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Halo Properties of the First 1yyy21 State in 17F from the 16Osssp, gddd17F Reaction
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The capture cross section of the reaction16Osp, gd17F was measured in the energy range from
Ec.m.  200 3750 keV using the windowless gas target facilityRHINOCEROS. The low-energyS factor
that is dominated by the transition to the1y21 first excited state in17F increases strikingly with
decreasing energy. This behavior is explained by the halo properties of this1y21 state within the
framework of the direct capture model. [S0031-9007(97)04445-1]

PACS numbers: 25.40.Lw, 21.10.Pc, 26.20.+ f, 27.20.+n
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Hydrogen burning of second-generation stars main
takes place via the proton-protonsppd chain and the CNO
cycle. These are nuclear reaction networks leading,
a final result, to the fusion of four protons into helium
and being responsible for the energy production of the
stars. A changeover from thepp chain to the CNO
cycle is observed nearT ø 2 3 107 K. The reaction
16Osp, gd17F is a link to the higher branches of the
CNO cycle. Exact knowledge of the reaction rate
necessary for the modeling of nucleosynthesis in th
hydrogen-burning stars.

Up to now there exist some measurements of this r
action close to the energy range of astrophysical intere
[1–5], most of them carried out using solid state target
The data of Rolfset al. [4] which cover the widest energy
range up to now had to be calibrated to the older expe
ment of Tanner [3]. Furthermore, some of the previous e
periments did not distinguish between transitions into th
5y21 ground state and the1y21 first excited state of17F.

Now a new experiment has been performed co
ering an energy range betweenEc.m.  200 keV to
Ec.m.  3750 keV. In this range only two resonances a
Ec.m.s1y22d  2504 keV [Exs1y22d  3104 keV] and
Ec.m.s5y22d  3257 keV [Exs5y22d  3857 keV] are
found. That means that the reaction proceeds main
by the direct capture (DC) of ap-wave proton into the
ground state (DC! 5y21) and the first excited state
(DC ! 1y21).

The beam was provided by the 4 MV Dynamitron
accelerator of the Institut für Strahlenphysik, Univer
sität Stuttgart. Ion beams of H1 (10 70 mA), H 1

2
(15 45 mA), and H 1

3 (35 70 mA) have been used.
The energy broadening due to the Coulomb explosio
of the molecular ions did not affect the measuremen
The experiment was carried out using the differential
pumped gas target systemRHINOCEROSwhich is operated
windowless and recirculating. The gas used was isoto
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cally enriched in16O to a degree of 99.99% (purchased
from IC Chemikalien, Munich, Germany). The reaction
chamber is a flat cell with four ports radiating from the
center of the chamber. These ports are used for g
inlet and for the supply of an electronic manometer an
two particle detectors. The chamber has an effectiv
length of about 6 cm. The gas pressure was 5.7 mbar,
corresponds to an effective target thickness of 14.5 ke
(Ep,lab  200 keV), 5.6 keV (Ep,lab  1 MeV), and
2.1 keV (Ep,lab  4 MeV). To avoid background reac-
tions all inner surfaces are plated with a gold layer of abou
20 mm thickness. The particle beam was dumped in
Faraday cup about 150 cm behind the reaction chambe
Typical measuring times were between some minutes
higher energies and up to 2 days at the lowest energies.

Two particle detectors have been used to monitor th
primary intensity by observing the elastically scattered
protons at the anglesqlab  90± andqlab  120±. The
elastic scattering is following the Rutherford law only at
the lowest energies, and therefore in a separate experime
we measured the elastic scattering excitation function b
using mixtures of oxygen with krypton and oxygen with
xenon, and by assuming pure Rutherford scattering on th
heavy noble gases. The results are shown in Fig. 1.

Two g detectors were placed on both sides of the
reaction chamber, one atqlab  90± and the other at
qlab  55±, both as close as possible to the reaction
chamber to achieve large solid angles. Both high-purit
germanium (HPGe) detectors have a relative efficiency o
100% (compared to a3 3 3 in. NaI detector). For back-
ground reduction both detectors were surrounded by a
active BGO shield. The observedg spectra (see Fig. 2)
are characterized by the transitions DC! 5y21 and
DC ! 1y21. In the insets of Fig. 2 the yield curves are
shown for both transitions.

