
PHYSICAL REVIEW C, VOLUME 65, 064609
Measurement of theERÄ338 keV resonance strength for23Na„p,a…

20Ne
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The University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-3255

and Triangle Universities Nuclear Laboratory, Durham, North Carolina 27708-0308
~Received 31 January 2002; published 28 May 2002!

The absolute strength of theER5338 keV resonance for23Na(p,a)20Ne has been determined. The experi-
ment was carried out by measuring the number of resonanta particles, integrated over the yield curve,
simultaneously with the number of Rutherford scattered protons. The method applied in the present work is
independent of target stoichiometry, uniformity, stopping power, beam straggling, and current integration. For
the resonance strength, we obtained a value ofvg5(7.1660.29)31022 eV. Previous results are systemati-
cally higher, because the change of target stoichiometry under proton bombardment was not taken into account.
With proper consideration, the present method can also be applied to other low-energy (p,a) resonances.

DOI: 10.1103/PhysRevC.65.064609 PACS number~s!: 24.30.2v, 25.40.Cm, 25.40.Lw
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I. INTRODUCTION

The determination of absolute resonance strengths is
portant for a variety of topics in nuclear physics, particula
in nuclear astrophysics. Many important nuclear reaction
stars proceed through resonances and the thermonuclea
action rates are directly proportional to the resona
strengths@1#.

Most resonance strengths are derived from the step he
of thick-target yield curves@2#. This method requires knowl
edge of the target stoichiometry, absolute stopping pow
absolute proton charge deposited on the target, and abs
detection efficiencies. All these factors are difficult to det
mine and are sources of potential systematic errors. Co
quently, discrepancies by factors of 2 or more between
ferent absolute resonant strength measurements are com
in the literature. Relative measurements of resona
strengths are less difficult and literature values derived
different authors are usually in good agreement. Rela
resonance strengths are frequently converted to abso
strengths by comparing the thick-target yield for the re
nance of interest to the yield for a resonance of reco
mended standard strength.

In a previous paper@3#, henceforth called ‘‘paper I,’’ we
described a method of measuring absolute resona
strengths for (p,g) reactions which does not depend on t
properties of the target~stoichiometry, stopping power, an
uniformity! and the incident ion beam~current integration
and beam straggling!. Furthermore, reliable resonanc
strength standards for (p,a) reactions at low energies hav
not been reported in the literature. Therefore, in the pres
work we extend our previous method to the case of a (p,a)
reaction. This method involves measuring the number
resonanta particles, integrated over the yield curve, simu
taneously with the number of Rutherford-scattered proto

We have chosen theER5338 keV resonance1 in the
23Na(p,a)20Ne reaction for our study, because this react

1Note that Ref. @4# quotes a value ofER5338.660.6 keV,
whereas one obtainsER5336.360.8 keV from the quoted excita
tion energy@4# and the (p,g) Q value @5#.
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is part of the Ne-Na cycle and is important for nucleosynth
sis in various astrophysical sites, including globular clus
red giant stars@6# and novas@7#.

The experimental equipment used in the present meas
ments is described in Sec. II, followed by the formalism
determining absolute resonance strengths for a (p,a) reac-
tion in Sec. III. Our procedures for measuring resonan
strengths and detection efficiencies are presented in Sec
A summary is given in Sec. V. Throughout this work,Ep and
ER denote the proton bombarding energy and the resona
energy, respectively. All quantities are given in the laborat
system unless mentioned otherwise.

II. EXPERIMENTAL EQUIPMENT

A. Setup and targets

The present experiments were performed at the Trian
Universities Nuclear Laboratory~TUNL!. The 200 kV
minitandem accelerator@8# provided proton beams in the en
ergy rangeEp<480 keV. The uncertainty in absolute energ
and the energy spread were62 keV and 1 keV, respec
tively.

The experimental setup used for the resonance stre
measurements is shown in Fig. 1. The proton beam ent
the scattering chamber through a 3-mm-diam collima
passed through the transmission target, and was stop
'1.5 m away on a tantalum beam stop located outside
the chamber. Proton beam intensities on target were typic
80–300 nA. The scattering chamber with target ladder w
electrically insulated from the beam line and the entran
collimator. Emission of secondary electrons was suppres
by using antiscattering slits and a permanent magnet, loc
behind and around the collimator, respectively. The scat
ing chamber together with the target ladder and beam s
acted as a Faraday cup for measuring the total current p
ing through the target.

A carbon backing foil of 20mg/cm2 thickness was
floated on water and mounted on a stainless steel frame
a 1-cm-diam hole. NaCl was evaporated from a tantal
boat onto this foil under vacuum. The resulting target thic
ness was '5.0 keV at proton beam energies ofEp
©2002 The American Physical Society09-1
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'340 keV. The NaCl target was tested frequently during
course of the experiment by monitoring the spectrum
backscattered protons. The target could withstand beam
rents of up to 300 nA over several hours without noticea
deterioration in thickness or yield.

