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Halo Properties of the First1/2* State in7F from the 10 (p, y)!”F Reaction
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The capture cross section of the reacti8®(p, y)!’F was measured in the energy range from
E.m. = 200—-3750 keV using the windowless gas target facilRINOCEROS The low-energys factor
that is dominated by the transition to thHg2™ first excited state in'’F increases strikingly with
decreasing energy. This behavior is explained by the halo properties of Abis 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

Hydrogen burning of second-generation stars mainlycally enriched in'®O to a degree of 99.99% (purchased
takes place via the proton-protépp) chain and the CNO from IC Chemikalien, Munich, Germany). The reaction
cycle. These are nuclear reaction networks leading, ashamber is a flat cell with four ports radiating from the
a final result, to the fusion of four protons into helium center of the chamber. These ports are used for gas
and being responsible for the energy production of thesilet and for the supply of an electronic manometer and
stars. A changeover from thep chain to the CNO two particle detectors. The chamber has an effective
cycle is observed neaf =~ 2 X 107 K. The reaction length of about 6 cm. The gas pressure was 5.7 mbar, it
160(p,y)''F is a link to the higher branches of the corresponds to an effective target thickness of 14.5 keV
CNO cycle. Exact knowledge of the reaction rate iS(Ep ., = 200 keV), 5.6 keV Ep . = 1 MeV), and
necessary for the modeling of nucleosynthesis in th&.1 keV E, 1., = 4 MeV). To avoid background reac-
hydrogen-burning stars. tions all inner surfaces are plated with a gold layer of about

Up to now there exist some measurements of this re20 um thickness. The particle beam was dumped in a
action close to the energy range of astrophysical interestaraday cup about 150 cm behind the reaction chamber.
[1-5], most of them carried out using solid state targetsTypical measuring times were between some minutes at
The data of Rolfst al. [4] which cover the widest energy higher energies and up to 2 days at the lowest energies.
range up to now had to be calibrated to the older experi- Two particle detectors have been used to monitor the
ment of Tanner [3]. Furthermore, some of the previous exprimary intensity by observing the elastically scattered
periments did not distinguish between transitions into theprotons at the angle§;,, = 90° and ¥,, = 120°. The
5/2* ground state and the/2™" first excited state of’F. elastic scattering is following the Rutherford law only at

Now a new experiment has been performed covihe lowest energies, and therefore in a separate experiment
ering an energy range betweef., = 200 keV to we measured the elastic scattering excitation function by
E.m. = 3750 keV. In this range only two resonances atusing mixtures of oxygen with krypton and oxygen with
Eem.(1/27) = 2504 keV [E.(1/27) = 3104 keV] and xenon, and by assuming pure Rutherford scattering on the
Ecm.(5/27) = 3257 keV [E((5/27) = 3857 keV] are heavy noble gases. The results are shown in Fig. 1.
found. That means that the reaction proceeds mainly Two y detectors were placed on both sides of the
by the direct capture (DC) of @-wave proton into the reaction chamber, one a%,, = 90° and the other at
ground state (DG~ 5/2") and the first excited state ., = 55°, both as close as possible to the reaction
(DC — 1/2%). chamber to achieve large solid angles. Both high-purity

The beam was provided by the 4 MV Dynamitron germanium (HPGe) detectors have a relative efficiency of
accelerator of the Institut fir Strahlenphysik, Univer- 100% (compared to 3 X 3 in. Nal detector). For back-
sitat Stuttgart. lon beams of H (10-70 xA), H,"  ground reduction both detectors were surrounded by an
(15-45 uA), and H* (35-70 uA) have been used. active BGO shield. The observed spectra (see Fig. 2)
The energy broadening due to the Coulomb explosiorare characterized by the transitions BE€5/2* and
of the molecular ions did not affect the measurementDC — 1/2%. In the insets of Fig. 2 the yield curves are
The experiment was carried out using the differentiallyshown for both transitions.
pumped gas target systeRrINOCEROSWhich is operated The measured yield was converted to the astrophysi-
windowless and recirculating. The gas used was isotopieal S factor taking into account: (i) the energy loss and
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NS tion to the first excited /2% stateS(E. . = 221 keV) =

[ = 90° L] 6.31 keVb corresponds to a cross section of only 2.16 nb

folding potential ] which has to be measured at a transition energy of
: E, = 326 keV (the numerical data are available from the

authors).

