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1N(®He,d)*®0 as a probe of direct capture in the **N(p,y)°0 reaction

P. F. Bertone, A. E. Champagne, M. Boswell, C. lliadis, S. E. Hale, V. Y. Hansper, and D. C. Powell
University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-3255
and Triangle Universities Nuclear Laboratory, Durham, North Carolina 27708-0308
(Received 12 July 2002; published 27 November 2002

Spectroscopic factors and asymptotic normalization coefficiekltiCs) have been determined for bound
states in'°0 using the?*N(®He,d) 0 reaction. These results are used to calculate the astroph@dmetor
for direct capture in thé*N(p, y)1°0 reaction. We also discuss how uncertainties in optical-model parameters
influence both the spectroscopic factors and the ANCs, and the effect that this has on the predicted direct-
capture reaction rate.
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[. INTRODUCTION mized the chance that accumulated thermal stress would rup-

ture the foil during implantation. The foil was placed directly

Stars more massive than about 1.5 times the mass of tHeehind a graphite collimator with a defining aperture of 1.27
sun produce energy during core hydrogen burning primarilyem. This was done so that carbon would be the only material
via the CN cycle. In addition, the CN cycle is active in less Sputtered onto the foil as a consequence of beam collimation.

massive stars near the end of this phase and in all stars on tHe addition, the carbon sputtered onto the target foil is

red-giant branch. The typical temperatures in these envirorf’ought to increase the lifetime of the foil during the implan-
ments are in the rangd@~0.02—0.08 GK and here, the tation proces$5]. A copper tube extended to within 2 cm of

power produced by the CN cycle is limited by the rate of thethe target holder. It was COOqu to Iqu|d—n|trogen tempera-
slowest reaction N(p, y)*%0. Previous measurements of ture in order to reduce the buildup of contaminants on the

the ™N(p,)%0 reaction [1] indicate that the reaction target, and biased te-90 V for suppression of secondary
\ . - electrons from the target.
mechanism at low energies includes contributions from reso- The implantation was performed at an energy of 45 keV

nant capture, direct capture, and from the tail of a subthreshjsing the Department of Physics & Astronomy ion implanter
old resonance at a center-of-mass enefgy, = —504 keV 4 the University of North Carolina. Beam currents were lim-
(Ex=6793 keV). A recent measurement of the lifetime ofted to 1.25uAin order to keep the thermal stress within
the 6793-keV stat¢2] implies that the subthreshold reso- gjlowable limits. A target thickness of 2.2(2)g/cn? was

nance plays a relatively minor role, which is confirmed in ameasured via Rutherford backscatteringegt=2 MeV and
reanalysis of thef, y) data by Angulo and Descouvemont at ¢,,,=130°-170°.

[3]. Nonetheless, thep(y) excitation functions show con-
siderable structure, which complicates the extrapolation of
experimental results to astrophysical energies. Therefore, it is 31 2 ) .
useful to isolate the different reaction components using A 20-MeV *He?” beam was provided by the Triangle
complementary techniques. For example, the direct-capturgniversities Nuclear Laboratory FN tandem accelerator.
contribution can be examined separately through protonlypical beam currents were between 100 and 150 pnA. The
stripping reactions. However, the only previous measuremerfUtgoing deuterons were momentum-analyzed using an Enge
of an absolute cross section for théN(*He,d) ™0 reaction ~ SPlit-pole spectrometer and detected within a 42-cm long
is from Artemovet al. [4], who report a spectroscopic factor Position-sensitive avalanche counter. The solid angle of the
and nuclear vertex constant for the ground state. SurprigtPectrometer was fixed at 2.0 msr in order to reduce the
ingly, there have been no absolute measurements for arffidths of the contaminant lines arising from carbon and oxy-
excited states. In this work, we have used tfé(*He,d)1%0  gen in the target. Data were collected fraig,=5° to 22.5°
reaction to populate states itfO up to the lowest-lying N 2-5° steps and from 25° to 45° in 5° steps. Two momen-
(p,) resonance aE,=7557 keV €., =254 keV). The tum bites were required in order to observe states Ufto
extracted spectroscopic factors and asymptotic normalizatiofr 8 MeV.

coefficients(ANCs) can be used to calculate the cross sec- _The composition of the target was monitored using a
tions for direct capture it*N(p, v)°0. AE-E silicon telescope, mounted in the target chamber at

0p=44.2°. No systematic evidence of nitrogen depletion
was observed. Overall, the density of the target remained
Il. EXPERIMENTAL PROCEDURE AND RESULTS constant between runs, to an accuracy of 8%.

