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Abstract

A small number of naturally occurring, proton-rich nuclides (the p-nuclei) cannot be made in
the s- and r-processes. Their origin is not well understood. Massive stars can produce p-nuclei
through photodisintegration of pre-existing intermediate and heavy nuclei. This so-called

I -process requires high stellar plasma temperatures and occurs mainly in explosive O/Ne
burning during a core-collapse supernova. Although! thgrocess in massive stars has been
successful in producing a large range of p-nuclei, signibcant debciencies remain. An
increasing number of processes and sites has been studied in recent years in search of viable
alternatives replacing or supplementing the massive star models. A large number of unstable
nuclei, however, with only theoretically predicted reaction rates are included in the reaction
network and thus the nuclear input may also bear considerable uncertainties. The current
status of astrophysical models, nuclear input and observational constraints is reviewed. After
an overview of currently discussed models, the focus is on the possibility to better constrain
those models through different means. Meteoritic data not only provide the actual isotopic
abundances of the p-nuclei but can also put constraints on the possible contribution of
proton-rich nucleosynthesis. The main part of the review focuses on the nuclear uncertainties
involved in the determination of the astrophysical reaction rates required for the extended
reaction networks used in nucleosynthesis studies. Experimental approaches are discussed
together with their necessary connection to theory, which is especially pronounced for
reactions with intermediate and heavy nuclei in explosive nuclear burning, even close to
stability.

(Some bgures may appear in colour only in the online journal)
This article was invited by Robert E Tribble.
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1. Introduction the problems encountered. Sectibpresents the information

which can be extracted from the analysis of meteoritic material,
The origin of the intermediate and heavy elements beyond irfrom the actual solar p-abundances (sectidi) to constraints
has been a long-standing, important question in astronorfingm extinct radionuclides (secti@gh2) and isotopic anomalies
and astrophysics. The neutron capture s- and r-proces@sction4.3). The discussion of the relevant nuclear physics
synthesize the bulk of those nuclei. While low-masstarts with basic debnitions in sectibnimportant reactions,
asymptotic giant branch (AGBYI ! 8 M, ) and massive the main nuclear uncertainties and the ways in which nuclear
stars M " 8 M, ) were found to contribute to the s-processexperiments can help are examined in sectbhs$.2and6.3.
the site of the r-process still remains unknown. MoreoveExperimental approaches are reviewed in secfiprmore
a number of naturally occurring, proton-rich isotopes (thgpecibcally photodisintegration reactions and their limitations
p-nuclei) cannot be made in either the s- or the r-procegsection7.1), charged-particle induced reactions (secfia?),
Although their natural abundances are tiny compared withastic scattering (sectioh3) and neutron-induced reactions
isotopes produced in neutron-capture nucleosynthesis, thsiection7.4).
production is even more problematic. The long-time favored
process, photodisintegration of material in the O/Ne-shell of2 The case of the missing nuclides
massive star during its Pnal core-collapse supernova explosion,

fails to produce the required amounts of p-nuclei in severg] the prst detailed analysis of solar abundances published by
mass ranges. Several alternative sites have been proposeq)ui was already indicated that at least two types of processes
so far no conclusive evidence has been found to favor one or iy be required to produce the abundance distribution above
other. Further important uncertainties stem from the reacti¢@dn, one leading to neutron-rich isotopes and a different
rates used in the modeling of the thermonuclear burningne for neutron-debcient nuclides. Only one year la®gr |
Investigations in astrophysical and nuclear models, toget{@?FH) and B] made detailed studies on suitable processes
with various OobservationalO information (obtained fremd their constraints, based on the datatyahd additional
stellar spectra, meteoritic specimens and nuclear experimeri§ronomical observations and nuclear data. It turned out
comprise the pieces which have to be put together to solve that two types of neutron-capture processes were required
puzzle of the origin of the p-nuclei. It is an excellent exampl explain the abundance patterns of intermediate and heavy
of the multifaceted, interdisciplinary approaches required Huclei, the so-called s- and r-processéBg]. It was also
understand nucleosynthesis. realized that a number of proton-rich isotopes can never be
This review attempts to provide a general overview dfynthesized through sequences of only neutron captures and
the conditions required to produce p-nuclei and a summa#y decays (Pgurd) and required the postulation of a third
of the commonly discussed production processes and sifgcess. This was termguprocesshecause it was initially
It then focuses on the possibilities to better constrathought to proceed via proton captures at high temperature,
astrophysical models through measurements, from meteoritierhaps even reaching (partial) (9P( , p) equilibrium. This
isotopic abundances to nuclear experiments. The derivatimicleosynthesis process was tentatively placed in the H-rich
of astrophysical reaction rates for intermediate and heagyvelope of type Il supernovae byBH butitwas later realized
nuclei from experiments necessitates the use of theoretiti#dt the required temperatures are not attained tie8k [This
models of nuclear reactions, due to the nuclear properties (sadto shed doubts on the feasibility to use proton captures for
as binding energies and cross sections) demanding extrggneducingall of the nuclides missing from the s- and r-process
thermonuclear conditions to allow the synthesis of proton-rigiroduction.
nuclides. It is somewhat confusing that in the literature the name
We start with a brief historic overview and debnition of thé€p-processO is sometimes used for a proton-capture process
p-nuclei in sectior2, followed by an overview of the suggestedn the spirit of B’FH, but also sometimes taken as a token
astrophysical processes and sites (secBpmalso outlining subsuming whatever production mechanism(s) is/are found to
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Table 1. Contribution of p-isotopes to the isotopic composition of
elements {4] and solar p-abundances (relative to Si<)lffom
Anders and Grevess8][and Lodders 10].

p-process

|Sot0pes
p-isotope
. contribution Solar abund. Solar abund. Change

-: Isotope (%) 14] (2003) [10]  (1989) ] (%)
Se 0.89 (4) BO# 101 5.50# 10! 5.45
S 8Ky 0.355 (3) 200# 10! 153# 10! 3072
. T process 84gr 0.56 (1) 131# 10t 1.32#10' " 0.61
... " decay chains “Mo  14.53(30) 3B/6# 101 3.78# 10! 2.12
S process ' Mo 9.15(9) 241# 101 236# 10!  2.12
Figure 1. The p-isotopes are shielded from r-process decay chalnsg °Ru 5.54 (14) 105# 10; 103# 10,, ; 2.23
by stable isotopes and are bypassed in the s-process reaction Bovybg2 1.87(3) B5# 10 ) 3.50# 10 1.43
Pd 1.02 (1) 146# 10 1.42# 10?2 2.82
100_: ) ' Mo (N=50) ' ' ' ' 5 ig:Cd 1.25(6) 198# 102 2.01# 102 1.49
] ] Cd 0.89 (3) 141# 10 1.43# 10 1.40
< . \L/‘{ t2atsg . 131 4.29 (5) 180# 10::3 7.90# 10 s v1.27
i 10’1—: -\ (2=50) E ﬁiSn 0.97 Elg B3# 102 3.72# 102 " 2.55
(7] 1 P s m 1 Sn 0.66 (1 246# 10 2.52# 10 "2.38
2 0] ot [} M‘ (v=82) 1 H5sn  0.34(1) D7#102 129# 102 " 194
g W zade) & enm A ! ] Te  0.09(1) 460# 10°°  430# 10°  6.98
® \.t ] 124xe 0.0952 (3) @4# 1032 571# 103 21.54
£ 10 - 1 1%Xe  0.0890(2) @2# 1032 509# 103 18.27
£ ] Gd‘\.‘ A1 13%Ba  0.106 (1) &40# 103 476# 10 " 3.36
8 ) o W e ‘/./ {1 1Ba  0.101(1) #40# 103 453# 10°3 " 2.87
8 1074 (N=81) E 138 a 0.08881 (71) B7# 104 4.09%# 104 " 293
5 1 1 136Ce 0.185 (2) 2A7# 10°% 2.16# 103 0.46
2 0] 1 8ce  0.251(2) D3# 103 2.84# 103 3.17
—m— Anders & Grevesse (1989) ‘ 0 E 1445 m 3.07 (7) B1# 102 8.00# 10'3 " 2.38
LA Lodders (2003) 2 ] ¥Gd  0.20() 670# 10'4 6.60# 10 * 1.52
w0 156Dy 0.056 (3) 216# 104 221# 104 " 2.26
80 100 120 140 160 180 200 158py 0.095 (3) 371# 104 3.78# 104 " 1.85
Mass number 162y 0.139 (5) PHO# 104 351# 104 " 0.28

164 y' 3 y' 3

Figure 2. Comparison of the solar abundances for the 168$L (%?(2)31’ ((::3 g;;z 18 4 g'ggz 18 4 é;i
p-nuclei B, 10]; the connecting lines are drawn to guide the eye. 1744 0.16 (1) 275# 104 2.49# 10 4 10.44
. . . T 180Tgm 0.01201 (32) B8# 106 2.48# 106 4.03
be respons_lble for the p-nuclides. For easier distinction afo,, 0.12 (1) 153# 1004 1.73# 104 -11.56
the production processes, here we prefer to adopt the modesipg 0.02 (1) 133# 104 1.22# 10 4 9.02
nomenclature focusing on naming the nuclides in questidfpt 0.012 (2) 185# 1004 1.70# 104 8.82
the p-nuclides(they were called Oexcluded isotopesCBpy [ ***Hg  0.15 (1) 630# 104 4.80# 10'*  31.25

%r\lgl\L/j;ng different names to specify the processes POSSIY ances byll7]: 12Xe: 657# 103 (+5.63%): %5Xe:

istori ; . . 5.85# 103 (+2.91%).
Historically there were 35 p-nuclides identibed (Pg2ire (+2.91%)

and tablel), with *Se being the lightest ané’®Hg the

heaviest. It is to be noted, however, that this assignmedft 1*3in and *'°Sn can also be explained by modibcations
depends on the state-of-the-art of the s-process models (jefsthe s-process and/or contributions from the r-proc&g&k [

like the OobservedO r-abundances depend on them) and alétsowould leave only 30 p-isotopes to be explained by other
estimates of r-process contributions (e.gtn and!'°Sn processes.

