energies well
above the main peak (this is particularly obvious for the
7787 keV → 451 keV transition), indicating that the dominant
contribution comes from fusion-evaporation reactions on the
residual gas and water vapor that condensed on the surface of
the cooled target and not from the ( 3He ,α) reaction.

By inverting the procedure, we may generate α-gated γ -ray
spectra with rather tight cuts on the excitation energy in
23Mg. Thus, feeding from higher-lying states is efficiently
suppressed, which simplifies the line-shape analysis consider-
ably. The α-gated γ -ray spectra of the 2908 keV and 7787 keV
states are shown in Figs. 12 and 20. The gate on the α-particle
energy was 2.4 MeV wide in both cases. Simulated line shapes
have been fitted to the experimental data for three different
mean lifetimes, using the method of maximum likelihood
[30]. The only free parameters are the normalization, two or
three parameters to describe the background, and an energy
shift, which is allowed to vary within ±(σtab + σcal) where
σtab is the uncertainty on the tabulated energy (typically 1σ )
and σcal is the 1σ uncertainty on the energy calibration. The
background was modeled as a constant plus a smoothed step
function in the case of the 2908 keV → g.s. transition, and as
linear function plus a smoothed step function in the case of the
7787 keV → 451 keV transition. The χ2/dof is given for each
fit (the number enclosed in parentheses). The mean lifetime
of the 2908 keV state is determined to be 15 ± 3 fs, while an
upper limit of 12 fs is obtained for the 7787 keV state at the
95% C.L. The overall error of ±3 fs on the mean lifetime of the
2908 keV state includes a systematic uncertainty of ±2 fs from
the angular distribution (cf. Sec. V), which has been added in
quadrature to the statistical uncertainty from the fit. We note
that the fit is not too sensitive to the constraints imposed on
the energy shift. If the constraints are completely removed, the
preferred value for the mean lifetime of the 2908 keV state
is reduced slightly to 12 fs, and the upper limit on the mean
lifetime of the 7787 keV state is increased slightly to 14 fs.
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FIG. 10. Line-shape analysis of the α-gated, doppler-shifted,
γ -ray line of the 2052 keV → 451 keV transition in 23Mg. The
curves show simulated line shapes, which have been fitted to the
experimental data (see text for details). The numbers in parentheses
give the χ 2/dof of each fit.

VIII. RESULTS AND DISCUSSION

The γ -ray energies and mean lifetimes determined from
the present study are listed in Table II, and the experimental
γ -ray spectra are shown in Figs. 10–20 with simulated line
shapes superimposed. The fit range has been determined
on a case-by-case basis, with the aim of maximizing the
coverage while still allowing a simple parametrization of the
background as a constant or linear function plus a smoothed
step function. In some cases, only upper limits on the lifetime
could be obtained. The quoted errors represent our best
estimate of the overall experimental uncertainty, including
both the statistical uncertainty from the fit and systematic un-
certainties. In most cases, the statistical uncertainty dominates.
The systematic uncertainties were estimated in an ad-hoc
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FIG. 12. The 2908 keV → g.s. transition.

fashion by varying the width of the α-particle gate, adopting
different background parametrizations, widening/narrowing
the fit range, and varying selected input parameters for the
Monte Carlo simulation, such as the γ -α angular-correlation
function. The quality of the experimental data did not warrant a
comprehensive and detailed sensitivity-analysis similar to the
one reported in Ref. [22]. We note that the nonobservation
of the 7787 keV → 2051 keV transition in our experiment
is consistent with its smaller branching ratio relative to
the 7787 keV → 451 keV transition and the higher γ -ray
background at lower energy.

While we have succeeded in determining two, hitherto
unknown, lifetimes in 23Mg, and placed relevant upper limits
on several other lifetimes, our result for the 7787 keV state,
τ < 12 fs at the 95% C.L., is not sufficiently precise to
settle the controversy surrounding the 22Na(p,γ ) rate. We
note that our result is consistent with the mean lifetime of
τ = 10 ± 3 fs reported in Ref. [11], but also the mean lifetime
of τ = 2.4+0.2

