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Abstract

After reviewing some of the basic concepts, nomenclaturesdaparametrizations of
Astronomy, Astrophysics, Cosmology, and Nuclear Physicge introduce a few cen-
tral problems in Nuclear Astrophysics, including the hot-GlO cycle, helium burning
and solar neutrinos. We demonstrate that in this new era of Iecision Nuclear As-
trophysics Secondary or Radioactive Nuclear Beams allow for progress.
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1 INTRODUCTION

In this lecture notes we discuss some aspects of Nuclear Agtinysics and Laboratory
measurements of nuclear processes which are of central edilor stellar evolution and
models of cosmology. These reaction rates are important feeveral reason. At rst
they allow us to carry out a quantitative detailed estimate dthe formation (and the
origin) of the elements; e.g. the origin of*B or 1°F . In these cases the understanding
of the nuclear processes involved is essential for undersiang the origin of these
elements. The understanding of the origin of these elements the other hand, may
teach us about exotic processes such as neutrino scatterihgt may occur in stars and
are believed to produce the observed abundances't® and °F. More importantly,
in most cases details of many astronomical events, such apstnova, are hidden from
the eyes of the observer (on earth). In most cases the eventsisielded by a large
mass and only telltales arrive on earth. Such telltales inatle neutrinos, or even some
form of radiation. One of the most important telltale of an agonomical event are
the elements produced by the thermonuclear nucleosynthesiAnd in this case it is
imperative that we completely understand the nuclear prosses so that we can carry
out an accurate test of the cosmological or stellar evolutiomodels. In some cases,
such as in the solar model, understanding of the nuclear pesses in hydrogen burning
allow for a test of the standard model of particle physics and search for phenomena
beyond the standard model, such as neutrino masses (neutrimagnetic moment?)
or neutrino oscillations. Type la supernova on the other hanproved to be a very
useful cosmological yard stick allowing for accurate measunents of some of the
largest distances of the order of a few Billion Light Years (5r). Such measurements
gave evidence for an accelerating expanding Universe andoapr to be one of the
most disturbing discovery in Cosmology in recent times. Inhis case one needs to
understand the process of helium burning in a type 1la supewa In all cases one
needs to understand Nuclear reaction rates at energies whiare considerably below
where they can be measured in the laboratory, and one needs develop reliable
method(s) for extrapolation to low energies.

In spite of concentrated e ort by Nuclear Astrophysicists @ both experimen-
tal and theoretical sides a number of problems remain unsel, including specic
processes in helium and hydrogen burning. In contrast to mgrcases in Nuclear
Astrophysics in the case of the solar neutrinos and type lapernovae, the processes
of hydrogen burning and helium burning, respectively, musbe measured with high
precision of the oredr of 5-10%. These problems are in fachntal to the eld and
must be addressed in order to allow for progress. In these tiges we will address
these issues and suggest new experiments and new solutions.
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Radioactive Nuclear Beams (RNB) now available at many laboratories
around the world have already yielded some solutions to priams of current interest,
e.g. in the Hot CNO cycle or hydrogen burning, and appear verpromising for
extending our knowledge to processes in exploding stars,cBuas the rp process.
We will review in this lectures some of the current and futurepplications of such
secondary (radioactive) beams.

In the rst section we will de ne some scales, classi catios of stars, nomen-
clatures, parameters and parametrization of relevance fowclear astrophysics. We
will then review some of the classical reaction chains in ming processes and discuss
traditional laboratory measurements of the relevant nuckr reaction rates. In the
later part of the lecture series we will develop new ideas ftaboratory measurements
of the required rates, mostly carried out in the time reverskfashion. We will demon-
strate that by measuring the reaction rates in a time reverskfashion we construct
a "Narrow Band Width Hi Fi Amplier" that may allow for a measurement
of the small cross sections involved. It is important to testvhether in fact we con-
struct a "Hi Fidelity Ampli er", so that we are indeed measuring rates relevant for
nuclear astrophysics. These new techniques allow us to té&ekome of the oldest open
questions in Nuclear Astrophysics including the rate for 8'2C(; )0 reaction of
helium burning and the ‘Be(p; )®B reaction of importance for the solar neutrino
problem.

2 SCALES AND CLASSIFICATION OF STARS

Most stars have been around for long time and thus have reacha state of statistical
(hydro-dynamical) equilibrium. Indeed most properties ofstars arise from simple
hydrodynamical consideration or from the fact that stars a& nearly (but not perfect)
black body radiators. Some of the most obviously required servational parameters
of a star are its distance from the earth and its spectrum ofdght emission and thus
its color.

Early studies by Kepler and scientist of the Newtonian era lwed for accurate
measurements of the radii and periods of orbital motion of #hvarious planets, in-
cluding the earth. In these measurements the appearance oheets were very pivotal
and indeed the return of Halley's comet in April of 1759, as ported by Harvard
astronomers, was announced as a con rmation of Newton's lav¥ gravity. Ironically,
when Halley's comet was late to return and did not show up be®en September 1758
and early April 1759, as predicted by Edmund Halley using Nean's 1=r2 law of
gravity, Newton's law of gravity was (prematurely) declared wrong [1] by the "skep-



tics". It is also worth noting that while the earliest westen record of Halley's comet
is from AD 66 (that was linked to the destruction of Jerusalery the Chinese records
go back for another 679 years, as shown in Table 1 [2]. From f#gemeasurements of
radii and periods, it was possible to determine the mass ofdhsun and planets with
high precision; one solar massl =1:989 10* Kg, and Mg =3 M

Some of the very early measurements (developed around 188Bhe distance of
stars from the earth used the parallax method [3]. It was fouhthat the nearest star,
Alpha-Centauri visible in the southern hemisphere (a tri star system composed
of Alpha-Centauri Proxima, A and B) produced (after correcions for its angle) 1.52
sec of arc of angular displacement, or a parallax of 0.76 arcs Knowing the earth
average orbit radius = 149.6 MKm = 1 AU (Astronomical Unit), or approximately 8
light minutes, we calculate 1 parsec = 86 10 meter, or 3.262 light years (LY).
Indeed our closest neighbor is hopelessly far from us, at atdince of approximately
4.2 LY. Modern days (optical) telescopes have an accuracytbe order of 0.01 sec of
an arc and with the use of interferometry one can improve theesolution to 0.001 sec
of an arc. Hence, the parallax method has a limited use, forast closer then 1 kpsc.
In Fig. 1, taken from Donald Clayton's book [3], we show chacgeristic distances
and structures in our galaxy. Note that the period of rotatimm of our galaxy is of the
order of 100 million years.

TABLE 1 .
The Chinese historical Records of the apparition of HalleyOs Comet

Return ’ Date ’ ’ Reign/year Return ’ Date ’ ‘ Reign/year

-40 -1057- The Conquest of Zhou -20 AD 451 Song Yuanjia 28
-1056 by Wu-Wang

-39 -19 530 Liang Zhongdatong 2
-38 -18 607 Sui Daye 3
-37 -17 684 Tang Guangzhai 1
-36 -16 760 Qianyuan 3
-35 -15 837 Kaicheng 2
-34 BC 614 Zhou Qing Wang 5 -14 912 Liang Qianhua 2
-33 -13 989 Song Duangong 2
-32 465 Zhou Zhending Wang 3 -12 1066 Zhiping 3
-31 -11 1145 Shaoxing 15
-30 -10 1222 Jiading 15
-29 240 Qin Wang Zheng 7 -9 1301 Yuan Dade 5
-28 162 Han Wen Di Houyuan 2 -8 1378 Ming Hongwu 11
-27 86 Wu Di Houyan 2 -7 1456 Jingtai 7
-26 11 Yuanyan 2 -6 1531 Jiajing 10
-25 AD 65 Yongping 8 -5 1607 Wanli 35
-24 141 Yonghe 6 -4 1682 Qing Kangxi 21
-23 218 Jianan 23 -3 1759 Qianlong 24
-22 295 Jin Yuankang 5 -2 1835 Daoguang 15
-21 374 Ningkang 2 -1 1910 Xuantong 2

Table 1: Chinese records of Halley's Comet [2].



Early measurements performed on stars also de ned its colioidex [3], using the
response of detectors (photographic plates) with band wikds spanning the Ultravio-
let, Blue and Visual spectra. The color index is de ned as Beimagnitude minus the
Visual magnitude. Note the magnitude is roughly proportioal to -2.5 log(intensity).
Hence, hot stars are characterized by small and in fact nega color index while cold
stars have large color index. Astronomers are also able tor@ate the color index
with the (e ective) surface temperature of a star, an extengely used parameter in
stellar models. Stars are also characterized by their abgtion spectra as O, B, A,
F, G, K, and M stars (that can be memorized using a non quotablglogan).
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Fig. 1: Scales of our galaxy [3].

2.1 Classi cation of Stars:

Based on this color index one classify stars using a Hertzapg-Russell Diagram
(after the Danish and American astronomers that developedush diagrams around
1911-1913). In an H-R diagram one plots the Luminosity of aat or the bolometric
magnitude (total energy emitted by a star) Vs the surface teerature, or the color
index of a star. In Fig. 2 we show such an H-R diagram [3], forast clusters with
approximately equal distance to the earth. These stars areebeved to be formed
within the same time period of approximately 100 million yess, which allow for the
classi cation.

