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Excitation energies in 22Mg from the 25Mg„3He,6He…22Mg reaction
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A high-precision measurement of excitation energies in22Mg was performed using the25Mg(3He,6He)22Mg
reaction as a different approach to study this proton-rich, astrophysically interesting nucleus. The reaction was
studied at 51.0 MeV with the Enge split-pole spectrograph at Yale. Proton-unbound states at 6.051~4! and
6.329~6! MeV were observed, confirming a recent identification of these new states with the24Mg(p,t)22Mg
reaction. There is no evidence in our data of a previously reported state at 5.837 MeV.
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I. INTRODUCTION

Nova outbursts are explosive hydrogen burning eve
that occur at a rate of approximately 25 outbursts per yea
our galaxy@1#. These outbursts typically occur in close b
nary systems in which a giant star orbits about a much m
compact white dwarf. The high gravity of the white dwa
draws material, consisting of mostly hydrogen, from the
ant onto the surface of the white dwarf. Once a critical te
perature and density is reached, a series of proton capt
and subsequentb decays, is initiated with the heavier see
nuclei at the base of the accreted layer@2#. The exothermic
reactions lead to a hotter environment and a situation of t
monuclear runaway. The subsequent explosion ejects ne
created nuclei into the interstellar medium with enough
locity to escape the gravitational field of the binary syste

Nucleosynthesis and energy production rates in these
plosive hydrogen burning events are poorly understood
yond the hot carbon-nitrogen-oxygen cycle. The uncerta
ties are tied to both the hydrodynamical and the nucl
uncertainties of the event. Since the rp process is driven
proton capture on proton-rich, unstable nuclei with sh
half-lives, there is little experimental information about t
relevant cross sections or reaction rates. Reaction netw
calculations require knowledge of hundreds of reaction ra
that have never been measured. These network calcula
must then use nuclear information obtained through theo
ical estimates, and the subsequent reaction rates are p
tially uncertain by orders of magnitude. Consequently, th
have been many recent experiments aimed at reducing t
uncertainties to tolerable levels by using a variety of dir
and indirect techniques@3#.

Measurements of the energies and intensities of theg rays
emitted in the decay of any radioactive isotopes in the eje
resulting from these events provide a powerful way to stu
the temperatures and densities in these explosions. How
in order to extract this information, such studies requ
complementary knowledge of the relevant nuclear reac
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rates as well as the development of accurate nova m
codes. In this paper we address the issue of rates for
21Na(p,g)22Mg reaction that is a key@4# to understand the
production of 22Na in nova explosions.

It has recently been reported that Comptel/CGRO w
able to detect the 1.275-MeVg ray from 22Na, but it has not
yet been possible to associate thisg-ray line with aspecific
nova event@5#. This situation is expected to change with th
launch of INTEGRAL@6#. 22Na is thought to be produce
primarily by the 20Ne(p,g)21Na(p,g)22Mg(b1)22Na reac-
tion sequence. The largest remaining nuclear uncertaint
its production is the21Na(p,g)22Mg reaction rate@4# that
arises from the uncertainties in the properties of the sta
above the proton threshold in22Mg. As a result, the structure
of 22Mg has recently received much attention@7,8#. The
21Na(p,g)22Mg reaction is thought to proceed primaril
through two resonances in22Mg, at Ex55.7139(12) and
5.837~5! MeV, although results from recent experimen
seem to suggest that the 5.837-MeV state may not exist a
@7,8#. The uncertainty in the reaction rate does not co
from the resonance-energy uncertainty, but rather from
uncertainty in the resonance strengths for proton cap
through these two levels@4#. At the present time, the reso
nance strengths for the 5.714 (21) and 5.837(<5) @13,14#
MeV states have been deduced based on comparison topre-
sumedmirror states in22Ne and are not based on direct e
perimental measurement of these quantities in22Mg.

