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The main goal of the paper is to show the close relation between nuclear spectroscopy in
nuclear reactions and nuclear astrophysics and to show that certain processes which are studied
under normal conditions are enhanced in astrophysics.

1. INTRODUCTION

Nuclear astrophysics is a very prosperous and fast de-
veloping field. It is a combination of astrophysics and nu-
clear physics. It would take hours to mention only the
most important parts of it. Therefore, in the brief time
allotted here the subject should be strongly reduced.
Namely, only low-energy charged-particle-induced nuclear
reactions will be discussed here. However, it turns out that
from the astrophysical point of view reactions of this kind
(thermonuclear) are the most important ones. In stars
they play the leading role as sources of energy and of ele-
ment synthesis.

The main goal of my talk is—without entering into
details of nuclear astrophysics—to show, on the one hand,
the close relation between nuclear spectroscopy in nuclear
reactions and nuclear astrophysics and, on the other hand,
the significance of processes which are negligible under
normal circumstances but important in astrophysics. That
aim will be fulfilled by three examples. Two of them are
experimental works (with my participation during a one-
year study in Miinster, Germany), and the third one
(taken from Ref. 1) is a complex, expressive consequence
of selection rules in nuclear physics. Before the examples, a
very short introductory description of the synthesis of ele-
ments and star evolution is given together with a few basic
relations in nuclear astrophysics.

The elemental abundances are the result of mixing in
the course of a cyclic evolution shown in Fig. 1.2 Some
material can escape from the cycle as stellar residues
(white dwarfs, etc.) or galactic cosmic-ray nuclei and, on
the other hand, some material (possibly of Big Bang com-
position) may fall in. In the cycling process the stars are
the very sites for different nuclear reactions providing en-
ergy for stabilizing themselves against gravitational con-
traction during the different burning stages (Fig. 2) of
their life. A burning stage is also responsible for changes in
elemental composition, while the intercurrent episodes of
gravitational contraction (downward arrows in Fig. 2)
generate temperature increases. The general evolution of a
massive (M =25M®) star is shown schematically in Fig. 2,
taken from Ref. 3. The figure illustrates the central tem-
peratures, densities, and duration of different burning
stages with the most abundant nuclei left after a given
burning mode. The figure also shows that a burning phase
after its completion is drawn out from the central region
into a thin peripheral shell, so that the deep stellar regions
are similar to an onion with different skins of different
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composition. The fate of a star is very complex (depending
mostly on its mass), and a detailed treatment of that ques-
tion is far beyond the scope of this talk.

All the critical stellar features (energy production, nu-
cleosynthesis of elements, etc.) depend directly on the
magnitude of the reaction rate per particle pair, {ov):

8§ \V2 o E
<UV>=(7TM12) T fo cr(E)exp(—k—T—,)E dE,
(1

where (ov) means a value averaged over the velocity dis-
tribution, which is a Maxwell-Boltzmann one in the case
of normal stellar gas (thermodynamic equilibrium). Here
T refers to the temperature of the gas, M, is the reduced
mass of the interacting nuclei, E=iM,»” is the center-of-
mass energy, and o(E) is the reaction cross section. For
nonresonant charged-particle-induced reactions the cross
section can be expressed as

1
o(E) =S(E) 3 exp(—2m), (2)

(for details see, e.g., Ref. 2), where the function S(E)
defined here is referred to as the nuclear or astrophysical .§
factor containing all the strictly nuclear effects. The quan-
tity 7 is called the Sommerfeld parameter, and 277 is the
Gamow factor expressing approximately the tunneling
probability for particles with charges Z; and Z,:

2mn=21Z\Z,e*/#iv. (3)