Stars that reside on the heavy diagonal curve are referred & main sequence
stars [4]. For the main sequence stars we nd the brightestat to be with highest



surface temperature and of blue color. The main sequencerstapend most of their
life burning hydrogen and acquire mass that is related to tlieluminosity: L =
const M ; with = 3:5t0 4:0. Stellar evolution is most adequately described on
an H-R diagram, and for example the sun after consuming most ibs hydrogen fuel
will contract its core while expanding its outer layers (to aadius that will include the
earth). The contraction at rst raises the luminosity and then the sun will expand
and redden, or move up and then to the right in an H-R diagram. #Aa later stage
the helium fuel will ignited in the contracted core and the s will move to the left
on (an asymptotic branch on) the H-R diagram. At the end of h&im burning the
sun will further contract to a white dwarf, see below, and rede (forever) at the lower
bottom left of the H-R diagram. For main sequence stars the tainosity is given by
Planck's lawL =4 R 2T %, (we introduced here the e ective temperature T, since
stars do not have a well de ned surface and are not perfect lada body radiators).
Hence one can determine with limited accuracy the relativeadii of main sequence
stars. One common way of measuring the radii of stars is by ngithe interferometry
method and the Hanbury-Brown Twiss (HBT) e ect [5]. In this measurement one
measures the pair correlation function (in momentum spacef two photons and by
using boson's statistics one relates the correlation widtto the radius (of the source
of incoherent photons). For example the sun's radius (not nasured via the HBT
eect)is R =6:9598 10 meters, or 0.69598 MKm, andRg = 1%R . While the
average sun's density is = 1:4 g=cn? ( ¢ = 5:5 g=cn?¥), the central density of
the sun is considerably larger, and it was determined (fromtedlar hydrodynamical
theory of helio-seismological data) to be = 158 g=cn? with a central temperature
of 15.7 MK [8, 7, 6]. Indeed the gravitational contraction othe sun's central core
allows for the heating of the core (from a surface temperateirof approximately 6,000
K) and the ignition of the hydrogen burning that occurs at tenperatures of a few
MK. The convective zone of the sun terminates at a radius of apoximately 74% at
a temperature of approximately 2 MK and density of approximgely 0.12 g=cn?.
Above and to the right of the main sequence stars we nd thRed Giant stars
that are characterized by large luminosity and therefore thy are easily seen in the
sky. This class includes only a small number of stars, a fewrpent of the known
stars. The redness of these stars arises from their large tiagnd they represent a
star in its later stages of evolution, after it consumed its ydrogen fuel in the core
and consist mainly of helium. The subgiant are believed to ksars that expand their
outer envelope while contracting their helium cores, leaay to the burning of helium.
The horizontal branch stars, on the other hand, are believett be at various stages of
helium burning. The supergiant stars are believed to be starat the advance stages



of their stellar evolution and perhaps approaching the endf éheir energy-generating
life.

In the lower left corner of the H-R diagram we nd thewhite dwarfs represent-
ing approximately 10% of known stars, which are very denseass of mass comparable
to a solar mass, with considerably smaller radii, comparabko the earth radius. Due
to the small surface area these stars have large surface teargture (blue color) in or-
der to allow them to radiate their luminosity. These group conposes of the universe's
cemetery of stars that are inactive and simply radiate theipressure energy. The
white dwarfs are so dense that the electron degeneracy ked¢pem from collapsing
[9], hence can not have a mass larger then approximately M4, the Chandrasekhar
limit, beyond which the electron degeneracy can not overcanthe gravitational col-
lapse. Such massive stars (or cores of massive stars) cai&po a neutron star or a

black hole under their own gravitational pressure.
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Fig. 2: Hertzsprung-Russell Diagram [3].

Cluster of stars are found very far from the sun, see Fig. 1, drthey may
contain as many as 10 10’ stars in spherical distribution with a radius in the range
of approximately 10 parsec (globular cluster), other clusts include only a few stars.
Based on the characteristics of these stars in an H-R diagrainis believed that the
age of stars in the globular cluster is of the order of 143 billion years (GY) [10], or as
old as the universe itself (minus 1 GY). Within this cluster ve nd a relatively young
class with blue giants as the most luminous, called populath I, and an older class
with red giants as the most luminous members, called populah Il. The galactic



cluster Pleiades (or Subaru in Japanese) includes its brigist star of blue color, and
the M3 globular cluster that includes some I0Ostars, include its brightest star of red
color.

2.2 Age of Stars:

First generation stars are stars that coalesced from the pniordial dust that includes
approximately 24% helium and 76% hydrogen with traces of kitum. Some of these
stars are small enough, and have not evolved and are still ing hydrogen, others
already converted to dwarfs. For example the sun (which is h@ rst generation
star) has burned its hydrogen fuel for the last 4.6 Billion y&rs and will do so for
approximately 5 more Billion years. Such rst generation sirs are expected to have
very small amount of elements heavier then carbon (some tisigenerically referred
to as metals). Thus one de nes the metalicity of a star, to behte ratio of its iron (or
some time oxygen) to hydrogen content, divided by the metality of the sun. This
ratio (denoted by square brackets) is usually expressed ilay scale, typically varying
between -4 and 0. Stars with metalicity of -3 to -4 are beliedeto be primordial with
ages in the range of 10 to 15 Billion years. It should be emplized that while the
metalicity of a star is measured on its surface, one needs todw the core metalicity
and hence one needs to introduce a stellar atmospheric mgdgland thus these data
in some cases are model dependent.
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Fig. 3: Lithium abundance Vs metalicity [13].
One of the key questions in cosmology is the primordial abuadce of the ele-



ments, produced during the epoch of primordial nucleosynéisis [11, 12]. In Fig. 3 we
show the abundance of Li Vs metalicity [13]. Lithium is a veryolatile element, since
it readily reacts with low energy protons via the’Li + p ! + reaction, that we
depict as’Li (p; ) . Consequently younger stars show large uctuations in Li aln-
dance. Fig. 3 includes stars with metalicity as low as -3 an®.5, and we extrapolate
the Li primordial abundance in the range of 10'° to 10 °, relative to hydrogen. For
younger stars we expect to have an additional lithium rougkl proportional to the
metalicity. This addition arise from the fact that the inter-stellar gas, from which
younger stars coalesce, includes more produced lithium askist for longer times.
The destruction of lithium in the stellar environment wouldyield to a depletion in
younger stars. Indeed, the measurements of primordial litthm abundance and D
and He ( rst measured on the moon, with the Apollo mission [14]) weg very pivotal
for con rming Big Bang Nucleosynthesis [11, 12]. In Fig. 4 wehow the predicted
primordial nucleosynthesis. In these calculations [11] ervaries the ratio of photon
density to baryon density to yield the observed primordial Bundances. And with
the knowledge of the photon density, from measurements of@éhcosmic microwave
background, one deduces the baryon density that appears te ltess then 10% of the
(critical) density required to close the universe. Indeed bne assumes the universe is
critically closed (as suggested in in ation models), big bay nucleosynthesis provides
some of the strongest evidence for the existence of dark netin the universe.
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Fig. 4: Big Bang Nucleosynthesis [11].



2.3 Distances to Far Away Stars and Galaxies:

One of the most useful (optical) method to determine the disinces of far away stars
is with the use of Cepheid Variable stars [3]. These stars uadjo periodic variations,
which are not necessarily sinusoidal. Sir Edington demomated that the pulsation
of the Cepheid Variables are due to the transfer of thermal engy of the star to
mechanical energy that leads to pulsation [3]. As a conseque the star's period of
pulsation is directly related to its mass and its luminosity Hence, if one measures the
apparent luminosity of a Cepheid Variable star (on earth) ad its period of pulsation
one can infer the distance to the Cepheid Variable and thus ¢hdistance of its galactic
host.

Type la supernova proved to be a very useful and accurate tdaal measuring
large distances [15]. Type la supernova occur in a white dw&ed Giant binary star
system with the white dwarf accumulating hydrogen from the pper stratosphere of
the Red Giant. When the white dwarf mass reaches the Chandelar limit of 1.4
solar mass, see below, it collapses under its own gravity. &Hime period of the
buildup of light in the light curve of a type la supernova (sedater Fig. 16), is
directly related to its predicted luminosity, and thus meaaring the shape of the light
curve for type la supernova yield its expected luminosity #t can be compared to
the observed luminosity to yield the distance to the type laupernova and its host
galaxy. Such modern measurements let us to conclude that théiverse expansion
rate is accelerating in recent cosmological times.

Fig. 5: Hubble's observation ofv = H R [16].
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One of the rst uses of the Cepheid variable stars as an astromical Yard
Stick were carried out by Edwin Hubble with the 100 inch teleope at Mt. Wilson
observatory near Pasadena, California, during the 1920'8q]. Hubble was able to
identify Cepheid Variable stars at a distance of 930,000 Lyand thus well outside
our galaxy, of diameter of approximately 100,000 LY (see Fidl). Hubble was able
to show that these "Faint Nebula" correspond to galaxies dierent then ours. These
nebula were catalogued by Charles Messier in 1781 (with thead Nebula being M1)
to allow observer to distinguish such objects from comets. utible's faint nebula are
identi ed as the M31 (galaxy in Andromeda) and M33 spiral galxies. Today the
distance to the Andromeda nebula is estimated to be over 2 MLY

Hubble later noticed that the known lines of emission from Hyrogen, Oxygen,
Calcium, etc. from stars within the same galaxy are shiftedovard the red, which he
correctly interpreted as a Doppler shift. Hubble plotted tle relative velocity (deduced
from the accurate measurement of the redshift) Vs the distae, as he could best
estimate using the Cepheid variable. Hubble's original disvery, see Fig. 5, was
of a linear relationship between the velocities and distaesv = H R, where
H is Hubble's constant. Hubble's measurements of distanceske less accurate then
possible today, and they yielded the Hubble constarit = 500 Km=sec=Mpg¢ as
can be extracted from Fig. 5.