[11,12)). Almost all p-isotopes are evenPeven nuclei, with The nuclei'®La and ¥ Ta do not bt the local trend

the exception of¥In (Z = 49), 115Sn, 138_a, and®°Ta". well and have much lower abundance than their neighbors.
The isotopic abundances (tatileare 1D2 orders of magnitudeThis indicates a further process at work, also because the
lower than for the respective r- and s-nuclei in the same magtgandard photodisintegration process cannot synthesize them

region, with the exception ¢% %Mo and®6%8Ru. in the required quantity (see sectign
The two neutron-magic p-isotop&Mo (neutron number Tablellists also the isotopic composition as given1d]
N = 50) and*sSm (N = 82), and the proton-magic The quoted uncertainties are on the abundance relative to

(charge numbeZ = 50) Sn-isotoped!?11“Sn exhibit larger other isotopes of the same element. They introduce additional
abundances than the neighboring p-nuclei (Pd)re The uncertainties in reaction measurements using natural samples
abundance off*Er also stands out and alread$fB realized (see sectio.3). In general the composition uncertainties are
that it may contain considerable contributions from the delow 5%. It should be noted that there have been recent
process. It was indeed found that there are large s-processasurements with higher precision which were not been
contributions to®4Er, 152Gd and®°Ta [13], thus possibly includedin [L4], e.g. [L5, 16] for Os. The modern composition
removing them from the list of p-isotopes. If the abundancemcertainties for their p-isotopes are below 1%.
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A special obstacle not found in the investigation of the s- A s/r seed
and r-processes is the fact that there are no elements dominated Z deflection point 1 ) puclei
by p-isotopes. Therefore, our knowledge of p-abundances is ) O
limited to solar system abundances derived from meteoritic
material (sectiom.1) and terrestrial isotopic compositions. O @ @
Before astronomical observations of isotopic abundances at O @ O @
the required discrimination level become feasible (if ever), it
is impossible to determine p-abundances in stars of different ® 6 C O

metallicities and thus to obtain the galactic chemical evolution
(GCE) picture directly. On the other hand, depending on the N
actual p-production mechanism, this may also be problematic
for determining early s-process contributions. If the p-nuclides

(or some of them) turn out to be primary (i.e. independent of ] ) )
metallicity) or have a different dependence of production dRitially, are also highly important but not well constrained. In

metallicity than the s-process (perhaps by initially originatin§'0St suggested production mechanisms (see below), the bnal
from r-nuclei), they may give a larger contribution to element&-abundances depend sensitively on these seeds and therefore
abundances in old stars than the s-process. Observations of¢§eSecondary. Thus, they depend on some s- and/or r-process

and Mo in metal-poor stars may cast further light on the origf?nuc"des being already present in the material, either because
of the p-nuclei the star inherited those abundances from its proto-stellar cloud

or because some additional production occurred within the site
before the onset of p-nucleus production.

»
»

Figure 3. Reaction 3ow in thé -process.

3. Processes and sites possibly contributing to the So far it seems to be impossible to reproduce the solar

production of p-nuclei abundances of the remaining 30 p-isotopes by one single
] . process. In our current understanding several (independently

3.1. General considerations operating) processes seem to contribute to the p-abundances.

There are several possibilities to get to the proton-rich sidE1€S€ processes can be realized in different sites, e.g. the
Sequences of proton captures may reach a p-isotope fropprocess discussed .below WI||.OC(?UI’ in any sufbmen.tly hot
elements with lower charge number. They are suppress¥asma- It was Drstd|scover_ed in simulations of massive star
by the Coulomb barriers, however, and it is not possibF‘G?(pIOS'OnS but also appears in type la supemovae.

to arbitrarily compensate for that by just requiring higher

plasma temperatures. At high temperature ) reactions 3.2. Shells of exploding massive stars

become fa_ster thqn proton captures and pr_event the bu”df—%’r a long time, the favored process for production of p-nuclei
of proton-rich nuclides. Only a very proton-rich environmeny5s heen the -processccurring during explosive O/Ne-shell
allows fast proton captures, se&§). Photodisintegrations y,,ning in massive star4 8623, It was realized early that
are an alternative way to make p-nuclei, either by directiye apundances of most p-nuclei are inversely correlated with

producing them through destruction of their neutron-richggeir photodisintegration rate3, [L8], pointing to an important
neighbor isotopes through sequencesd of() reactions (these contripution of photodisintegration. At temperatures of 2

are the predominant photodisintegration processes for mgst 4 3 5GK, pre-existing seed nuclei in the p-nuclear

stable nuclei), or by. Rows from heavier, unstable nuclides Viggss range can be partially photodisintegrated, starting with

(*,p)or(," )reactions and subsequehdecays. “sequences of (, n) reactions and creating proton-rich isotopes.
There are three ingredients inBuencing the resultingeyveral mass units away from stability, tHe 1) reactions

p-abundances and these three are differently combined in finpete with#-decays but also with (, p) and/or [," ) (see
various sites proposed as the birthplace of the p-nuclidgsyure3 and sectior6.1).

The Prst one is, obviously, the temperature variation as a Massive stars provide the required conditions of
function of time, dePning the timescale of the process and ttgnsforming s- and r-process material already present in
peak temperature. This already points to explosive conditiofie proto-stellar cloud or produceih situ in the weak
which accommodate both the necessary temperatures §Qsrocess, during the He- and C-burning phase. The
photodisintegrations (or proton captures on highly chargeflocess occurs naturally in simulations of massive stars and
nuclei) and a short timescale. The latter is required becaufises not require any artibcal bne-tuning. During the Pnal
it has to be avoided that too much material is transformegre-collapse supernova (ccSN) a shockwave ejects and heats
in order to achieve the tiny solar p-abundances (assumiih@ outer layers of the star, by just the right amount needed
that these are typical). The second parameter is the protorproduce p-nuclei through photodisintegration. It is crucial
density. While photodisintegrations add decays are not that a range of temperatures be present as nuclei in the lower
sensitive to the proton abundance, proton captures are. Witinass part of the p-nuclides require higher temperatures for
high number of protons available, proton captures can prevphotodisintegration (2.593.5 GK) whereas the ones at higher
over ( , p) reactions even at high temperatures. Last but netass are photodissociated more easily and should not be
least, the seed abundances, i.e. the number and compositioexplosed to very high temperatuie € 2.5 GK), as otherwise
nuclei on which the photodisintegrations or proton captures adtheavy p-nuclei would be destroyed. Stars with higher mass

4
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10 : : T T T Y the stellar mass. Similar trends, however, can be found in all
models. The p-nuclei in the mass ranges #2A # 150 and
168# A # 200 are produced in solar abundance ratios within
about a factor of 2 relative t§0. BelowA < 124 and between
150# A # 165 the p-isotopes are severely underproduced.
The S19 model shows special behavior due to the partial
merging of convective shells. In general, the total production
of the proton-rich isotopes increases for higher entropy in the
oxygen shell, i.e. with increasing mass, but also depends on
details of stellar structure and the composition of the star at
the time of core collapse. To consider the total contribution of
massive stars to the Galactic budget of p-nuclei, the individual

[any

o
[
T

production factor relative to o)

0.01 yields have to be averaged over the stellar mass distribution,
giving more weight to stars with less mass. Since thgrocess
yields of stars with different mass can vary wildly, a Pne grid

10 of masses has to be used.

The results shown in the upper part of bgdraised
the solar abundances of][ Recent new abundance
determinations have brought considerable changes especially
in the relative abundances of light nuclei (see sectd).
The lower part of bgurel shows models calculated with
abundances byl1[)] (with amendments as given ir24]).
The differences in the Pnal p-nuclei production compared
with the older solar abundances are not due to different
solar intermediate and heavy element abundances, as can also
be veribed by inspection of table Rather, the different
\ S15lodd —— light element abundances (includitf) and their impact on
0.01 s - s s §25lodd - the hydrostatic burning phases (in particular helium burning
80 100 120 140 160 180 200  [25]) lead to a different pre-supernova structure of the star,
mass number affecting the! -process nucleosynthesis later on. Obviously,
Figure 4. Production factor§; relative to**0 of p-nuclei for the nprmalization to th&0O production factor is also affected
massive star models taken fro@2] with initial solar metallicity, for ~ (S€ction4.1).
progenitors with 15 (S15, S15lodd), 19 (S19), 21 (S21) and 25 (S25, The very rare'®®a cannot be produced in la-process
S25lodd) solar masses. The initial metallicity is based9itbp)  put it was suggested to be formed through neutrino reactions
%nd [L0] (bottom). The shaded area gives a factor of 2 around the on stable nuclei (thé-process [26,27]. This was shown
O production factor as acceptable range of co-production. The . - . -
lines are drawn to guide the eye. to be feasible with neutrinos emitted by the nascent neutron
star emerging from the core collapse of the massive star, thus
(;g‘oducing this isotope at the same site as the other p-nuclides

[any

o
[
T

production factor relative to 60

may reach! -process temperatures already pre-explosiv
[22] although some or all of those pre-explosive p-nuclei m
be destroyed again in the explosion.

All p-nuclei are secondary in this production mechanis
i.e. depending on the initial metallicity of the star. Figdre

t in a different process. Thisprocess is included in the
esults shown in Pguré. The equally rard®™Ta probably
n(?lso received a large contribution from tleprocess. The
prediction of its yield from massive stars, however, suffers

shows the production factors relative'f® for stellar models from the problem of accurately .pred|ct|ng the Pnal isomeric
Sfate to ground state (g.s.) ratio after freeze-out of nuclear

with initially solar composition. These models were the br ) i v th
to self-consistently follow thé -processes through the pref€actions (see, e.g.22 28,29). It entails not only the

supernova stages and the supernova explosion. The producﬂBHu!at'on of these stat_es Fhrough neutrlno- anthduced
factorsF; relative to'®O are debned as reactions but also following intern&l-transitions throughout

the nucleosynthesis phase.
fi _ ypnayy nial The long-standing shortcomings in the production of the
(3.1) light p-nuclei withA < 124 and also those in the mass range
150 # A # 165 have triggered a number of investigations
with the initial and Pnal abundance§'® | yPna respectively. in astrophysics and nuclear physics aimed at resolving these
The nuclide*®0 is the main OmetalO produced in massive stgpciencies. It was already realized early on that it is
and its production factor is often used as a bducial point tmfeasible to produce the most abundant p-isotoff¢éMo
debne a band of acceptable agreement in production. and®%Ru, by photodisintegration in exploding massive stars
As seen in the upper part of bgude the p-nucleus due to lack of seed nuclei in their mass regidg, 30, 31].
production not only depends on the initial metallicity but alsd@herefore, a different production environment has to be found.
on details of the stellar evolution, which are also determined Byie underproduction at higher masses, on the other hand,

FI = = L bnalix, initial !
fo — YEGIYEE
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may still be cured by improved astrophysical reaction ratese difbcult to simulate and self-consistent hydrodynamical

(see sectio.2). models including accretion, pre-explosive burning, explosion,
and explosive burning in turbulent layers are missing. A
3.3. White dwarf explosions complete model would also allow one to study the actual

amount of seed enhancement (if any) in these environments,
A crucial problem in obtaining solar p-production in thehrough strong s-processing either in the companion star or
! -process in massive stars is the seed distribution whichg§ring accretion. Another open question is the actual p-
strongly constrained. Thermonuclear explosions of stronghy,cleus contribution of type la supernovae during the chemical
s-process enriched matter provide an alternative. If tR&olution of the Galaxy. It is still under debate what
appropriate temperature range is covered in such explosiofgetion of type la supernova events is actually comprised
a ! -process ensues but with a different seed distributiqf} the single-degenerate type (with a companion star) and

compared with the one found in massive stars. Such gBw much double-degenerate events (collision of two WDs)
environment is provided in the thermonuclear explosion @b ntribute.