B. Experimental details

A. Target production
getp I1l. DATA ANALYSES

A target of N was produced by implanting singly
charged!*N ions into a 40xg/cn? "3'C foil. The foil was
slackened by exposing it to a hand-held camera flash unit at Sample deuteron spectra collecteddgt,=5° are shown
a distance of 7 cm prior to ion bombardment, which mini-in Fig. 1. Absolute cross sections were determined using the

A. Angular distributions
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measured target thickness, the spectrometer solid angle, and B. Spectroscopic factors

the charge-collection efficiency derived from a previous The relationship between the measured differential cross

measuremen(i6]. The uncertainty in the cross-section scalegection, @/dQ.,, and that calculated bypwucks,
is 14.5%, which is dominated by the 10% uncertainty in thegs/d0 s, is P

target thickness and a comparable uncertainty in our estimate

of the charge-collection efficiency. do (23¢+1) b do
Theoretical differential cross sections were calculated al = (23;+1)(2j+1) a0

with the distorted wave Born approximatigBWBA) code P

DWUCK4 [7]. A number of published optical potentidB] for

this mass and energy region were surveyed and few pr

duced acceptable fits to the data. The quality of the fit wa

) . . . he transferred total angular momentum. Here we assumed
particularly sensitive to the choice of deuteron potentials an 251, 1desy, and 1y, transfers. The quantitg2S is
in general, those with no volume-imaginary and moderat%hpl’z’ 12 =512 12 ' q
surff";\ce-|mag|nary terms performeq the best. Two sets of P% om our data are listed in Table II. The values listed for each
tentials(labeled | and I} produced fits of comparable quality optical potential include a %= uncertainty composed of con-
that were superior to other combinations, and these are listgip ;sions from statistics, target composition, and the DWBA
in Table 1. In contrast, the choice of bound-state potentiaki yith the exception of the spectroscopic factors for the
parameters is somewhat arbitrary. We have used paramet&541_kev state and for the=3 component of the 6176-keV
from an earlier study4], but other choices could be easily state, the values obtained from the two optical potentials are
justified. This ambiguity will introduce some model depen-in agreement and thus are combined in a weighted average to
dence in our final results, a point that we will discusss inproduce our recommended spectroscopic factors. The uncer-
some detail in Sec. IV A. Angular distributions and associ-tainty in these final numbers also includes our uncertainties
ated DWBA fits are shown in Fig. 2. in the absolute cross-section scale and in the normalization

@

1
) DWBA

JvhereN=4.42 is an overall normalizatid®], J; andJ; are
%he spins of the final and initial states, respectively, pisd

e spectroscopic factor. The spectroscopic factors extracted

TABLE I. Optical-model parameters, using data from H&f. unless noted otherwise.

Set \ Ie ar W, Wp ri=rp aj=ap Vso lso Aso e

I: He 130.0 1.07 0.79 9.17 1.67 0.72 4.0 0.96 0.79 1.30
I: d 107.5 0.884 0.915 6.55 1.593 0.684 1.30
Il: 3He 177.3 1194 0.640 1259 1.671 0.936 1.25
I: d 94.79 1.05 0.843 8.58 1.573 0.573 6.98 1.05 0.843 1.30
p? b 1.30 0.70 A=25 1.25
3Referencd4].

bvaried to match separation energy.
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cussed below in Sec. llI)Qwith a theoretical uncertainty of
about 15% and we have adopted this same uncertainty.for
The normalization and absolute cross-section scale are the
dominant contributors to the overall uncertainty in the rec-
ommended spectroscopic fact@nd ANQ. In contrast, the
uncertainty arising from the choice of optical potential is
negligible.