The measured yield was converted to the astrophys
cal S factor taking into account: (i) the energy loss and
© 1997 The American Physical Society 3837
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FIG. 1. Elastic scattering excitation functions of16Osp, pd16O
at qlab  90± (upper diagram) andqlab  120± (lower dia-
gram). The lines are the result of an optical model calcu
tion with a potential strength adjusted to the binding energ
of the 5y21 ground state and1y21 first excited state for the
L  even partial waves andl  1 for the L  odd partial
waves.

straggling of the protons in the extended gas target a
the energy width of the accelerator, (ii) the solid ang
of the HPGe detectors, (iii) the angular distribution of th
emitted g rays [4], and (iv) the dependence of the de
tection efficiency on theg-ray energy, emission position
and emission angle. The efficiency was determined
ing the codeGEANT [6], and theGEANT calculations were
confirmed by efficiency measurements using calibrati
sources. The results of the16Osp, gd17F experiment are
shown in Fig. 3. The lowest data point for the trans
FIG. 2. g-ray spectrum of the HPGe detector placed atqlab  90± for Ep,lab  1400 keV. In the inset the experimentalg-ray
yield of the reactions16Osp, g0d17F (5y21) and16Osp, g1d17F (1y21) is shown for this detector.
3838
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tion to the first excited1y21 stateSsEc.m.  221 keVd 
6.31 keVb corresponds to a cross section of only 2.16 n
which has to be measured at a transition energy o
Eg  326 keV (the numerical data are available from the
authors).

The theoretical analysis of the experimental data wa
performed in the framework of the direct capture mode
The DC cross sectionsDC

i for each final statei is deter-
mined by the square of the overlap of the scattering wav
function xlsrd, the electromagnetic transition operators
O EL yML , and the bound state wave functionuNL,isrd,
and by the spectroscopic factorsC2Si of the final states
[4,7,8]:

sDC
i , C2Si jkuNL,isrd jO EL yML jxlsrdlj2, (1)

where N and L are the node number and the angula
momentum number of the final state wave function whic
are related to the oscillator quantum numberQ by

Q  2N 1 L . (2)

Assuming an inert16O core the5y21 ground state and
the1y21 first excited state in17F have pure single-particle
configurations: C2Ss5y21d  1 and C2Ss1y21d  1.
These values are in good agreement with shell mod
calculations [9] and with many transfer experiments (se
Refs. [9,10]). We adopt for the following calculations
C2Ss5y21d  1 andC2Ss1y21d  1.

For the calculation of the scattering and bound stat
wave functions we use systematic folding potential
[11,12]

VFsrd 
Z Z

rP srPdrTsrTd

3 yeffsE, r  rP 1 rT, s  j$r 1 $rP 2 $rTjd
3 d3rP d3rT , (3)

where rP , rT are the densities of projectile and target
respectively, which are taken from electron scatterin
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FIG. 3. Experimental capture cross section of the reactio
16Osp, g0d17F and 16Osp, g1d17F compared to a DC calcula-
tion. Note the strikingly different branching ratio betwee
DC ! 5y21 and DC! 1y21.

experiments [13], andyeff is the effective nucleon-nucleon
interaction taken in the well-established DDM3Y param
trization [11,12]. Details about the folding procedure ca
be found in Ref. [14]; the folding integral in Eq. (3) was
calculated using the codeDFOLD [15]. The volume integral
per interacting nucleon pair isJR  525.93 MeV fm3, and
the root-mean-square radius isrF,rms  3.311 fm. The
optical potential is given by

V srd  lVFsrd 1 ls.o.
4
r

dVF

dr
$L $S 1 VCsrd , (4)

with the potential strength parameterl which is close to
unity, and the Coulomb potentialVCsrd which is taken
in the usual form of a homogeneously charged sphe
with the Coulomb radiusRC  rF,rms. Additionally, a
weak spin–orbit potential is used with the usual Thom
form proportional todVydr and a spin–orbit strength
parameterls.o..

For theL  even partial waves the parametersl and
ls.o. are adjusted to reproduce the binding energies
the 5y21 ground state (EB  2600.5 keV, Q  2, N 
0, L  2) and of the 1y21 first excited state (EB 
2105.1 keV, Q  2, N  1, L  0): l  1.0976 and
ls.o.  20.1757 fm2. This potential also describes the
broad 3y21 state atEx  5.0 MeV in 17F; the 5y21

ground state and the3y21 state are the two dominating
L  2 states in17F. For theL  odd partial waves we
use the bare folding potential [lsL  oddd  1] and the
same spin-orbit coupling as for the even partial wave
This choice of the potential parameters is confirmed
the good description of the experimental16Osp, pd16O
elastic scattering excitation function atqlab  90± and
qlab  120± (see Fig. 1).

Both transitions to the5y21 ground state and to the
1y21 state are dominated by E1 transitions from th
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incoming p wave to the boundd (5y21) and s waves
(1y21). We took into account all possible E1, E2, and M1
transitions from the incomings, p, d, f, andg waves, but
beside the mentioned E1 transitions from the incomingp
wave only the E1 transition from the incomingf wave
to the boundd wave gives a significant contribution at
higher energies.

