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Neutron capture of 26Mg at thermonuclear energies
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The neutron capture cross section of26Mg was measured relative to the known gold cross section at
thermonuclear energies using the fast cyclic activation technique. The experiment was performed at the 3.75
MV Van-de-Graaff accelerator, Forschungszentrum Karlsruhe. The experimental capture cross section is the
sum of resonant and direct contributions. For the resonance atEn,lab5220 keV our new results are in disagree-
ment with the data from Weigmann, Macklin, and Harvey@Phys. Rev. C14, 1328 ~1976!#. An improved
Maxwellian averaged capture cross section is derived from the new experimental data taking into accounts-
andp-wave capture and resonant contributions. The properties of so-called potential resonances which influ-
ence thep-wave neutron capture of26Mg are discussed in detail.@S0556-2813~98!02108-6#

PACS number~s!: 25.40.Lw, 24.50.1g, 27.30.1t
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I. INTRODUCTION

Neutron capture processes of neutron-rich light isoto
play an important role in astrophysical scenarios rang
from the so-called inhomogeneous big bang models to
cleosynthesis in stellar helium and carbon burning stages
inhomogeneous big bang models the high neutron flux
duced primordial nucleosynthesis bridges the mass 5
mass 8 gap@1#. Subsequent neutron capture processes
neutron-rich isotopes may even lead to a primordialr process
@2,3#. The efficiency for the production of heavy elements
such a scenario depends sensitively on the respective ne
capture rates for these light isotopes. Therefore the neu
capture cross sections have to be determined over a
energy range up to about 1 MeV.

In massive red giant stars magnesium isotopes are ma
the products of hydrostatic carbon and neon burning.25Mg
and 26Mg have also appreciable abundances in the outer
bon layer as a result of the reactions22Ne(a,g)26Mg,
22Ne(a,n)25Mg, and 25Mg(n,g)26Mg @4#. He-shell burning
in low mass asymptotic giant branch~AGB! stars has been
proposed as the site for the main component of thes process
@5,6#. In AGB stars 26Mg is likely to be made by
22Ne(a,g)26Mg, as well as by25Mg(n,g)26Mg, by the de-
cay of 26Al, and by 26Al(n,p)26Mg with radioactive 26Al
being synthesized through the previous H-burning shell.
the above discussed stellar scenarios neutron capture
need to be known in the energy range between about 5
200 keV.

The reaction rate for26Mg(n,g)27Mg that is being inves-
tigated in this work is low through its small cross sectio
The reaction26Mg(n,g)27Mg is of interest in stellar nucleo
synthesis, because~i! 26Mg is one of the most abundant iso
topes in the cosmos,~ii ! all Mg isotopes show a strong de
viation from the normal 1/v behavior of their cross sections
and ~iii ! of the interplay between neutron production a
captures for Mg isotopes, and with the concurrential rad
active 26Al.
PRC 580556-2813/98/58~2!/932~10!/$15.00
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The cross section for neutron capture processes is do
nated by the nonresonant direct capture process~DC! and by
contributions from single resonances which correspond
neutron unbound states in the compound nucleus~CN!. For
calculating the different reaction contributions we used
simple hybrid model: the nonresonant contributions were
termined by using a direct capture model, the resonant c
tributions were based on determining the resonant B
Wigner cross section. In the case of broad resonances a
tional interference terms have to be taken into account wh
were neglected in the present work because the relevant r
nances are relatively narrow.

In this work we also discuss the effects of potential re
nances in direct capture. Potential resonances are well kn
in nuclear processes~see Ref.@7# and references therein!, but
their influence in numerical direct-capture calculations has
our knowledge not been investigated before in great de
The reaction26Mg(n,g)27Mg provides an excellent exampl
for discussing the artifacts such resonances can produc
direct-capture calculations.

Up to now the neutron capture cross section of26Mg was
measured at thermal energies in several experiments~see
Refs. @8–10#, and references therein!. However, at thermo-
nuclear energies only the resonance properties of four r
nances in26Mg(n,g)27Mg were determined by Weigman
et al. @11#, and in that work the Maxwellian averaged captu
cross section̂s&5^s•v&/vT , with vT5A2kBT/m, was cal-
culated by the sum of thes-wave contribution~extrapolated
from the thermal capture cross section assuming the u
1/v law! and of the contributions from the four measur
resonances. Thep-wave contribution of the DC was ne
glected in that work.

In the following we will present our experimental proc
dure and results in Sec. II. In Sec. III we analyze our n
experimental data using the DC model and we discuss
properties of so-called potential resonances, in Sec. IV
show the improved Maxwellian averaged capture cross s
tion ^s&, and the results are discussed in Sec. V.
932 © 1998 The American Physical Society
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II. EXPERIMENTAL SETUP AND RESULTS

The experiment was performed at the 3.75 MV Van-d
Graaff accelerator of the Forschungszentrum Karlsruhe.
residual nucleus27Mg decays with a half-life of T1/2
59.458 min to 27Al. Two g rays with Eg5843.76 keV
~branching 71.8%! andEg51014.44 keV~branching 28.0%!
can be detected@12#. The decay properties of27Mg and
198Au ~from the neutron capture of197Au) are listed in Table
I.

