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The E &,b=679 keV (~&+) and E &,b=687 keV (2 ) resonances in the ' N(u, y)' F reaction have been
analyzed using a windowless gas target system and a 100% relative efficiency germanium detector with an
active BOO shielding. The strength of the E &,b=687 keV resonance has been determined: coy= 8~3 peV.
The strength of the E &,b=461 keV resonance and the properties of the corresponding resonances in the mirror
reaction ' O(ct, y)

' Ne have been derived using a realistic folding potential.

PACS number(s): 25.55.—e, 24.30.Gd, 95.30.Cq

A possible scenario for the production of fluorine is the
nucleosynthesis in so-called AGB stars during thermal
pulses. The chain ' N(u, y)' F(P+) ' O(p, u)' N(u, y)' F
seems to be responsible for the production of ' F. Even if
there are some contributions from other reaction chains, they
all have in common that the reaction ' N(u, y)

' F is the last
step for the synthesis of fluorine [1,2].

The reaction ' O(u, y)
' Ne is of special interest for the

escape from the hot CNO cycle (HCNO). The HCNO cycle
takes place when the proton capture by ' N is faster than the

P decay of this nucleus and the rate of converting H to He is
limited by the P decay of '"0 and ' O. At temperatures high
enough the u capture by ' 0 is equal to or even greater than
the P decay and a breakout from the HCNO is possible
through 'sO(u, y) '9Ne(p, y) Na [3,4]. At temperatures
where a significant conversion of ' 0 to ' Ne takes place,
the proton capture by ' Ne is dominant in comparison to the

p decay of ' Ne. Therefore the reaction 'sO(u, y)
' Ne limits

the outflow from the HCNO [4].At the moment this reaction
cannot be measured directly, but information can be obtained
by measuring the mirror reaction ' N(u, y)

' F.
Up to now the reaction ' N(u, y)

' F was studied in sev-
eral experiments [5—9]. In the most interesting low energy
region recently an experiment was performed by Magnus
et al. [10].It was carried out using a thick Ti' N target and a
35% Ge(Li) detector in close geometry. Two levels were ana-

lyzed at E „b=679 keV (E,=4550 keV, -', +) and E
=687 keV (E =4556 keV, —,

' ), respectively. For the —',
+

state they found a resonance strength of toy=(97~20) peV
whereas for the —,

' state only an upper limit of coy~ 10 peV
was stated.

Now we have measured the reaction ' N(u, y)
' F in the

energy range 650 keV &F. &,b (2650 keV. The data ob-
tained at higher energies will be published later, and we
present our results in the low energy range only. It was the
aim of this part of the experiment to measure the resonance
strength of the 4556 keV (-', ) resonance and to extend the
results to the mirror reaction ' O(u, y)

' Ne. The setup of our
experiment was similar to that described in [11]:We used the
windowless gas target facility RHINOCEROS with a 99%
enriched '

N2 gas, a pressure of 1.2 mbar, and an effective
target length of about 6 cm. The u-beam current from the
Dynamitron accelerator of the IFS Stuttgart was about 80
pA. The elastically scattered n particles were measured with
two surface barrier detectors to normalize the yield of the y
rays.

For the detection of the y quanta a high-purity germanium
detector (HPGe) with a relative efficiency of about 100%
was used. The detector was arranged in close geometry per-
pendicular to the beam axis and symmetrical to the target
chamber covering y-ray angles from 60 to 120 . The dis-
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tance to the beam of about 8 cm was as small as possible.
For background reduction the HPGe detector was surrounded

by an active BGO shield. Both detectors were embedded in a
lead block serving as passive background shield. The BGO
detector is made up of eight segments, each segment having
its own photomultiplier [12].The eight outputs build a stop
signal for a time-to-amplitude converter (TAC), whereas the
start signal is generated via the timing output of the HPGe
detector. The achieved time resolution is better than 15 ns
(FWHM). All signals from the TAC output within a 60 ns
window around the peak maximum are defined as coincident.
They are selected with a SCA and give an anticoincidence
gate for the HPGe output. In this way all events giving si-
multaneously an output from at least one segment of the
BGO and from the HPGe detector are rejected. The applica-
tion of the BGO shield leads to a reduction of the back-
ground by a factor of 8 in the relevant energy region (Fig. 1).