a mass-accreting white dwarf (WD), mainly composed of C
and O BQ]. Exploratory, parameterized cglculations for th%
canonical type la supernova (SNla) modelNthe explosion of &
WD after it has accreted enough mass from a companion sExplosive H- and He-burning on the surface of a mass-
to reach the Chandrasekhar limitNalso found underproducticatcreting neutron star can explain a type of burst observed in
of light p-nuclei, even when assuming a seed enrichment gdlactic point-like x-ray sources on timescales of a fewto a few
factors 16D1¢ in s-process nuclei from an AGB companionens of second8p42]. Such ap-processnvolves sequences
[8]. Recent studies, based on the carbon deRagration mogbroton captures an#-decays along the proton dripline
of [32], found similar problems33,34]. In contrast, post- [38,41,42]. How far the burning can move up the nuclear chart
processing of high-resolution 2D models considering two typeigpends on details of the hydrodynamics (convection) and the
of explosions, deRagration and deRagrationbdetonation, Pghber of accreted protons. There is a debnitive endpoint,
that they can co-produce all p-nuclei (with the exceptionowever, when the rp-process path runs into the region of
of 1B3In, 1155n, 138 3, 12Gd and'®Ta) when using strong Te " -emitters 3. Therefore, if the rp-process actually
enhancements in the assumed s-process s@&fis It was runs that far, only p-nuclides witA < 110 can be reached
concluded in 4, 35] that a high-resolution treatment of thethrough decays of very proton-rich progenitors. This would
outer zones of the type la supernova is crucial to accurat@lynveniently allow one to only account for the underproduction
follow the production of p-nuclides. of the light p-nuclides, which would be primary.

Another alternative is a subclass of type la supernovae Currently it is unclear whether the produced nuclides can
which is supposed to be caused by the disruption of a sule ejected into the interstellar medium or whether they are
Chandrasekhar WD due to a thermonuclear runaway intrapped in the gravitational Peld and eventually only modify
He-rich accretion layed6]. High neutron Buxes are builtupinthe surface composition of the neutron star. The fact that
the early phase of the explosion and a weak r-process ensgefsuclides are only produced at the bottom of the burning
Once the temperature exceelis$ 2, photodisintegrations zone in each burst and have to be quickly moved outward

take over and move the nucleosynthesis to the proton-rich sigle strong convection complicates the ejection of signibcant

where two processes act: theprocess, as described aboveamounts 44].

and additionally rapid proton captures on proton-rich unstable

nuclei at 3< Tg # 3.5. The latter is somewha_t_similar 03 5 Neutrino-wind and accretion disc outRows

the rp-process but at much lower proton densities and thus

closer to stability. The proton captures are in equilibriur@onditions suited for the synthesis of nuclides in the range of

with (!, p) reactions but nuclei with low captu@-value the p-nuclei may also be established by strong neutrino Zows

cannot be bridged efpciently within the short timescale of tt@eting on hot matter, moving out from ccSN explosions or from

explosion. Large numbers of neutrons, however, are releas@gretion discs around compact objects. They would give rise

in the reactions®0(", n)*!Ne, 22Ne(", n*®*Mg and?Mg(", to primary production of p-nuclides.

n)?°Si during the detonations8[. The waiting points with For example, very proton-rich conditions were found in

low (p, ! ) Q-value thus can be bypassed by (n, p) reactioitise innermost ejected layers of a ccSN due to the interaction

[8,36]. This so-calledpn-processan efbciently produce the of $ with the ejected, hot and dense matter at early times. The

light p-nuclides from Se to Ru but it overproduces them ihot matter freezes out from nuclear statistical equilibrium and

relation to the heavier ones. Again, a strong increase sequences of proton captures a@hdecays ensue, similar to

the photodisintegration seed abundances would be requiredhelate phase of the rp-process (secieghand the pn-process

produce all p-nuclei at solar relative abundances. (It has to gection3.3). The nucleosynthesis timescale is given by the

noted that here the nuclei produced in the pn-process wouldéelosion and subsequent freeze-out and is shorter than in

primary whereas the others are secondary.) It was conclud#w rp-process. The Row toward heavier elements would be

nevertheless, that subChandrasekhar He-detonation modeldérdered by nuclides with low proton captug-value and

not an efbcient site for p-nucleus synthe8i§, B7). long #-decay half-lives. Similar to the pn-process, (n, p)
Both WD scenarios (canonical and sub-Chandrasekhaactions accelerate the upward Row. The neutrons stem from

mass type la supernovae) suffer from the fact that théye reactiorg+p % n+e'. Although at early times th# Bux

4. Thermonuclear burning on the surface of neutron stars
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is small, the sheer number of free protons guarantees a consthatermination of the ejection of the produced nuclei. For
neutron supply. Thus, this process was termedpthiprocess ccSN, it has been shown that the debciencies it tpeocess
by [45]. It was conbPrmed by the calculations cfg47]. essentially remain also when integrating over a range of stellar
Like the rp- and pn-processes it may contribute to the lightassesl, 59). Although this was derived using stars of solar
p-nuclides via decays of very proton-rich species, althoughnitetallicity, it is not expected to be different when including
is not known up to what mass. The details depend sensitivelars of lower metallicity, as the p-production in thgrocess
on the explosion mechanism, the neutrino emission from tleesecondary and scales with the amount of seed nuclei present
proto-neutron star, and the hydrodynamics governing the ejetttahe star.
motion. Nuclear uncertainties are discussed in se@iband As pointed outabove, inthe case ofthe p-nuclides there are
in [48,50,51]. not enough observables to constrain well GCE models or even
Accretion discs around compact objects have also begngle production sites, as the isotopic abundances of p-nuclei
discussed as a viable site for the production of p-nuclei. Sucannot be separately determined in stellar spectra. This
discs can be formed from fallback of material in ccSN or innderlines the importance of analyzing meteoritic material
neutron star mergers. The production strongly depends on #t explained in the following sectiod. Combining the
assumed accretion rate, which determines the neutrino trappiggfopic information, e.g. of extinct radioactivities, with GCE
inside the disc. Fully consistent hydrodynamic simulatioradlows one to put severe constraints on the possible production
have not been performed yet and the models have to mgkecesses. For example, secti2.4shows that processes
assumptions on accretion rates, disc properties, and especiaigking ®>Mo but not®2Nb cannot have contributed much to
the amount of ejected material in wind outBows. Productidhe composition of the presolar cloud. This would rule out a
of p-nuclei comparable to that in the O/Ne-shelprocess signibcant contribution of p-nuclides at and above Mo from
has been found in parameterized, hot ccSN accretion disesty proton-rich environments.
including the underproduction problem for light p-nucle?].
Conversely, it was shown that only light p-nuclei up*o 4 Meteoritic constraints on p-isotope abundances
can be synthesized in parameterized black hole accretion diggg nucleosynthesis
under slightly neutron-rich QSE (quasi-statistical equilibrium)
conditions athigh accretion ratésd, butthatafulsp-process unlike large planetary bodies, which have had their
can ensue at lower accretion ratég][ The production of the compositions modibed by core/mantle segregation and silicate
lightest p-nuclei under QSE conditions was previously alsfantle differentiation, meteorites provide a minimally altered
discussed in the directly ejected matter in a cc88/$5,56]. record of the composition of the dust present in the solar
For a detailed discussion of QSE conditions, see, &€, [  protoplanetary disc. The study of meteorites has helped debne
Recently, magnetically driven jets ejected from rapidlyhe cosmic abundance of the nuclides, and has revealed the
rotating, collapsing massive stars have been studied regardipgsence of presolar grains and extinct radionuclides in the
their nucleosynthesis. Obviously, ejection of the produceshrly solar system. In the past decade, signiPcant progress
nuclei is guaranteed in this case. Again, axisymmetric j# mass spectrometric techniques has put new constraints
simulations show light p-nucleus production up ¥Mo on p-nucleosynthesis, in particular on the roles of rp- and
through QSE proton captures, but it was also suggested tgtprocesses in the production of light p-nuclid&do, Mo,
113, 155N, and'%8La can be synthesized through PssioPfRy and®®Ru.
in very neutron-rich zones of the je57]. The conclusions
regarding the Dssi_o_n products are highly uncertain, howev,_g_rl_ Cosmic abundances of p-nuclides
because they sensitively depend on unknown Pssion properties,
such as bssion barriers and fragment distributions. Convers&8lglar spectroscopy provides critical constraints on the cosmic
full 3D magneto-hydrodynamic simulations of such jets founabundance of key elements such as H, He, C, N anéidD [
very neutron-rich conditions, closer to neutron star mergetlowever, remote techniques do not allow one to establish the
conditions than to the ones found in ccSN neutrino-wingbundance of p-isotopes. A class of meteorites known as Cl
outBows, precluding the production of p-nucl&g]. chondrites (CI stands for carbonaceous chondrite of Ivuna-
type) have been shown to contain most elements in proportions
that are nearly identical to those measured in the solar
spectrum 9, 10,61]. For this reason, Cl chondrites have been
Theyields of different sources add up throughout the history ektensively studied to establish the relative abundances and
the Galaxy. Therefore, the evolution of chemical enrichmeisiotopic compositions of heavy elements that cannot be directly
has to be followed in order to fully understand the distributiomeasured in the solar photosphere. The virtue of this approach
of p-nuclides in the Galaxy. This is hampered by severa that Cl chondrite specimens (e.g. the Orgueil meteorite
problems. Not only have the frequency, spatial distributioithat fell in France in 1864 and weighted 14 kg total) can be
and yields of the different sources to be known but alsmeasured in the laboratory by mass spectrometry, providing
their dependence on metallicity (if the p-nucleus production léghly precise and accurate data. The only elements for which
secondary) and how the products are mixed in the interstelar chondrites do not match the present solar composition are
medium. Clearly, this poses great challenges both for GQE which is burned in the Sun, and volatile elements (e.g. H, C,
models and for the simulations of each site, including the, noble gases) that did not fully condense into solids and were

3.6. Galactic chemical evolution

7



Rep. Prog. Phy</6 (2013) 066201 T Rauscheet al

removed from the protoplanetary disc when nebular gas waresent in the solar protoplanetary disc when meteorites were
dissipated. Thus, the relative proportions and isotopic ratifrmed but have not been found yet.
of p-nuclides are well known from meteorite measurements