Spectroscopic factors reported in previous studies by
Schraler et al. [1] and Artemovet al. [4] are also listed in
Table Il and there is good agreement with our results for
most states. However, the agreement in the former case is
surprising because they used very different bound-state po-
tentials ¢,=1.7 fm anda=0.7 fm, versus,=1.3 fm and
a=0.7 fm in the present studlylf these parameters were
used to analyze our data, then the resulting spectroscopic
factors for the bound states would decrease by about a factor
of 2.

To further test the reliability of our absolute cross-section
scale and spectroscopic factors, we have estimated the proton
width of the 7557-keV state using the relation

I',=C?ST, 2

wherel'g, is the calculated proton width for a pure single-
particle state. As discussed by Haeal. [6], the product of
C?S and I's, is quite insensitive to the bound-state param-
eters, provided that the same wave functions are used to
calculate each quantity. Using our value®fS=0.82(18),

FIG. 2. Angular distributions and DWBA fits for the states of we obtainT’,=1.04(23) keV, which is in excellent agree-
interest. The orbital angular momentum transfer is noted for eaciment withI";=0.99(10) keV, obtained independently from
fit. The error bars represent statistical errors as well as the estimate(qb, v) measurementl].

relative uncertainty in the target density.

factor N. The latter source is usually not included in DWBA

C. Asymptotic normalization coefficients

In situations where the reaction process is peripheral,

analyses and it is not clear what a reasonable estimate of thwehich is often true for both direct-capture and stripping re-
uncertainty would be. However, when the cross section isctions, the reaction amplitude is mainly determined by the

recast in terms of ANCs, an analogous term ex{sts dis-

overlap integrals in the region external to the nucleus. In this

TABLE Il. Summary of spectroscopic factors.

c2s
E, (keV)? Jma I Set | Set Il Adopted LiteratuPe

0 i- 1 1.82) 1.6(1) 1.7(4) 1.29189), 1.4
5183 1+ 0 0.005716) 0.004615) 0.004915) 0.0041)
5241 5+ 2 0.0837) 0.121) 0.09420) 0.061)
6176 3- 1 0.0474) 0.0545) 0.05011) 0.03416)

3 0.07%7) 0.0596) 0.06514)
6793 3+ 0 0.586) 0.485) 0.51(11) 0.491)

2 0.152) 0.162) 0.163)
6859 5+ 2 0.635) 0.595) 0.61(13) 0.371)
7276 I 2 0.695) 0.64(5) 0.6614) 0.351)
7557 1+ 0 0.868) 0.787) 0.8218) 0.798)"

3 rom Ref.[10].

®From the p,y) work of Ref.[1], unless otherwise noted.
°From the fHe,d) work of Ref.[4].
dCalculated fronl",=0.99(10) keV(Ref.[1]).
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case,theoverlapintegrﬁ(r)forB—>A+pcanbeapproxi— L e e I
mated by a Whittaker function:

(9]

|E(r)%CB\N_”'|+1/Z(2kr)’ () §

g

where W is the Whittaker function, is the Sommerfeld &£
parameter) is the orbital angular momentum, akds the &
wave number for the bound proton. For unbound states, theg

Whittaker function is replaced by the asymptotic form of the @

L/ N TR T T N S TN SN AN S TN A (NS S S NN T T

Gamow wave functiofll]. The quantityCg is the ANC for §
B— A+ p, which is related taC2S via 3
O

Cp=(C?9)"bg. (CO-

o

Here,bg is the(calculatedd ANC for the single-particle wave ~°C~’
function R(r): -

W_ 1+ 12(2Kr) ol v vy
R(r)~bg—2———. 5 0 2 4 6 8

r

. . . ) Cutoff Radius (fm)
A more detailed discussion of the ANC technique can be

found, e.g., in Ref{12]. Within the ANC ansatz, the relation- FIG. 3. Forward-angle cross sections, integrated over the range
ship between at/d(),, and that calculated bywuck4 is 6.m=0°-20° as a function of cutoff radius for the ground, 5183-,
and 7276-keV states.
do .
Tl , (6)  the adopted values from Table Il and in general, the agree-
DWBA ment is excellent. Such consistency owes to the fact that we
have used the same bound-state parameters for both the spec-
whereC,5 and C5 are the ANCs for'®0— N+ p and *He b P