A. Fast cyclic activation technique

For residual nuclei with short half-lives the fast cycl
activation technique was developed at the Forschungs
trum Karlsruhe@13#. In the 26Mg experiment the sample i
irradiated for a periodtb , after this irradiation time the
sample is moved to the counting position in front of a hig
purity germanium~HPGe! detector~waiting timetw1

). Theg

rays following theb decay of 27Mg are detected for a time
interval tc , and finally the sample is moved back to the irr
diation position~waiting time tw2

). The whole cycle with

durationT5tb1tw1
1tc1tw2

is repeated many times to ga

statistics. The26Mg(n,g)27Mg experiment was performe
partly with tb549.6 s,tw1

50.4 s, tc549.6 s,tw2
50.4 s,T

5100 s, partly withtb5119.4 s,tw1
50.6 s,tc5119.4 s,tw2

50.6 s,T5240 s.

TABLE I. Decay properties of the residual nuclei27Mg and
198Au.

Residual Eg Intensity per
nucleus T1/2 ~keV! decay~%!

27Mg 9.45860.012 min 843.76 71.860.4
1014.44 28.060.4

198Au 2.6951760.00002 d 411.80 95.5060.096
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The accumulated number of counts from a total ofN
cycles,C5( i 51

n Ci , whereCi , the counts of thei th cycle,
are calculated for a chosen irradiation time,tb , which is
short enough compared with the fluctuations of the neut
flux, is @13#

C5egKg f gl21@12exp~2ltc!#exp~2ltw1
!

3
12exp~2ltb!

12exp~2lT!
Nsg@12 f bexp~2lT!#

3(
i 51

n

F i , ~2.1!

with

f b5
( i 51

n F iexp@2~n2 i !lT#

( i 51
n F i

. ~2.2!

The following additional quantities have been defined:eg :
detection efficiency,Kg : g-ray absorption,f g : g-ray inten-
sity per decay,l: decay constant,N: the thickness~atoms per
barn! of target nuclei,sg : the capture cross section,F i : the
neutron flux in thei th cycle. The quantityf b is calculated
from the registered flux history of a6Li glass monitor which
is mounted at a distance of 91 cm from the neutron prod
tion target. A simple n-g discrimination was applied to the
slow output of the6Li monitor: the amplitude of the neutron
signal from the6Li(n,a)3H reaction is much larger than th
amplitude from a typicalg ray event that cannot deposit it
full energy in the 1 mm thin6Li glass scintillator.

The experimental uncertainties are reduced to a g
amount by measuring the26Mg capture cross section relativ
to the well-known gold standard@14#. For this purpose our
magnesium samples were sandwiched between two thin
foils. Then the capture cross section of the samplesg

S is
given relative to the capture cross section of the gold re
encesg

R by
sg
S5sg

R
CSNReg

RKg
Rf g

RlS@12exp~2lRtc!#exp~2lRtw1
!@12exp~2lRtb!#@12exp~2lST!#@12 f b

Rexp~2lRT!#

CRNSeg
SKg

Sf g
SlR@12exp~2lStc!#exp~2lStw1

!@12exp~2lStb!#@12exp~2lRT!#@12 f b
Sexp~2lST!#

.

~2.3!
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B. Samples

Our samples consisted of MgO powder enriched in26Mg
by 98.79% and of metallic magnesium of natural isoto
composition. The MgO powder was pressed to two sm
tablets with a diameter ofd56 mm and a thickness of abou
0.5 mm and 1.5 mm, respectively. The MgO tablets were
into a thin Al foil to ensure that no powder is lost during th
measurements. The mass of the tablets had to be determ
very carefully because the MgO powder is very hygroscop
Therefore, the tablets were heated atT'1000 °C for several
hours, and then they were weighted during the cooling ph
We removed the tablets from the oven at about 300 °C. A
this procedure we found that the measured weight of
c
ll

t

ed
.

e.
r
e

tablets was stable for a few minutes, but then the wei
began to increase by about 10 to 20 percent within a
hours.

As a further check we repeated one activation meas
ment with a sample of metallicnatMg with the same geomet
ric shape~diameter 6 mm, thickness 1 mm, mass 47.77 m!.
The result agreed perfectly with the cross section measu
with the enriched samples. This confirms that the weight
procedure worked well, that the enrichment of26Mg in the
MgO samples was correct, and that the influence of degra
neutrons scattered by hydrogen in the hygroscopic M
samples is negligible. The properties of the samples are s
marized in Table II.
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TABLE II. Properties of the magnesium samples and the gold foils.

Chemical Isotopic Mass
Isotope form composition~%! ~mg!