−0.3 fs implied by the new resonance-strength
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FIG. 13. The 3798 keV → 451 keV transition.
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determination of the Seattle group, ωγ = 5.7+1.6
−0.9 meV [8,9],

assuming Bp = 0.037 ± 0.07 [13].
Our sensitivity has been limited mainly by the low statistics

collected on the 7787 keV → 451 keV transition, which may
be ascribed to a rather small cross section. Previous to our
experiment the cross section for populating the 7787 keV
state via ( 3He,α) was unknown. Based on our data we
estimate the cross section to be dσ/d� c.m. ≈ 3–4 μb/sr in
the angular range covered in the present experiment (θc.m. >
159◦) assuming that the γ rays are emitted isotropically. Our
sensitivity has been further limited by the high-energy γ -ray
background resulting from the reactions between the beam and
the residual gas and water vapor that condensed on the surface
of the cooled target, cf. Secs. III and VII.

It is also worth considering if the geometry of the detector
setup can be improved. Fig. 21(a) shows the simulated line
shape of the 7787 keV → 451 keV transition with the current
experimental setup assuming mean lifetimes of 0, 1, 5, and
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FIG. 18. The 6899 keV → g.s. transition.
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15 fs. In Fig. 21(b) the same four lifetimes have been plotted,
but with a modified setup: the angular acceptance of the �E-E
telescope has been doubled while the angular acceptance of
the HPGe detector has been halved (thus keeping the product
�α�γ nearly constant). Based on the simulated line shapes it
would appear that the lifetime sensitivity can be improved by
simply reducing the acceptance of the HPGe detector, while
increasing the acceptance of the �E-E telescope to maintain
the same level of statistics. It must be remembered, however,
that the increased acceptance of the �E-E telescope will result
in a worse excitation-energy resolution. The gates in the α-
particle spectrum will have to be made wider and consequently
more background will appear in the α-gated γ -ray spectra.
Also, the increased acceptance of the �E-E telescope will
increase the sensitivity to the angular distribution of the α
particles, which is usually not known. Thus, the preferred
solution would be to keep the acceptance of the �E-E
telescope fixed and employ several HPGe detectors, rather
than just one, so that the HPGe detectors can be placed farther
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 (
ar

b.
 u

ni
ts

)
γ

dN
/d

E

0

0.2

0.4

0.6

0.8

1

1.2 o=32,maxγθ, o=8,maxαθ (a)

=0 fsτ
=1 fsτ
=5 fsτ
=15 fsτ

 (keV)γE

7740 7760 7780 7800 7820 7840 7860

 (
ar

b.
 u

ni
ts

)
γ

dN
/d

E

0

0.2

0.4

0.6

0.8

1

1.2 o=16,maxγθ, o=16,maxαθ (b)

=0 fsτ
=1 fsτ
=5 fsτ
=15 fsτ

FIG. 21. (a) Simulated line shape of the 7787 keV → 451 keV
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away, or employ a position sensitive HPGe detector such as the
one described in Ref. [33]. This would, however, complicate
both the experiment and the data analysis.

IX. CONCLUSION

The 22Na(p,γ ) reaction plays an important role in classical
novae by limiting the production of the long-lived γ -ray
emitter 22Na [1]. At the peak temperatures occurring in
classical novae, the reaction rate is dominated by a single
resonance due to an excited state in the compound nucleus,
23Mg, at an excitation energy of 7787 keV. The two direct
measurements of the resonance strength reported in the
literature differ by a factor of 3 [7,8]. The resonance strength
deduced indirectly from the properties of the 7787 keV
state is consistent with the lower of the two reported direct
measurements, but hinges on a single lifetime measurement
with a 30% error bar [11]. Here we have reported on a
new lifetime measurement performed at TRIUMF using the
DSAM technique [17,18]. We have developed a Monte Carlo
simulation program to model the measured γ -ray line shapes.
Our program improves on a similar program previously used at
TRIUMF [22] by including the effects of multiple scattering.
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We have successfully determined several lifetimes in 23Mg
for the first time. Our result for the 7787 keV state, τ < 12 fs
at the 95% C.L., is unfortunately not sufficiently precise to
settle the controversy surrounding the 22Na(p,γ ) rate. When
combined with the proton-decay branching-ratio determina-
tion of Ref. [13], Bp = 0.037 ± 0.007, and assuming a spin of
J = 7/2, our upper limit on the lifetime of the 7787 keV state
gives a lower limit on the resonance strength of ωγ > 1.1 meV
at the 95% C.L.
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