(tablel). 4.2.1. Samarium-14684(, = 68My). It was brst suggested
Silicon is most commonly used to normalize meteoritic tBy [64] that this nuclide might be present in the solar system
solar photosphere abundances. For the purpose of compagfg that it could be a useful nuclear cosmochronometer. Early
meteoritic p-isotope abundances with nucleosynthetic modsforts to estimate the solar system inittdfSmA44Sm ratio
predictions, it is more useful to normalize the data tgielded uncertain results/B,74]. The initial abundance of
180. The ratios of p-isotopes t6°0 are still uncertain 146Sm in meteorites was Prst solidly established by measuring
because of uncertainties in the abundance of O in the sol&Nd/***Nd (isotope ratio of the decay product’dfSm to a
photosphere, which was drastically revised downwééi§2].  stable isotope of Nd) and’SmA44Nd (ratio of stable isotopes
A difbculty persists, however, as helioseismology requiresof Sm and Nd) in achondrite meteorité&2[67,68]. Many
larger abundance of O (and other metals) to account for tsgidies followed, conbrming th&#SmA44Sm value, albeit
inferred sound speed at depth, as well as other observahigh improved precision and accurad 71]. To estimate the
[63]. It is not known at present what is the cause of thigitial abundance of**Sm, one has to establish what is known
discrepancy but the abundances inferred by one of thesean extinct radionuclide isochron4fSm was present when
methods (helioseismology versus solar spectroscopy) mustheteorites were formed, one would expect to bnd a correlation
incorrect. The solar O abundance was revised from 8.93 dexbietween the ratio¥?Nd/**Nd and**’SmA*“Nd measured by
1989 P] to 8.69 dex in 200940, i.e. a factor of 1.74. This is mass spectrometry,

signibcant with respect to p-nucleosynthesis as a factor of t\}vmsz ! 142N ! 1465m" ! 147Sm"
mismatch in predicted to measured abundances of p-nuclidgg;o = TaaNg T Taagm TaaNg ;
relative to®0 is often taken as the cutoff between success and present 0 0 present
failure (see sectioB.2). (4.1)

In p-isotope abundance, there is an overall decreasewhere O subscripts correspond to the values at the time of
with increasing atomic mass (Pgurd), reRecting the formation of the meteorite investigated. The slope of this
decreasing abundance of seed s- and r-process nuclidesoatelation gives the initiat**SmA44Sm ratio (Pguré). All
higher masses2f3]. This trend can be btted by an empiricasamples formed at the same time from the same reservoir will
formulaYy/ Yo = 4.86# 108 # A" 865 A second empirical plot on the same correlation line, which is called an isochron
relationship is also found between pairs of p-isotopes separatedthis reason. While most meteorites formed early, there
by two atomic mass units, such &8Dy and'°®Dy. For such may have been some delay between collapse of the molecular
pairs, the ratio of their abundances increases with atomic magsud core that made the Sun and formation of the meteorites
following approximately,Ya+o/Ya = 0.019# A" 1499 An investigated. For this reason, one often has to correct initial
empirical relationship of this kind was used to estimate trebundances inferred from meteorite measurements to account
relative abundance of the short-lived p-isotdfi8sm to the for this decay time. Extinct radionuclides with very short
stable!**Sm [64]. half-lives (e.g.%¢Cl, ty», = 0.30 Myr) are very sensitive to
this correction. Time zero is often taken to be the time of
condensation from nebular gas of refractory solids known
as calciumbaluminum-rich inclusions (CAls), which must
correspond closely to the formation of the solar syst@Bsj. [
Meteorites contain extinct radionuclides with short half-live¥he mostimportant development witffSm in the past several
(i.e. relative to the age of the solar system) that were presgegrs with respect to p-nucleosynthesis is a drastic revision
when the solar system was formed but have now decayed belafwits half-life from 104 to 68 Myr 70]. Using this new
detection level 5. An example of an extinct radionuclide half-life and the most up-to-date meteorite measurements, the
is 28Al (ty, = 0.7 Myr), which was present in sufpcientinitial 146SmA44Sm ratio at CAI formation is estimated to be
quantities when planetesimals were accref®Al(2’Al & (9.4 + 0.5) # 10 3. Note that both'**Sm and!4éSm are
5# 10 ) to induce melting and core segregation. Although-nuclides.
extinct nuclides have since long completely decayed, their
past presence can be inferred from measurement of isotopi2.2. Niobium-92t{,,=34.7 Myr). This nuclide, which
variations in their decay products. Some phases formddcays into®?Zr, was brst detected bys$] who measured
with high parent-to-daughter ratios, inducing variations ithe Zr isotopic composition of rutile (Ti§) extracted from
the daughter nuclide by decay of the parent nuclide. Thesdarge mass of the Toluca iron meteorite. The correction to
isotopic variations are nearly always small and discoveriestie time of CAl formation was uncertain, yet they were able
new extinct radionuclides depend on developments in massestimate an initiaP2Nb/3Nb ratio of & 1 # 10 5. This
spectrometry to measure isotopic ratios precisely, as well @sult was questioned by several studies that reported higher
sample selection to Pnd phases with high parent-to-daughitetial °>Nb/°3Nb ratios of& 10 2 [76078]. The later studies
ratios. Two documented extinct radionuclides in meteoritesight have suffered from unresolved analytical artifacts and
originate from a process also making p-nucléilb and**sm. the most reliable estimate of the initi&Nb/3Nb ratio is
Other short-lived radionuclides of such origin may have bedf.6+ 0.3) # 10 5 [66]. It is customary in meteoritic studies

4.2. Clues on the synthesis of Mo and Ru p-isotopes from
extinct nuclide$?Nb and*4éSm
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s T ] [79 and®®TcP8Ru< 2# 10 °[80]. Note that’?Mo and®Ru
are both pure p-nuclides.
12 | -
08 | GOQ/\@\ i 4.2.4. Galactic chemical evolution. The abundances of
- @\z&@ €L 5 ] extinct p-radionuclides in the early solar system can be
N T N\ueﬂaw\e ] compared with predictions from models of the chemical
=y o T \Jac 1 . . .
— 00 bR T 1 J evolution of the Galaxy. Meteoriticists have often used simple
Gl . closed-box GCE or uniform production models, which predict
04 (®2ND/92Mo), 5 =(2.8£0.5)x10° ] that the ratio of an extinct radionuclide in the interstellar
s L ] medium Risy (e.g. *SmA44Sm) should be related to the
T production ratioRproduction thfroughRism = Rproduction®/ Ta,
0 1 2 3 4 5 where&is the mean life of the nuclidéy(,/ In 2) andTg is the
9BNp/0Zr time elapsed between Milky Way formation and solar system
. birth. The closed-box model, however, fails to reproduce
prst order astronomical observables such as the metallicity
31 (46Sm/44Sm) o =(9.420.5)x10° distribution of G-dwarfs§2, 83]. Open-box models involving
, L © 4 grov_vth of the Galaxy by infall of low-metallicity gas are more
@Q%ﬁg realistic. In such models, the abundance of a short-lived p-
Sir v nuclide in the average interstellar medium (ISM) at the birth
g L =/+—, of the solar system becomes
1 :
a2k +/ Rism/R production= (K + 2)&/Tg, (4.2)
2 _/ wherek is a constant§1, 84, 85]. Early work estimated its
| | | value to be between 1 and 84. A value ofk = 1.7+ 0.4
3, 0.02 0.04 0.00 0.08 was obtained using a non-linear infall GCE model constrained
1445 m 144N by recent astronomlcal observatior&l]. The time elgpsed
between the formation of the Galaxy and the formation of the
Figure 5. Meteoritic evidence for the presence®fb [66] and solar system can be estimated, using the same infall GCE
1465m [67] in the early solar system (also sé&8p72)). In both model and the U/Th ratio, to be 14.564 10 Gyr [36].
diagrams, the variations in the daughter isotdp&r(or **Nd) Therefore, the only unknown in the above equation is the

ggrr:]eolﬁgetr\gtiit:gtTﬁepggsgéggédgfugl:g?tr-Iz\a/lgg gﬁg{é&g ;fnr?j/l’}l%)ﬁq production ratio, which can be estimated using nucleosynthesis

in meteorites (Estacado is an ordinary chondrite, Vaca Muerta is calculations. However, a complication remains to compare

mesosiderite, and LEW 86010 is an angrite). The slopes of thesethe predicted abundances and the measured oned.3s (
correlations give the initial abundances of the extinct radionuclidesinly gives the predicted abundance averaged over all ISM

see §.1). The%notation is explained in Pguie reservoirs while the solar system must have formed from
material that was partially isolated from fresh nucleosynthetic
to normalize the abundance of an extinct radionuclide tBputs. The earliest models used a free-decay interval to
the abundance of a stable isotope of the parent nuclide, agcount for this isolation period, so the ratio in the early solar
9Nb (a pure s-process nuclide) f8fNb. For the purpose system would be the ratio in the ISM decreased by some
of examining p-nucleosynthesis and comparing meteorificce decayRess = Rigwe ( e @/ More realistically,
abundances with predictions from GCE, it is more useful i§olation from fresh nucleosynthetic inputs was not complete.

normalize®Nb to a neighbor p-nuclide such®¥#10 [69]. The To address this issueBT] devised a three-phase ISM mixing
early solar system initigNb/*2Mo ratio is thus estimated to model between (1) dense molecular clouds from which stellar

be(2.8+ 0.5) # 10 °. systems form, (2) large HBI clouds, and (3) smaller HDI
clouds that can be evaporated by supernova shocks. Using

4.2.3. Technetium-97&yf, = 4.21Myr) and technetium-98 thg same parameters as those used &4, _[the expected
.ratio in the molecular cloud core from which the Sun was

(ty2 = 4.2Myr). These two nuclides have the same origlﬁ1

as p-nuclides and may have been present at the birth of anis

solar system but they have not been detected yet (i.e. only Rpoo= Rigy/[1 + 1.5Tmix/& + 0.4(Tmi/&)?, (4.3)
upper limits could be derived). This stems from several

difbculties; their expected abundances in meteorites are lawhere & is the nuclide mean-life andnix is the three-
little fractionation is expected between parent and daughgiase ISM mixing timescale. Realistic values for the mixing
nuclides (i.e. Tc/Mo and Tc/Ru ratios), and no stable isotopienescale are probably on the order of 100100 Myr. This is
of the parent nuclide exists (one has to rely on a proxy elemeéhe only free parameter in the model and there are two extinct
such as Re). Available Mo and Ru isotopic analyses yiefiradionuclides to uniquely constrain its value.

the following constraints off Tc and®®Tc abundances at CAl It was shown by $1] how °°Nb can put important
formation:%"Tc/??Mo < 3# 10 6 (or®Tc/®Ru< 4# 10' %) constraints on the role of the rp- arp-processes in the
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Table 2. Extinct p-radionuclides in the early solar system; updated fi@ing5.