One of the immediate consequences of Hubble's observatioaswthat it gave
credence to the Big Bang hypothesis, developed as one pdss#blution to Einstein
general relativity, in the early 20's by Alexandre Friedmanin Russia, and George
Lemaitre in Belgium. Details of Big Bang nucleosynthesis we later worked out by
de-Sitter and Gamow in the 40's. Incidentally it is suggestethat the name Big Bang
was coined by Sir Fred Hoyle as a way of ridiculing suggesti@i George Lemaitre
who referred to his own theory as the theory of the primeval am. It is ironic that
Hoyle who to this date still prefers the steady state theorygnd rejects the Big Bang
theory), got to name the rival theory. Unfortunately Hubbleés determination of H
requires a universe that is only 2 Billion Years old. At that tme one already knew
that the earth and the solar system are much older, of the ordef 4.6 Billion years,
and the Big Bang theory was rejected. Today due to more accueadeterminations
of distances (e.g. a factor of 2 change for M31, see above), badieve that the
Hubble constant is between 50 to 100 Km/sec/Mpc, with the mdsprobable value
at 65, corresponding to a universe between 20 to 10 Billionams old with the most
probable age of approximately 14 GY.
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Fig. 6: Look back time VS Red Shift.

The expanding universe allow us to de ne the Fractional Re&hift, as the
fractional stretching of wave length: Z = = o, with the Doppler shift ! =
o (1+ cos ), and use it to parametrize distances to far away galaxiesadio galaxies,
and quasars (young galaxies at the time of formation, mostlgomposed of gas with
luminosity mostly composed of radio electromagnetic radian). Measurements of
these far away objects allow us to look back to the instant ohe big bang as shown
in Fig. 6, with the oldest known quasar at 5-10% of the age of ¢huniverse and the
oldest radio galaxy (4C 41.17) at 10-15% of the age of the uarge.

2.4 The Big Bang Theory:

The big bang theory most vividly con rmed today by the COBE sdellite mission,
received one of its rst strong con rmations in the work of Amo A. Penzias and Robert
W. Wilson in 1964 [17], where they discovered the isotropiergssion of microwave
radiation from a (cosmological) source at a temperature ofparoximately 2.7 K.
Penzias and Wilson were careful to characterize this therrhsource, but did not point
to its origin from the expanding universe of the big bang theg. This possibility was
in fact pointed out by Peebles and Dicke. Indeed in a precedjnpaper [18] they
demonstrated, that Penzias and Wilson measured the expedtenicrowave remnants
of the big bang. In fact Penzias and Wilson who originally ogldesigned an antenna
for microwave communication with satellites, rst interpreted the continuous hum
they detected from all directions of space as arising fromgeon dropping on their
antenna.

According to the big bang theory when the Universe was just bmv 10 sec,
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its temperature was approximately 200 MeV and hence the urégvse was composed
of quarks and gluons solely. At that time a phase transitionrbm the quark gluon
plasma to hadron matter occurred. At the age of approximatgl1l sec the universe
had a temperature of approximately 1 MeV (approximately 10 &) and then the
inverse beta decay process of the neutron to the proton stogg hence the ratio of
neutrons to protons was xed by the temperature and the massiérence following
Boltzmann law. At approximately 100 sec after the big bang wdn the temperature
was approximately 100 keV the epoch of big bang nucleosyn#fi® commenced [11, 12]
and it lasted for a few minutes. During big bang nucleosyntlsés as we believe today
all the available neutrons were captured to form helium, wit a well understood helium
fraction of Y, = 24%. At approximately 300,000 years when the temperature as
approximately 10 eV, atoms emerged and accidentaly in therea time the universe
became transparent to radiation (decoupling). At this poiththe universe changed
its character from being radiation dominated to matter dommated. As the universe
expands all characteristic dimensions expand and radiatie from a source of 1 eV
(10,000 K) temperature, were redshifted to larger wave letigs of today's observed
microwave radiation, corresponding to a source at 2.7 K. Gaties and stars we believe,
rst formed when the universe was approximately 1 Billion yars old.

Recent speculations suggest that big bang nucleosynthesiay have in fact oc-
curred in an inhomogeneous in ationary universe [19, 20, 222, 23, 24, 25]. This
model predicts a low but signi cantly di erent, abundance d heavy elements as for
example produced in the rapid neutron capture process of simova [26]. The ob-
servation of such heavy elements could test whether the glkagluon to hadron phase
transition is in fact rst order. The nature of this phase transition is of great concern
for lattice QCD calculations [27] and indeed for understandg QCD. Recent observa-
tion of the abundance ofBe [28] and!!B, at rst appeared promising for this model
but subsequent analysis showed that the recently observetbumdances (in particu-
lar the ratio 'B=°Be) are consistent with spallation reaction [29] and no de nite
evidence was found for these models of inhomogeneous bigdoaucleosynthesis and
the standard model of big bang nucleosynthesis prevails.
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3 REACTION THEORY, METHODS AND AP-
PLICATIONS

The gravitational pressure in a stellar environment leadsot heating of the nuclear
fuel. When hydrogen is heated to a temperature in excess ofemM MK, it is ignited
and nuclear fusion takes place. The fusion of light elemenis the source of energy
in stars and indeed the most readily available source of eggrin the universe today.
These fusion reactions aside from "driving stars” are alsd¢ origin of the elements
heavier then helium. The understanding of thermonuclear pcesses entails a complete
understanding of nuclear reactions as measured in the lalatory, as reviewed by
Willie Fowler [30, 31] and the seminal papers of FCZ | [33] arfelCZ 1l [34]. A review
of these reactions can also be found in Rolfs and Rodney's B¢4]. Usually one would
like to know if a reaction rate is su ciently important to gen erate the energetic of a
stellar environment, and whether it favorably competes wit other possible reactions
and decays. In this case one needs to de ne the reaction timeate, or the inverse of
its rate, as we discuss below.

Consider two particles a and X, contained in a form of an ideajas, interacting
with each other. The reaction rate per unit volume (r) is giva by:

rax = N xJa (1)

where is the energy dependent cross section, N is the concentratiof particles
per unit volume, and J is the ux, J, = VN,, hence:

= VN x N, (2)

In a star the relative vellqocities of a and X are distributed ilfa Maxwell- Boltz-
mann distribution (v), with (v)dv = 1, and the total thermonuclear reaction rate
is given by:

NaNy v (v) (Wdv

NaNy < v > (3)

and for identical particle we need to introduce a further trial correction (to
avoid double counting):
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Sareg SV (4)

We dene =< v > |, the reaction per unit particle, and equation 4 becomes:

Fax = ax (]I_\.l,.a,::) (5)

We are usually interested in characteristic time scale fohe reaction and the
time that it takes to remove particle a from the stellar ensetmie, which we may want
to compare for example to the beta decay lifetime of that paitle a, and we de ne:

(%0 = (6a)
= Tax
hence:
a(x) = axlNa
:ﬁ (6)

with the correct units of inverse time. Note that the symmety factor (1+ .x)
is now on both sides of equation 6a and it drops out. In order tonow if a reaction
rate competes favorably with a decay rate, one needs to evata equ. 6 for that
reaction. It is customary to include avogadro's numbemN, = 6:023 107 in equ. 6,
and one usually quotesNa < v>N , and N, is speci ed in units of moles/Volume.

Inserting the Maxwellian into the integral in equation 6, we nd:

R v 2
<v> =4 (57)¥ Vv (v)e = dv (7)

with  the reduced mass.

Equations 6 and 7 include information from both nuclear physs (the cross
section - ) and stellar models (the stellar density and temperature)The integral is
then the meeting ground for nuclear physics and stellar phigs. Clearly the goal of
nuclear astrophysics is to evaluate reactions rates reletdo stellar environments, by
use of theoretical or experimental methods.

15



3.1 The S-Factor:

Fig. 7: Cross section and S-factor for thé’C(p; )*N reaction [3].
The nuclear cross section (of s-wave interacting particlewas parametrized by
Bethe and Gamow based on general principles of quantum meaoles, as:

(E) = 5 e? (8)

where is the Sommerfeld parameter, = %vzez It is immediately clear
that 1/E originates from the ., that appears in the expression for the cross section
in reaction theory, and the exponent accounts for the penettion factor of the two
charged particlesZ; and Z,.
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3.2 Non Resonant Reactions:

Fig. 8: The Gamow window predicted by equations 10 and 11 [3] for the

2C(p; )N reaction.

The reaction cross section and S-factor for th&C(p; )**N are shown in Fig.
7. The region of interest for stellar environment around 30e¥/, (the CNO cycle, see
below) is indicated in the Figure, and it lies just beyond theegion where experiments
are still possible (i.e. cross section of 20 pbarns). It isedr that one needs to
extrapolate to the energy region of stellar conditions anche extrapolation of the S-
factor allows for additional con dence, since the S-factoraries more slowly. Inserting
equation 8 to 7, we nd:

_ R E 4 _b
=< v> = (1)1_2 W S(E) e [T El:z] dE (9)
where we abbreviatedb= Z ;Z, (2c¢?)*?, and = % And for a constant

S-factor (Sp) we have:

R j[E4+_ b
— (. 8)1=2 S e &+ o2 gE 10
(kT)

In this case one nds that the convolution of the Maxwellian ad cross section
leads to a window of most e cient energy Eo) for burning, the Gamow window, as
shown in Fig. 8.
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Eo = (kaT)3=2

=1:22@Z222 A T2)¥ keV (11)

where Tg is the temperature in million degrees Kelvin, andA = (AA11+AA22). For
example helium burning in Red Giants occurs at 200 MKT = 200), hence the
reaction >C(; )0 needs to be measured at energies of approximately 315 keV
where helium burning is most e ective. As we shall see belowis turned out to be
a formidable task.

3.3 Resonant Reactions:

In many cases the relevant reaction rates are governed by asoeant nuclear state.
Such states are either low lying and with narrow width, or higer lying but acquire
large width (> 0:1E,), and can contribute signi cantly to the reaction rate at low
energies. For narrow states the contribution to the thermaurclear rate arises from the
tail (at higher temperatures) of the Boltzmann distribution and for the broad state
the thermonuclear rate arises from the tail (at lower energg) of the resonant state.