: X troscopic factors and the ANCs. This should not be surpris-
—d+p, respectively. The former is the ANC that we extracti,, since, on a theoretical level, the ANC and the spectro-
from our data, whereas the latter is determin&d] to be

vy . ) 14 scopic factor are related quantitigd6]. However, the
3.96) fm~~. The quant!tyblg, is the QNC 1;or th_e N+p techniques used to extract them from the data are clearly
bound-state wave function amg=|(d|*He)|?, which is the  gifterent.

s-state probably for’He. An average of the results of 8-
calculations by Wiet al.[14] yieldsb3=0.8989). Theratio

C3/b3 is analogous to the normalizatidhused in extracting
spectroscopic factors. The value here is 4684 and we A. Systematic uncertainties
have applied the same relative uncertaintyNpas men-

(23,+1)  CZ cg(do
(23 +1)(2j+1) p2_ p2|dQ

exp

IV. CONCLUSION

. The spectroscopic factor in the DWBA is determined pri-
tioned above. _ o , __marily within the nuclear interior and thus its value depends
To determine if our kinematics imply a reaction that is upon the parameters chosen for the bound-state potential,
predominantly peripheral in nature, we have calculated the hich are only weakly constrained by experiment. In con-
DWBA cross section, integrated over the region of the ﬁrSttrast, the ANC(as derived from experimental datia insen-

maximum (specifically, from 6., =0°-20°), for several gjive to the bound-state wave function by construction. The
values of the cutoff radius, which is the inner bound on the

radial integral. These results are shown in Fig. 3 for the ag| £ i1 Summary of asymptotic normalization coefficients.
ground (=1), 5183-keV (=0), and 7276-keV I(=2)
states. In all three cases, the major @a®0% on average C2 (fm™1)

of the cross section arises frare=5 fm. Since the combined g (kev) | Set | Set |l Adopted
interaction radii of 3He+ N is about 4.1 fm[15], the

¥N(PHe,d)®0O reaction is indeed peripheral &(3He) 0 1 584) 68(5) 63(14)
=20 MeV. To minimize systematic uncertainties associated 5183 0 0.113) 0.124) 0.1%4)
with our choices of optical-model parameters, we have ex- 5241 2 0.121) 0.131) 0.123)
tracted ANCs from the angular distribution at forward angles 6176 1 0.444) 0.484) 0.46(10
only (6,,,=<15°), and these are listed in Table Ill. However, 6793 0 212) 22(2) 21(5)
these results would not change significantly if the full angu- 2 0.0838) 0.08Q9) 0.08419)
lar distributions were used instead. The uncertainties quoted6ss9 2 0.383) 0.373) 0.368)

in Table Il were obtained in a manner analogous to that 7276 2 2.6(2K10° 2.8(2)x 10° 2.7(6)x10°
described above for the spectroscopic factors. In Table 1V, 7557 0 3.2(3x10% 29(2)x10* 3.1(7)x10*

we compare the spectroscopic factors derived from ANCs te
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TABLE IV. Comparison of spectroscopic factors. The results are shown in Figure 4. The spectroscopic factor
for the ground state varies over a factor of 2.78 for the 12
c?s combinations of radius and diffuseness. In comparison, the
Ex (keV) | a b corresponding ANC varies by a factor of just 1.03. Since the
0 1 1.74) 1.63) wave function_ for the 7557-k_eV state _extends weI_I beyond
5183 o 0.004415) 0.00289) the r}L_JcIeus, its spectroscopic fa(_:tor is comparatively Ies;
: ' sensitive to the bound-state potential. Here, the spectroscopic
5241 2 0.09€20) 0.08017) factor and ANC vary over factors of 1.39 and 1.08, respec-
6176 1 0.05QLT) 0.08419) tively. Although the spectroscopic factor and ANC have
6793 0 0.511) 0.5112) similar experimental uncertainties, the former clearly has an
2 0.163) 0.174) inherently larger systematic bias. On the other hand, the
6859 2 0.6113) 0.6915) ANC approach assumes a peripheral process, which must be
7276 2 0.6614) 0.7216) verified on a case-by-case basis.
7557 0 0.8218) 0.8218) We emphasize that the spectroscopic factors and ANCs
%From Table 1L are only intermediate steps in calculating quantities of astro-