26Mg MgO 98.7961.90 ~enriched! 29.2060.05
26Mg MgO 98.7961.90 ~enriched! 99.5060.20
26Mg metallic 11.0160.02 ~natural! 47.7760.02
197Au metallic 100~natural! 15.8–16.5
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C. Neutron production, time-of-flight measurements

The neutrons for the activation were generated using
7Li(p,n)7Be reaction. We measured the capture cross sec
in the astrophysically relevant energy region of several k
at six different neutron energies which are obtained by
ferent combinations of proton energy and thickness of
lithium target: ~i! Close above the reaction threshold
Ep,lab51881 keV one obtains a quasi-Maxwellian spectru
with kBT525 keV @15# if the energy loss of the protons i
the lithium layer of the target reduces the proton energy
low the reaction threshold.~ii ! Very close to the reaction
threshold a narrow spectrum with 12 keV<En,lab<52 keV
was obtained. Note that in these cases~i! and~ii ! the neutron
energy spectrum is independent of the thickness of
lithium layer. We used a lithium layer of 30mm which is by
far thick enough for that purpose.~iii ! Using four different
higher proton energies we obtained four different neut
energy spectra with higher neutron energies and an en
width of about 20–50 keV. Now the energy width depen
sensitively on the thickness of the lithium layer which w
about 2.6mm in our experiment. The thicknesses of t
different thin lithium targets were determined by two ind
pendent methods: first during the evaporation of the meta
lithium layer and second from the width of the time-of-flig
spectra~see below!. Both methods give the same resu
within an uncertainty of about 10%.

For the activation runs beam currents in the order of 80
100 mA were used. Because of the electric power of t
proton beam of aboutP'2 MV•100 m A'200 W the cop-
per backing of the thin lithium layer was water-cooled, a
the temperature of the copper backing remained below 85
during the whole experiment.

The neutron energy spectra were controlled by time-
flight ~TOF! measurements using the pulsed beam which
available from the Van-de-Graaff accelerator. Typically t
repetition frequency is 1 MHz, and the pulse width is abo
10 ns. The beam current in the pulsed mode was about 1
mA. The neutrons were detected in the6Li glass monitor,
and the TOF of the neutrons was measured between the
timing output from the6Li monitor ~start! and the delayed
pickup signal from the pulsed beam~stop!. Especially at en-
ergies close to the resonances in the26Mg(n,g)27Mg reac-
tion the energy of the neutrons has to be determined v
accurately. A typical TOF spectrum atq lab50° is shown in
Fig. 1.

The result of our experiment is an average capture c
section

s̄5E s~En,lab!F~En,lab!dEn,lab, ~2.4!
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where the neutron energy distributionF(En,lab) is normal-
ized to 1:

E F~En,lab!dEn,lab51. ~2.5!

The neutron energy distributionF(En,lab) was calculated
from the measured TOF distributionF(T) by the relation
F(T)dT5F(En,lab)dEn,lab. Additionally several facts have
to be taken into account:~i! the angular dependence of th
7Li(p,n)7Be reaction cross section which was measured
several angles using the6Li monitor @16#, ~ii ! the geometry
of the neutron production target and the sample,~iii ! the
energy loss of the protons in the lithium layer with a thic
nessd52600 nm610% @17#, ~iv! the low-energy tail of the
neutron energies in the TOF spectrum~see Fig. 1!. ~iii ! and
~iv! are relevant only for the measurements at higher neu
energies. The neutron energy distribution withĒn,lab5208.3
keV is shown in Fig. 2. It has to be pointed out that it
difficult to measure the effective neutron energy distributi
F(En,lab) directly because of the extended lithium target a
the extended sample. However, all ingredients~i!–~iv! for
the calculation ofF(En,lab) were determined experimentally
and so the uncertainties of the calculation are small.

D. g ray detection

The g rays from the decay of27Mg and 198Au were de-
tected using a high purity germanium~HPGe! detector with a
relative efficiency of 60%~compared to a 3 in.33 in. NaI
detector!. The energy-dependent efficiency of the HPGe d
tector was calculated using the detector simulation prog

FIG. 1. Typical neutron TOF spectrum from a thin lithium targ
~thickness 2600 nm610%! at q50° and at a distance ofD
591.3 cm. One can see the narrow peak from promptg rays at
channel 932. The broad neutron peak starts at channel 702 (En,lab

max

5134.5 keV), and the tail of the neutron energy distribution end
channel 615 (En,lab

min 571.5 keV). The bar over the neutron pea
indicates the expected energy width calculated from the energy
of the protons@17# and from the reaction kinematics neglecting t
low-energy tail from the diffusion of lithium into the copper bac
ing. The time resolution is about 10 ns~FWHM of the g peak!.
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GEANT @18#. The simulation calculation was controlled by a
experimental determination of the efficiency with several
dioactive calibration sources. The results for the relative
ficiencies are

eg~411.80 keV!

eg~843.76 keV!
51.75262% and

eg~411.80 keV!

eg~1014.44 keV!
52.01662% for d530 mm,

eg~411.80 keV!

eg~843.76 keV!
51.74662% and

eg~411.80 keV!

eg~1014.44 keV!
52.00762% for d535 mm

for the close geometry used in our experiment~the distance
between sample and detector was 30 mm for thekBT525
keV runs and for the run very close above the threshold,
35 mm for the other runs!. Additionally, theg-ray absorption
in the sample and in the gold foils was calculated using
cross section tables provided by National Nuclear Data C
ter, Brookhaven National Laboratory, via WWW, and bas
on Ref.@19#. This small correction is in the order of a few %
A typical spectrum from the HPGe detector is shown in F
3.