The cross section for an interaction of particles a + b, of sps J; and J,, in a
relative angular momentum state via an isolated low lying (atE, close to threshold)
nuclear state, is given by the Breit-Wigner formula:

@D = erenm R @ ErNer (12)
with ; the partial widths and the total width = P i i. The partial widths
are given by, ; = 2P- 2, where 2 is the reduced width andP- the penetrability

factor, e.g. the Coulomb penetrability:

P = &

Note that since the pentrability factor is a property of the aterior region (of
the nuclear potential), the results are independent of thehoice of the penetration
factor (e.g. WKB penetration Vs. Coulomb penetration facto), but strongly depends
on the choice for nuclear radii. One de nes the statisticalaictor ! = 5575 .
Note that for most reaction rates the total width are exhaustd by one particle width

(with other particle widths being energy forbidden), and tke radiation width is much
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smaller. However the radiation width is the one that allows tlie resonant state to
de-excite to the ground state and hence form the element otténest, as we illustrate
in Fig. 9. Cross sections of astrophysical interest are srhébr energies near the
resonant energy due to the smallness of the radiation width-{ 10> 10 ’), and
at energies below resonance they are hindered by the penéilidy. It is immediately
clear that the cross section is most directly a ected by thereergy of the nuclear state,
the lower the resonant energy the larger the cross sectionndthe width of the state
is second in this hierarchy.
For a broad state we can write the S-factor:

Fig. 9: Nuclear reaction governed by a (broad) nuclear state [3].

For computational purpose it is useful to remember thathc = 197:33 MeV
fm and = 1=13703, hencee® = 1:44 MeV fm. In many cases the evaluation
of thermonuclear reaction rates is reduced to accurate memements of the partial
widths that appear in equation 12 [35]. When measurements eanot possible one
attempts to calculate the S-factor with the use of standard uclear models such as
sum-rules [26, 36], and the thermonuclear cross section wbibe calculated using
equations 9 or 10. We see here that the investigation of the gperties of nuclear
states, i.e. Nuclear Structure Studies, are directly linlceto Nuclear Astrophysics.

For a narrow state we drive the thermonuclear rate:

= hA(E)%2 ze & (14)

And it is immediately clear that the reaction is possible dugo the tail of the
Boltzmann factor, or the last term on the right hand side of egation 14.

In the following we shall use concepts that we developed indlabove discussion
of reaction theory to discuss particular processes in stars
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3.3.1 The PP Chain(s):

Stars in the main sequence like our sun, spend most of theirezgy generating lifetime
burning hydrogen. The burning of hydrogen occurs in severahains known as the
PP chains [3, 6], as we list below:

'H+™H! 2D+ e + o
D + H! S3He +
SHe + 3He! “He + 2 'H

_U
T

SHe + “He! 7'Be +
Be + e ! LI + o
Wi+ H1 24%He

-
Y

‘Be + 'H! 8B+
8B 1 ®Be + e + PPIII
8Be ! 2%He

The PPI chain is the main source of energy in the sun. It amoustto the fusion
of 4 protons to a helium nucleus with the release of approxirtedy 25 MeV energy, and
95% of the photon luminosity is produced within 0.3V and R < 0:21R . The
majority of the energy is released in a form of heat (kineticnergy of alpha-particles)
and radiation (gamma rays), and some energy (2.3%) is releasin the form of solar
neutrino's. The reaction rate is dictated by the weak interation process, the rst
process in the PPI chain, with a calculated S-factoB(0) = 3:78 0:15 10 22
keV-barn and linear term coe cient g—g = 4:2 10 % barn. Inserting this S-factor
and T = 15 MK, with the solar density of = 150 g=cn? and Xye = Xy = 0:5,
in equation 9 we derive a reaction time, ! = 10 GY, i.e. the expected lifetime of
the sun. Using available luminosities (i.e. available bearand targets) we expect in
the laboratory at energies of astrophysical interest, an gpoximate rate of one p + p
interaction per year, which is clearly non measurable. Hower, this rate is considered
to be reliable (within  1%) as it is extracted from known weak interaction rates such
as the neutron lifetime. We also note that the PPI neutrino lminosity (see above)
is directly calculable from the total luminosity of the sun ad thus the PPI neutrino
ux is considered to be estimated with great certainty.
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The burning of hydrogen release a large ux of neutrino's andith the knowl-
edge of the various branching ratio's and reaction rates weedve [6, 37] for the
standard solar model the neutrino ux as shown in Fig. 10.

Gallium !Chlorine M
101! - T
Bahcall
101 /_Ph
5 1010 !.
é 10° |
100§
2 ] Be "Be pep
— 107 r
5 o )
3 10°F
2 10° |- 1
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102 é’ he|
1041 o3 L ;

Neutrino Energy (MeV)
Solar neutrino energy spectrum

Fig. 10: Predicted Solar neutrinos uxes [6].

3.3.2 The Solar Neutrino Problem:

Attempts to measure solar neutrino's were carried out ovethe last two decades [6].
The detection of solar neutrinos is expressed in terms of tf8NU, the Solar Neutrino
Unit, which is the product of the calculated characteristicsolar neutrino ux (in
units of cm 2sec 1) times the theoretical cross section for neutrino intera@n in
the detector (in units of cm?). Hence the SNU is in units of rate, events per target
atom, per second, and is chosen for convenience equal to*Gec . For a detector
with 103! atoms, one SNU yields one interaction per day. This countingate is
characteristic of solar neutrino detectors.

The rst neutrino detector was constructed over three decask ago in the Home-
stake mine, by Raymond Davis Jr. [6] and it includes PQyallons of the cleaning agent
carbon tetra chloride. In this detector neutrino's with enegies above 800 keV (thresh-
old) yield the reaction:

et ClI I e + ¥Ar (15)
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and the nobel gas argon is collected by bubbling helium thrgh the tank and collect-
ing it in chemical adsorbers. The decay products of the actty of 3’Ar are counted
in a proportional counter in a low background environment. &t this chlorine detector
one predicts using Bahcall-Uhlrich Standard Solar Model ahBahcall-Pinsonneault
SSM[37,38] ® 2:6 SNU%. The observed rate of the Chlorine detector is averaged
over the last three decades of counting to yield the quotedteaof: 22  0:2 SNU,
or for example 28% 3% of the rate predicted by Bahcall and Uhlrich [37]. The B-U
model was later improved by Bahcall and Pinsonneault [38] dnpredict yet higher
8B neutrino ux. As we discuss below other solar models that usdi erent nuclear
inputs (see below theS;; problem) predict a smaller neutrino uxes [39, 40, 41].

The Kamiokande proton decay detector (Kamiokande 1) was outed for a
solar neutrino detector (Kamiokande Il) and was used sinceaduary 1987. It detects
the Cerenkov radiation of electrons elastically scattereby the neutrino's and it had
at rst a threshold of approximately 9.5, which was later impoved to 7.5 MeV. This
detector observed after approximately 1000 days of coungn46% 5%(stat)
6%(syst) of Bahcall's predicted ux [42]. Kamiokande Ill which conssts of improved
detection systems with larger e ciency for light collectian using extensive mirrors and
water considerably cleaner with less Rn contaminant(s) ankdence smaller threshold
(7 MeV), in operation since 1991 [43], reported 56% 6%(stat) 6%(syst) of
Bahcall's predicted ux. The average of six years of counto with the Kamioka
detector amounts to 50%  4%(stat) 6(syst) of the B-U Standard Solar Model
[43] and 66% of the SSM of Turck-Chieze and Lopez [40, 41]. Bver two years a new
SuperKamiokande detector came to operation and is taking tiawith threshold as
low as 5 MeV and it quoted the rate [44] of 3B% +0:9 0:8%(stat) +1:4 1:0%(syst)
of the Bahcall and Pinsonneault [38] predicted rate.

More recently results from gallium detectors were reportedThese detectors
have a very low threshold, of 233 keV, and hence detect the ienos of the PPI chain,
that extends to approximately 400 keV. In fact the detectionof the PPI neutrino's
constitute the rst direct evidence that the sun burns hydragen as its primary source
of energy. The (updated) SAGE collaboration reported [45]07 20 SNU's and the
GALLEX collaboration [46] (updated) rate is: 79 10(stat)  7(syst), compared
to the expected rate of 132 +20 17 SNU%. The PPI neutrino's contribute most
of the predicted rate for Ga detectors (approximately 55%)ral for PPI neutrino's
all theoretical predictions are within a reasonable agreamt of each other, and for
example Turch-Chieze predicts 125 7 SNU expected Ga detection rate.

The Sudbury Neutrino Observatory (SNO) detector [47, 48] lbame operational
in 1999 [49]. This detector uses 1000 tons of heavy water arsdexpected to have
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a much improved performance, as well as detect a variety of ditional neutrino
processes such as neutral current interactions, and woulésa serve as a neutrino
spectrometer.

The most popular theoretical interpretation of the hindrarce of the solar neu-
trino ux, by approximately a factor of 2, is the neutrino av or oscillation induced
by a density dependent resonance e ect, known as the MSW e €[50, 51]. We how-
ever note that in order to reconcile all the currently availale data in one theoretical
frame, one requires additional energy dependence of theaeance process with 1
MeV neutrinos maximaly oscilating.

3.3.3 The CNO cycle:

In 1939 in a seminal paper delivered in a meeting at WashingtdDC, Hans Bethe
proposed that stars slightly more massive then the suntM > 2M , but with
temperatures smaller then 100 MK, may generate their energyore e ciently by
burning hydrogen with the help of carbon (i.e. carbon is aatg as a catalyst), now
known as the CNO cycle. The main branch of the CNO cycle:

12C(p; )BN( *)BC(P; )MN(p; )**O( *)®N(p; )*C (16)
2C(p; )N (p; )MO( *)¥N(p; )*O( *)*®N(p; )**C (16a)

We note that indeed in the CNO process, equation 16, like in éhPP chain,
four protons were used to produce a helium nucleus, with thergduction of fusion
energy and the emission of electron neutrino's. In additiothe star will now have
carbon and nitrogen isotopes at various concentrations due this cycle. For stars
of core temperature larger then 17 MK [7] the CNO cycle proves a more e cient
energy source and indeed these stars generate a large fatof their energy through
the CNO cycle as shown in Fig. 11.