Previously,22Mg was studied primarily with the (p,t) @9#
and (3He,n) reactions@10–12#. However, recent measure
ments repeating the (p,t) reaction@7# and one using an ex
otic reaction12C(16O,6He) @8# suggest that the structure o
22Mg just above the proton threshold may be different th
tabulated in the Endt nuclear data compilation@13,14#. Bate-
manet al. @7# measured two new states within 1 MeV of th
proton threshold,Ex56.046(3) and 6.323~6! MeV. The
Chen et al. @8# measurement populates the state at 6.0
MeV, but not the one at 6.323 MeV. Neither measurem
populated the tabulated state at 5.837 MeV, calling into qu
tion the existence of the state. This state had been thoug
be the second-most important contributor~after the 212-keV
resonance atEx55.714 MeV) to the proton capture rates
the Gamow window in ONeMg nova (T950.4), and hence
its absence would make the reaction rate slower by as m

le

ity,
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as a factor of 2–3. For higher temperatures, the capture
action rate would then be dominated by either the dir
capture to the ground state or capture into the 5.965-M
level or the 6.046-MeV level seen in the Batemanet al. and
Chenet al. measurements.

Consideration of spin-parity arguments is useful. T
5.837-MeV state is listed as having a spin of<5 in Ref.
@13#, and in the energy region of 5.35–5.95 MeV in22Ne,
the possible mirror states areJp521, 31, 32, and 41. A
recent paper@15# suggests that the 5.837-MeV state might
the ~natural parity! 32 mirror of a state in22Ne. If this state
has natural parity, it should be strongly populated with
(p,t) reaction, but was not seen in either (p,t) measurement
which seems to exclude the 21, 32 and 41 ~natural parity!
assignments. A 31 state cannot be populated through a dir
two-neutron cluster transfer, but may be weakly popula
through a more complicated reaction mechanism, which
a much smaller cross section. However, no peak was see
this location in either of the (p,t) measurements. Th
12C(16O,6He) reaction should also populate the state if it i
21, 32, or 41, state but the state was not seen in this stu
either. The 5.837-MeV state was only seen in one (3He,ng)
experiment@11#, but not in other (3He,n) and (3He,ng) ex-
periments@10,12#. If it exists at all, all of these experimenta
arguments circumstantially implicate this state as being
missing mirror of the 31 state in22Ne at 5.641 MeV, but this
remains to be proven. The state should be populated in
(3He,6He) reaction regardless of these possible spins
parities, and this is one of the reasons we chose this reac

II. EXPERIMENT

Historically, the (3He,6He) reaction has been used on t
most proton-rich stable targets to extend the reach of exp
mental work towards the proton dripline. In the present
periment, our idea was to take advantage of the more p
tive Q values associated with (4N11) targets (Q0
'215 MeV) compared to the dominant target contam
nants 12C and 16O (Q05231.6 and230.5 MeV, respec-
tively! so that the25Mg(3He,6He) reaction products are ea
ily separated from the6He groups resulting from reaction
on these contaminants.

In order to help locate resonances for future21Na(p,g)
measurements, the25Mg(3He,6He)22Mg reaction was chosen
as a new approach to identify states, especially unnat
parity states that may not have been discovered yet.
nucleus 22Mg has been studied with the24Mg(p,t),
20Ne(3He,n), and 12C(16O,6He) reactions, which preferen
tially populate natural parity states. There are examples
this trend, such as studies of18Ne using the20Ne(p,t) and
12C(12C,6He) reactions. In both of these cases, the unnat
parity state (22) at Ex55.45 MeV in 18Ne was populated
very weakly compared to the natural parity states in18Ne
@16#. The tabulated level scheme and properties of22Mg are
deduced directly from the (p,t), (3He,n), and (3He,ng)
data only, and hence only natural parity states are tabula
The (3He,6He) reaction should be much less selective in t
regard, populating unnatural as well as natural parity sta
There are many advantages to studying this reaction wi
01580
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magnetic spectrograph. The ground stateQ value is
215.5 MeV, which suggests that the cross section should
high enough to study individual states~;1 mb/sr! for beam
energies of 50–55 MeV~well within the operating range o
the Yale Tandem!. As mentioned above, the12C(3He,6He)9C
and 16O(3He,6He)13O reactions~on inevitable target con-
taminants! have much more negativeQ values (Q0
5231.6 MeV andQ05230.5 MeV, respectively!. Thus,
simply choosing the appropriate magnetic field in the sp
trograph easily separates the6He groups due to these rea
tions, keeping them from reaching the focal plane detect