Ratio t]JZ (Myr) Rmeteorite Rproduction RISM 45Ga (mOdel)
97T¢/ %8Ry 4.21 <4# 104 (44+ 13)# 102 (L1+03)# 10'*
98T/ %8Ry 4.2 <8# 10'5 (7.3 25)# 103 (1.8+ 0.6)# 10'5
92Nb/92Mo  34.7 (28+ 05)# 105 (L5+ 0.6)# 103 (3.0 1.3)# 10'5
1465y 1445m 68 (9.4+ 05)# 103 (1.8+ 06)# 101 (7.1% 2.4)# 103

nucleosynthesis of Mo and Ru p-isotopes. The calculatioagcluded 81]. Independently, another study concluded that
given below are updated with more recent data (t&pleAs a signibcant contribution to Mo p-isotopes fror@process
discussed in sectio, the site and exact nuclear pathwayvas unlikely, based on the inferré®Mo/ ®°Mo isotope ratio
for the nucleosynthesis of light p-nuclides is still a matten this processg8).
of debate. The production ratios of extinct p-nuclides The calculation outlined above can also be performed the
in the ! -process are’Tc/®Ru = (4.4 + 1.3) # 10 %, other way around, using t#8Nb/°2Mo ratio in meteorites to
®TcRu = (7.3 25) # 10°3 9Nb/*Mo = (1.5% calculate its production ratio. THESnY 144Sm ratio indicates
0.6) # 103, and*®Sm/1*Sm = (1.8% 0.6) # 10 ' [2Z. that the three-phase ISM mixing timescale must be small; for
The corresponding ratios in the average ISM 4.5Gyr age purpose of simplicity we assume that it is zero. Taking a
see ¢.2), are®’Tc/®Ru = (1.1+ 0.4) # 10 %, ®*Tc°Ru = non-zero value would result in a higher inferr&ib/ %2Mo
g}éSi %Z) # 10 °, %°Nb/ 92M0":3 (30+ 1.3)# 10 °, smd production ratio, therefore our estimate corresponds to a
Sgg‘/ Sm= (7.1+ 2.5)# 10 *. The upgser limits orf Tg conservative upper limit. We bnd tR&\b/ °>Mo production
and**Tc from meteorite measuremerft§Tc/ *Ru< 4# 10 % 1atig to be 00015%%12 (or higher). Models should take

98 98 \' 5 i i i . . .
and™Tc/™Ru < 8# 10 >, are consistent with the inferreds yajue as a fundamental constraint on p-nucleosynthesis
ISM ratio from GCE and -process modeling. The predicted, e MopRu mass region. For instance, it remains to be
values for’®Nb and'“*Sm are also in excellent agreement withegte \yhether the recently reportegorocess predictions for

i . i 2Mo = |5
mr(]a_tleorlte da}f’ n mﬁtﬁg&%ﬁl&/&az&ﬂo: (32(?;5 f?ﬁ ig 5. SNla[35], which do not experience a MobRu underproduction
w |e\{ve p{e ﬁ%nntv E“‘S - 943_0(5' . 16")3 hile problem, can reproduce the abundance¥iib and*#¢Sm in
in meteorites m = (9.4 05) , while e orites.

we predict in the ISM46Sny 144Sm = (7.1+ 25) # 10 3
(table2). We are comparing here the abundances measured o )
in meteorites with those in the average ISM 4.5Gyr agb3. P-Isotope anomalies in meteorites

predicted from GCE modeling. Partial isolation of I1SMy e the solar system was formed, temperatures in the inner
material from fresh nucleosynthetic inputs can be taken in Ut of protosolar nebula were sufbciently high to induce
account using 4.3. We bnd that the three-phase 1S aporization of the dust present. However, some presolar

mixing timescale must be small, less than about 20 to 30M rains survived heating and these grains can be retrieved

Otherwise the prgdlcted a_bundances would not r_natch Sm primitive meteorites. They are found by measuring
measured values in meteorites. For example, adopting= . . - : L
heir isotopic compositions, which are non-solar, indicating

30 Myr would decrease the expected ratios in the early sot r . . .
system to®2Nb/®2Mo = 1.5# 10 5 and 1465y 1445m = at the grains condensed in the outRows of stars that lived

4.7 # 10 3 factors of 2 lower than meteorite values. Tobefore the solar system was formed. Several comprehensive

summarize 22Nb/ ©2Mo and 46Sm 144Sm production ratios reviews have been published on this tof@eH01]. A variety

fromthe! -process canreproduce extremely well the measur Ephases from various types of stars have been documented.

abundances of these extinct radionuclides in the early so £ types Of grains have a supernova origin, nan_odlamonds,
system. However, it is well documented that state-of-the-at{!coN carbide (SiC) of type X, low-density graphite, silicon

I -process calculations underprodi@do, %Mo, %Ru and nitride (SkN4), a small number of presolar corundum £8k)

%Ru (sectiorB.2), isotopes that are in similar abundance to grains, and nanospinels. In the case of nanospinels, it is still
process isotopes of the same elements. Whatif other proces¥8§nown whether the grains condensed in the outfSows of ccSN
such as the rp-process or thp-process, had produced the®r SNila, as these grains are characterized by large excesses in
missing p-isotopes of Mo and Ru? This implies tBat0% the neutron-rich isotop&Cr, which can be produced by both

of 92Mo would be produced by the-process while& 90% kinds of stars $2,93]. Because heavy elements are present
would be produced by the rp- or tip-process. However, at low concentrations and presolar grains are small (i.e. up
92Nb cannot be produced in these processes because it0i@ few tens of micrometres but most often much less than
shielded from a contribution by proton-rich progenitors durintpat), it is analytically challenging to measure their isotopic
freeze-out by the stabRMo (Pgure6). If 90% of Mo had compositions. However, the development of the technique of
been made by processes that cannot proéiidle, this would resonant ionization mass spectrometry (RIMS) has allowed
have decreased the effecti¥#Nb/ ®°Mo production ratio by cosmochemists to measure the isotopic composition of trace
a factor of&10. The predicted®Nb/ ®Mo ratio in the early heavy elements in single presolar grai@g][ The advantages
solar system would also be lower than the ratio measureddfithis technique over secondary ionization mass spectrometry
meteorites by a factor of 10. A signibPcant contribution to Mo€sIMS) for this type of measurement are that it selectively
Ru by any process that does not m&kib can therefore be ionizes the element of interest using tunable lasers, so isobaric
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Figure 6. Reaction Rows in the -process producingyMo and the extinct radionuclid®Nb. Size and shading of the arrows show the
magnitude of the reaction Roviison a logarithmic scale, nominal p-nuclides are shown as blled squares. The ftihdzan be produced

by the! -process but it cannot be produced by the rp- $pgbrocesses (or any process involving a decay of proton-rich nuclei contributing
to 2Mo) as it is shielded from contributions by these processes by the Stabe The presence §Nb in meteorites indicates that
proton-rich processes did not contribute much to the nucleosynthesis of Mo and Ru p-is8fijpes [

interferences are almost non-existent, and it has high yield, 0.2
. . . . . T Nd=4%p+96%s

meaning that a signiPcant fraction of the atoms in the sample = ——'Nd=20%p+80%s
make it to the detector. The Sr, Zr, Mo and Ba isotopic = O (NS, caerpnase > < NS
compositions of presolar X-type SiC grains of supernova origin % |
were measured bp]. Notably, they reported large excesses o 0 | -®-
of ®*Mo and °’Mo relative to other Mo isotopes. It was e | S W —zlpi’;‘;zz:s
shown that these signatures could be explained by an episode & | 'Qg/
of neutron-burst that took place in a He-shell during passage 2 o2 /T/E:.%_
of the supernova shock, which produc®, °°zr and®’zr 2 L ||"'
radioactive progenitors that rapidly decayed ifttvio and = - _’o—ﬁ
%Mo [96]. This is expected to occur in a very localized ; p-process | |/‘:‘
region of the ccSN and the reason why the grains record such g 04 **" >® | |
a signature is not understood but it must reRect a selection bias < P 7 T
in dust formation/preservation. ;z’ v

To this day, nd -process signature has been documented <, ¢ ) ) ) )
in heavy trace elements in presolar grains of supernova -2 -1 0 L
origin. However, the types and numbers of grains that €144Sm (0.01 % deviation relative to terrestrial)

have_ been studied by RIMS are Ilmlted_and further work Figure 7. Correlation in bulk chondrites betwe&fNd and*#4Sm
required to document isotope signatures in grains of SUpeM@@opic variationsgg]. The correlation probably corresponds to
origin. The next generation of RIMS instruments may hauixing between a solar component and a presolar end-member

the capability to tackle this question in a more systematiwriched in p-isotopes. The slope of the correlation cannot be
manner 7. explained by assuming a solar mixture of 4% p and 96% $*fdid

: . in the presolar end-member. Instead, the grains that carry those
Isotopic anomalies for heavy elements can also be preséhfmalies may have a fractionated Nd/Sm p-isotope contribution

in macroscopic objects, in Some cases regching the SC@lfo resulting from chemical fractionation of those two elements
of bulk planets 79. The isotopic anomalies are muchupon condensation in a circumstellar environment.

more subdued than those documented in presolar grains but

these anomalies can be measured with other instrumefisn incomplete digestion of the samplelOf). Variations
(TIMS: thermal ionization mass spectrometers, and M@a 4Sm were also resolved b@§] and a correlation with
ICPMS: multi-collector inductively coupled plasma masgsotopic variations in**’Nd was found (Pgurd). This is
spectrometers) at greater precision, reaching a few parts pigniPcant because isotopic variations'fANd in planetary
million on isotopic ratios (i.e&0.001% for TIMS or MC- materials have been ascribed to deca{#¢8m, with important
ICPMS versus 1% for SIMS or RIMS). Isotopic variations implications for planetary differentiation processes in the early
(1 %debcit, whereo= 0.01%) in the isotopic abundancesolar systemJ01£103.