Fig. 11: The CNO - PP transition [3].
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3.3.4 The hot CNO cycle:

The beta decay lifetime of'*N is 863 sec and of°O is 176.3 sec. The lifetime ofN
is slow enough to allow for a di erent branch of the CNO cycled develope, see equ.
16a. Clearly if the temperatures and densities rises, sucls & explosive hydrogen
stellar environments, it should be possible to reach a poinhere the N (p; )*O
reaction rate is fast enough that it could favorably competeavith the slow beta decay
of 13N, leading to the hot-CNO cycle, equ. 16a. This rate is given bgquation 6,
m < 863 sec, and the conditions are related to the reaction crossction,
density and temperatures. One then clearly needs to know tlezoss section for the
reaction 3N (p; )**O at low energies, in order to determine the stellar conditian
(density and temperature) where stars may break into the hoCNO cycle. This
reaction is governed by the 1 state at 5.17 MeV in'*0O, as shown in Fig. 12.

The hot CNO cycle is found in hydrogen rich environments, atarge temper-
atures and densities, usually involving a binary star syste(s) such as Novae etc.,
hence further capture of protons and alpha-particles on efents from the hot CNO
cycle may allow for break out of the hot CNO cycle and into thep process [52]. In
this case the production of®Ne via the **O(; )'®Ne reaction, and various related
branches of the hot-CNO cycle, play a major role. These prases may in fact pro-
duce yet heavier elements, such &Ne and elements as heavy as mass 60 nuclei,

however we will not cover in this lecture notes these process

517 ____1°
G= 38, 1.8 keV
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p+13N
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Fig. 12: Nuclear states in'*O relevant for the hot-CNO cycle.

3.3.5 Nucleosynthesis in Massive Stars:

As stars consume their hydrogen fuel in the core, now compdsmainly of helium, it
contracts, raising its temperature and density. For exampl, in 25 solar masses stars
the hydrogen burning last for 7 Million years. At temperatues of the order of 200
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MK [4], the burning of helium sets in. The rst reactionto ocaristhe + | 8Be
due to the short lifetime of®Be this reaction yield a small concentration ofBe nuclei
in the star. However, this reaction is very crucial as a stejipg stone for the next
reaction that is loosely described as the three alpha-captiprocess:

8Be(; )¥?C (17)

The formation of small concentration offBe, allows for a larger phase space
for the triple alpha-capture reaction to occur. This reactbn was originally proposed
by Fred Hoyle, as a solution for bridging the gap over the mads and 8, where no
stable elements exist, and therefore the production of haav elements. In fact the
triple alpha capture reaction is governed by the excited *Ostate in ?C at 7.654
MeV, as shown in Fig. 13. This state was predicted by Fred Haylprior to its
discovery (by Fred Hoyle and others) at the Kellog radiatiorlab [30]. One loosely
refers to this O state as the reason for our existence, since without this stathe
universe will have a lot less carbon and indeed a lot less hgaglements, needed
for life. Extensive studies of properties of this state by ralear spectroscopist allow
us to determine the triple alpha-capture rate using equatio 14. The triple alpha
process is in fact accurately known to better then 10%. A pdbte alternative to
the formation of 12C was suggested via the hot pp cycle [53]: the reaction chain
YBe( : )110(p; )12N( )12C.

(7.6542 ot
7.3665
8Be+a
7 8ge
-91.78 ke 0-22 0
“He+“He C

Fig. 13: Nuclear levels in'2C and Be, relevant for the triple alpha-
particle capture reaction.
At the same temperature range (200 MK), the producet?C nuclei can undergo
subsequent alpha-particle capture to forni®O:

2c(; )0 (18)
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Unlike the triple alpha-capture reaction this reaction ocars in the continuum,
as shown in Fig. 14. This reaction is governed by the quantumeuhanical interference
of the tail of the bound 1 state at 7.12 MeV (the ghost state) and the tail of the
quasi-bound 1 state at 9.63 MeV, in'®0. As we shall see in section 4 of this lecture
notes, these e ects eluded measurements of the S-factor'é€(; )®O reaction for
the last two decades, in spite of repeated attempts. More reatly great hopes were
introduced for solving this problem [54] via beta-delayedlgha-particle emission of
N [55, 56, 62], but this hopes appear to have faded away [63, 65], as we discuss
below. Helium burning lasts for approximately 500,000 yesiin a 25 solar mass star
[4], and occurs at temperatures of approximately 200 MK. Asewvshall see below the
outcome of helium burning (i.e. the ratio between carbon an@xygen) is very crucial
for determining the nal fate of a massive star prior to its sgpernova collapse.

11.60 0
9.85 ot
9.63 1P
7.16 MeV - 7.12 19
12C+ a +
6.92 2
19)
6.13 3
» »
0.00 o
160

Fig. 14: Nuclear levels in'®O relevant for helium burning.

Stars of masses smaller then approximately 8 solar massedi eomplete their
energy generating life cycle at the helium burning cycle. ®y will be composed
mainly of carbon and oxygen and contract to a dwarf lying foreer on the left bot-
tom corner of the H-R diagram. More massive stars at the end dklium burning,
commence carbon burning at a temperature of approximately06-900 MK. Carbon
burning lasts for 600 years in 25 solar masses stars [4]. Thaimreaction process
in carbon burning is the *?C(*?C; )?°Ne reaction, but elements such a$’Na, and
some?*Mg are also produced. At temperatures of approximately 1.5 BKof ap-
proximately 150 keV) the tail of the Boltzmann distribution allows for the photo-
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CENTRAL DENSITY (gm/cc)

disintegration of °Ne, with an alpha-particle threshold as low as 4.73 MeV. This
reaction °°Ne( ; )'®O serves as a source of alpha-particle which are then captured
on ®Ne to form ?*Mg and ?8Si. The neon burning cycle lasts for 1 year in a 25
solar masses stars. These alpha-particles could also reaith *?Ne, as suggested by
Icko Iben [66], to yield neutron ux via the ??Ne( ;n )®®Mg reaction and give rise
to the slow capture of neutrons and the production of the hegvelements via the
s-process. At this point the core is rich with oxygen, and it @ntracts further and
the burning of oxygen commence at a temperature of 2 BK, mainkia the reaction
%0Q(1%0; )?8Si, with the additional production of elements of sulfur and ptassium.
The oxygen burning period lasts for approximately 6 monthsiia 25 solar masses star
[67]. At temperatures of approximately 3 BK a very brief (oneday or so) cycle of
the burning of silicon commence. In this burning period eleemts in the iron group
are produced. These elements can not be further burned as ytere the most bound
(with binding energy per nucleon of the order of 8 MeV), and thy represent the ashes
of the stellar re. The star now resemble the onion like strucire shown in Fig. 15.

SILICON BURNING _
10 1 DAY
10 — OXYGEN BURNING
I 6 MONTHS
10° NEON BURNING— |
1YEAR
10° 3
CARBON BURNING
600 YEARS
104

103/

~ HELIUM BURNING
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10 |~ HYDROGEN BURNING INCLUDED MASS (SOLAR MASSES)
10 7 MILLION YEARS
0 1 2 3 4

CENTRAL TEMPERATURE (GK)

Fig. 15: Burning stages and onion-like structure of a 28 star prior
to its supernova explosion [4, 67].

As the inactive iron core aggregates mass it reaches the Chamsekar limit
(close to 1.4 solar mass) and it collapses under its own grational pressure, leading
to the most spectacular event of a supernova. During a sup@va the electrons
are energetic enough to undergo electron capture by the necknd all protons are
transposed to neutrons, releasing the gravitational bindg energy (of the order of
%ng 3 10°2 ergs) mostly in the form of neutrino's of approximately 10
MeV (and temperature of approximately 100 GK). As the core imow composed of
compressed nuclear matter (several times denser then nujlé is black to neutrino's
(i.e. absorbs the neutrino's) and a neutrino bubble is fornakefor approximately 10 sec,
creating an outward push of the remnants of the star. This owtard push is believed
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by some to create the explosion of a type Il supernova. Durintyis explosion many
processes occur, including the rapid neutron capture (r pcess) that forms the heavier
elements of total mass of approximately 2%V

The supernova explosion ejects into the inter-stellar mediin its ashes from
which at a later time "solar systems" are formed. Indeed theahth of one star yields
the birth of another. At the center of the explosion we nd a rennant neutron star
or a black hole, depending on the outcome of helium burning.

One of the early records of supernova was provided by Chineastronomers
from July 4th 1054 AD [4]. That explosion left behind a cloud kown as the Crab
Nebula. Additional observation were made by Ticho Braha anthter by his student
Kepler. These include a supernova explosion on October 8,046AD in the constel-
lation Ophiuchus, shown in Fig. 16 [68, 69] and one in 1667 A the constellation
Cassiopeia A. Some speculate that the star of Beth-Lechem yneorrespond to a su-
pernova explosion that occurred in the year 3 AD. More recemxplosions, supernova
1987A and 1993J allowed for a more detailed examination of@émucleosynthesis as
well as the observation(s) of neutrino's from such explosis.

Fig. 16:Light curves obtained from western and eastern historicaécords,
indicating a type | supernova [68, 69].