E. Experimental results

The new experimental data are listed in Table III, a
they are compared to a DC calculation~see Sec. III! in Fig.
4. Two of the four known resonances atEn,lab568.7 keV,
220 keV, 427 keV, and 432 keV@11# have influence on ou
measured cross sections atkBT525 keV ~resonance at 68.7
keV! and atEn,lab5178 keV and 208 keV~resonance at 220
keV!. The two resonances above 400 keV do not influe
our measurement because they are narrow (G<2 keV) @11#.

The influence of a narrow resonance at the energyEres on
the measured capture cross section can be calculated b

FIG. 2. Calculated neutron energy distributionF(En,lab) with

Ēn5208.3 keV which was used for the measurement of theEn,lab

5220 keV resonance@11#. For comparison we also show the e
ergy distributions which are obtained from a 2 keV increased
decreased primary proton energy~dashed lines!. The value at the
resonance energy isF(En,lab5220 keV)522.8 MeV21615% ~in-
dicated by the data point!.
-
f-

d

e
n-
d

.

e

s̄ res5E sBW~Ec.m.!F~Ec.m.!dEc.m.

'F~En,lab
res !

AP1AT

AT
2p

p

~kc.m.
res !2

~vg!, ~2.6!

wheresBW(Ec.m.) is the Breit-Wigner shaped capture cro
section in the resonance,F(E) the neutron energy distribu
tion, kc.m.

res the wave number at the resonance energyEres

5\2(kc.m.
res )2/2m in the center-of-mass system, andvg is the

resonance strength.
The resonance strength of theEn,lab5220 keV resonance

was measured by Weigmannet al. @11#: vg53.7560.16
eV. This resonance gave the dominating contribution to
capture cross section for the neutron energy spect
F(En,lab) shown in Fig. 2~corresponding toEp,lab

0 52003

keV). From Eq.~2.6! one obtainss̄ res51.7860.27 mb. In
contradiction to that result our measured capture cross
tion is only s50.73560.040 mb as shown in Fig. 4.

Our method for measuring neutron capture cross sect
is mainly tailored for nonresonant capture. Nevertheless,
experimental result definitely excludes the result of We
mannet al. @11# for the resonance at 220 keV. To estima
the uncertainties of our calculatedF(En,lab) we calculated
energy distributionsF(En,lab) also at proton energiesEp,lab

5Ep,lab
0 62 keV which is much larger than the uncertainty

the accelerator calibration which was confirmed by the T
measurements. These results forEp,lab5Ep,lab

0 62 keV are

FIG. 3. Energy spectrum of the HPGe detector measured du
the activation of 26Mg. In the insets the relevant areas arou
411.80 keV~decay of198Au), and 843.76 and 1014.44 keV~decay
of 27Mg) are shown. The main background lines come from
decay of 56Mn (Eg5846.76 keV, only 3 keV above the27Mg
decay line!, from 28Al, and from 122,124Sb. Note the logarithmic
scale of the full spectrum and the linear scale of the three inse

TABLE III. Experimental capture cross sectionsexpt of the re-
action 26Mg(n,g)27Mg compared to the calculated DC cross secti
sg calculated withl50.9694~see Sec. III and Fig. 4!.

En,lab ~keV! sexpt.(n,g) (mb) sg (mb)

kT525.3 meV (39.060.8) mba 32.5 mb
kT525 keV 124.267.5 92.4
33 56.863.0 98.1
102 82.164.5 151.2
151 84.965.0 189.9
178 188628 210.0
208 735640 236.4

aFrom Ref.@8#.
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also shown in Fig. 2 as dashed lines. The resulting uncert
ties for F(Elab5220 keV) ands̄ res are about 15%.

If one subtracts the expected nonresonant DC contribu
sDC50.09560.010 mb~see also Secs. III A and IV! from
our measured capture cross section atEn,lab5208.3 keV
(Ec.m.5200.3 keV) we obtain a resonant contribution ofs̄
50.6460.05 mb, which is a factor of about 2.8 lower tha
the result from Weigmannet al. @11#. Therefore, we obtain a
resonance strength ofvg51.3460.24 eV for the En,lab
5220 keV resonance. Interference effects between the
and theEn,lab5220 keV resonance can be neglected beca
the total width of this resonance is relatively small:G
50.4460.07 keV@11#.

A similar analysis of the 68.7 keV resonance has re
tively large uncertainties because only the tail of the neut
energy spectrum withkBT525 keV overlaps with this rela
tively weak resonance (vg573620 meV from Ref.@11#, at
least more than one order of magnitude smaller than
En,lab5220 keV resonance!, and the dominating contribu
tions to this data point atkBT525 keV come froms- and
p-wave capture.

