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1. Introduction

Direct charged-particle measurements of astrophysicabitance with stable beams have
been performed for more than half a century with essentihlysame basic components: a high-
intensity ion accelerator, useable targets and apprepratiation detectors. It is interesting to
note that early measurements of #@(p.y)*’F reaction, performed exactly 50 years ago [1], had
access to beam currents of up to 10 mA. A number of modern teevgy accelerators, dedicated
to nuclear astrophysics, are in existence, but none of fhbsehave performed so far experiments
with beam intensities in excess of 1 mA on target. Thus, imgeof beam intensity at low bom-
barding energies, we seem to have made a step back. (Howevee LENA-TUNL facility we
have recently produced a proton beam intensity of 3.5 mA aretadevelopment work is ongo-
ing.) And although modern stopping power tabulations all@mo characterize much better the
beam energy loss in the target, there have been no funddnmaptavements in target fabrication
techniques. On the other hand, the improvement in deteettinblogy over the past decades in
terms of energy resolution and detection efficiency has bredgyn stunning. It is no exaggeration
to state that a large part of the progress in nuclear asteigghis directly linked to fundamentally
improved detector technology.

We take the opportunity here to discuss a number of impoiganes related to direct charged-
particle measurements with stable beams. We will start ssing the importance of precise
measurements and it is shown how improved precision hagetdinpact on stellar model predic-
tions. Next, we comment on improved detection schemesn dftlving coincidences between
signals, that are used in order to reduce the radiation bagkgd not just by small factors, but by
orders of magnitude. Without such drastic improvementsontgmt future measurements will not
be successful. Finally, we attempt to quantify the impaanebsured nuclear physics quantities
(mean values and associated uncertainties) on the dedaetion rates. To this end, a Monte Carlo
method is employed, allowing for the calculation of the temarcrate probability density function
that is used to derive low, recommended and high reacti@s.rat

2. Precision

In many respects, th€O(p.,y)}’F reaction is a textbook case study. It represents a captare o
proton by an inert core, resulting in a rather smooth eneeggpeddence of the cross section, devoid
of narrow resonances at low energy. For many years it hasdeeme example of the so-called
direct proton capture model, which interprets the reacti@chanism in terms of a single-step,
direct interaction. Since target fabrication is straightfard, the reaction has also been measured
many times. Thus it is surprising that the rate, for examplkemperatures of 60-100 MK, has a
reported uncertainty of 40% [2]. It has been shown recerd]ytHat varying the rate within this
uncertainty results i’O/*0 ratios from hot bottom burning in massive AGB stars thatadpces
the observed anomalo80/160 ratio in the extraordinary presolar grain OC2. For thidipalar
reason, a reevaluation of the rate seemed worthwhile.

As a first step, existing measurements where evaluated.rnikduout that among the many
previous studies only two [4, 5] were useful consideringdbsand of high precision. Also, both
report cross sections for the transitions to the ground asteikcited state ih’F separately. Nev-



Direct charged-particle measurements Christian lliadis

ertheless, problems were found with the original data: ev@ihow et al. had underestimated their
uncertainties, Morlock et al. did not correct their datadomcidence summing. Luckily enough
information was presented in the original publications idev to perform the necessary correc-
tions. The strategy was to analyze both data sets sepanattiytwo entirely independent nuclear
reaction models (potential model and R-matrix theory). €D#xisting measurements [6, 7] could
not be analyzed since not enough information was providehdroriginal papers in order to per-
form the necessary corrections (for example, modern stgppowers). Another study [1] could
be considered (and the corresponding data corrected)héwytréported onlyotal cross sections
instead of cross sections for the individual transitionwug, these data cannot be analyzed in a
straightforward manner using the reaction models menti@mve. Nevertheless, their informa-
tion provides an important consistency check.