physical interest, such as cross sections for direct capture or
proton widths for resonances, and it is the uncertainties as-
) ) o sociated with the latter that are of more direct significance.

ANC technique is clearly a useful way of parametrizing apere, the spectroscopic factor or ANC acts as a scaling factor

peripheral reactiohl17]. To iIIustrq’ge the effect of the bound- hat relates a(theoretical single-particle quantity to its
state parameters on both quantities, we have calculated SPgshysical counterpart, e.g.,

troscopic factors and ANCs for two cases: a tightly bound
state(the ground stateand a state that is slightly unbound oP€=C2S07"; I',=C?STl, (7
(the 7557-keV stade The salient difference between these

two extremes is that the wave function describing the fOI’me(Nhere O-DC and O-Phc are the experimenta| and theoretical

state is confined to the nuclear region, whereas the latter hafrect-capture cross sections, respectively, dng is the
a significant amplitude outside of the nucleus. The followingaforementioned single-particle width. Analogous expressions

radius and diffuseness parameters were used1.15, 1.25, using ANCs can be obtained by replaci@gs with C24/bZ.
1.35, and 1.45 fm, ané=0.5, 0.6, and 0.7 fm, and the g, ,DC

. i and I's, are determined near to or outside the
entrance and exit parameters were taken from s@alble ). ;cjeus: the overlap integral describing direct capture often

reaches a maximum well outside the nuclear radius, while

.. 20 2||||||||||||||||||||||||||||||||||

PCalculated fromC2S=C3//b3.

Ground State

5
O
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05 1.2 135 fm) -
. 06 1. 0.7 145 rarm :
D'ffusen 07 148 arame" aad® pa FIG. 5. S factor for direct capture to the ground state 50
S

(fm) gadi® calculated using the set Il optical-model parameters. The dark band
was calculated using the ANC for the ground state and shows
FIG. 4. Contour plots showing the relative variation in spectro-the +=1-¢0 variation for the ranges,=1.15-1.45fm anda
scopic factors and ANCs for the ground and 7557-keV states, as @0.5-0.7 fm. The lighter band indicates the same quantity ob-
function of radius and difuseness. tained using the spectroscopic factor.
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TABLE V. S-actor coefficients. Changing the bound-state wave function will change both
a'chC and dr/dQpyea in the same direction. The ratio of
Ex (keV)  S(0) (keV b) S'(E) (b) S'(E) (b/keV)  these two quantities is therefore less sensitive to the bound-
4 — state potential. Clearly then, the systematic uncertainty in the
(5) 183 ) 3;(%;0;0,3 86;53;(1297 _7'345;1;)0,7 productC?S oy, is much less than foE?S alone. We illus-
soa1 ' 0.0116) 8.03>< 10-5 —1.35>< 10-5 trate this point in Fig. 5 in which the cross section for direct
' ) s ' e capture to the ground state, calculated with parameter set Il
6176 0.13833) —7.23x10 1.45¢10 and the various values for anda listed above, is shown as
6793 1.1728) —6.94¢10 ¢ 6.89<10 a function of energy. AlthouglC2S varies by a factor of
6859 0.034684) 3.12x107° 2.46x10°° 2.78, the resulting maximum and minimum valuesot®
7276 0.018645) 3.81x10°° 6.72<10°° differ by an average of 80% fdg. ,,=0.05—3.5. MeV. The