With the exception of the1y22 and 5y22 resonances
at Ec.m.s1y22d  2504 keV [Exs1y22d  3104 keV] and
Ec.m.s5y22d  3257 keV [Exs5y22d  3857 keV] a very
good agreement between the experimental capture data
the calculation is obtained (see Fig. 3). These resonan
do not have a dominating16O ≠ p configuration. They
are not included in the model space of this simple two
body model of17F.

It has to be pointed out that the nonresonant captu
cross section ispredictedindependently by the DC model;
the calculations are not adjusted to the experiment
capture data.

On the first view a surprising energy dependence
the branching ratio of the transitions to the ground sta
and to the first excited state can be seen in Fig. 3. T
the best of our knowledge these facts were not notic
in any previous paper. The ground state transition show
the expected behavior. To be captured the incomingp-
wave proton has to tunnel through both the Coulomb an
the centrifugal barrier. As a consequence theS factor
decreases to lower energies because the definition of thS
factor SsEd  E exps2phd ssEd takes into account only
the tunneling through the Coulomb barrier.

The increase of theS factor for the transition to the
1y21 state is a consequence of the halo properties of t
1y21 bound state wave function. Because of the ver
small binding energy (EB  2105.13 keV) the bound
state wave function has a very long tail. The root-mea
square radiirrms defined by

r2
rms 

Z `

0
r2u2srd dr (5)

are rrmss5y21d  3.698 fm and rrmss1y21d  5.333 fm,
respectively. The large radius of the1y21 bound state
in 17F also leads to the anomalously large displaceme
energy [16] and to an enhancedBsE2d value [17].

In Fig. 4 the real part of the integrand of the overlap in
tegral in Eq. (1) is shown for both E1 transitions from th
incomingp wave to the bounds andd waves at the ener-
giesEc.m.  0.1 MeV andEc.m.  1.0 MeV. (The imagi-
nary part of the integrand is proportional to the real pa
when a real potential is used for the calculation of the op
cal wave functions.) As one can see the main contributio
for the transition to the1y21 state is shifted towards larger
radii when the energy decreases. AtEc.m.  0.1 MeV the
main contribution for the transition to the1y21 halo
state comes from aboutr ø 50 fm. Consequently, the
proton can be captured far outside the classical nuclear
dius [Rclass ø s1.3 fmdA1y3

T  3.276 fm] without tunnel-
ing through the full Coulomb and centrifugal barrier. This
3839
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FIG. 4. Radial dependence (in arbitrary units) of the real pa
of the integrand in the overlap integral in Eq. (1) at the energi
Ec.m.  0.1 MeV (full line) andEc.m.  1.0 MeV (dashed line)
for the transitions DC! 5y21 and DC! 1y21.

halo effect is the reason for the increasingS factor at
low energies. In contrast to other capture reactions
astrophysical interest, e.g.,12Csa, gd16O, in this case the
increasingS factor isnot a consequence of a subthreshol
resonance, and electron screening which could also
crease theS factor at low energies is negligible in the en
ergy range of this experiment.

Because the capture process to the1y21 state happens
far outside the range of the nuclear potential the influen
of the nuclear potential on the capture cross section is ve
weak. For example, at the solar temperature (T6  15
corresponding to a Gamow window atEc.m.  29 keV)
a potential strength increased or decreased by 10%
the L  odd partial waves leads to aS factor increased
or decreased by less than 0.2%. This fact was alrea
pointed out by Brune [18] who obtained similar result
for the E1 transition to the1y21 final state using a
Woods-Saxon potential which was adjusted to reprodu
the binding energy of the1y21 state. As expected, the
calculation of the capture cross section to the5y21 ground
state is more sensitive to the optical potential, especia
at higher energies where the capture process occurs
smaller distances. However, at astrophysically releva
energies the dependence on the potential strength beco
small again.

The astrophysical reaction rate factorNAks ? yl ob-
tained from the new experimental data and the theoreti
extrapolation to lower energies agrees surprisingly we
with the adopted rate by Caughlan and Fowler [19]. I
that work an increasingS factor towards lower energies
3840
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was assumed without any experimental confirmation
theoretical explanation.

In conclusion, the16Osp, gd17F capture cross section
was measured in the energy range fromEc.m.  200
3750 keV over 5 orders of magnitude using th
windowless gas target facilityRHINOCEROS. The experi-
mental data show a strikingly different energy dependen
of the branching ratio between the transition to the5y21

ground state and to the1y21 first excited state of17F
which is bound by only 105 keV. This effect which wa
not noticed in previous work can be explained theoretica
by the halo properties of the1y21 state using the direct
capture model.
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