The experiment was performed using the Enge split-p
spectrograph at the Wright Nuclear Structure Laboratory
Yale @8#. A beam of 51.0-MeV3He21 ions with an intensity
of 100–300 pnA bombarded targets of enriched25Mg ~0.4%
24Mg, 99.2% 25Mg, and 0.4% 26Mg) ~0.164 and
0.554 mg/cm2) to populate states in22Mg. The two calibra-
tion reactions, 27Al( 3He,6He)24Al and 29Si(3He,6He)26Si,
were measured using targets of 0.125 mg/cm2 aluminum
and 0.17 mg/cm2 29SiO2 on a 0.1 mg/cm2 carbon backing.
The magnetic rigidity of the spectrograph was chosen
bend the elastically scattered3He beam off the focal-plane
detector that allowed states up toEx59 MeV excitation in
22Mg to be measured without interference from the ela
cally scattered beam. Alpha particles from the very proli
25Mg(3He,4He) reaction@Q0513.25 MeV,s~Q!;10 mb/sr
at 7.5°# were easily separated from the6He particles in the
spectrometer’s focal-plane detector and provided a simu
neous monitoring of experimental conditions.

The spectrograph was set to accept a 4.8 msr solid a
bite, and data were measured with the spectrograph
angle settings, 5 and 7.5 deg. The reaction has a relati
low kinematic dispersion at low angles (dE/dQ
533 keV/deg at 7.5 deg!, which is corrected by moving the
focal-plane detector in the longitudinal~beam! direction.

III. EXPERIMENTAL RESULTS

The 25Mg(3He,6He)22Mg reaction was measured usin
three separate experimental configurations:~a! 7.5°,
0.554 mg/cm2 25Mg target,~b! 7.5°, 0.164 mg/cm2 25Mg
target, and~c! 5°, 0.554 mg/cm2 25Mg target. The 6He
spectra from these measurements are shown in Figs. 1~a–c!,
respectively. As a background check, th
26Mg(3He,6He)23Mg and 13C(3He,6He)10C reactions were
measured at 7.5° and the resulting spectra are shown in F
1~d! and 1~e!. For calibration purposes, th
29Si(3He,6He)26Si and 27Al( 3He,6He)24Al reactions were
measured at 7.5° and 5°, respectively, and the resulting s
tra are shown in Figs. 1~f! and 1~g!.

For analysis purposes, the three22Mg spectra were com-
bined to generate one high-statistics spectrum. A cons
shift was applied to the two spectra in Figs. 1~a! and 1~c! and
added to the spectrum in Fig. 1~b!. That is, all the data were
aligned as if they were all taken at 7.5 deg with the thinn
target. This spectrum is shown in Fig. 2~a!.

In addition to the statistical advantage of combining t
spectra, the combined spectrum helps to identify backgro
peaks that come from small target contaminants like26Mg
4-2
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EXCITATION ENERGIES IN 22Mg FROM THE . . . PHYSICAL REVIEW C 66, 015804 ~2002!
that may be present in the data, but are not clear in
low-statistics spectra. To deduce the contribution of
26Mg(3He,6He)23Mg, Fig. 2~c! shows an energy spectrum o
6He measured with an enriched26Mg target. The excited
states of23Mg at 2.715 and 2.771 MeV form the stronge
peak~within the range of the22Mg spectrum!, and appears in
the 22Mg spectrum as a peak with a height of only a fe
counts, indicated by the arrow in Fig. 2~a!. Since the peaks
from 23Mg in the region of interest are much smaller, w
conclude that this source of contamination is insignifica
Figure 2~b! shows a representative4He spectrum measure
simultaneously on the25Mg target. This comparison is mean
to identify any possible contamination from the pileupa
events leaking into the6He gates. The comparison of the

FIG. 1. All 6He spectra taken during this experiment are fro
the (3He,6He) reaction, populating states in the listed nuclei. T
target and spectrograph angle settings were:~a! 0.554 mg/cm2

25Mg target at 7.5°,~b! 0.164 mg/cm2 25Mg target at 7.5°,~c!
0.164 mg/cm2 25Mg target at 5°,~d! 0.396 mg/cm2 26Mg target at
7.5°, ~e! 0.1 mg/cm2 13C target at 7.5°,~f! 0.17 mg/cm2 29SiO2

target on a 0.1 mg/cm2 carbon backing at 7.5°, and~g!
0.125 mg/cm2 27Al target at 5°.
01580
e
e

t.

three figures clearly indicates that spectrum contamina
from these sources is not a problem.