The theoretical analysis of the experimental data was
performed in the framework of the direct capture model.
The DC cross sectionr”C for each final staté is deter-
mined by the square of the overlap of the scattering wave
] function y,(r), the electromagnetic transition operators
- OFL/ML " and the bound state wave functiomy ;(r),
and by the spectroscopic factof8S; of the final states
[4,7,8]:

U'ZDC ~ CZS,'KMNLJ'(}”) |(9E£/M£ |Xl(r)>|29 (1)

where N and L are the node number and the angular

] momentum number of the final state wave function which
S o e ST are related to the oscillator quantum numigeby

05 10 15 20 25 3.0 35

Ep,lab (MCV) Q =2N + L. (2)

FIG. 1. Elastic scattering excitation functions'60( p, p)'°O Assuming an |.nerf6O que7 thes /2" ground state a}nd

at dhap, = 90° (upper diagram) andd,, = 120° (lower dia- the1/27 first excited state i’ F have pure single-particle

gram). The lines are the result of an optical model calculaconfigurations: C2S(5/2%) =1 and C25(1/2%) = 1.

tion with a potential strength adjusted to the binding energiesThese values are in good agreement with shell model

of the 5/27 ground state and /2" first excited state for the = cgjcylations [9] and with many transfer experiments (see

\Il‘va;ei\_/en partial waves and = 1 for the L = odd partial  pogq [9,10]). We adopt for the following calculations
C?5(5/2%) = 1 andC?5(1/2%) = 1.

For the calculation of the scattering and bound state

straggling of the protons in the extended gas target ang,, o fynctions we use systematic folding potentials
the energy width of the accelerator, (ii) the solid angle[11 12]

of the HPGe detectors, (iii) the angular distribution of the
emitted y rays [4], and (iv) the dependence of the de- |, :ff
tection efficiency on the/-ray energy, emission position, F(r) pr(re)pr(rr)
and emission angle. The efficiency was determined us- X verr(E,p = pp + pr.s = |F + /p — r1l)
ing the codeGEANT [6], and theGEANT calculations were 3 3

. . . . . . X d rpd rr, (3)
confirmed by efficiency measurements using calibration
sources. The results of tHeO(p, y)!"F experiment are where pp, pr are the densities of projectile and target,
shown in Fig. 3. The lowest data point for the transi-respectively, which are taken from electron scattering
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FIG. 2. y-ray spectrum of the HPGe detector placeddat, = 90° for E, 1., = 1400 keV. In the inset the experimentalray
yield of the reactions!®O(p, y¢)'"F (5/2%) and'6O( p, y1)'"F (1/2*) is shown for this detector.
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T I[;cl Cah':ulatlon' """""""" T incoming p wave to the bound/ (5/2%) and s waves
f P (1/2"). We took into account all possible E1, E2, and M1
10k P transitions from the incoming, p, d, f, andg waves, but
beside the mentioned E1 transitions from the incoming

i wave only the E1 transition from the incomingwave

i to the boundd wave gives a significant contribution at
. higher energies.
DC— 12* . With the exception of thd /2~ and5/2~ resonances
atE. ., (1/27) = 2504 keV [E((1/27) = 3104 keV] and
Ecm (5/27) = 3257 keV [E,(5/27) = 3857 keV] a very
good agreement between the experimental capture data and
the calculation is obtained (see Fig. 3). These resonances
do not have a dominatinfO ® p configuration. They
are not included in the model space of this simple two—
s ST R T Livaals body model of 7F.
00 500 1000 1500 2000 25100 3000 3500 It has to be pOinted out that the nonresonant Capture
Ec.. (keV) cross section ipredictedindependently by the DC model;

FIG. 3. Experimental capture cross section of the reactionéhe calculations are not adjusted to the experimental