It is clear from Fig. 15, that if in the process of helium burmg mostly oxygen
is formed, the star will be able to take a shorter route to thelugpernova explosion. In
fact if the carbon to oxygen ratio at the end of helium burningn a 25 solar masses
star, is smaller then approximately 15% [70], the star willksp the carbon and neon
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burning and directly proceed to the oxygen burning. In Fig. 7 we show the results
of the neon burning as a function of the S-factor for th&’C(; )0 reaction [70],

and clearly for a cross section of th&C(; )0 reaction that is twice the accepted
value [31, 32] (but not 1.7 the accepted value), a 25 solar nsas star will not produce
20N e, and the carbon burning is essentially turned o . This indeé will change the

thermodynamics and structure of the core of the progenitortar and in fact such an

oxygen rich star is more likely to collapse into a black hole7Q] while carbon rich

progenitor stars is more likely to leave behind a neutron sta Hence one needs to
know the carbon to oxygen ratio at the end of helium burning (vh an accuracy of

the order of 15%) to understand the fate of a dying star and thbeavy elements it

produces.

Fig. 17:Neon Formation; the turning o of carbon burning (at twice the
[31] accepted value for theé?C(; )0 reaction), is evident by a small production
of neon [70].

Since the triple alpha-particle capture reaction:®Be(; )'?C is very well un-
derstood, see above, one must measure the cross section ef#€( ; )%0O reaction
with high accuracy of the order of 15% or better. Unfortunaty as we discuss in
the next chapter this task was not possible over the last twoetades using conven-
tional techniques and initial hopes spured by the measuremteof the beta-delayed
alpha-particle emission of®N [55, 56, 62], did not materialize either [63, 64, 65].
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4 CENTRAL PROBLEMS IN NUCLEAR ASTRO-
PHYSICS

In this chapter we review some of the central problems of naar astrophysics. We
review the di culties encountered and in some cases suggdsiat radioactive beams
could be used to solve these critical problems of nuclear agthysics.

4.1 The ®B solar Neutrino's and the  'Be(p; )®B Reaction:

The predicted PPI solar neutrino ux is NOT sensitive to the cetails of the weak
interaction nuclear process and only depends on knowledgetloe luminosity of the
sun, 137 kW=m? at 1 AU, and L = 3:86 10® erg sec®. This conclusion is
due to the fact that the kinematics of hydrogen burning in thePPI chain requires
that approximately 2.5% of the solar luminosity is radiatedwith neutrinos. The ux

of the 8B solar neutrino's, composing 75% of those detected by Ray Dsivchlorine
detector, and 100% of the Kamiokande detector and also the SNdetector, on the
other hand is very sensitive to the details of the nuclear inis and in particular to
the "Be(p; )®B reaction, as well as the exact solar model including opact and
central temperatures.

Fig. 18: The extrapolated S,; factor of Barker and Spear, who rst

suggested a low value d%,7(0) of 17 eV-b [71].
The accepted value of the S-factor used by Bahcall and Uhlnd37] for the
‘Be(p; )®B reaction at zero energy is,S;; = 24:3 eV-barn. The more recent
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value adopted by Bahcall and Pinsonneault [38] is 22.4 eV-Aurck-Chieze adopted
the value measured by Filippone of 20.9 eV-b [39]. This smalalue is one of the
most signi cant di erences between her SSM and Bahcall's $3& The value of S;7
was studied in details by Barker and Spear [71] and Jonson, Ke, Koonin and
Langanke [72]. Barker and Spear point out to problems in thealue of normalization
used for the 'Be(p; )®B studies, i.e. the’Li(d;p)8Li reaction. They discuss the
evolution of the value of the’Li (d; p)®Li reaction cross section measured on the 770
keV resonance, as well as other factors and suggest the veow lvalue ofS;; = 17
eV-b, or approximately a 30% reduction inS,;; as compared to the value adopted by
Bahcall and Uhlrich, as shown in Fig. 18. This would imply a muction of 30% in
the expected®B solar neutrino ux, indeed a large decrease. Johnson et al.oint
out to some discrepancies between data obtained by Filipperet al. [73] and the
unpublished data of Kavanagh et al. [74]. Johnson et al. [72dopt the value of
S1; = 22:4 eV-b, as adopted by Bahcall and Pinsonneault but 8% below ¢hvalue
accepted by Bahcall and Uhlrich, as shown in Fig. 19.

Fig. 19:Comparison of the measurement of Filippone [73] and Kavarag
[74]. And the S, factor extracted by Johnson et al [72].
In Fig. 20 we show the ratio of the cross sections measured byifgpone et al.
[73], Kavanagh et al. [74], Parker [75], and Vaughn et al. [[6The data of Parker
and Kavanagh et al. are in agreement with each other, as aredldata of Filippone
et al. and Vaughn et al. The two data sets are also in good agmeent on the energy
dependence of the two cross sections. However as shown in 2@ the two data sets
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are in disagreement by approximately 35% on the absolute v& of the cross section.

In a recent review of Solar fusion cross section [77] in a wehop in the INT at
Seattle the cross section of théLi (d; p)8Li and S;; were reviewed with a re-eavluation
of ¢ = 147 11[77,78, 79] and:7(0) = 19 +4 2 eV-b. More recent direct
measurements with a’Be radioactive [80, 81] agree with the lower value adopted
by the Seattle workshop [77]. A newBe radioactive target produced at TRIUMF
[82] allows for yet another mesuement witdiBe radioactive target, and in the next
chapter we discuss the most important experiment with acamlated ‘Be beams.

The importance of the’Be(p; )®B reaction for the evaluation of the®B solar
neutrino ux calls for a continued interest and additional acurate measurements
of the "Be(p; )®B reaction, and in particular measurements that can distingsh
between the two absolute values of the cross sections, seg.FRO, are very much
needed. In the next chapter we discuss an interesting new appch with a measure
of success success, at attacking this problem witB radioactive beams and the use
of a new technique involving the Coulomb Dissociation (Priako ) process.
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Fig. 20: The ratio of the cross sections fofrBe(p; )®B measured by
Kavanagh et al. [74] and Parker [75] Vs Filippone et al. [73]nd Vaughn et al. [76].

4.2 Extrapolation of S;7 to Solar Energies

The discrepancy in the measured absolute value of the crosston of the’Be(p; )°B
reaction is clearly disturbing and as we show later it is quét possibly best addressed
with a ‘Be radioactive beam and a hydrogen target, allowing for a diremeasurement
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of the beam-target luminosity. However, additional uncedinty exists in the theo-
retical extrapolation of the measured cross section to solanergies (approximately
20 keV). A few theoretical studies suggest an extrapolatioprocedure that is accu-
rate to approximately 1% [83]. Without discussing these rather strong statements
we consider a similar situation that haunted Nuclear Astropysics a few years back{
the S-factor of thed(d; )*He reaction. It was assumed that in this case d-waves
dominate and no nuclear structure e ects should play a roletavery low energy, as
low as 100 keV. Much in the same way, it is stated today that saves dominate the
‘Be(p; )®B reaction and we do not expect nuclear structure e ects to piaa role at
low energies in the’Be(p; )®B reaction. In Fig. 21 we show Fowler's extrapolated
d-wave S-factor that is a mere factor of 32 smaller than measd, due to a small
non d-wave component in the d + d interaction [84]. A small ndear structure e ect,
namely the d-wave component of the ground state 6He, gives rise to a change by a
factor of 32 in the predicted astrophysical S-factor. Sinatly we may ask whether a
small non s-wave component in the low energy interaction of¢ ‘Be could alter the
extrapolated S;7(0) value by more than one percent. A measurement &;,(0) with
an accuracy of 5% mandates that the cross section be measured at low enesgias
low as possible, so as to also test the extrapolation proceda [83].

Fig. 21:Extrapolation of d-wave S-factor of thed(d; )*He reaction[84].
Note the presence of small non d-wave components that yielddiscrepancy from
Fowler's extracted S-factor by a factor of 32.

33



4.3 The Hot CNO cycle and the  *N(p; )'*O Reaction:

As we discuss in section 3.3.4, the value of the cross sectiointhe *N (p; )*O
reaction at low energies is governed by the 1state at 5.17 MeV in'*0, see Fig. 12.
Hence an indirect measurement of the cross section could laereed out by measuring
its partial width. The knowledge of the energy of the state [, its total width [86]
and its partial radiative width, or branching ratio for gamma decay [35], should allow
for determination of the cross section, see equations 12 ahd. This determination
turned out to be a formidable task [87, 88, 89]. In Fig. 22 we etv the radiative
width extracted in these experiments [35, 87, 88, 89] whereis deduced from a
measurement of the branching ratio for the 5.17 MeV gamma dic and the total
width of the state [86]. Only the measurement of Fernandez el. appears useful for
this study. As a comment in passing we note that the use of thengérgy Weighted
Dipole Sum Rule (EWDSR):

SED="E(1) B(E1:00 ! 1)

NZ
A

(0]

oh (19)

= 9
4 m

N

yield an upper limit on the radiative width of approximately 5 eV. In this case we
assume thattheB(E1: 1 ! 0") does not exhaust more then 1% of the EWDSR.
Note that even the largest known B(E1)'s in'!Be and *N exhaust 0.09% and 0.2%
of the EWDSR, and based on our understanding of dipole eleomagnetic decays,
as rst suggested by Gell-Mann and Telegdi [90] and Radicaf®1] for self conjugate
nuclei, and with advances made by theoretical and experimeh studies of B(E1) in
nuclei [36], we can estimate that the E1 decay should exhausiss then 1% of the
EWDSR, as shown in Fig. 22. The sum rule model then allow us tdgze an upper
limit on the value of the radiative width of the 1 state. In spite of a concentrated
e ort and with the exclusion of the Seattle result of Fernanéz et al., it is clear that
an accurate determination of the partial widths of the 1 state at 5.17 MeV in1%0O is
needed. By way of introduction to the next chapter, we show ifig. 22 the accurate
results obtained (in experiments that lasted for only a fewalys each) with radioactive
beams [92, 93, 94].
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4.4 Helium Burning and the  *2C(; )% Reaction:

For understanding the process of helium burning and in padular the oxygen to
carbon ratio at the end of helium burning we must understandhe 2C(; )0
reaction as in equation 18, at the most e ective energy for fiam burning of 300 keV,
see equation 11. At this energy one may estimate [30] the csasection to be 108
nbarn, clearly non measurable in laboratory experiments.nlfact the cross section
could be measured down to approximately 1.2 MeV and one neetds extrapolate
down to 300 keV, see Fig. 23. As we discuss below the extrapima to low energies
(300 keV) which in most other cases in nuclear astrophysiceudd be performed with
certain reliability, is made di cult by a few e ects.