of the p-isotope!**Sm in bulk meteorites of carbonaceous It was calculated that in order to explain tH8NdE*4Sm
type are documente®9]. Similar results were found using correlation by variations in the-process component, a 20%
a more aggressive sample digestion technique known as Ruprocess contribution t§2Nd would be neede®p]. This is
fusion, ensuring that tHé*Sm isotopic variations did not resultat odds with the predominant s-process nature of this nuclide.
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Such a high contribution can most likely be ruled out baséd2. Debnition of the stellar reaction rate
on several lines of evidence. Firstly, the s-process in thj
mass region is well understood and reproduces well the cos
abundance of*2Nd [13]. If anything, the s-process produce
too much of this isotope rather than too little. Secondly,
20%! -process contribution would plot far off the empirica
. o
trend of abundance versus mass for p-isotopes. The emperQ
relationship gived*3(Nd" p)/ 80 = 0.000 12, while a 20%
I -process contribution would me&tf(Nd" p)/ 160 = 0.003,
i.e. a factor of &30 higher than predicted. Thirdly, the #
?Nd produced in the -process comes from thie-decay (_ _MaNa ) ) (EN(E.T) dE = Nala o (5.1)

e astrophysical reaction raté for an interaction between
WO particles or nuclei in a stellar environment is obtained
folding the MaxwellDPBoltzmann energy distributign
escribing the thermal center-of-mass (c.m.) motion of the
?racting nucleiin a plasma of temperatilirevith a quantity
which is related to the probability that the reaction occurs,
and by multiplying the result with the number densitigsna,
i.e. the number of interacting particles in a unit volume,

of 146Sm. The'**SmA*4Sm ratio in the! -process depends 1+*a o 1+%40

strongly on the relative strength of the reactio¥d( , The stellar reactivity (or rate per particle pair) is denoted
n)*'Gd and**%Gd(," )'*‘Sm but is independent of the seeghy R(. To avoid double counting of pairs, the Kronecker
nuclei. Nuclear physics experiments (see sectd) rule symbol *,4 is introduced. It is unity when the nuclei
out a ratio which would allow one to contribute signibPcantly gnd A are the same and zero otherwise. The asterisk
to 2Nd. superscript indicatestellar quantities, i.e. including the effect

If conbrmed, the cause for the correlation betw#8Nd  of thermal population of excited nuclear states in a stellar
and *#“Sm remains to be explained. A likely interpretatiofplasma. Depending on temperature and nuclear level structure,
is that the presolar phase controlling theprocess SmBN g fraction of nuclei is present in an excited state in the plasma,
isotopic anomalies in planetary materials does not contajistead of being in the g.s. This has to be considered when

these elements in solar proportions. In fact, chemicghiculating the interactions and rates using shellar cross
fractionation of Sm and Nd during grain condensation cajection) ¢ [106 107

produce a correlation with a steeper slope than expected (see,

eff
e.g., [L04 for a similar discussion in the context of correlateq ((E, T) = ) 7€)
MobRu isotope anomalies). Isotope anomalies also have Go(T)
been reported for the p-isotop&Os [15] and 18w [105] o1 $ % 20+ 1V\/-) %I E " E,) (5.2)
but further work is needed before these variations can be ~ Go(T) . j 2Jo+1 " "
understood. L . . -
which involves a weighted sum over transitions from all initial
excited states with spinJ; and energ¥;, up to the interaction
5. Reaction rates and reaction mechanisms energ)E, leading to all accessible bnal stagted\s usual, cross
_ sections for individual transitions'®’ are zero for negative
5.1. Introduction energies. The quantity

The previous sections discussed the astrophysical sites $ (23 +1)ex % E &
and observational constraints for the production of p- Go = ! P i
nuclei. Important for modelling nucleosynthesis is a i 2Jo+1

reliable foundation in the nuclear physics required to predict ] N ]

astrophysical reaction rates. It is important to note thit noth|'ng else than the pgrtltlonfynctlon of the targetngcleus
there are fundamental differences between experimental dmalized to the g.s. spin, apd" is usually called effective
theoretical studies of reactions on intermediate and heatkPSss section]0g. The weights

nuclei, as appearing in p-nucleosynthesis, and reactions on E" E E.

lighter nuclei up to Si. Different nuclear properties are Wi (E) = L= = (5.4)
important at low mass than at high mass and new challenges E E

arise, due to the higher nuclear level density (NLD) andf the contributions of excited states to the effective cross
the higher Coulomb barriers encountered in heavier nuclgection depend linearly on the excitation energy because
Experimental and theoretical approaches well suited fiaxwellDBoltzmann energy-distributed projectiles act on
reactions on lighter nuclei are not directly applicable to heawach excited statd Pf]. The relevant energies are given by
nuclei involved in explosive nucleosynthesis. Because of tktee energy range contributing most to the integral in equation
high Coulomb barriers and the higher temperatures, giving rigg 1), see sectios.3.1

to pronounced stellar effects not encountered in light nuclei Although not discussed in further detail here, it is worth
to such an extent, experimental investigations are not ablent@ntioning that weak interactions and decays are also affected
completely determine the astrophysical reaction rate in mdst the thermal population of excited states. This is important
cases and have to be supplemented by theory. In the resbefause it changes the decay lifetimes of nuclei such as,
this review, we discuss the challenges arising and the methadg.,’Nb and!®Ta, while temperatures are still high during
currently available to address them in the quest for providimgicleosynthesis.

reliable and accurate reaction rates to study the origin of the It is straightforward to show that the stellar reactivities
p-nuclei. debned with the effective cross sectionNconnecting all initial

(5.3)
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states to all bnal state_sNaIso obey reciprocity, just as thespectively, in the calculation of the reactivitypt with the
individual transitiong ' do[106, 108 109. The reciprocity usual laboratory cross sections

relations for a reactiorA(a,b)B and its reverse reaction $
B(b, a)A are [L06, 108 11(] )i= )™, (5.9)
| i .
Riy _ (230 + D@3+ DM maa *? o, er) '
( B B wherei = 0 if the target is in the g.s. In reactions involvin
Ria (215 +1)(2)p+1) GG(T) meyp g g g

(5.5) intermediate and heavy nuclei at high plasma temperatures,
transitions on excited states of the target will be signibcant in
| " most cases (see secti6rs).
RE _ (230 +1)(20a+ 1) GH(T) * magkT 3/2e" Qual(KT)
R{, (28+1  GB(T) 2+1? 5.3. Reaction mechanisms
(5-6) 53.1. Relevant energy windowsln order to decide which

whenb is a photon. The normalized partition functio@@ type of reactions have to be considered in the prediction of
and G of the nucleiA and B, respectively, are debned aghe stellar cross sections, the relative interaction eneigies

whena, b are particles, and

before. The photodisintegration reactivity appearing in the astrophysical plasma have to be known. These
# energies and the location of the maximum of the integrand can
Rg' — ) {(E)( prancdE, T) dE (5.7) be found in L14]. They have to be derived by inspection of the

actual integrand ing.1). The simple, frequently used formula
for estimating the Gamow window (see, e.d.15, 116]) from

the charges of projectile and target is only applicable when the
energy dependence of the cross section is fully given by the
entrance channel. This has been found inadequate for many
reactions except those involving light nucldilp, 114,117

and thus is not applicable for the reactions appearing in the
Broduction of the p-nuclei.

includes a stellar photodisintegration cross sect¢iE)
debned in complete analogy to the stellar cross segtion
in equation $.2). In relating the capture rate &(a,!)B
to the photodisintegration rates, = ngR§,, however, it
has to be assumed that the denominator(EXgT)) " 1
of the Planck distributior( pjanck for photons appearing in

equation 5.7) can be replaced by the one from the Maxwell Th . .
o - : e effective temperature range for the formation of
Boltzmann distribution exe/(kT)) . The validity of this uclei is 15 # T # 3.5 when considering both a

N . : : -n
a_lpprOX|mat|0n has been mve_stlg_ated mdependent_ly Sevé.?%rocess and a proton-rich environment, such as required
times [L06, 110BL13. The contributions to the integral i6 (/) for the $p-process. This translates into relative interaction

have to be negligible at the low energies wherand( pjanck . .
. . o : . nergies of about 1.593.5MeV for protons (at the high end
differ considerably. This is ensured by either a suleuent[fyf the temperature range and for the light p-nuclei) inlthe

large and positiv GQ.Aa' which causes the integration over rocess. The relevant energies shift more strongly with charge
the Planck distribution to start not at zero energy but rath R _particles (at the low end of the temperature range and

at a sufbciently large threshold energy, or by Van'Sh'W%%the heavier p-nuclei) and energies are in the ranges of,

effective cross sections at low energy due to, e.g., a Coulo ., 6D9, 7D10 and 911 MeV, respectively, at 2 GK and for

barrier. It turns o_ut that the changq in the denomlpator 'Sc?iargesz $ 62,2 $ 74, andZ $ 82, respectively. Proton
good approximation for the calculation of the rate integra tures are only of limited importance in tSp-process

I
especially for the temperatures and reactions encountereti%iause a (o, )B( , p) equilibrium is upheld most of the
p-nucleus production. time [45,49,51]. Non-equilibrium proton captures at the low

The photodisintegration rate of a HUCIel_JS only depends 8Rd of the temperature range yield interaction energies of about
plasmatemperatuiie, whereas rates of reactions with parUcIeiD2 MeV. Crucial forSp-processing is the acting of (n, p)

in the entrance channel dependbrand the number density reactions at all temperatures. This results in neutron energies

N, of the projeciile. _The number densily scales with_the_ upto1MeVin (n, p). Of further importance in bothprocess
plasma ”.‘at.‘e“ density and thg abundance of the IorOJE.’Ct"eand proton-rich nucleosynthesis arel(n,reactions and their
Ya. A varlat|o'n'of plasma density, on the other hand, will .nolf’gerses, also for the whole temperature range. This implies
affect phot0d|smtegrat_|on ofa nucleys. Therefo_re_, the ratio gl tron energies of up to 1400 keV for neutron captures.
temperature and density sets the ratio of photodisintegration to

capture rates (for a bxeg-value
P ( « ) 5.3.2. Compound reactions.The compound formation and

rg! Yg T¥2¢" QuallkT) excitation energ¥Em = E + Q depends on the interaction
o * Yr Na-Y. (5.8) energyE and the reactio@-value. The NLD integrated over
A A A a L. . . .
the compound excitation energies obtained with the relevant
This is the reason why under conditions with largé, energy ranges from sectidn3.1determines which reaction
(e.g. high proton densities), capture reactions can balamoechanism will dominate. With only a few levels within the
photodisintegrations even at high leading to equilibrium energy range appearing in the integration of the reactivity,
values for the abundanc¥s, Yg. individual resonances have to be considered. With a high NLD,
It has to be emphasized thd@.%) and 6.6) only hold individual resonances are no longer resolved and the sum over
when using the stellar and effective cross sect)dnand) ¢, individual resonances can be replaced by averaged resonances