The dominant peak in these spectra represents the transi-
tion R(4550)~197. The total widths of both the 4550 and
4556 keV resonances are small compared with the energy
loss of the n particles in the target gas (AF, =14 keV)
[13].Therefore in this "thick target experiment" the position
of the resonant interaction within the chamber is fixed by the
incident energy. Due to the small energy difference of 6 keV
both resonances can be excited simultaneously in the target
chamber. The position of the dominant resonance R(4550)
~197 can be obtained from the measured yield (Fig. 2, left-
hand side) and is confirmed by the Doppler shift of the en-

ergy of the emitted y quanta (Fig. 2, right-hand side). It
results that at E~ »b=670 keV the 4550 keV resonant inter-
action is located in the vicinity of the entrance slit of the
target chamber while at E &,b=688 keV it is located at the
exit slit. In the first case the beam energy is too low to excite
the 4556 keV resonance, whereas in the second case this
resonance is located in the center of the target chamber.

At these two energies long time runs (=50 h) have been
performed. The results are shown in Fig. 3. In both spectra
the transition R(4550)—&197 (branching ratio 69% [14]) is
dominating. Comparing the spectra the Doppler shift to
lower energies with increasing beam energy can clearly be
observed. The bump indicated in the lower spectrum repre-
sents the transition R(4556)~110 (branching ratio 45%
[14]).After normalization with respect to the measured yield
curve and the branching ratios one can determine the
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FIG. 1. Spectra of the reaction ' N(tt, y)
' F measured simulta-

neously with and without active BGO shielding. In the lower part
the BGO gate was used whereas in the upper part no anticoinci-
dence signal was applied. The relevant transition energy for
R(4550) ~ 197 is marked by an arrow.

strength of the 4556 keV resonance in comparison to the
4550 keV resonance. Using coy(4550)=(97~20) peV [10]
one obtains coy(4556)=(8~3) peV. This result agrees well
with the upper limit given by Magnus et al. [10]: coy(10
peV.

For both resonances the n energy is small compared with
the energy of the Coulomb barrier; therefore, I (( I ~ can
be assumed. Then the u width of both states can easily be
deduced as listed in Table I. There are two possibilities to
extract (model-dependent) values for the reduced width 8
First, 8 can be calculated using the Wigner limit (with a
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FIG. 2. On the left-hand side the yield curve
of the transition R(4550) ~ 197, on the right-
hand side the energy shift of the y rays due to the
Doppler effect is shown. The u energies are re-
lated to the center of the target chamber. Both
curves together give information about the posi-
tion of the 4550 keV resonance within the target
chamber.
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FIG. 3. Spectra of the reaction ' N(n, y) '9F measured at

E~ lab
= 670 keV and E»b = 688 keV. These energies are related

to the position of the 4550 keV resonance in the entrance and the
exit slits of the target chamber, respectively. The relevant transition
energies are marked by arrows.

channel radius R~=6.0 fm). Second, the scattering phase
shifts BLJ and subsequently the resonance widths
I =2X[(dBIJldF)~z z ] ' can be calculated using a

proper ' N-n potential the depth of which is adjusted in or-
der to match the energies of the levels concerned. Then using
r'."=r".~ 0

p t one obtains the values given in the last
column of Table I. In our potential model calculation we use
a ' N-n potential deduced by a double-folding procedure
[15] and wave functions with three nodes (2, L=2) and 2
nodes (-', + and —,'+, L=3).

There is a further resonance in ' F at 4378 keV (~+)
which is of astrophysical interest. The resonance strength of
this state given in the third line of Table I cannot be mea-
sured directly with the existing experimental setup. But it
can be calculated by assuming 8 (4378)=0 (4550). Both

states are members of the same (K"=-', +) band and exhibit
the same (' CI3 Li) cluster structure [16]. Using either
0 ~L or 0

p t we obtain in both model calcul ation s nearly
the same n width I =0.024 peV and subsequently nearly
the same value for the resonance strength of toy(4378)=0. 1

pcV. This result is a factor of 16 higher than a value which
was recently extracted from an analysis of the transfer reac-
tion ' N( Li,t)' F: I' =1.5X10 eV [17]. But such a
small value for I" (4378) is in contradiction to different
analyses of the mirror nucleus ' Ne (see below).