A sample of the new results is displayed in Fig. 1, showingahalysis of the total cross
section (sum of ground and first excited state) in the lowggneegion by using the potential
model. The black and the red lines correspond to the fits ®iChow et al. and Morlock et al.
data, respectively. The results are in excellent agreearahtfurthermore, are consistent with the
total cross section of Hester et al. (blue data points). Alamhevel of agreement is obtained in
the analysis of the data using the R-matrix model.

Numerical integration of the combined S-factors obtairwdiffferent transitions and different
reaction models yields a hew recommended reaction rateamitincertainty of only 7% at all
temperatures. In other words, tHO(p,y)1’F reaction exhibits now the most precisely determined
thermonuclear rates among any charged-particle captactioas in the A-12 mass range. This
level of precision is crucial for astrophysical predicgom\ithough the measurédO/60 ratio of
grain OC2 (1.2%103) could be reproduced in models of massive AGB stars witterldige un-
certainty range of the NACRE rate compilation [2], it apfseaow that the models clearly disagree
with observation when the new, much more precise reactitas rare used. Consequently, there
is no clear evidence to date for any stellar grain origin fnrmimssive AGB stars. Of course, stel-
lar model uncertainties, such as mixing prescriptions ossiass rates, still need to be evaluated
carefully in this context. For more detailed information the new'%O(p,y)1’F reaction rate, see

[8].

3. Experimental techniques

It is a well-known, albeit unfortunate, fact that in nucleaunting experiments the sensitivity
for detecting a signal above background is approximateakyctly proportional to the signal count
rate, but inversely proportional to theguare root of the environmental background count rate.
In other words, a background reduction by a factor of 100asponds to an improvement in
sensitivity by only a factor of 10. Thus a substantial effafrteducing the background is required
in order to observe very weak cross sections or resonarerggss.

Most reaction measurements of typeymr (a,y) have been performed using a large-volume
Germanium detector, surrounded by lead in order to reduceoamental background. Such a
system is limited to observing resonances with strengtindo about~10-8 eV. Recently the
sensitivity has been significantly improved by adding a sdctarge coincidence counter, for ex-
ample, Nal(TI). See Ref. [9] for details. The improvemenines because most nuclear reactions
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Figure 1: Total S-factor for*®O(p,y)1’F at low bombarding energies. The black and red lines showofits
different data sets by using a potential model (top) and Rirteory (bottom). Note that the low energy
data below 200 keV [1] cannot be used directly in our analsisise the individual transitions have not been
observed. From Ref. [8].

emit y-rays in a cascade instead of emitting a single photon. Sengeonmental background
decays produce a different decay pattern compared to tHearueaction of interest, requiring a
coincidence between primary and secondary counters wliliae the background substantially (up
to 3 orders of magnitude below 3 Me¥ray energy). This detection scheme has been applied in a
recent measurement of th&Na(py)2*Mg reaction at 150 keV bombarding energy and, as a result,
the reaction rates could be significantly improved. Foritigtaee Ref. [10]. Some of the astro-
physical implications are presented in Fig. 2, showingtepenass fractions of nuclides that are
predicted by hydrodynamical simulations of classical movehe open bars cover the yield range
obtained by using the previod$Na(py)?*Mg rate, while the full bars indicate the range when
the new reaction rates are used. The level of improvemerivi®os. (Note the vertical logarith-
mic scale.) For example, the yield variation for the impottadioisotope?®Al is reduced from a
factor 3 to only 24%. Similar improvements are obtained femental magnesium and aluminum
abundances. Clearly, reliable nuclear reaction studeemdispensable when confronting observed
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Figure 2: Mean ejected abundances from hydrodynamical classiced somulation. The vertical bars
represent the range of values resulting fréiNa+p uncertainties only; open and filled bars are obtained
using previous and net®Na+p rates, respectively. From Ref. [10].

abundances with stellar model predictions.