Combining Egs. (1)-(3), the reaction rate per particle
pair is

g8 \12 -
(UV>=(7TM12) (kT)? Jo S5
Xexp(—E/kT)exp(—2mn)dE, 4

which is shown graphically in Fig. 3.2 The product of the
two exponential terms (hatched area) leads to a relatively
narrow energy window around the effective burning energy
of Ey(Ey> kT'), where the nuclear reactions take place. In
general, for stellar temperatures this window is far below
the Coulomb barrier (e.g., Ey,=14.8 keV for Li+p at
T=15%10% K and E.,,=1.7 MeV); consequently, the
experimental reaction cross sections are needed at very low
(essentially at zero) energies. [For resonance reactions Eq.
(4) contains the sum of resonance strengths instead of the
S(E) factor.z] The cross section o(E) of a charged-
particle-induced reaction drops sharply with decreasing en-
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ergy E for beam energies below the Coulomb barrier E,
which means a practical lower limit E; for cross-section
measurements; thus, the only way is the extrapolation.
Since the S factor is a smoothly varying function of energy,
the advantage of using it instead of o(E) [Eq. (2)] is ob-
vious, as is clearly demonstrated in Fig. 4. Note the log-
arithmic and linear scales on the upper and lower parts of
Fig. 4, respectively.

On the basis of the very short review above, one might
come to the conclusion that only the reaction cross sections
are needed for astrophysics. It is true, however, that for
getting reliable cross-section data the full arsenal of nuclear
spectroscopy has to be used. The above-sketched features
of nuclear astrophysics are very simplified ones; the general
case is shown in Fig. 5. Besides the nonresonant case,
there are other processes contributing to the S factor (or
cross section), namely, resonances at higher energies

lenergy source,

white dwarf
neutron star
black hole

in a galaxy.'

element synthesis)

(broad ones) or at lower energies (sometimes in the ex-
trapolation region) and even below the reaction threshold.
In addition, interferences can frequently occur between
resonant and nonresonant processes. To take all these phe-
nomena into account an accurate knowledge of the reac-
tion mechanism and resonances together with their param-
eters (J", strength, width, etc.) is necessary. For that,
sometimes additional reaction(s) must be studied too (for
resonances in the extrapolation and subthreshold region).

Before turning to the examples mentioned above it
should be emphasized that besides the charged-particle-
induced reactions discussed here, other reactions, like neu-
tron capture, photodisintegration, and to some extent fu-
sion of light heavy ions, are also very important in
astrophysics. However, they are beyond the scope of this
talk.
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FIG. 3. Schematic diagram of the effective stellar energy region for nu-
clear reactions between charged particles.?

2. ELECTRON SCREENING IN THE REACTION
S7Li(p,a)**He

As was pointed out in the previous section, to obtain
the S(E) value at the effective stellar energy (=0) the
experimental values must be extrapolated. To improve the
extrapolated value, experimentalists make every effort to
perform measurements at lower and lower enegies. How-
ever, according to a prediction* for the cross section of
reactions between light nuclei and projectiles (mostly pro-
tons) at low energies, a simple process negligible at higher
energies (electron screening) becomes significant. The ba-
sic idea of this screening is the following.

In nuclear physical treatments [e.g., Egs. (2) and (3)]
it is assumed that the Coulomb potential of the target nu-
cleus as seen by the projectile is that resulting from a bare
nucleus, and it would thus extend to infinity. However, for
nuclear reactions studied in the laboratory the target nuclei
are usually in the form of atoms or molecules. The atomic
(or molecular) electron cloud surrounding the target nu-
cleus acts as a screening potential: an incoming projectile
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FIG. 4. The energy dependence of the cross section o(E) and the S(E)
factor for a charged-particle-induced nuclear reaction.?

432 Sov. J. Part. Nucl. 23 (4), July—Aug. 1992

sees no repulsive Coulomb force until it penetrates beyond
the atomic radius R, thus, it effectively sees a reduced
Coulomb barrier. At low projectile energies, when the clas-
sical turning point R, of an incoming particle for the bare
nucleus is near or outside the atomic radius, the magnitude
of the shielding effect becomes significant: the condition
R>R, leads to energies E<U,=Z,Z,¢*/R,. Setting R,
equal to the radius of the innermost electrons of the target
(or projectile) atoms, the resulting energies U, are quite
low [e.g., U,=0.24 keV for "Li(p,a)*He], and thus the
shielding effects might really appear to be effectively unim-
portant. However, the penetration through a shielded Cou-
lomb barrier at energy E is equivalent to that of bare nuclei
at energy E.g=E+ U,. Thus, the shielding effect increases
the cross section with an enhancement factor f given by*