Many states were populated in the25Mg(3He,6He)22Mg
reaction@Q05215.4589(17) MeV@17##. The ground state
and well-known states atEx51.2463(6), 3.3082~8!,
4.4009~14!, and 5.7139~12! MeV from this reaction were
used in the focal-plane detector calibration. Of all the sta
populated in the 29Si(3He,6He)26Si reaction @Q0
5217.413(3) MeV@17##, only those states that were we
populated, were well isolated, and had small uncertain
were used in the calibration; these were states in26Si at
1.7959~2!, 2.7835~4!, and 4.806~3! MeV. The
27Al( 3He,6He)24Al reaction @Q05219.805(4) MeV@17##
at 5° populated states in24Al at 0.0, 0.4258~1!, 0.510~5!,
1.107~6!, 1.275~9!, 1.559~13!, 2.349~20!, 2.534~13!,
2.810~20!, and 3.885~25! MeV and all were used in the cali
bration. The calibration was performed by using these kno
states to determine magnetic rigidity as a polynomial fu
tion of focal-plane position@Br(x)#. Fits up to sixth order
yield the same results within a few keV, but the reduc
x-squared parameter is minimized for the linear fit. The v
ues of the states extracted varied slightly~0–20 keV, depend-
ing on the state! with the polynomial fit order and thes
variances are included in the quoted error bars~see Table I!.

Figure 3 shows the6He spectrum fromEx54.0 to 9.2
MeV with deduced excitation energies, and Table I summ
rizes all peaks and compares them with recent work@7,8# and
the values listed in the data compilation@13,14#. Measured
values and uncertainties are extracted for all states wh

FIG. 2. ~a! Energy spectrum of6He taken with an enriched
25Mg target.~b! An a spectrum from the (3He,a) reaction, mea-
sured with an25Mg enriched target.~c! Energy spectrum of6He
measured using an enriched26Mg target. The arrow in~a! is point-
ing to a small peak that is the largest spectrum contamination, a
ing from the26Mg(3He,6He)23Mg*(2.715,2.771 MeV) reaction on
the small amount of26Mg in the 25Mg targets. These figures clearl
indicate that contamination is not a problem.
4-3
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J. A. CAGGIANO et al. PHYSICAL REVIEW C 66, 015804 ~2002!
there was a clear peak above background. The strong
between the 4.4009 and 5.301 MeV peaks is clearly a d
blet because of its breadth, but it is unresolved. The exc
tion energies extracted by fitting the peak with a doublet
5.033~7! and 5.094~6! MeV, in excellent agreement with th
doublet measured recently in Ref.@7#. The states measured
5.301~4! and 5.451~5! MeV are also in excellent agreeme
with Ref. @7# and are presumed to be the 5.295 and 5.4
MeV states listed in Ref.@13#. The 5.7139-MeV state wa
observed and provides a good calibration point, as mentio
earlier. The state at 6.051~4! MeV measured here was firs
seen in a (p,t) measurement at 6.061~37! MeV @9# but, for
an unknown reason, was not included in the nuclear d
compilation@13,14#. The state was also observed in Refs.@8#
and @7#. There is a small shoulder on the 6.051-MeV sta
which may be the 5.965-MeV state, but it is too weak
allow us to draw any conclusions about it. Two states

TABLE I. Excitation energy results presented here and e
where. States marked with an asterisk were used for calibratio

Ex from this
work ~MeV!

Endt
@13,14#

Chen
et al. @8#

Bateman
et al. @7#

Jp ~Endt
@13,14#!

0.0* 0.0 01

1.2463* 1.2463~6! 21

3.3082* 3.3082~8! (4)1

4.4009* 4.4009~14! 4.408~12! 4.400~4! (2)1

5.006~2! (01 –41)
5.033~7! 5.0370~14! 5.029~12! 5.0370* 21

5.094~6! 5.0897~17!

5.301~4! 5.292~3! 5.272~9! 5.2957~16! (21,3)
5.317~5! ~1–3!

5.451~5! 5.464~5! 5.4543~16! ~2–4!
5.7139* 5.7139~12! 5.711~13! 5.7139* 21

5.837~5! <5
5.965~25! 5.9619~25! 01

6.051~4! 6.041~11! 6.046~3!

6.246~4! 6.267~15! 6.255~10! 6.246~5! 41

6.329~6! 6.323~6! 41

6.616~4! 6.585~35! 6.606~11! 6.613~7!