In order to calculate the resonance strengths for the analo-

gous states in the mirror nucleus ' Ne we assume the equal-

ity of the reduced widths 8 of the analogous states in ' F
and ' Ne. With this assumption we have calculated the u
widths given in Table II. Due to the lower u threshold in

Ne compared to F, the n widths of the Ne states are
found to be about three orders of magnitude larger than those
in ' F. It should be pointed out again that both methods to
determine I result in very similar values though the re-

duced widths 8 „obtained in the potential model calcula-
tion are quite different from those values t9 ~„obtained in

the calculation using the Wigner limit y~.
In contrast to ' F the approximation I' (&I ~ and thereby

the relation y= I is no longer valid for ' Ne states. But the

y widths 1 ~ and subsequently both the total width I" and the
resonance strengths coy can be obtained for all resonances
by combining the calculated o. widths I with the I /I

data recently extracted in a study of the reaction
' F( He, t)' Ne* [18].The results are given in Table II to-
gether with the values of the resonance strengths given by
Magnus et al. [18]. In order to calculate the strength of the
-',

+ resonance we applied the same method as used by Mag-
nus et al. ; of course the results agree well. For the -', reso-
nance Magnus et al. had to combine their measured branch-

ing I' /I with the upper limit of I [10]and the lower limit
of I'~ [14] in ' F. Our result which is based on the experi-
mental I" value of the mirror state in ' F is somewhat larger
but agrees within the relatively large uncertainties. For the-,
+ resonance Magnus et al. [18]can only state a lower limit
from the combination of their measured branching F /I and
the lower limit of I ~ of the mirror state in ' F [14].Assum-

ing 9 (-', +) = 8 (-', +) our result is about 10% larger than the
lower limit given in [18].Therefore, our assumption is con-
firmed by the result of Magnus et ah. , but there is a clear
contradiction to the recent analysis of the reaction
' N( Li,t)' F [17].

TABLE I. Resonance parameters of ' F.

J (It. )

(-)
5+ (3+)
7+ (3+)

E
(keV)

4556
4550
4378

E,
(keV)

542
536
364

Cd/

(peV)

8~3
97~20'

r.
(peV)

4
32.3

0.024

2 a
o. ,WL

0.0002
0.0172
0.0$72

2 b0

0.00077
0.129
0.129

'Derived from Wigner limit.
Deduced from potential model calculation.

'Reference [10].
8 (4378)= 8 (4550) assumed.
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TABLE II. Resonance parameters of ' Ne.

J (K)

2 (-)
5+ (3+)
7+(3+)

E
(keV)

4549
4600
4379

(keV)

1020
1071
850

I .,wL'

(meV)

3.2
81,9
3.0

bI p„
(meV)

3.4
83
2.9

ry
(meV)

45
250
62

r
(meV)

48.4
333
64.9

MP

(meV)

6.3
187
11

CO+

(meV)

4.5 ~2.5
198~51

'Derived from Wigner limit.
Deduced from potential model calculation.

'Reference [18].

Finally, assuming the same y widths for the analogous
states in F the values deduced in this way can be compared
with the adopted ones [14].A good agreement between the
two values is found for the 4556 keV (-', ) state: I ~=44.8
meV vs I ~= (39+,s) meV [14,18].For the 4378 keV (-', +)
state the deduced value (I ~=61.9 meV) is only slightly
larger than the lower limit value (I ~)60 meV) given in

[14]. But for the 4550 keV (-', +) state the deduced value

(I =250 meV) is more than one order of magnitude larger
than the lower limit value (I ~)13 meV) listed in [14]. On
the other hand, now the transition strength for the ground
state transition reported in Ref. [19] but not listed in Ref.
[14] can easily be incorporated. The value S (4550~0)
=(1.0~0.2) W.u. [19] corresponds to a y width I =4.8
meV and subsequently to a branching ratio of about 2%.

In the y spectra obtained in our experiment at incident
energies between 670 keV and 688 keV (see Fig. 3) some
hints can be found for this transition. Especially at F &,b

=688 keV (lower part of Fig. 3) a broad structure is ob-
served in the marked energy region. In this y energy range

one expects the transitions R(4550)~0 and R(4556)—+0.
Due to the different Doppler corrections the energy differ-
ence between the two expected peaks is larger than 6 keV.
The number of events observed in this broad structure is
compatible with the expected one supposing a branching ra-
tio of 2% for the R(4550)~0 transition and of 36% for the
R(4556)—+0 transition. In a calculation using the code
GEANT [20] the measured y spectrum was simulated. It re-
sults that sum peak contributions can be neglected.

Concluding our results we state that the new experimental
value of the resonance strength toy(4556)=(8~3) peV to-
gether with the results of our calculation confirm the reaction
rates determined for both reactions ' N(n, y)

' F and
'sO(cr, y)'9Ne in the astrophysically relevant energy range.
Beyond it new values for the y transition strength, especially
for the E„=4550 keV (-', +) state in ' F, have been deduced.
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