_0(Eer) E exp[—2mn(Eep)]
" 0(E) TEg4 exp[—2m(E)]

™(E)U,
:exp(-—E—

i.e,, the factor f increases exponentially with decreasing
energy. For energies E/U,>1000 the shielding effects are
negligible [e.g., f=1.003 for "Li(p,a)*He]. However, at
energies £/U,<100 the shielding effects cannot be disre-
garded [e.g., f=14.0 and 1.09 at E/U,=10 and 100, re-
spectively, for "Li(p,a)*He] and become important for the
understanding of the low-energy data.

Several reactions involving light nuclides have been
studied towards, and in some cases even below, the region
E/U,=100 (Ref. 4 and references therein). However, the
experimental errors for these low-energy data are too large
to draw any meaningful conclusions. The first real experi-
mental evidence of the electron screening was found in the
reaction 3Hc(d,p)4He (Ref. 5), and most of the theoretical
calculations®® underestimate the experimental data.

Here new experimental data are presented for the re-
action ®"Li(p,a)**He (Ref. 9). The reactions were studied
at the 100-kV accelerator at the Ruhr Universitit Bochum
(Germany), which provided beams of Hit, Hf, and Hy
ions at energies E;,;, =20 to 100 keV with particle current
up to 3 mA and at the 350-kV accelerator at the Univer-
sitdt Miinster, which provided °Li* and 'Li™ ions at en-
ergies Ey,, =77 to 350 keV. Solid LiF targets on Ta backing
and H, gas targets were used. The solid targets were fab-
ricated with lithium of natural abundance and with lithium
enriched to 99% in °Li in the cases of 'Li and SLi targets,
respectively. The thickness of the solid targets (300 to 1000
pg/cm?) was large enough to totally stop the incoming
protons. During the course of the experiments the stability
of the solid targets was checked periodically: no target
deterioration was observed for bombarding times of more
than a week. The proton beam passed through a Cu colli-
mator and was focused into a profile of about 1.5 cm di-
ameter on the target. The target was mounted at 90° with
respect to the beam direction. Direct water cooling was
applied to the target. A liquid-nitrogen (LN,) cooled in-
line Cu tube extended from the collimator to within 3 mm
of the target. The tube near the target had appropriate

) for U,<E, (5)
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holes to allow the observation of reaction products in four
Si particle detectors (active area 450 and 600 mm?, thick-
ness 500 and 100 um) positioned at 130° with respect to
the beam direction. A negative voltage of —300 V was
applied to the tube to suppress secondary electrons from
the target. The pressure in the target chamber was better
than 2 10~ mbar, and no carbon buildup on the target
was observed.

For the reverse-reaction experiment a windowless gas
target system of four pumping stages was used as a thin H,
target. The beam entered the rectangular target chamber
through five Ta apertures and was stopped in a 20-W beam
calorimeter. The gas pressure in the chamber was mea-
sured with a Baratron capacitance manometer to an accu-
racy of better than +=4%. The number of projectiles was
measured via the calorimeter to an accuracy of +2.5%.
Two Si detectors (active area 500 mm?, thickness 2000
pm) were installed in the chamber at opposite sides of the
beam axis. Both in the solid-target and in the gas-target
experiment, Ni foils were placed in front of the Si detectors
to stop elastically scattered particles. In order to suppress
the contribution of cosmic-ray events in the Si detectors,
coincident signals from the Si detectors and a plastic scin-
tillator (surrounding the target chamber) were rejected.
Furthermore, a 5-cm thick lead shielding was placed
around the plastic scintillator. Both in the solid and in the
gas target cases these arrangements led to a reduction of
the cosmic and room background by about a factor of 4.