III. THEORETICAL ANALYSIS

A. Direct capture model and folding potentials

The theoretical analysis was performed within the dir
capture ~DC! model. The DC cross section is given b
@20,21#

FIG. 4. Experimental capture cross section of the reac
26Mg(n,g)27Mg compared to a DC calculation. All circles are th
result of this experiment. The full circles (d) show the nonresonan
part, the open circles (s) are influenced by the known resonanc
at En,lab568.7 keV andEn,lab5220 keV@11# which are indicated by
the vertical arrows. The thermal capture cross section was ta
from Ref. @8#. The horizontal error bars show the FWHM of th
neutron energy spectra. Note the logarithmic scale of the big fig
and the linear scale of the inset; the data point atEn,lab5208.3 keV
does not fit in the linear inset.
n-
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e
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sg i
DC5E dV2S e2

\cD S mc2

\c D S kg

ka
D 3 1

2I A11

1

2Sa11

3 (
MAMaMB ,pg

uTMAMaMB ,pg
u2. ~3.1!

The quantitiesI A , I B, and Sa (MA , MB, and Ma) are the
spins~magnetic quantum numbers! of the target nucleusA,
residual nucleusB and projectilea, respectively. The re-
duced mass in the entrance channel is given bym. The po-
larization pg of the electromagnetic radiation can be61.
The wave number in the entrance channel and for the em
radiation is given byka andkg , respectively. The transition
matricesT5TE11TE21TM1 depend on the overlap integra

I l bj bI B ; l aj a

EL/ML 5E drul bj bI B
~r !O EL/ML~r !x l aj a

~r !. ~3.2!

The radial part of the bound state wave function in the e
channel and the scattering wave function in the entra
channel is given byul bj bI B

(r ) andx l aj a
(r ), respectively. The

radial parts of the electromagnetic multipole operators
well-known. The calculation of the DC cross sections h
been performed using the codeTEDCA @22#.

For the calculation of the scattering wave functionx(r )
and the bound state wave functionu(r ) we used systematic
folding potentials:

V~R!5lVF~R!5lE E ra~r1!rA~r2!

3veff~E,ra ,rA ,s!dr1dr2 ~3.3!

with l being a potential strength parameter close to un
ands5uR1r22r1u, whereR is the separation of the cente
of mass of the projectile and the target nucleus. The den
of 26Mg has been derived from the measured charge dis
bution @23#, and the effective nucleon-nucleon interactio
veff has been taken in the DDM3Y parametrization@24#. The
resulting folding potential has a volume integral per intera
ing nucleon pairJR5500.41 MeV fm3 (l51) and an rms-
radius r rms53.676 fm. Details about the folding procedu
can be found for instance in@25#, the folding potential has
been calculated by using the codeDFOLD @26#. The imagi-
nary part of the potential is very small because of the sm
flux into reaction channels and can be neglected in our c
This fact will be discussed in Sec. III D. The potenti
strength parameterl can be adjusted either to the bindin
energyEB ~bound state wave function! or to the scattering
length (s-wave scattering at thermal energies!.

The Pauli principle was taken into account for the bou
state wave functions by the condition

Q52N1L, ~3.4!

where Q, N, and L are the number of oscillator quanta
nodes in the wave function, and angular momentum num
For even-parity states one has to takeQ52 in thesd shell,
and for odd-parity statesQ53. The parametersl for several
bound state wave functions are listed in Table IV. Note t
the l values do not differ more than 30% from unity for a

n

en

re
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TABLE IV. Spectroscopic factors of27Mg526Mg^ n taken from different experiments@27–31# and from
shell-model calculations@27,32,33#. Note that the spectroscopic factor of the state atEx54149.8 keV was
determined only in one experiment. Additionally, the potential strength parameterl is given, which is
adjusted to the binding energy of each bound state~see Sec. III A!.

Ex (keV) Jp C2Sexpt C2Sth C2S(n,g) l

0 1/21 0.4421.07 0.4320.70 0.967
984.7 3/21 0.3720.80 0.2820.45 0.947
1698.0 5/21 0.1320.31 0.0220.14 0.922
3559.5 3/22 0.3420.56 0.36060.054 1.280
3760.4 7/22 0.4020.80 1.360
4149.8 (5/21) 0.03* 0.00120.06 0.827
4827.3 (1/22) 0.3220.39* 0.26060.039* 1.208

* Assuming (Jp) as given in column 2
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bound states (l'0.9 for Q52 states with positive parity
l'1.25 forQ53 states with negative parity!.

The total capture cross section is given by the sum o
all DC cross sections for each final statei , multiplied by the
spectroscopic factorC2S which is a measure for the prob
ability of finding 27Mg in a (26Mg^ n! single-particle con-
figuration

sg5(
i

Ci
2Sisg i

DC. ~3.5!