corresponding range using the ANC is 22%. The former de-
viation is still larger than the latter because for this case a
I's, depends on the values of the bound-state and Coulomgizeable portion of the direct-capture integrand comes from
wave functions at the interaction radius. Thus, these quantthe nuclear interior. However, both deviations become
ties will vary with the choice of bound-state potential in the smaller as the excitation energy increases. Note that these
opposite direction as compared to spectroscopic factorgincertainties are derived only from variationsrinand a,
which depend more on the internal properties of the waveand do not include any other sources of error. We have also
function. For example, a narrow, deep potential leads to &alculated the proton width for the 7557-keV state and obtain
larger value foiC?S and a smaller value far(" than would ~ 0.972) keV using C2S and 1.102) using the ANC, which

be the case for a wide, shallow potential. Another way toare consistent with each other and are of similar precision.

illustrate this point is to consider the proportionality Consequently, one might argue that the effects of uncertain-
ties associated with spectroscopic factors have been over-
stated in the past. However, it is necessary to usestimee
bound-state wave function farh," as for C?S, which is
often ignored and can lead to erroneous results. This require-

(8 ment can be considerably relaxed when using ANCs. If the
ANC technique is applicable, the results obtained from it are

therefore more robust.

LI LI L B L B L

R/DC — 6793

FIG. 6. S factors for selected
transitions in the**N(p, y)°0 re-
action, taken from the data of Ref.
[1]. The label R/DC refers to the
fact that both resonances and di-
rect capture can play roles in these
transitions; the locations of ex-
pected resonances are indicated by
the vertical arrows. Our predic-
tions for the direct-capture com-
ponent are indicated by the solid
lines and the shaded areas repre-
sent the le uncertainties in our
predictions. The dashed lines are
] [ y g the fits from Ref.[1] with reso-
o1s | [ Vg kipe 1 nances removed. Note that the

i — [ & 52410 transition results from
several direct transitions, which
have been combined in the solid
curve.

025 [

S-Factor (keV b)

0.05 [ <H
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B. Astrophysical aspects Our value forS(0) [1.17(28) ke\b] is somewhat lower than

We have calculated®€ for transitions leading to bound that of Ref.[1][1.41(2) keW]. However, this is mainly the
states in*®0 using the ANCs listed in Table Ill. The coeffi- result of the large radius used in their calculationodt©
cients of second-order polynomial fits @f°©, valid for  (corresponding to,=1.7 fm). Our prediction for the transi-
E.m=750 keV, are displayed in Table V. In assigning antion to the 7276-kev state also adequately represents the data.
uncertainty toS(0), we have combined the uncertainties The values ofg°¢ for the 52410 and R/DG-6859 tran-
listed in Table Il with an overall systematic uncertainty of sjtions appear to underpredict the data. However, these tran-
+10%, which is a conservative estimate of the average unsjtions also have significant contributions from resonances.
certainty accompanying the choice of bound-state parametefg general, our predictions are consistent with fite from
for the states under consideration. The resulting overall Ungchialer et al. [1] ( the dashed curves in Fig).6Since the
qertainty i_n S(0) is typically 24% vyith the major contribu- IN(p, 7) %0 reaction process is complicated by the inter-
tions arising from the determination of _th‘; azbsolute Cros$jay of resonances, direct capture, and interference effects at
section(14.5% and from the uncertainty i€3/b3 (15.29.  gtellar energies, independent constraints on these quantities

Aco_mparlson between our estimat8éactor and the data gpe gn important means to ensure the accurac$ faictors
of Schraleret al.[1] for the 52410 transition and capture Jerived from higher-energy data. The present work has pro-
into the 6793-, 6859-, and 7276-keV states are shown in Figyiged reliable predictions of the direct-capture component of

6. The other transitions are either dominated by resonancfis reaction, which will improve the analysis and interpre-
or the excitation functions are incomplete. Outside the resogtion of the 1N(p, y) %0 excitation function.

nance ate;,,=259 keV, the strong transition to the 6793-
keV state is well described by our res(ttie solid line is our
prediction and the shaded area represents-thhes error
band. It should be emphasized that oS8rfactor is deter- This work was supported in part by US DOE Grant No.
mined independently and does not represent a fit to the datBE-FG02-97ER41041.
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