The reaction yield Y(E) obtained with infinitely thick
targets is correlated with the cross section o(E ),10 and
with the S(E) factor [Eq. (2)], by the relation

Y(E)= fa(E)e-‘dE= fS(E)E" exp(—2mn)e~ 'dE,

(6)
where the integration is carried out from zero energy to the
incident-beam energy, and ¢ is the stopping power.'! The
Spn(E) factor for the case of bare nuclei (BN) was ob-
tained via a polynomial fit to the previous data at higher
energies'>'® and an extrapolation down to the relevant
energies of the present measurements (Fig. 6). The en-
hancement f is then given by the experimental yield (cor-
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interaction energy, E

rected for the angular distribution and target stochiome-
try), divided by the theoretical yield Ygn(E), obtained
with the derived function Sgy(E). The ratio was normal-
ized to unity at the higher energies, where no screening
effects are expected. Thus, the experimental S(E) factor
was determined by using the relation

S(E) = fSBN(E)= [Y(E)/Yan(E)1Sen(E)  (7)

and is shown in Fig. 6. A fit to the data using Eq. (5) leads
to screening potentials U,=410+40 eV and 400+40 ¢V in
the cases of 'Li (p,a)4He and SLi (p,a)3He, respectively.
The values are significantly higher than the expected value*
quoted above (240 eV).

In the case of the thin H, gas target the corrections due
to the infinitely thick targets can be avoided; otherwise, the
S(E) values were obtained as in the solid-target case. A fit
to the data using Eq. (5) leads to screening potentials
U,=310=20 eV for Li(p,a)*He and U,=300+20 eV for
6Li(p,a)3He (Fig. 7). The values are again higher than
expected.

Since the electron cloud in the H, molecule (gas tar-
get) is at larger distances than in the H atom (projectile),
the screening effect should be shifted to lower energies, i.e.,
U,(H,+Li) <U, (H+Li), as is shown qualitatively by
our experimental values. A recent theoretical calculation®
strongly underestimates (U,,=186 eV) the experimental
values.

In summary, a good understanding of the screening
effect requires additional efforts in the theory as well as in
experimental work, i.e., one needs improved low-energy
data for other fusion reactions. Such a program is in
progress at the Ruhr Universitdt, Bochum.

3. NUCLEAR REACTION ON A RADIOACTIVE
TARGET: #Na(p,y)*’Mg

The main motivation of this experiment is related to
the so-called Ne-E (E for extraordinary) problem, i.e., the
discovery of neon remarkably enriched in **Ne with
2Ne/®Ne>0.67 (terrestrial ratio 0.1) in the Orgueuil
meteorite.'® The results of subsequent  refined
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measurements'>?®  and  detailed nucleosynthesis

calculations®'?* have shown that the Ne-E is essentially
fossil material of extinct *’Na, and the hot NeNa cycle
(Fig. 8) developing in explosive H-burning locations, and
in particular in novae, could account for a sizable ?’Na
production. However, recent calculations®*?> have pre-
dicted much lower 2Na nova yields. This is due to a large
increase in the calculated reaction rates for
22Na(p,‘y)”Mg, which is the key reaction for 22Na destruc-
tion in the hot NeNa chain.? The experimental work dis-
cussed below!” gives a reevaluation of the rate of this im-
portant reaction in a range of energies (temperatures) that
encompasses the most likely conditions of operation of the
cold and hot NeNa chains of reactions.

The 22Na(p,y)”Mg reaction is one of the examples of
nuclear reactions induced on radioactive nuclei, the impor-
tance of which in the hot and explosive burning phases of
stellar evolution has been addressed in recent years (Ref.
26).2 1t is shown in Fig. 8, where the dominant stable
nuclei involved in the “cold”. (low-temperature) operation
of the cycle are shaded. At higher temperatures, the nu-
clear burning times can become shorter than the half-lives;
with increasing temperature the longer-lived *Na nuclides
[and so the **Na(p,y)**Mg reaction] are the first to become
relevant, and the cycle is said to operate in the “hot” mode.
The next nucleus is 2!Na, and so on.