For the 26Mg(n,g)27Mg reaction one has to take into a
count all final states below the neutron threshold of27Mg.
However, in practice onlyE1 transitions to final states with
large spectroscopic factors are relevant in the keV ene
region. Additionally, at thermal energiesM1 andE2 transi-
tions contribute to about 17% to the thermal capture cr
section@8,9#.

B. Spectroscopic factors

For the theoretical prediction of the neutron capture cr
section the knowledge of the spectroscopic factors~SF! is
essential. These SF have been determined from the DW
analysis of different transfer reactions like, e.
26Mg(d,p)27Mg. Unfortunately, the experimental SF from
the different experiments only agree within a factor of
~although these experiments claim uncertainties in the o
of 10–20 %!. Additionally, SF from theoretical shell mode
calculations are in average roughly a factor of 2 smaller t
the experimental SF. These discrepancies are listed in T
IV.

To reduce these uncertainties the following procedure
applied. At thermal energies SF can be determined with h
accuracy from the ratio of the experimental capture cr
section to the calculated DC cross section. The DC cr
section can be calculated with small uncertainties beca
the uncertainties in the calculation of the scattering wa
function can be minimized by adjusting the potential stren
~parameterl) to the neutron scattering length@34#. In the
case of 26Mg the scattering lengthsbbound54.8960.15 fm
@36# and bfree5(bbound2Z bne)A/(A11)54.72560.15 fm
lead tol50.969460.024. Using this value forl we obtain
for the two dominatingE1 transitions at thermal energie
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C2S(3/22,3560 keV)50.36060.054 and C2S(1/22,4827
keV)50.26060.039.1 The calculation includes the unce
tainties of the potential strength parameterl, of the thermal
capture cross section (s thermal539.060.8 mb@8#!, and of the
branching of the thermal capture@8,9#.

The result for the SF is in average 14.1% smaller than
result of Meurderset al. @27# obtained from~d,p! measure-
ments for the two odd-parity levels for which the SF can
determined accurately as described above. Therefore,
renormalized the experimental SF from Ref.@27# by the fac-
tor 0.85260.091. The experimental data of Ref.@27# were
used because only in that experiment all relevant levels w
analyzed. The result for the DC cross section is compare
the experimental results in Fig. 4. One can clearly see
transition from the 1/v behavior (s-wave capture! to the v
behavior (p-wave capture! at E'20 keV. This transition is
typical especially for neutron-rich nuclei in thesd shell with
many bound states with even parity and large spectrosc
factors.

The overall agreement between the experimental d
points which are not affected by the known resonances
the DC calculation is quite good. However, our DC calcu
tion overestimates thep-wave capture. There are two po
sible explanations:~i! the spectroscopic factors of the fin
states with even parity~which cannot be determined by th
procedure described above! are too large,~ii ! the optical po-
tential for thep-wave differs slightly from thes-wave poten-
tial.

C. Potential resonances

In the following our discussion is restricted to foldin
potentials with one free parameterl. The same argument
also hold for Saxon-Woods or other potentials, but in ma
cases the discussion may be more complicated becaus
larger number of parameters of the Saxon-Woods poten

The real part of the optical potential for the incomin
p-wave was assumed to be identical to thes-wave potential

1The numerical values are slightly different from a previous wo
@35# because of the improved experimental data@8# compared to@9#
and because of an improved adjustment of the potential streng
the free coherent scattering lengthbfree instead of the boundbbound.
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which was adjusted to the neutron scattering length at t
mal energies. However, a weak dependence~in the order of
about 10–20 %! of the optical potential on the parity and/o
the angular momentum of the partial wave was found
many systems~see, e.g., Ref.@37#!. This weak energy depen
dence has important consequences for the calculation o
neutron capture cross section of26Mg, because the26Mg-n
potential shows a so-called potential resonance for
p-wave close to the astrophysically relevant energy reg
This fact leads to a very sensitive dependence of the cap
cross section on the potential strength~i.e., the strength pa
rameterl). In Fig. 5 we show the dependence of the capt
cross section on the potential strength parameterl. Changing
l from 0.8 to about 1.0 does not change the qualitative sh
of the cross section curve, but the absolute value change
a factor of 4.5 at 1 MeV. Forl.1.0 the resonant behavio
becomes more and more visible, and forl51.10 the reso-
nance disappears below the threshold and leads to a b
state atEB52135.3 keV.