Most (pa) type experiments are performed with the same techniqueghaihtensity proton
beam is directed onto a thick beamstop target, while a larga-particle detector is positioned
in close geometry for detecting reactionparticles. Of crucial importance is the placement of a
thin foil in front of the particle detector to prevent thedarflux of elastically scattered protons
from reaching the detector and obscuring the weak signahtefést. An example of such an
experiment is the recent detection of the 190 keV resonané&i(p,a)**N by the Orsay group
[11]. This particular resonance is relatively strong, wattstrength ofwy ~ 2 x 102 eV, and
impacts significantly on the nucleosynthesis in classiealar. Because of its importance we
remeasured the resonance at LENA with a similar technig@gdtd our results agree with the
previous study. We were particularly interested in explgrthe effects of the thin foil that is
placed in front of the particle detector. Results are shawhig. 3. The bottom part displays
the measured’O(p,a)'*N spectrum, where the symmetric peak corresponds to théioeaz-
particles. The top part shows the result of a numerical sitiari using the GEANT4 package
(similar results are obtained with SRIM). For the foil thidss we assumed 2(0m, the same
value as the nominal thickness of the foil used in our measeng. It can be seen that the energy
resolution in the simulated spectrum is much higher, by ntloae a factor of 4, compared to the
measured spectrum. Obviously, the resolution directlyaatpthe detection sensitivity. It appears
now that the measured resolution (90 keV) is not dominatestitaggling of reactior-particles
in the foil, as previously thought, but is mainly caused by f@n-uniformities (on the order of
~0.2 um). Since this issue will become important for future measwents of much weaker ()
resonances in other reactions, we are now exploring waysoaiuging highly uniform layers for
shielding the particle detector.
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Figure3: Simulated (top) and measured (bottamparticle spectrum iA’O(p,a) N at E, = 195 keV. The
difference in peak widths arises from foil inhomogeneitie®m Ref. [12].

Our final example concernsr(n) type measurements and in particular fAe(a,n)*°Mg
reaction, which is an important neutron source for the s¢%s. The situation is shown in Fig.
4, displaying the energy location of known levels in #%&lg compound nucleus, which could
show up as resonances in th@e+a system. The neutron channel opens at a laboratery
particle energy of=560 keV. In other words, between 0 and 560 keV only tfée(a,y)*Mg
channel is energetically allowed, while the,f) and (@,n) reactions compete above the neutron
threshold. A few features are notable: first, 41 levels ea@ttveen thex-particle threshold (zero
bombarding energy) and the lowest lying directly measuesomance at!f® = 840 keV. Second,
only 3 of these levels are known to possess unnatural pamdytlaus cannot contribute to the
22Ne+a reaction rates. Third, only 13 of these levels were takem &icount for calculating the
most recent?Ne+a reaction rates [2]. Obviously, much more experimental werkequired until a
reliable reaction rate can be derived. All of the previéti$e(a,n) measurements were performed
by using moderated proportional counters [13], but it appteat this technique has now reached its
sensitivity limit. At TUNL we are exploring a different apgaich, which is based on a coincidence
scheme. A prototype detector (boron-loaded liquid sd¢attt, BLLS) has been purchased for
testing purposes. The scintillator is placed very closéhotarget and is surrounded by a large
Nal(Tl) annulus. Consider a fast reaction neutron thatrerttee scintillator: first, it will scatter
elastically on protons until thermalized, thereby prodgc signal which is proportional in height
to the energy of the incoming neutron; second, the thermatroie is captured by undergoing a
10B(a,n)’Li reaction, thus producing another signal (wit10 us delay) with a constant height
determined by the reaction Q-value; third, thé nucleus is left in an excited state and de-excites
by emission of a 478 keV-ray, which is detected in the Nal(Tl) counter. In additias,with any
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Figure4: Possible resonancesifNe+a at low energies, based on the known level structuréMfy. None
of the resonances below the measurftl E 840 keV resonance have been observed directly yet.

liquid scintillator, standard pulse-shape discriminatian be applied to separate neutrons from
y-rays. It appears that this 4-fold coincidence may incréhsealetection sensitivity significantly.
Results have been encouraging so far.