B. Detectors

Elastically scattered protons were detected with
100-mm-thick ion-implanted Si detector. A 0.8-mm-diam a
erture was placed in front of the detector at a distance of 1
cm from the target. The energy calibration and resolution
the detector were obtained by measuring protons elastic
scattered from a thin Au transmission target. The ene
resolution was'10 keV. The detector angle was fixed
up5155° with respect to the beam direction, except for
angular distribution measurements.

The a particles were detected in a 1000-mm silicon
surface-barrier detector with an active area of 450 mm2. A
2.2-mm-thick Havar foil ~CrCoNi alloy! was placed in front
of the detector in order to prevent the large number of e
tically scattered protons from reaching the counter. The
tector was mounted at a distance of 4.2 cm from the ta
and the angle was fixed atua5140° with respect to the beam
direction.

Throughout the experiments, dead times and ampli
gain stabilities were monitored with a precision pulse g
erator.

III. FORMULAS

The strengthvg of a (p,a) resonance is defined by th
expression@2#

FIG. 1. Schematic diagram of the experimental setup used
the resonance strength measurement. Figure is not to scale.
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vg5
2J11

~2 j p11!~2 j t11!

GpGa

G
, ~1!

with J, j p , and j t the spin of the resonance state, projecti
and target nucleus, respectively. The partial widthsGp and
Ga describe the probability of formation and decay of t
resonance through the proton anda-particle channel, respec
tively.

The resonance strengthvg is related to the areaA under
a resonant yield curve@2#,

vg5
2

l2

1

nt
A, ~2!

wherel is the de Broglie wavelength of the incident proto
evaluated at the resonance energy andnt is the number of
active target nuclei per unit area. It is shown in Ref.@2# that
Eq. ~2! is independent of straggling and beam homogene
In paper I we stated that Eq.~2! is applicable if the target
thickness is much larger than the resonance width. Howe
closer inspection of the formalism described in Ref.@2# re-
veals thatvg in Eq. ~2! is independent of the resonanc
width as long as~i! the resonant cross section is described
the Breit-Wigner formula and~ii ! the de Broglie wavelength
and the partial widths are nearly constant over the width
the resonance. This consideration is important for the pre
work since theER5338 keV resonance in23Na(p,a)20Ne
has a total width of'0.7 keV @4#.

For sufficiently thin targets, the differential Rutherfor
cross section and the stopping power are approximately c
stant over the target thickness. Under this additional assu
tion it follows from the formalism presented in paper I th
the (p,a) resonance strengthvgpa may be written as

vgpa5
2

l2

4p

Wa~u!

Vp

Va
E Na~E!

Np8~E!
sRuth~E!dE, ~3!

whereNp8 , Na , Vp , and Va are the number of observe
elastically scattered protons, the number of observeda par-
ticles, and the solid angles of the proton anda-particle de-
tectors ~in steradian!; sRuth is the differential Rutherford
cross section;Wa(u) is the 0 angular distribution of the reso
nant a particles averaged over the solid angle of t
a-particle detector. All quantities in Eq.~3! are given in the
center-of-mass system.

We emphasize that the resonance strength in Eq.~3! is
independent of the properties of the target~stoichiometry,
stopping power, and uniformity! and the beam~current inte-
gration and straggling!, but depends on the observed num
bers of resonanta particles and elastically scattered proto
and on the angular distribution of the resonanta particles.
Also note thatvgpa depends on the ratioVp /Va and, con-
sequently, is independent of the knowledge ofabsolute
a-particle and proton detection efficiencies. This ratio w
measured directly in the present work with the15N(p,a)12C
reaction atER5340 keV ~Sec. IV B!.

or
9-2



-
ou
es

d
b

ca
m

t

gt
r

hi
rin

en-

the

nes
nts.
ny
ent

r-

thin
sed
for

gle

he
tec-
s
u-

.
d

re

e

er

MEASUREMENT OF THEER5338 keV RESONANCE . . . PHYSICAL REVIEW C 65 064609
IV. PROCEDURE

A. Yields of a particles and protons

A typical resonanta-particle spectrum measured atEp
5341 keV, with thea-particle detector positioned atua
5140°, is shown in the top part of Fig. 2. Thea-particle
yield curve of the ER5338 keV resonance in
23Na(p,a)20Ne obtained with a 5-keV-thick NaCl transmis
sion target is presented in Fig. 3. A least-squares fitting r
tine was used in order to determine the area under the r
nant yield curve@3#. For the integral in Eq.~3! we obtain a
value of (42.7060.87) fm2 keV/sr.