Such potential resonances are characterized by a l
width because the simple two-body potential model assu
full single-particle strength for such resonances. For v
broad resonances (G'E) it is difficult to give precise num-
bers for the position and the width of a resonance~see, e.g.,
the discussion in Ref.@38#!. To avoid such problems of defi
nition we show thep-wave phase shiftd l 51(E) for several
parametersl in Fig. 6, and we define the energy of th
resonance as the maximum slope of the phase shift,
the width is given by the slope at that energy:G

FIG. 5. Calculated capture cross section of the ground s
transition 26Mg(n,g)27Mgg.s. with C2S(g.s.)51.0 (E1 transition
from the incomingp-wave to the bounds-wave!. The capture cross
section depends sensitively on the potential strength parameterl of
the incomingp-wave which was varied froml50.80 ~lowest cap-
ture cross section! up to l51.10 in steps of 0.02~from bottom to
top, exceptions are indicated in the figure!. Note that the capture
cross section varies up to five orders of magnitude when the po
tial strength is increased/decreased by about 15% from the valu
the s-wave (l50.9694).
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52 @(ddl51(E)/dE)uE5Eres
#21. The resulting values forEres,

G, and the phase shiftd l 51(Eres) are listed in Table V.
For a proper adjustment of thep-wave potential strength

the knowledge of the experimental scattering phase shift
desirable. However, to our knowledge these phase sh
have not been measured. Nevertheless, there is an ex
mental hint that such a potential resonance is not only
artifact of the theory, but exists in nature: a broad struct
was observed in a measurement of the total26Mg-n cross
section at aboutE'300 keV@36#. At that energy our poten-
tial model predicts a width of several hundred keV.

In general, several potential resonances have been pr
experimentally. A typical example is the first 31 state in6Li

te

n-
for

FIG. 6. Scattering phase shiftsd l 51(E) calculated for different
potential strength parametersl from 0.80 to 1.10 in steps of 0.02
~from bottom to top!. Note that the resonance position is shifte
towards lower energies as the potential strength increases. Fl
51.10 the resonance disappears below the threshold~see also Table
V!.

TABLE V. Calculated resonance energiesEres and widthsG of
a p-wave potential resonance for potential strength parametel
from 0.90 to 1.10. Forl,0.9 the potential resonance becomes ve
broad.

l Eres (keV) G (keV) d l 51(Eres) ~deg!

0.90 795 4130 16°
0.92 755 3170 20°
0.94 705 2400 24°
0.96 647 1785 28°
0.98 562 1284 32°
1.00 485 878 38°
1.02 381 553 44°
1.04 274 300 51°
1.06 156.5 116 62°
1.08 28.6 8.2 78°
1.10 2135.3a

aBound state withQ52N1L53, N51, L51.
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which can be found as a resonance in the2H(a,g)6Li cap-
ture reaction@39#. Because of the almost pure single-partic
structure of6Li52H^ a the properties of this resonance c
be predicted by the potential model. For heavier nuclei
almost pure single-particle structure cannot be expected
there still exist broad resonances with a relatively stro
single-particle component. This leads to an overestimatio
the width because the simple two-body potential model
sumes full single-particle structure for potential resonanc
As a consequence, the potential model is not able any m
to predict the properties of such resonances with high ac
racy; only if the spectroscopic factor of such a resonanc
known, the width can be calculated using the relation

Gexpt5C2S Gs.p., ~3.6!

whereGs.p. is the width calculated from the potential mode
Furthermore, the strength of the theoretical single-part
resonance is fragmented into several states which can
identified experimentally. This can already be seen from
fact that the two boundp-wave states which dominate th
thermal capture cross section of26Mg(n,g)27Mg have SF in
the order of about 0.2 to 0.4.

It has to be pointed out that the so-called ‘‘non-resona
energy region can be calculated by the simple poten
modelonly if the potential is carefully adjusted because t
potential modelalwayscontains potential resonances, and
one can see from Figs. 5 and 6, there is no clear definition
‘‘resonant’’ or ‘‘nonresonant.’’ A wrong adjustment ma
lead to ~i! an overestimation of the capture cross section
the potential contains a single-particle resonance which d
not exist in the experiment, and~ii ! an underestimation of the
capture cross section if the adjustment neglects strong~and
broad! single-particle resonances.

The success of many previous calculations using the
model, which seems to be in contradiction to the above st
ments, can be explained by two facts:~i! in several cases th
influence of potential resonances is small in the energy
gion which was analyzed in the calculation~this is especially
the case when the main contribution for the DC transit
comes from regions far outside the nucleus, see, e.g., R
@40# or @41#!, ~ii ! even wrong DC calculations can be co
rected using adjustable spectroscopic factors~uncertainties in
the order of a factor of 2 are realistic, see Sec. III B!.

From this point of view the rough agreement of the c
culated DC cross section with the experimental results
already somewhat surprising because the range of the ca
cross section~see Fig. 5! covers five orders of magnitud
when the potential strength changes by only615% from
about 0.95~determined from thes-wave scattering! down to
0.8 and up to 1.1. Such a dramatic behavior of the so-ca
‘‘nonresonant’’ direct capture can appear in any DC calcu
tion. To the best of our knowledge, these facts were
completely discussed in all the previous papers dealing w
DC. In conclusion, we point out that the calculation of t
DC has to be done with great care for each nucleus bec
otherwise deviations between the predicted and the exp
mental capture cross section not only by a factor of two,
even by orders of magnitude can appear, and both over
mations and underestimations of the experimental cross
tions are possible.
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D. The imaginary part of the optical potential

As pointed out by Lane and Mughabghab@42#, the cap-
ture amplitude has to be derived from the full optical pote
tial, i.e., real and imaginary part@see also Eq.~3.2!#. How-
ever, in the case of26Mg(n,g)27Mg the imaginary part of the
optical potential can be neglected for the following reaso
The only open inelastic channel is neutron capture. Then
capture cross sectionsg is directly related to the reflexion
coefficienth l by

sg5
p

~kc.m.!
2 (

l
~2l 11!~12h l

2!. ~3.7!