The cross section at astrophysical energies has contribwti from the p and d
waves and is dominated by tails of the two bound states 8O, the 1 at 7.12 MeV
(p-wave) and the 2 at 6.92 MeV (d-wave), see Fig. 14. The p-wave contribution
arises from a detailed interference of the tail of the bound 1state at 7.12 MeV and
the broad 1 state at 6.93 MeV, see Fig. 14. The contribution of the bound lstate
arises from its virtual alpha-particle width, that could na be reliably measured or
calculated. Furthermore, the tails of the quasi-bound anddund 1 states interfere in
the continuum and the phase can not be determined from existj data. Existing data
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could be measured only at higher energies and therefore itedonot show sensitivity
to the above questions. Hence, the cross section of the€(; )0 reaction could
not be measured in a reliable way at 300 keV, and the p-wave &cfor at 300 keV,
for example, was estimated to be between 0-500 keV barn withcampiled value of
Se; = 60 +60 30 keV-b [31, 32] and5¢,(300) = 40 +40 20 keV-b. This large
uncertainty is contrasted by the need to know the S-factor wh 15% accuracy, see
chapter 3 and Fig. 17. In Fig. 24 we show the results obtaineder two decades for
the p- wave S-factor, with the most notable disagreement irhe extracted results of
the Munster group, that quoted a very large S-factor with a sl error bar. We refer
the reader to [55, 56, 57, 58, 59, 60, 61] for a complete refexe list and review of the
subject. The situation is best described as in Fig. 25 whereldind man attempts
to nd out wether the elephant trunk is up or down by holding its tail. He is clearly
performing an experiment with small sensitivity to the queison at hand. In the next
section we will discuss new idea(s) for measuring this pre@se(in the time reversed
fashion with 180 disintegrating to  + 2C). Great hopes for measuring the p-wave
S-factor in the beta-delayed alpha-particle emission &N [54], turned out to be false
and we propose a new experiment, the photodisintegration &fO, the **O(; )?C
to be performed at the Duke-HIGS facility.

Fig. 23: The >C(; )0 reaction cross section [30].
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Fig. 24: Measured S - factor(s) fot?C(; )**O from [60].

Fig. 25: A mythical blind man attempting to describe the position of
the elephant's trunk by holding its tail (artwork by Eric T. H arman).
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5 POSSIBLE SOLUTIONS [WITH SECONDARY
OR RADIOACTIVE BEAMS]

Fig. 26: The Louvain-La-Neuve Radioactive Beam Facility.

Fig. 27: The Riken-RIPS facility and the setup used for the Coulomb
Dissociation of2B, the Rikkyo-Riken-Yale-Tokyo-Tsukuba-LLN collaboration [95].
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In the previous chapter we have already described great ashaes made with
the use of radioactive beams to study thé3N (p; )**O and the hot-CNO cycle, see
Fig. 22. These studies were performed at the Louvain-La-Neai (LLN) Radioactive
beam facility with N radioactive beams [92] and with*O radioactive beams at
Riken [93] and at Ganil [94]. While the facility at LLN uses arnSOL type source and
works at low energies, see Fig. 26, the facility at Riken, ségég. 27, as well as that
at Michigan State University, see Fig. 28, use high energy &ms from fragmentation
process.

Fig. 28: The Michigan State University A1200 RNB facility.

5.1 The p-wave S-factor of *2C(; )0 from the beta-delayed
alpha-particle emission of 8N, Facts and Fallacies

The beta-delayed alpha-particle emission 6fN may allow us to study the'>C(; )0
reaction in its time reverse fashion, the disintegration ofO to + *2C, and it pro-
vides a high sensitivity for measuring low energy alpha-picles and the reduced
(virtual) alpha-particle width of the bound 1 state in 1°O at 7.12 MeV, see Fig. 14.
As shown in Fig. 29, low energy alpha-particle emitted fro®N correspond to high
energy beta's and thus to a larger phase space and enhancenmoportional to the
total energy to approximately the fth power. In addition th e apparent larger matrix
element of the beta decay to the bound 1state provides further sensitivity to that
state.
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However, in this case one needs to measure the beta decay, lselew, with
a sensitivity for a branching ratio of the order of 10° or better. Prediction of the
shape of the spectra of delayed alpha-particles frolfN were rst published by Baye
and Descouvemont [96], see Fig. 30. Note the anomalous iféeence structure
predicted to occur around 1.1 MeV, at a branching ratio at thdevel of 10°. The
previously measured beta-delayed alpha-particle emissiof 1°N [97] was analyzed
using R-matrix theory by Barker [98] and lately by Ji, Filippone, Humblet and Koonin
[99]. They conclude that the data measured at higher energiés dominated by the
quasi bound state in!*O at 9.63 MeV, see Fig. 14, and shows little sensitivity
to the interference with the bound 1 state. The data measured at low energies
is predicted to have large sensitivity to the anomalous intéerence with the bound
1- state. Similar prediction were also given by a K-matrix aalysis of Humblet,
Filippone, and Koonin [100] of the same early data otfN [97]. However, it is clear
that the interference phase measured in the beta-delayedohb-particle emission of
®N is not necessarily related to the one measured HC(; )0. Hence, a-priori
we might already conclude that while the data or®N may prove useful for extracting
the reduced alpha-width of bound 1 state, it may be more di cult to exract from
it the E1 astrophysical cross section factor.
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Fig. 30: Spectrum of the beta-delayed alpha-particle emission &N,
predicted by Baye and Descouvemont [96], some ve years befdhe observation of
the interference anomaly [55, 56, 62].

As shown in Fig. 29, the beta decay can only measure the p-waSefactor of
the 12C(; )%O reaction, and it also includes (small) contribution from anf-wave.
The contribution of the f-wave have to be determined empirally and appears to be
very small and leads to additional uncertainty in the quotedS-factor [55, 56]. The
extraction of the total S- factor of the>C(; )®O reaction could then be performed
from the knowledge of the E2/E1 ratio which is better known tlen the individual
guantities. An experimental program to study the beta-delged alpha-particle emis-
sionof ®N (and other nuclei) was carried out at Yale [55, 56] and at TRIMF [62].
From an R-matrix analysis the TRIUMF collaboration quoted avalue for the p-wave
astrophysical cross section factor of 79 21 [101]. The Yale study was continued
[63, 64] and it was found to be inconsistent with the TRIUMF reult [62, 101], see Fig.
31. In contrast to the rather small error bar quoted by the TRUMF collaboration
( 20%) an R-matrix analyses of the data by Gerry Hale [65] shodghat the °N
data does not rule out a small S-factor. We conclude that the-wave S-factor for the
2C(; )0 reaction is in fact not known with the accuracy claimed by Buzmann
et al. [62] and Azumaet al. [101]. In order to determine both the p- and d- wave
S-factors of the'?C(; )0 one can not resort to indirect measurements such the
beta-delayed alpha-particle emission dfN and one must measure the cross section of
the 12C(; )0 reaction at energies as low as possible. In the next sectioa discuss
such a possibility using a new High Intensity Gamma Source (BS) at TUNL/Duke.
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5.2 The Duke/TUNL Experiment: 180(; )C
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Fig. 32: The electron ring of the Duke High Intensity Gamma Source (H3S)
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[102].

For determination of the cross section of thé’C(; )0 at very low energies,
as low ask.,, = 700 KeV, considerably lower than measured till now, it is v useful
to have an experimental setup with three conditions: an ampéd cross section, high
luminosity and low background. It turns out that the use of the inverse process, the
8Q(; )2C reaction may indeed satisfy all three conditions. The crossection of
Q(; )2C reaction (with polarized photons) at the kinematical regia of interest
(photons approx 8-8.5 MeV) is larger by a factor of 50 than theross section of the
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direct 2C(; )0 reaction that occurs in for example Red Giants. Note that the
polarization yield an extra factor of two in the enhancement Thus for the lowest
data point measured at 0.9 MeV with the direct cross secion afoprox. 60 pb, the
photodissociation cross section is 3 nb. It is evident thatitr similar luminosities, see
below, and similar or lower background, the photodissociahn cross section can be
measured yet to even lower equivalent energies, as low as BI&V, where the direct
2C(; )0 cross section is predicted to be of the order of 1 pb. It is clethat
detailed balance aids a great deal in this case for measuritige 12C(; )0 at yet
lower energies. However, with (secondary photons from HIGSee Fig. 32) one can
not observe cascade gamma decay, which are considered tornalkat low energies.

The luminosity using for example a 100 cm long target of the gaCO, at a
pressure of 76 torrs (100 mbar), and with a photon beams of 2L0° /sec, we obtain a
luminosity of 10°° sec ‘cm 2, or a day long integrated luminosity of @1pb *. Hence a
measurement of the photodissociation 3fO with cross section of 10 pb, with a high
e ciency detector would yield one count per day. We concludé¢hat it is conceivable
that a facility with such luminosity and low background togeher with a high e ciency
detector may allow us to measure the photodissociation csection to a few tens of
pb and thus as low as several hundreds of fb for the dire&C(; )0 reaction.