4. Monte Carloreaction rates

It is crucial for an experimentalist to understand the intpEfca new measurement on the
derived reaction rates. However, the procedures that wikedpgntil very recently lack any sta-
tistical meaning. This may come as a surprise, but reflealéyrewhat is the precise meaning of
a published recommended reaction rate? How are we to ietesgoublished lower or upper rate
limit? And, in general terms, what is the probability depgitnction of a published reaction rate?
None of these guestions have clear answers using the commacrgpted procedures in nuclear
astrophysics.

We have recently developed a Monte Carlo method of estigatiaction rates that will impact
our field in a number of ways. An example is given in Fig. 5, simgwesults for a single, hypo-
thetical resonance #Ne(a,y)?Mg (E; = 300+15 keV,wy = 4.1+ 0.2 eV). Each nuclear physics
guantity is associated with a (input) probability densiipdtion. Random samples are drawn from
each of these distributions and the resulting reactiorsrate calculated according to the conven-
tional formalism (analytical expressions or numericaggrations). The procedure is then repeated
many times until the (output) reaction rate probability signfunction can be determined accu-
rately (red histogram in top part). The corresponding catine distribution (red line in bottom
part) is computed and the 16, 50 and 84 percentiles are deextmwhich are interpreted as low,
recommended and high reaction rate, respectively. Thiplsiexample already reveals the power
of the Monte Carlo method. The resulting rates have a staisheaning: half of the samples lie
below and above the recommended rate, while the coveragalptity between low and high rates
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Figure 5: Results of Monte Carlo calculation for a fictitious resorminc®®Ne(a,y)?®Mg at a temperature
of T=0.5 GK (E = 300+ 15 keV, wy = 4.1+ 0.2 eV), calculated with 10,000 samples. (top) Reaction
rate probability density function, shown in red; (bottomjrulative reaction rate distribution. The vertical
dotted lines represent the low, median and high Monte Cadotion rates which are obtained from the 16,
50 and 84 percentiles, respectively.

amounts to 68%. (Of course, the low and high rate boundagiedve determined according to any
desired coverage probability).

The new Monte Carlo method is the foundation of our new A=Q&hermonuclear reaction
rate evaluation, which will be submitted for publicationthlre near future. Preliminary results
already indicate that the rates for many reactions will geadramatically. It is obvious that the
new results not only quantify for the experimentalist thepatt of measurements, but they are of
substantial interest to the stellar modeler as well sinegdhction rate probability density function
can be used to derive reliable stellar model abundances.

References

[1] R. E. Hester, R. E. Pixley and W. A. S. Lamb, Phys. Ré\. (1958) 1604.
[2] C. Angulo et al., Nucl. Phys. &56 (1999) 3.
[3] M. Lugaro et al., Astron. Astrophyd61 (2007) 657.



Direct charged-particle measurements Christian lliadis

[4] H. C. Chow, G. M. Griffiths and T. H. Hall, Can. J. Phy& (1975) 1672.
[5] R. Morlock et al., Phys. Rev. Let?9 (1997) 3837.
[6] N. Tanner, Phys. Re14 (1959) 1060.
[7] C. Rolfs, Nucl. Phys. 217 (1973) 29.
[8] C. lliadis et al., Phys. Rev. €7 (2008) 045802.
[9] C. Rowland et al., Nucl. Instr. Meth. A80 (2002) 610.
[10] C. Rowland et al., Astrophys. J. Le®15 (2004) L37.
[11] A. Chafa et al., Phys. Rev. Lefi5 (2005) 031101.
[12] J. R. Newton et al., Phys. Rev. TG (2007) 055808.
[13] C. lliadis,Nuclear Physics of Sars, Wiley-VCH, Weinheim 2007.