The experimental examination of the 2’Na(p,y)**Mg
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FIG. 6. The S(E)-factor data for the solid-target cases. The lower
curves are obtained from a fit to previous data at higher energies
(see the text) and are assumed to represent the case of bare nuclei.
The upper curves are the calculated enhancements using Eq. (5)
with the fitted potentials shown in the figures.

reaction—in addition to the already mentioned general ex-
perimental difficulties in nuclear astrophysics (low energy,
small cross section)—requires a radioactive 2’Na target
and the detection of capture gamma rays in the presence of
the “hot” target. The level diagram of the reaction is
shown in Fig. 9. In a previous experiment?’ only upper
limits on the strengths of potential resonances were re-
ported at Elab = 0.40-1.27 MeV. Using improved experi-
mental techmques, such as 2Na mass-separator implanted
targets (ISOLDE-II at CERN) and a threshold gamma-
ray detector, the wide range of nuclear spectroscopy was
performed for getting the necessary stellar reaction rates.
For the experiment the 450-kV Sames accelerator and the
4-MV Dynamitron tandem accelerator at the Ruhr Uni-
versitit Bochum provided proton beams up to 80 uA on
the target in the energy range E,=0.17-1.29 MeV. The
beams from each accelerator were guided into the same
target beam line. The beam passed through a long (1.08
m) LN,-cooled Cu shroud with a collimator at the end of
it, an electrically insulated Cu disk (with a central hole),
and was finally stopped at the target. A voltage of —300 V
applied to the disk was sufficient for secondary-electron
suppression from both the shroud and the target. Thus, the
end of the beam pipe (electrically insulated, 70 cm long)
together with the target formed a Faraday cup for beam
integration. The targets were oriented perpendicular to the
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beam direction. The effective mean diameter of the beam
spot was about 5 mm. In order to minimize beam-induced
gamma-ray background from the shroud collimator, its
beam-facing side was coated with a Ni layer. The target
substrates were directly water-cooled. With the
LN,-cooled Cu shroud (pressure near the target
=2X%10"7 Torr) carbon deposition on the targets was
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1000

FIG. 7. The same as in Fig. 6, for the gas target.

strongly reduced. The implanted target of 0.7 m Ci **Na
activity was in the form of a Ni-Ta sandwich. The effective
target thickness was 9+1 keV at E,=613 keV.

Three different gamma-ray detectors have been used: a
7.6-cm@X 7.6-cm Nal(T1) crystal, a 145-cm? intrinsic Ge
detector, and a threshold detector of 242 1 D,O (Ref. 28).
The target and the Nal crystal were installed inside a cy-

FIG. 8. The sequence of nuclear reactions and 8
decays in the hydrogen-burning NeNa cycle. The
half-lives of the radioactive nuclides are indicated.
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lindrical pipe at the center of the D,0 detector. A 4.6-cm
thick lead absorber between the target and the crystal gave
the limit of tolerable dead-time effects (counting rate 50
kHz). The Ge detector was placed at 0° with respect to the
beam direction at a distance (and lead shield) of 6.3 cm
from the target (without the D,O detector around it).

The excitation functions (Fig. 10), resonance energies,
resonance branching ratios, resonance strengths, and limits
of J™ assignments have been determined. From these data
stellar reaction rates have been calculated. The results in
comparison with an earlier estimation®® are shown in Fig.
11. The earlier overestimated values are clearly demon-
strated.

Other details of our study as well as some astrophysical
considerations can be found in Ref. 17.

4. AN INTERESTING CONSEQUENCE OF SOME
RULES OF NUCLEAR PHYSICS

(This section has been taken from Ref. 1.)