6.771~5! 6.783~19! 6.767~20! 6.787~14! 32

6.878~9! 6.889~10!

6.980~80! 32

7.206~6! 7.213~18! 7.169~11! 01

7.373~9! 7.402~13!

7.606~11!

7.757~11! 7.784~18!

7.840~90!

7.916~16!

7.986~16! 7.945~45! 7.964~16!

8.229~20! 8.203~23!

8.290~40!

8.394~21! 8.396~15!

8.487~36!

8.547~18!

8.598~20! 8.613~20!

8.789~20! 8.754~15!
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6.246~4! and 6.329~6! MeV appear as a strong, resolved do
blet in our spectrum. The state listed at 6.267 MeV in R
@13# is most probably some combination of these two sta
which are also seen as separate states at 6.246~5! and
6.323~6! MeV in Ref. @7#. Only one of the two states is
observed in Ref.@8# at 6.255 MeV. A doublet of states a
8.394 and 8.487 MeV appear as a broad, asymmetric p
indicative of a broad state. However, this is just 250 k
above thea threshold and therefore thea width must be
very small (<1 keV). Consequently, we chose to fit th
state as a doublet.

Other states seen in this experiment are labeled in Fi
and listed in Table I with their error bars. The uncertaint
are dominated by statistics, but include systematic error c
tributions from scattering angle (60.05°) and calculated en
ergy losses (65%).Uncertainty in the beam energy~at most
50 keV! makes only a negligible contribution~,1 keV!
since the (3He,6He) reaction is used for the calibrations
well as the measurements. The uncertainties in the mass
26Si ~3 keV!, 22Mg(1.4 keV), and24Al ~4 keV! @17# were
included in the uncertainties of the points used for calib
tion. An additional 11-keV uncertainty was conservative
estimated for states aboveEx58.0 MeV due to extrapola-
tion outside the range of momentum calibration, and h
been added directly to their quoted error bars.

IV. DISCUSSION

The state listed in the literature at 5.837 MeV was n
observed with this reaction. It was not observed in any of
(p,t) studies@7,9#, nor was it measured in the (16O,6He)
reaction@8#. The state was seen in one20Ne(3He,ng) mea-
surement @11#, but not in other 20Ne(3He,ng) studies
@12,10#. This evidence suggests that the state may not exis

-

FIG. 3. Spectrum from all the25Mg(3He,6He)22Mg reaction
data taken in this experiment, combined and calibrated for exc
tion energy for 22Mg. The numbers indicate the states populat
States labeled with asterisks indicate which states were used in
calibration. Broad peaks, i.e., significantly wider than spectr
resolution, are labeled with two energies~fit by a double Gaussian
function! and one in parentheses~fit by a single Gaussian function!.
4-4
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22Mg. The absence of the state at 5.837 (Er5337 keV) re-
duces the reaction rate substantially by a factor of 2–3 in
nova temperature regime ofT950.120.4. The additional
state at 6.051 MeV (Er5551 keV) is above the Gamow
window for ONeMg novae (T950.4) and its contribution to
these burning scenarios is therefore weak. The new sta
6.329 MeV is above the Gamow window forT9<0.6 and
hence does not contribute in novae, but may be relevan
explosive hydrogen burning in hotter environments such
x-ray bursts or supernovae. Detailed reaction rates are
cluded in Ref.@7# work and hence are not reproduced he

V. SUMMARY

In order to help locate resonances for future21Na(p,g)
measurements, the25Mg(3He,6He)22Mg reaction was chosen
as a new approach to identify states, especially unnat
parity states, which may not have been discovered yet. S
were measured in the22Mg with the never before used rea
.

n

y
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tion 25Mg(3He,6He)22Mg. This new approach confirms th
existence of two new states, and we measure their locat
at Ex56.051(4) and 6.329~6! MeV. We do not find any evi-
dence to support the existence of the 5.837-MeV state
22Mg. Many other excitation energies have been measu
with high precision~0.07–0.3 %! and these measuremen
will reduce the overall errors in the excitation energies
22Mg. These experimental results place the structure of22Mg
above the proton threshold on much firmer experimen
ground. More work is needed to firmly assign spins and p
ties to the states observed, because recent studies stil
short of definitive assignments.
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