150(p, y0)'’F and '°O(p, v;)'"F compared to a DC calcula- capture dat_a- ) o
tion. Note the strikingly different branching ratio between On the first view a surprising energy dependence of
DC — 5/2" and DC— 1/2". the branching ratio of the transitions to the ground state

and to the first excited state can be seen in Fig. 3. To

experiments [13], and.; is the effective nucleon-nucleon the best of our knowledge these facts were not noticed
interaction taken in the well-established DDM3Y parame-n any previous paper. The ground state transition shows
trization [11,12]. Details about the folding procedure canthe expected behavior. To be captured the incoming
be found in Ref. [14]; the folding integral in Eq. (3) was Wave proton has to tunnel through both the Coulomb and
calculated using the coaeoLD [15]. The volumeintegral the centrifugal barrier. As a consequence théactor
per interacting nucleon pair & = 525.93 MeVfm3,and  decreases to lower energies because the definition of the
the root-mean-square radius g, = 3.311 fm. The factorS(E) = Eexp2mn) o (E) takes into account only
optical potential is given by the tunneling through the Coulomb barrier.
4 dVe - The increase of the& factor for the transition to the
2RSS + velr), (4) 1/2" state is a consequence of the halo properties of the
roar 1/2" bound state wave function. Because of the very
with the potential strength parametgmwhich is close to small binding energy Kz = —105.13 keV) the bound
unity, and the Coulomb potentidic(r) which is taken state wave function has a very long tail. The root-mean-
in the usual form of a homogeneously charged sphersquare radir,s defined by

S (keV b)

V(r) = /\VF(r) + Aso.

with the Coulomb radiusRc = rgms. Additionally, a %

weak spin—orbit potential is used with the usual Thomas rlo= [ 2u(r) dr (5)
form proportional todV /dr and a spin—orbit strength

parameter)\s_o__ are rms(5/2+) = 3.698 fm and rrms(l/2+) = 5.333 fm,

For theL = even partial waves the parametersand _resleectively. The large radius of thg'2™ bound state
Aso. are adjusted to reproduce the binding energies oft 'F also leads to the anomalously large displacement

the5/2* ground statefz = —600.5 keV, 0 =2, N =  energy [16] and to an enhanc8dE2) value [17].

0, L =2) and of the1/2* first excited state K = In Fig. 4 the real part of the integrand of the overlap in-
—~105.1keV, Q =2, N=1, L =0): A = 1.0976 and tegralin Eq. (1) is shown for both E1 transitions from the
Aso. = —0.1757 fm?. This potential also describes the incomingp wave to the bound andd waves at the ener-

broad 3/2* state atE, = 5.0 MeV in "F; the 5/2*  gieSEcm = 0.1 MeVandE. . = 1.0 MeV. (The imagi-

ground state and th&/2" state are the two dominating nary part of the integrand is proportional to the real part
L = 2 states in'”F. For theL = odd partial waves we When areal potential is used for the calculation of the opti-

use the bare folding potentia\(L = odd) = 1] and the ~ cal wave functions.) As one can see the main contribution
same Spin-orbit Coup"ng as for the even partia| Wavesfor the transition to th&/2+ state is shifted towards Iarger
This choice of the potential parameters is confirmed byadii when the energy decreases. At,. = 0.1 MeV the
the good description of the experimentdD(p, p)!0  main contribution for the transition to the /2" halo
elastic scattering excitation function a#,, = 90° and  State comes from about =~ 50 fm. Consequently, the
Jiap = 120° (see Fig. 1). proton can be captured far outside the classical nuclear ra-
Both transitions to the/2" ground state and to the dius [Rejas =~ (1.3 fm)A%/3 = 3.276 fm] without tunnel-
1/2% state are dominated by E1 transitions from theing through the full Coulomb and centrifugal barrier. This
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10 — 71— — was assumed without any experimental confirmation or
08 DC —1/2" theoretical explanation.
06 . In conclusion, the'O(p, v)'’F capture cross section
£ 04 y was measured in the energy range frd&n, = 200-
Z 02 1 3750 keV over 5 orders of magnitude using the
‘é 0.0 =7 T —

windowless gas target facilitRHINOCEROS The experi-

g02 N mental data show a strikingly different energy dependence
£-041 . of the branching ratio between the transition to e *
06 -  Eeoimev] ground state and to th&/2" first excited state of’F
08 L E=1.0MeV] which is bound by only 105 keV. This effect which was
—t——f—+—F——F— not noticed in previous work can be explained theoretically
DC —5/2* by the halo properties of the/2" state using the direct
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FIG. 4. Radial dependence (in arbitrary units) of the real part
of the integrand in the overlap integral in Eq. (1) at the energies
Ec.m. = 0.1 MeV (full line) andE. ,,, = 1.0 MeV (dashed line)
for the transitions DG~ 5/2* and DC— 1/2%.
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