On the basis of many experimental studies, Fig. 12
summarizes and puts in perspective the main nuclear reac-
tions involved in quiescent He burning in the cores of red
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giant stars. The '2C nuclei are built with sufficient abun-
dance due to the small difference between the masses of a
®Be nucleus and two alpha particles and a fortuitously lo-
cated state in '>C that provides a thermal resonance to
enhance greatly the ®Be(a,y) '2C process. The resulting '2C
nuclei survive further bombardment with particles from
the @ bath due to the lack of a resonant state in '°0 near
the most effective energy window E,. However, the 7.12-
and 6.92-MeV states provide, through subthreshold reso-
nance reactions, enough yield at E; to let the 12C(az,y) 150
reaction proceed at a rate such that ?C and %O are pro-
duced roughly in amounts such that C/O=0.1. If the El
gamma decay of the 7.12-MeV state were not inhibited by
isospin selection rules, the '2C would not have survived He
burning. The '®O nuclei are not subsequently consumed
because the 4.97-MeV state in 2°Ne, though located exactly
in the most effective burning region E,, cannot be formed
via 1‘(’O(oz,y)zol*le, owing to parity conservation. Since the
nuclear properties of the 4.25-MeV state (J"=47) prevent
it from acting as a subthreshold resonance, the
10 (a,7)*°Ne reaction proceeds at an extremely low rate,
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essentially blocking nucleosynthesis via He burning beyond
16
0.

As a consequence, the major ashes of He burning in
red giants are carbon and oxygen, and it is generally be-
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FIG. 11. Ratio of the present and previous® stellar reaction rates as a
function of temperature. The curves labeled LOW and HIGH represent
the values taken from the known resonance strengths only and from all
potentially possible contributions, respectively.
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lieved that the '>C and '%0 in galactic matter had their
origin in these red giants. Both elements are also essential
for the evolution of life; and it is only through some for-
tuitous nuclear properties and selection rules that both el-
ements were produced so plentifully and survived the red-
giant phase of stellar evolution. It is perhaps instructive to
speculate on how our life and the universe as a whole
might have looked if the mass of ®Be had not been close to
the mass of two alpha particles, if there was no enhancing
resonant state in '2C, or if there were no parity and isospin
conservation laws. Einstein is quoted as saying, “God does
not throw dice.” This has not been verified one way or the
other; but if He (or “She”) does, She (or He) is incredibly
lucky.

5. SUMMARY

Here an attempt has been made to show one of the
main requirements of nuclear astrophysics, viz., many-
sided knowledge of a large variety of nuclear reactions. For
astrophysics many nuclear reactions or processes are im-
portant in the energy range from a few keV (thermonu-
clear reactions) up to about 100 MeV (spallation reac-
tions); however, low-energy charged-particle-induced
reactions—the subject of this review—are playing a key
role in the evolution of stars producing energy and are
mostly responsible for elemental nucleosynthesis.

The given examples (Secs. 2—4) hopefully have proved
the importance of the precise knowledge of nuclear levels
(bound or resonance ones), their parameters (J7, T, T,
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Y, etc.), and the reaction mechanism. It was perhaps in-
teresting to show how the evolution of life is determined by
conservation laws of nuclear physics.

One should never forget that, because of the nature of
the astrophysical problems, there are many special require-
ments (e.g., experiments at very low energies) and pro-
cesses (e.g., electron screening) which are not encountered
in ordinary nuclear physics. Thus, nuclear astrophysics is a
great challenge for experimentalists: somehow the extreme
circumstances (temperature, density, etc.) of astrophysical
sites have to be transported to the laboratory or must at
least be simulated. Therefore it is often a frustrating sci-
ence. The desired cross sections are among the smallest
ones measured in the nuclear laboratory, requiring long
measuring times with scrupulous attention to the back-
ground.

Last but not least, I would like to emphasize that nu-
clear astrophysics, in addition to the fact that it is a fast
developing discipline, has also originated extremely active
new fields, like experiments on ‘“hot” targets or by “hot”
beams (see, e.g., Ref. 2 and references therein).

Thanks are due to C. Rolfs (Bochum) for his invita-
tion to take part in the astrophysical experiments reported
here and for excellent hospitality during that period.

DTalk given at the session “Trends in Physics” at the Hungarian Acad-
emy of Sciences (7 May 1991).

D1t should be noted that radioactive beams have the same importance
with only a practical difference, i.e., for nuclei with half-life T';,, <1 h
radioactive-beam experiments, and for T'; ;1 h radioactive-target exper-
iments, are more advantageous.’
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FIG. 12. Level schemes of nuclei involved
in the He-burning reactions in red giants.!
The effective stellar energies (E,) are indi-
cated.
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