A proton spectrum measured atEp5400 keV with the
proton detector positioned atup5155° is displayed in the
bottom part of Fig. 2. Contributions from Na and Cl an
from the carbon backing are clearly resolved. It should
pointed out that the peak positions of protons elastically s
tered by Na or Cl contain information regarding the bo
barding energy and have been used in order to check
energy calibration of the accelerator.

Our method of measuring absolute resonance stren
depends on the assumption that the proton elastic scatte
at low energies is well described by the Rutherford law. T
assumption was verified in the present work by measu

FIG. 2. Top: resonanta-particle spectrum measured atEp

5341 keV with thea-particle detector located atua5140°. The
peak centroid corresponds to ana-particle energy of about 720 keV
Potential background from elastically scattered protons cause
pinholes in the Havar foil would occur below 300 keV~channel
130!. Bottom: spectrum of elastically scattered protons measu
with a NaCl transmission target, obtained atEp5400 keV andup

5155°.
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the yield of scattered protons~i! as a function of bombarding
energy at fixed detector angle~top left part of Fig. 4!, and~ii !
as a function of detector angle at constant bombarding
ergy ~top right part of Fig. 4!. The bottom part of Fig. 4
shows the yield curve for proton elastic scattering over
region of theER5338 keV resonance in23Na(p,a)20Ne.
The data include on- and off-resonance runs. The solid li
represent the Rutherford yield normalized to the data poi
No deviations from the Rutherford law were observed in a
of the elastic scattering yield curves obtained in the pres
work.

B. Detection efficiencies

The resonance strengthvgpa given in Eq.~3! depends on
the ratio of proton anda-particle detection efficiencies. In
the present work, the ratio was measured near the broadER
5335 keV(Jp512) resonance in15N(p,a)12C. It is shown
in Ref. @9# that the angular distribution of the15N(p,a)12C
reaction is isotropic atEp5340 keV. Therefore the solid
angle ratioVp /Va is given, apart from center-of-mass co
rections, by the ratio of the observeda-particle intensities in
each detector. This measurement was performed with a
15N-enriched melamine target with the same setup as u
for the resonance strength measurement. After correcting
the effects of finite target thickness and detector solid an
attenuation, we find for the ratio of proton anda-particle
detector solid angles a value2 of Vp

lab/Va
lab5(2.330

2The quoted number has to be converted to the23Na1p center-
of-mass system for use in Eq.~3!. The result isVp /Va5(2.283
60.057)31024. Note that we are assuming a value of unity for t
intrinsic efficiencies of the charged-particle counters for the de
tion of low-energy protons anda particles. This assumption ha
been verified in the present work by performing Monte Carlo sim
lations @14#.

by

d

FIG. 3. Relative yield ofa particles in the energy region of th
338 keV resonance in23Na(p,a)20Ne. The solid line is a least-
squares fit to the data~Sec. IV A!. The squares represent upp
limits.
9-3
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60.057)31024. This result has a much smaller error com
pared to the valueVp

lab,abs/Va
lab,abs5(2.160.3)31024,

which is calculated from the geometry of the charge
particle detectors.

C. Angular distribution

As can be seen from Eq.~3!, the resonance strength d
pends on the angular distribution of the resonanta particles.
The angular distribution is given by@2#

Wa~uc.m.!511(
k

akQkPk~cosuc.m.!, ~4!

whereak , Qk , andPk(cosuc.m.) are the angular distribution
coefficients, solid angle attenuation coefficients, and L
endre polynomials, respectively. For theER5338 keV(Jp

512) resonance in23Na(p,a)20Ne, the angular distribution
coefficients ak have been measured previously in Re
@10,11#. The results of these independent measurements
in excellent agreement and a weighted average has

FIG. 4. Yields of elastically scattered protons from23Na. The
top left part of the figure shows the yield as a function of bomba
ing energy, with the proton detector located atup5155°. The top
right part shows the angular distribution obtained atEp

5440 keV. The bottom part of the figure shows yields of elas
cally scattered protons over the region of theER5338 keV reso-
nance in 23Na(p,a)20Ne. The data include on- and off-resonan
runs. In all diagrams the solid line represents the Rutherford y
normalized to the data.
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adopted in the present work. We have estimated the atte
tion coefficientsQk according to the procedure given in Re
@2#. The resulting value for the angular distribution, averag
over the solid angle of thea-particle detector, isWa(uc.m.
5141.2°)51.29360.034.

V. RESULTS AND DISCUSSION

We obtain a value ofvgpa5(7.1660.29)31022 eV for
theER5338 keV resonance in23Na(p,a)20Ne. The experi-
mental error of 4.1% is given by uncertainties in the ar
under the resonance curve~2.0%!, the ratio of the proton and
a-particle detection efficiencies~2.5%!, and thea-particle
angular distribution~2.6%!.