Using the real folding potential withl50.9694~from Sec.
III B !, an imaginary Saxon-Woods potential with depthW0,
reduced radiusR051.3 fm (R5R0•AT

1/3), diffusenessa
50.65 fm, and the experimentally determined values ofsg ,
one obtains a depth of the imaginary part in the order
W0'100 eV for the opticals- and p-wave potential. This
very weak imaginary part does not significantly influence
calculated DC cross section.

A significant reduction of the DC cross section is on
obtained whenW0 is increased by more than three orders
magnitude. This means that the calculations of the DC cr
section in Fig. 5 are practically not influenced by the ima
nary part of the potential. Only potential resonances w
very huge capture cross sections~with l'1.08) will be
damped slightly by the imaginary part of the potential.

IV. ASTROPHYSICAL REACTION RATES

The astrophysical reaction rateNA^s•v& can easily be
derived from the Maxwellian averaged capture cross sec
^s&5^s•v&/vT . The Maxwellian averaged cross section
the reaction26Mg(n,g)27Mg was calculated from the follow-
ing three ingredients. First, the thermals-wave capture taken
from Ref.@36# was extrapolated to the thermonuclear ene
region using the well-known 1/v law. This 1/v behavior is
reproduced by the DC calculations. Therefore, the unc
tainty of thes-wave contribution is below 5%. Second, th
p-wave capture cross section which dominates at ther
nuclear energies is roughly proportional to the velocityv:

s5C•AE. ~4.1!

The constantC was determined from the experimental da
C5180630 mb/AMeV. Because only three experiment
cross section data are not influenced by resonances, an
cause one has to subtract thes-wave contribution from the
experimental capture cross section, we estimate an un
tainty of less than 20% for thep-wave contribution. Note
that thep-wave contribution of the DC for the data point
En,lab5208.3 keV was also taken from Eq.~4.1!, and thes-
and p-wave contribution were subtracted to determine
resonance strength of theEn,lab5220 keV resonance~see
Sec. II E!. Third, the resonance contributions were reduc
by a factor of 2.8 compared to Ref.@11# ~see discussion in
Sec. II E!. This factor was only determined for theEn,lab
5220 keV resonance, and the uncertainty of thesumof the
resonant contributions is roughly a factor of 2.
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Finally, this leads to a Maxwellian averaged capture cr
section^s& as shown in Fig. 7. At low energies (kBT,10
keV) s-wave capture is dominating, and from aboutkBT
'20 keV thep-wave capture exceeds thes-wave contribu-
tion. The resonances become dominant at higher ener
(kBT'50 keV). By accident, our result is relatively close
that of Ref.@11#: the sum of our measuredp-wave capture
and by a factor of 2.8 reduced resonant contributions
somewhat larger atkBT,30 keV than the calculation of Ref
@11# which neglected thep-wave contribution, and at highe
energies (kBT.40 keV) the result of Ref.@11# is higher than
our new result due to the overestimation of the resona
strengths in that work.

FIG. 7. Maxwellian averaged capture cross section^s&
5^s•v&/vT , for the reaction26Mg(n,g)27Mg. The total capture
cross section is given by the sum ofs-wave capture,p-wave cap-
ture, and resonant contributions. For comparison we also show
result from Ref.@11#.
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V. SUMMARY AND CONCLUSION

There are three main results of this work:~i! the DC cross
section of the reaction26Mg(n,g)27Mg was measured for the
first time between the known resonances atEn,lab568.7 keV
andEn,lab5220 keV@11#, ~ii ! the properties of potential reso
nances are discussed in detail for thep-wave capture of
26Mg(n,g)27Mg, and ~iii ! the resonance strength of th
En,lab5220 keV resonance was determined to bevg51.34
60.24 eV by a careful analysis of the neutron energy sp
trum F(En,lab). This last result is in clear contradiction to th
results of Ref.@11#. Unfortunately, in Ref.@11# the experi-
mental information on the capture measurements is very
ited, but it is stated in that work that the enriched26Mg and
25Mg samples were analyzed in the same way. This f
makes the experimental results of Ref.@11# for the capture
reaction 25Mg(n,g)26Mg at least questionable. A strongl
reduced25Mg(n,g)26Mg reaction rate might have influenc
on thes-process nucleosynthesis because of the role of25Mg
as neutron poison. In this paper we do not want to specu
about astrophysical consequences of such a reduced rea
rate; instead, we think that primarily a new measuremen
the resonance properties of25Mg is necessary to obtain reli
able reaction rates. Unfortunately, the reacti
25Mg(n,g)26Mg cannot be analyzed using our activatio
technique because the residual nucleus26Mg is stable.
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