a
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which should reproduce the integrated properties (widths) of (*,! ) laboratory cross sectiond 35 126. With high
all resonances at all energidslB 10€]. This is the statistical Coulomb barriers, Coulomb excitatioi47] can become
HauserbFeshbach model of compound nuclear reactions.nlte-negligible at low interaction energies, modifying the
astrophysical application has been discussed in many recexperimental yield. Data are scarce close to the astrophysically
publications 106,108 119121] and we do not want to repeatrelevant energy region (see sectibR) but an overprediction
all the details here. of " -induced cross sections relative to the experimental values
Averaged properties can be predicted with higher accuraeyps observed for several cases while standard predictions
than individual resonances in most cases. It is important worked well for others. Many attempts to consistently describe
note, however, that there is a difference in the applicatidghe datawith modibed globalknucleus optical potentials have
of the statistical model to the calculation of cross sectiorigiled. Accounting for Coulomb excitation at low energies can
and to reactivities. Since the calculation of the reactivitgxplain the deviations at least partially and will pave the way
involves additional averaging over the MaxwellDBoltzmariior improved global understanding of reaction rates involving
distribution, it is more Oforgivingd when Ructuations in theparticles. Sectior.2 gives an example of how strong
cross sections are not reproduced as long as the average viilaeCoulomb excitation effect can be. Nuclear excitation is
is correct across the relevant energy range. Therefore, tiegligible at the low energies relevant for astrophysics as the
HauserbFeshbach model can be applied at lower NLD Goulomb scattering takes place far outside the nucleus.
compound formation energy for the calculation of the rate Obviously, there is no Coulomb excitation fok,{ )
than for the calculation of the cross section. Put differentlyates which are needed for the-process. Therefore, an
even when Ructuations due to resonances are seen in @htical potential describing thé-emission has to be used.
experimental cross sections but not in the HauserbFeshbReie to detailed balance considerations, this has to be similar
predictions, the model may still yield a reliable rate provide the one describing compound formation in the absence
it gives the same MaxwellDBoltzmann average. See seé:Bonof Coulomb excitation.  Nevertheless, even when using
for further details. charged-particle induced reactions, direct reactions not leading
Combining the above with the typical interaction energig® compound formation can be considered in the Hauserb
quoted in sectioB.3.], itis easy to see that the statistical modgFeshbach model quite generally by simply renormalizing the
is applicable for all reactions involved in p-nucleosynthesis-transmission coefbcients in the entrance channel for each
(see section8 and6.1 for the important reactions). Problemspartial wave. [125 126
may arise for (p} ) and ( , p) on nuclei with magic proton ! "
number or very proton-rich nuclei. The proton separation T=f T = ;
energy decreases for proton-richer isotopes and this shifts the I T +Tdrect
e e e i agir e tarsmisioncoslbGaftiothe decichanel
to the driplines where it is known that the statistical mod %?ec?? derived from the Fhrgct cross sectbgﬁ‘ﬁr . Here, :
cannot be applied anymoré1, 120,127. Moreover, there /- is the Coulomb excitation cross section calculated in

) A ..o a fully quantum mechanical approach as, e.g., shown in
isa(p,! )Pl , p) equilibrium in the$p-process, diminishing X L .
the importance of individual reactiond9,51]. This leaves [127. In this approach, the transmission coefbcientsor

proton reactions at charge= 28 andZ = 50, the latter only compound formation are computed using an optical potential

being important in thé -process, as possible cases where t%ot including the direct reactions, or more specibcally the
S

o . oulomb excitation, in its imaginary part. This optical
statistical model may not be fully applicable at all temperatur : C e
y y app b potential thus only describes the absorption into the compound

and individual resonances may have to be considered. h | and not into all inelastic ch Is. onlv with h
Reactions involving -particles should not be problematicC annet and not Into atl Inefastic channeis. Lnly with suc

for the statistical model even though they are importaf’ﬁ‘tpcjtential can the stellar reactivity of the () reaction be
. . N . . C computed by applyings(6).

in a region of " -emitters with negative "(! ) Q-values

(see sectiorb.1), due to their much higher astrophysically _
relevant interaction energies. 6. Nuclear aspects of the p-nucleus production

T, (5.10)

5.3.3. Direct reactions. It is well known that direct reactions 6.1. Important reactions

are important at interaction energies above several tensAdfhough various astrophysical sites were presented in
MeV because of the reduced compound formation probabiliggction 3, the actual types of participating reactions are
[118 123 124. In light nuclei with widely spaced energy limited. In environments producing the light p-nuclei under
levels, direct reactions can give important contributions QSE conditions, individual proton captures in the vicinity of
the cross sections between resonances. In the p-nucleus ntiasse p-nuclei only play a role in the brief freeze-out phase.
range, however, direct reactions are not expected to contribWiile the reactions in a given mass region are in equilibrium,
to the astrophysical reaction rates due to the generally highlee abundances are determined by the known nuclear mass
NLD at the compound formation ener@yom, as discussed in differences 6, 106, 121]. A similar situation is encountered
the previous sectiof.3.2 for the proton captures in ttgp-process which are in (p,)D

It has been realized recently, however, that low-enerdy, p) equilibrium most of the time4, 49, 51]. Therefore, a
direct inelastic scattering has to be included in the analysiariation of the proton capture rates only has limited impact
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but may locally redistribute isotopic abundancé9Eb1]. Not 100
in equilibrium, however, are the (n, p) reactions required to
overcome waiting points with low proton-captu@evalue. In
the mass region relevant for the production of light p-nuclei, 10 |
they occur at théN = Z line, starting aP®Ni and 2D3 mass
units toward stability 49,51]. They crucially determine the
onset of thebp-process as well as how quickly matter can be_ 1 |
processed toward higher masses. >
The schematic reaction path for theprocess has been >
shown in bgurel. The nuclei and reactions involved in the g4 |
I -processes in various hot environments do not largely differ.
The permitted temperature range is rather tightly constrained
by the fact that photodisintegrations must be possible butg o,
not so strong as to completely destroy the p-nuclei or their
radioactive progenitors. The main difference between the sites Toeak
suggested in sectioBis the amount and distribution of seed

nuclei to be photodisintegrated. This will change the Bow in 100 Fes———13;

a given reaction sequence accordingly but it should be noted ll%g ,,,,, - 124;2 e
that abundance ratios of nuclei originating from the same seed 11osn e 120Xe I
are not affected by this, such as tH&SmA44Sm production 10 -nsgﬂ o TBa B/

ratio discussed in sectiods2.4and4.3. Another difference
arises from the temperature evolution which is not necessarily
the same in, say, ccSN and SNla. Since different types of 1 | ==
reactions exhibit different temperature dependence, deRectidhs
and branchings in the-process may shift with temperature.
The time spent at a certain temperature is weighted by the 0.1 }
temperature evolution and thus also how rates compete at a
given nucleus. For instance, the,(n)/(!," ) branching at

148Gd is temperature sensitive. A higher temperature favars ( 0.01 L - :
n) with respect to!(" ) and thus increasé4®Sm production 26 28 3 32 34
[18,129. The competition betweeh (n), (! ,p),and(," )at Tpeak

different temperatures has been studied in detailB[131. Eigure 8. Production factor¥;/Y i, relating the Pnal abundande

Not all reactiorls are equally important in all sections QB the initial abundanc¥, as a function of peak temperature
the nucleosynthesis network. Figui@and9 show the zonal attained in a burning zone. Shown are the production factors for

production factors for all p-nuclides as a function of the pegknuclides with mass numbers Y4A | 106 (top) and
temperature reached in the zone of the ccSN modelBg]] 108! Al 130 (bottom). Initial solar abundances were used, the
In a! -process, light p-nuclei are predominantly produced lrpjectories were similar to the ones fro1] but reaction rates
. . . L .~ were taken from12§.

higher temperatures (allowing efbcient photodisintegration of
the nuclei around mas& $ 100) whereas the production
maximum of the heavy species lies toward the lower end sfprocessNthe reaction path does not necessarily split into
the temperature range. Neutron captures and espedially fwo branches. The relative changes of the photodisintegration
n) reactions are important throughout theprocess network rates from one isotope to the next are so large that at each
as the photodisintegration of stable nuclides commences wigltope only one of the emissions dominates. As an example,
(!, n) reactions until sufbciently proton-rich nuclei have beemcomparison of photodisintegration rates within a chain of Mo
produced and!(, p) or (," ) reactions become faster. Thdsotopes is shown in bgui®. It can be seen how rapidly (n)
released neutrons can be captured again by other nuclei aaes are decreasing with decreasing neutron number, whereas
push the reaction path back to stability in the region of thg , p) is strongly increasing because it becomes easier to emit
light p-nuclides. a proton than a neutron. The,(n) rates exhibit strong oddb

In each isotopic chain we commence with initi&l, (n) even staggering. Since in a reaction sequence, the timescale
on stable isotopes and move toward the proton-rich side. Toiethe whole sequence is determined by the slowest reaction
proton-richer the nucleus, the slower the ) rate while [, link(s), it is apparent that the ( n) sequences will be mostly
p) and/or (," ) rates increase. At a certain isotope within theensitive to a variation in the slow ( n) rates and these have
isotopic chain, a charged-particle emission rate will beconte be studied preferentially.
faster than!(, n) and thus del3ect the reaction sequence to a There are very few cases of two (or even three) types of
lower charge number. Historically, this endpoint of the ) emissions being comparable at a single isotope or over a short
chain has been called Obranching®, inspired by the branchsedes of isotopes and these strongly depend on the optical
in the s-process pathl§ 130. A more appropriate term potentials used. In these cases, true branchings would appear.
would be OdeRection (point)O, though, becauseNunlike in Theey are mostly found in the range of the heavier p-nuclides,
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100
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0.01 T _ _ _ _ _ _ _
3 32 34 46 48 50 52 54 56 58 60
neutron number
100 162, T 180y ' ' ' ' ' Figure 10. Comparison of photodisintegration rates for Mo isotopes
LomEr e 0 e at 2.5GK. The(, n) rate per nucleus is shown as a solid line, the
17D e Pt (!, p) rate per nucleus as a dashed line, and!tHe Y rate per
Hf -8 Hg ;
10 F1801, = nucleus as a short-dashed line.

" debned by two or more reaction channels having comparable
< rates within the assumed uncertainties in the prediction. The
= plots are based on calculations with the SMARAGD code

[106 133 using the standard optical potentials daf3f] for
01l neutrons and protons, antidq for " -particles. The assumed
uncertainties were factors of two and three (up and down)
for (!, n) and {, p), respectively, while one Pbfth of the
0.01 predicted value was assumed to be the lower limit for the range

18 2 22 24 26 28 3 32 34 of possible {," ) rates. Since the reaction Bow is coming
Tpeak from stable isotopes, the brst competition point in edgnj
sequence is of major importance. Only if it is shown to be

Figure 9. Same as bgur@but for p-nuclides with mass numbers  yominated by (. n). will the second competition in a chain
1321 Al 158 (top)and 162 A ! 196 (bottom). The isotopes by, n), P
also be of interest, and so on.