Previous values for the resonance strength were de
mined using the step height of the thick-target yield curveYa
according to

vg5
2ee f f

l2

Ya

VaWa~u!
. ~5!

All measurements~present and previous! have used NaCl
targets. In this case, the effective stopping power is given

ee f f5eNa1
NCl

NNa
eCl , ~6!

whereeNa andeCl are the stopping powers of protons in N
and Cl, respectively, at the resonance energy;NCl and NNa
are the number of Cl and Na target atoms per unit area.
quantities in Eqs.~5! and~6! are given in the center-of-mas
system.

In Refs. @11,12#, resonance strengths were obtained
assuming a target stoichiometry of Na:Cl51:1. In Refs.
@10,13#, only resonanta-particle yields are presented. W
have converted those yields into resonance strengths by
ing the stopping power values of@14# and a stoichiometry of
Na:Cl51:1. All vgpa values are listed in Table I and ar
shown in the top part of Fig. 5. It is apparent that~i! the error
of the presentvgpa value is much smaller compared to pr
vious results and~ii ! most vgpa values reported in the lit-
erature are systematically higher compared to our result.

-

-

ld

TABLE I. Absolute resonance strengths for theER5338 keV
resonance in23Na(p,a)20Ne.

vg31023 (eV)
Present Ref.@12# Ref. @10# a,b Ref. @13# a,c Ref. @11# a

71.662.9 97619 88616 72618 130633

aObtained by using stopping powers from Ref.@14# ~with an esti-
mated error of 15%!, assuming a target stoichiometry of Na:C
51:1.
bCalculated from the reported differentiala-particle yield measured
at ua590°.
cCalculated from the reported totala-particle yield and corrected
for angular distribution effects.
9-4
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MEASUREMENT OF THEER5338 keV RESONANCE . . . PHYSICAL REVIEW C 65 064609
We emphasize that a reliable resonance strength can
be obtained from Eqs.~5! and~6! if the target stoichiometry
is accurately known. It is interesting to note that the stoic
ometry of NaCl targets changes under proton bombardm
The effect is demonstrated in Fig. 4 of Ref.@15#. The NaCl
targets lost significant amounts of chlorine during bomba
ment. After an accumulated charge of'831025 C, the sto-
ichiometry amounted to Na:Cl55:3 and remained approxi
mately constant for continued charge collection. A
accumulated charge of 831025 C is obtained after only 1.6
s with a 50-mA proton beam~as used in Ref.@12#! or after

FIG. 5. Top: present value for the resonance strength comp
with values reported in the literature, versus year of measurem
Symbols: star@13#, square@11#, diamond@10#, triangle @12#, and
circle ~present work!. Bottom: present value for the resonan
strength compared with literature results. The latter values h
been corrected for a stoichiometry of Na:Cl55:3 ~see Sec. V!. The
dotted lines indicate the error of the present value.
Y.
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260 s with a 300-nA proton beam~as used in the presen
work!. Therefore, we conclude that the target stoichiome
of all NaCl targets used in measurements of t
23Na(p,a)20Ne reaction differs significantly from the com
monly assumed value of Na:Cl51:1. In thebottom part of
Fig. 5 we show again allvgpa values, but now corrected fo
the variation in target stoichiometry~i.e., assuming a stoichi
ometry of Na:Cl55:3). Clearly, the agreement between th
present result~which is independent of target stoichiometr!
and previous values has improved significantly.

VI. SUMMARY AND CONCLUSIONS

The present work provides a standard resonance stre
for the 23Na(p,a)20Ne reaction atER5338 keV. The ex-
periment was performed by measuring simultaneously
number of resonanta particles, integrated over the yiel
curve, and the number of Rutherford scattered protons. It
been shown that the method applied in this work is indep
dent of the properties of the target~stoichiometry, stopping
power, and uniformity! and the properties of the beam~cur-
rent integration and straggling!. Our result isvgpa5(7.16
60.29)31022 eV. The accuracy and precision of the res
nance strength have been improved significantly compare
previous measurements. The influence of our result on
thermonuclear reaction rate of23Na(p,a)20Ne will be inves-
tigated in a forthcoming paper@16#.

Three necessary conditions have to be fulfilled for t
application of the present method. First, the partial wid
have to be approximately constant over the width of the re
nance; i.e., the total resonance width should be less t
several keV. Second, the Rutherford cross section and
stopping power have to be approximately constant over
thickness of the target; i.e., the target thickness should be
than'10 keV. Third, the proton elastic scattering has to
well described by the Rutherford law.
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