The High Intensity Gamma Source (HIGS) [102], in the procesd being funded
by the USDOE at TUNL/Duke, has already achieved many of its mié stones and it is
rapidly approaching its design goal of 2-200 MeV gammas, wi® MeV gammas at a
resolution of 0.1% and intensity in the 18/sec range. The schematical layout of the
HIGS facility is shown in Fig. 32. With a 500 MeV pulsed electn beam circulating
in the ring, it passes an undulator (OK4) that produces Free Ectron Laser photons
of 3.3 eV. These photons are re ected back in an optical cayitand arrive in phase
for the next pulse in the ring, due to the lasing action. The bekscattered photons (of
12.2 MeV) are collimated and used for nuclear physics reselarat a designated Hall,
where we plan to set our experiment. With a Q value of -7.162upexperiment will
utilize gammas of energies ranging from 8 to 10 MeV. Note th#ite emitted photons
are linearly polarized [103] and the emitted particles araia horizontal plane. This
simpli es the tracking of particles in this experiment. In adition as the beam is a
pulsed, one may use the time information in the trigger of thexperiment as well as
for using time of ight techniques to further reduce the baclground.

The main background in such a photodissociation experimerdppears to be
the large ux of Compton electrons. A promissing detectionystem would involve
the construction of a Time Projection Chamber (TPC). Since lte range of available
alphas is approximately 8 cm the TPC will be 20 cm wide and one eter long.
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The TPC could be constructed to be largely insensitive to sgie Compton electrons,
but allow to track both alphas and carbons emitted almost bdcto back in time
correlation. The very di erent range of alphas and carbonsapprox. a factor of 4)
aids in the particle identi cation. Such a TPC detector alscallows to measure angular
distributions with respect to the polarization vector of the photon, and thus seperate
the E1 and E2 components of thé’C(; )0 reaction.

5.3 The Coulomb dissociation of  *O (hot CNO) and 2B (solar
neutrino's):

The Coulomb Dissociation [104] Primako [105] process, ihi¢ time reverse process
of the radiative capture. In this case instead of studying foexample the fusion of a
proton plus a nucleus (A-1), one studies the disintegratioaf the nal nucleus (A) in
the Coulomb eld to a proton plus the (A-1) nucleus. The readbn is made possible
by the absorption of a virtual photon from the eld of a high Z rucleus such ag®Ph
In this case since; for a photon is approximately 1000 times larger than that of
a particle beam, the small cross section is enhanced. Thedarvirtual photon ux
(typically 100-1000 photons per collision) also gives rige enhancement of the cross
section. Our understanding of the Coulomb Excitation and th virtual photon ux
allow us (as in the case of electron scattering) to deduce tiveverse nuclear process.
However in Coulomb Dissociation sinceZ approaches unity (unlike the case in elec-
tron scattering), higher order Coulomb e ects (Coulomb PasAcceleration) may be
non-negligible and they need to be understood [106]. The sess of the experiment is
in fact hinging on understanding such e ects and designinde kinematical conditions
SO as to minimize such e ects.

Hence the Coulomb Dissociation process has to be measurethvgreat care
with kinematical conditions carefully adjusted so as to mimize nuclear interactions
(i.e. distance of closest approach considerably larger th0 fm, hence very small
forward angles scattering), and measurements must be caudi out at high enough
energies (many tens of MeV/u) so as to maximize the virtual pfton ux [107].
Indeed when such conditions are not carefully selected [1@8 measured cross section
was shown to be dominated by nuclear e ects [109, 110], whicdan not be reliably
calculated to allow the extraction of the inverse radiativecapture cross section.

Good agreement between measured cross section of radiatepture through
a nuclear state, or in the continuum, was achieved for the Cémb Dissociation
of 6Li and the d(; )°Li capture reaction [111], and the Coulomb Dissociation of
140 and the p(*3N; )0 capture reaction [92, 93, 94]. In addition we note that test
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experiment on the Coulomb Dissociation 0N [93] was also found to be in agreement

with the 2C(p; )*3N capture reaction.
- — - E1 Capture S17 = 20 eV-b

—— Coulomb Dissoc. Cross Section

AN
AN
\\
100 mbarn / MeV

OI I IZOOI I I4|00I o éOO o ;300 o :II.OOIOI I 1200
Ecm ( keV)
Fig. 33: The cross section for Coulomb Dissociation and E1 capture.

The Coulomb Dissociation ofB may provide a good opportunity for resolving
the issue of the absolute value of the cross section of thBe(p; )8B reaction, see
chapter 4. The Coulomb Dissociation yield arise from the cealution of the inverse
nuclear cross section times the virtual photon ux. While tke rst one is decreasing as
one approaches low energies, the second one is increasing (@ the small threshold
of 137 keV). Hence as can be seen in Fig. 33, over the energyae@f 400 to 800 keV
the predicted measured yield is roughly constant. This is igreat contrast to the case
of the nuclear cross section that is dropping very fast at lownergies, see Fig. 33.
Hence measurements at these energies could be used to evaltize absolute value
of the cross section.
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Fig. 34: The experimental setup of the RIKEN Experiments.[95, 112,1B]

Fig. 35: Radioactive beams extracted from the Riken-RIPS facility iad
used in the study of the Coulomb Dissociation ofB, a Rikkyo-Riken-Yale-Tokyo-
Tsukuba-LLN collaboration [95].

An experiment to study the Coulomb Dissociation ofB was performed during
March-April, 1992, at the Riken radioactive beam facility,using the setup shown in
Fig. 34. The radioactive beams extracted from the RIPS sepator, see Fig. 27,
are shown in Fig. 35. Indeed the results of the experiment all us to measure the
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radiative capture ‘Be(p; )®B cross section and the results of the RIKEN | [95] and
the RIKEN 1l [112, 113] are consistent with the absolute vale of the cross section
measured by Filippone et al. [73] and by Vaughn et al. [76], ahown in Fig. 36.

This experiment was continued at GSI [114] with similar redts at low energy. The

results of the RIKEN | [95], RIKEN 11 [112, 113], GSI [114] as all as the MSU result

on the E2/E1 [116] are shown in Table Il. Note the MSU data suggt an E2 larger

than expected from RIKEN | data [115], RIKEN Il [112], and GSldata [114].

Fig. 36: Extracted S,7(E) cross section factors by the RIKEN experi-
ments as compared to direct measurements.

Table 1I: Measured S-factors in Coulomb dissociation experiments.

Experiment S17(0) eV-b Se>=51(0.6 MeV)
RIKENL1 [95] 169 32 <7 10 “[115]
RIKEN2 [112] 189 1.8 <4 10 5[113]

GSI1 [114] 26 1.2 1.0 <3 10°

MSU [116] 6:7 +2:8 19 10 %
ADOPTED 194 13 <3 10°
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5.4 The ’Be(p; )®B Reaction Studies With  ’Be Radioactive
Beams at LLN:

An experiment to study the "Be(p; )®B reaction with "Be radioactive beam is in
progress, a UConn-LLN collaboration at LLN [117, 118] The e@erimental detector
setup for the UConn-LLN experiment is shown in Fig. 37. The mwil 8B emerge with
a (step) distribution of energies with widths approximatey 0.7 MeV, and a stopping
spread in aluminum of approximately 0.5m . Thus the stopped®B are designed
to be equally spread over the two aluminum catcher foils (0.5n each). The beta-
delayed alpha-particle emission 6B is measured by measuring coincidence between
the two back to back equal energy alpha-particles detected a pair of detectors, see
g. 37.

In the target region, two monitors measure beam intensity byneasuring the
elastic scattering o a thin Au foil (evaporated onto a very hin carbon backing) and
the recoil protons o the target. The cross section of théBe(p; )®B reaction will
be measured relative to the elastic scattering, thereby reswing several systematic
uncertainties related to beam-target composition. The hywgen component of the
target is continuously monitored by measuring the recoil mtons from the target.

Since two alpha-particles are associated with every decag walculated a very-
large detection e ciency, approximately 50% of 2. Our extensive Monte carlo sim-
ulations yield a large (98%) coincidence e ciency, and thuapproximately 50% total
coincidence e ciency for two equal energy correlated backotback alpha-particles.
For a 8B transfer time of 0.07 sec, every 0.5 sec, we obtain a total hpparticle
detection e ciency of approximately 25%. The closed detean geometry (50% of
4 ) with a front and back detectors (a-la calorimetry style) aso ensures that the total
alpha detection e ciency is nearly independent of the exaclocation of the collection
foils, as long as the two foils remain parallel and at constadistance and the recoil
8B nuclei are spread equally on both catcher foils.

A beam intensity of 5 10° =secand a 250 g=cm? CH, target ( E¢n =
100 keV) containing 2 10" hydrogens=cm yield a luminosity of 1¢® =sec=cn.
With expected cross sections of = 0:5; 0:4 and Q2 b, at E,, = 1:0; 0:8 and
0:5 MeV, respectively, and alpha-particle detection e cieng of 25%, we obtain count
rates of approximately 5, 4, and 2 counts per hour. Thus experents lasting two
to three days atE., = 1:0; 0:8 and Q5 MeV, respectively, will yield a total count
of 240, 192 and 144 counts and statistical uncertainties 0f486, 7.2% and 8.3%,
respectively. With approved 9 days of experiment we plan todgust the length of
runs to achieve 5% precision at each data point.
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6 Conclusions and Acknowledgements

We conclude that radioactive beams could be used for cardjuplanned experiments
to solve some of the outstanding and most important problenaf nuclear astrophysics
today, and hence promise a rich future for low energy nucleastrophysics studies.
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Senger on the data analyses of the CD data and Ralph H. Francd bnd James
E. McDonald on the data analysis of the/Be(p; )B reaction. | also acknowledge

discussions and encouragements from Professors J.N. Bahoda.A. Bertulani, G.
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