138 a and®°Ta are underproduced because$aprocess was

included here and the population of tH&"Ta isomer was not The above considerations explain the results of earlier
followed separately. FAréGd(," )'#*Sm the rate from119 studies with systematic variations of the @) and {, " ) rates
was used. by constant factord[36] or using a selection of different optical

. ) ) potentials for the!(" ) rates [L30,131]. They also found that
where (, " ) competes with!(, n) as explained below, becausgncertainties in the! (, p) rates mainly affect the lower half,

the (," ) rates do not vary as systematically as the rates f@ereas those in the, (" ) rates affect the upper half of the
neutron or proton emission. p-nuclide mass range.

Examination of the def3ection points easily shows that The nigher the plasma temperature the further into the
at higher mass! (" ) defRections are encountered whereas gfoton-rich side!(, n) reactions can act. At low temperatures,
lower mass most deBections are caused!hyp) due to the eyen the {, n) reaction sequence may not be able to move
distribution of reactiorQ-values and Coulomb barriers3d.  much beyond the stable isotopes because it becomes very slow
This is a well-understood nuclear structure effect and it cadmpared with the explosive timescale (and neutron capture
be seen in Pgurekl and12 that" -emissions compete with may be faster). Obviously! ( p) and (," ) are even slower
neutron emission abowe = 82. The rate Peld plots in thein those cases and the photodisintegrations are OstuckO, just
two bgures give the dominant destruction reaction for eagfightly reordering stable abundances. Because of the tight
nuclide, derived from a comparison of the rates per nucleuignits on permissible temperatures to successfully produce
For photodisintegration reactions thete per nucleuss just p-nuclei, the competition points will not shift by more than
the reactivityR{ as dePned in sectidh2 It should be noted 192 mass units, if at all. More detailed investigations of
that these are not reaction [3ows as they neglect the abundanikesemperature dependence of deRections, competitions and
of the interacting nuclei. In thé-process, however, this isbranchings can be found ii§, 130,131], where each later
a good approximation because, except for neutron captuvesrk supersedes the previous one with updated reaction rate
mentioned below, there are no reactions counteracting ttwiculations and further studies of the dependence on optical
photodisintegration of a single nucleus. Therefore, the rgtetentials.
per nucleus is very suitable to also study the competition of The free neutrons released by, (n) affect the Pnal
different reaction channels. The possible competition poirddundances of light p-nuclei (up to Sn) in theprocess in
are marked by diamond shapes in bguréand12. They are several ways. The major effect is that of destruction of

16



Rep. Prog. Phy</6 (2013) 066201 T Rauscheet al

60} EEEEEEEEEEEEEEEEER
L2 20 U N JK ZS N N K N U 2 I S AR NNE RN
58t LR T A A T A A 2 R B A A i oA
U2 2 B N T S SR T T A B B R e
5 561 tttwttvv@w@w7®«7+**E
£ LA S R S S S A R S B B AR B N SRS S NS S e e s
EBar v v v v v @ 3 999« s~ ~FHEHEREE -
S vt bibali bl adztelziziziziz =
§52k v+ 9 4 v @ 9 & & @ « &~ ~HEHRFHBEH<H <[+
S50t v ¥ ¥ e b~ H-FHEHEHEEE-FH<~H 1
48p ¥ « [+ « [« HHREE « = 1
Q<—<\Q}<—<—
46|-<-<-<-D i
55 60 65 70 75 80
neutron number
46 \ S A \ A A A VAR
L2 T ZEE JNE SR ZEE BN B
a4} Vo (2R 2N 2N 2R B B R e
[ SR T A A A AN A
5 42t O B T (N A R A A I e e e R
= L2 S 2R 2 2 2 2 2 B
3 40 AN R SRR AR R H e~ H
c U2 T 2 R T T T AR A
2 y
S 38 R A - e 1
s U2 ZE ZE T ZEE SN SO N SRS
36 vy b s M-~ EHEHE - ;
S R S T S S R 1 B B
34»++++E@+++ 1
35 40 45 50 55

neutron number

Figure 11. Reactivity beld plots for 38 Z ! 46 (bottom) and 45 Z ! 61 (top) at 3 GK. The arrows give the dominant destruction
reaction for each nucleus. Competition points are marked by red diamonds. The brst competition point in a sequengesaic(ions
from stability is mainly important. Thl = Z line is shown by the straight blue line.

light p-nuclei by neutron captures in zones with sufbcientip thermonuclear burning of SNla is supposed to come from
high temperatures to photodisintegrate heavier nuclei but ibé matter accreted from a companion star (or s-processing
enough for the lighter species. No change in the abundanceslofing the accretion), these rates would also affect the seeds
light p-nuclei would then be expected when only considerirand! -processing in these models were they simulated self-
photodisintegration but such zones show strong destructioncoinsistently.
these nuclei, as can be seen in bg@ard9. This is because
the neutrons released in the destruction of the heavier spe@es Nuclear physics uncertainties
destroy the pre-existing p-nuclei (if non-zero initial metallicity ] o .
was assumed). Since all ejected zones are added up, this fg{pre the main nuclear uncertainties in the synthesis of
affect the total yield of light p-nuclei. Neutron captures alsB-nuclei can be summarized, it is necessary to debne the
counteract(, n) at temperatures at which the light p-nuclefensitivity of reaction rates and cross sections. While the
are destroyedd]. This may prevent the! (, n) Bow moving dePnition of an Oerror barO f(_)r theory is complicated by
far into the proton-rich side. It was pointed out i3 that fundamental @fferencesto attachingan e?<_p.er|mefntal error(see
(n, p) reactions can push theprocess path back to stability[107 for details), properly debned sensitivities immediately
as well. Obviously, the availability of neutrons depends off!OW one to see the impact of various uncertainties in nuclear
the assumed seed abundance distribution and especially orPfRPerties and input. This also implies that it is easy to see
abundances in the region of heavier nuclei, which are alreafffich properties are in need of a better description in order to
destroyed at a lower temperature. Therefore, this will requif¢ter constrain the astrophysical rate. In order to quantify the
special attention in models assuming strongly enhanced sed@$act of avariation of amodel quantisy(directly taken from
such as in the single-degenerate SNla model (se8tign input or derlyed from it) on _the Pnal res_wlt (wh|cr_1_|s_ either
Finally, neutron captureseforethe onset of the -process a cross section or a reactivity), the relative sensitisith; q)
can indirectly inRuence the p-production by modifying th& dePned aslpg 107
seed abundances. In massive stars, the weak s-processing v "
sensitively depends on th&Ne(', n) rate, acting as the s(/,q )= "
dominant neutron source (see, e.82,[L37) for the effect of
a variation of this rate). For s-processing in AGB stars, thisis a measure of a change by a factovpf= / peW// og in
rate and®*C(", n) are important. Since the seed enhancementas the result of a change in the quantifyby the factor

m. (6.1)
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Figure 12. Reactivity beld plots for59 Z ! 72 (bottom)and 71 Z ! 83 (top) at 2 GK. The arrows give the dominant destruction
reaction for each nucleus. Competition points are marked by red diamonds. The brst competition point in a sequengesaic(ions
from stability is most important.

Vg = Ohew/Joid, With s = 0 when no change occurs andn all of them, except for the contribution of rapid proton
s = 1 when the Pnal result changes by the same factor @spture processes far from stability. It has been argued in
used in the variation of, i.e.s(/,q) = 1limpliesv; = vq. section4.2 that the latter cannot contribute signibcantly to
Further information is encoded in the sign of the sensitivithe p-nuclei from Mo upward. Since proton captures are in
s. Since bothv, > 0 andvq > O for the quantities studied equilibrium in those models, the main uncertainties lie in the
in this context, a positive sign implies thatchanges in the reactions bridging the waiting points closefb = Z. As
same manner a, i.e./ becomes larger when the value ofnentioned in sectior&5and6.1, (n, p) reactions are of highest
the quantityq is increased. The opposite is tfrue for< 0, jmportance in thép-process. Because of their laiQevalue,
i.e./ decreases with an increaseqn The varied quantities the compound nucleus is formed at high excitation energy and
q in reaction rate studies are neutron-, protdh-,and! - he gtatistical model is expected to apply well (sectoh?.
widths. Sometimes also the NLD is varied although it cay ¢onirast to astrophysical neutron captures at stability, no
be shown that it mainly affects the-width in astrophysical i, ated resonances are contributing and the rates are only

applications. This is due 1o the fact that the particle W'dtrksensitive to the neutron width, whereas in neutron captures

are dominated by transitions to low-lying levels whereas at stability the! -width is also important. The calculation of

transitions to a continuum of levels at higher excitation of tht%e neutron width depends on the optical potential used and on
compound nucleus determine thewidth [13§.

Extended tables of sensitivities for reactions on targléPOWIGdge of low-lying levels in both target and Pnal nucleus.

nuclei between the driplines and with  Z # 83 have n the unstable region, the lack of accurately determined low-

been published in107, for rates as well as cross SectionsI_ylng levels introduces the largest uncertainty (see below,

These tables are used to determine which nuclear properfi@¥/ever, for considerations regarding the optical potential).
have to be known to accurately determine a rate, once it The nucleiinvolved in thé -process are the stable nuclides
has been identiped as relevant for nucleosynthesis. 1t8dd moderately unstable, proton-rich nuclei. The masses have
important to note that, according t6.5) and &.6), the same been measured and thus the reac@omalues are well known.
sensitivities apply to forward and reverse stellar rates, e.g. faglf-lives are known in principle but the electron captures and
the stellar capture rates as well as the stellar photodisintegratibndecays need to be modiPed in the stellar plasma by the
rates. application of theoretical corrections for ionization and thermal

Despite the number of suggested sites, the nuclear physigsitation. This has not been sufbciently addressed so far, with
underlying the p-production and its uncertainty is similaa few exceptions (see, e.g8]).
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What is the actual impact of uncertainties in the ;429
photodisintegration rates on the production ofpheuclides?
Although the! -process is not an equilibrium process and a
reaction network with a large number of individual reactionse
has to be employed, it has become apparent in seétidthat s 10% |
not all possible reactions in the network have to be known witB
high accuracy. Rather, only the dominant reaction sequencés
have to be known accurately, and within such a sequence tfe i
slowest reaction as it determines the amount of processirff;;;10
within the given short timescale of the explosive process.
Charged-particle rates are important only at or close to the

exp ——

HF(McFS) ——

HF(McFS) with Coulex ——-—
(HF(McFS) with Coulex)/3 ------
HF(MCFS)/3 ............

defRection points because they are many orders of magnitude1026 . . . . . . . f
smaller than thel(, n) rates on neutron-richer isotopes. 9 95 10 105 11 115 12 125 13 135
As a general observation it was found that thevidth Ecm (MeV)

is not relevant in astrophysical charged particle captures on _ et 14
intermediate and heavy mass nuctedf]. This is due to the Figure 13. Astrophysical S-factor fot*Sm(, ! )***Gd as a
- " function of c.m. energy. Data are froh39. The astrophysically
fa.ct that the Coulomb barrier suppresses the protqn- andrelevant energy is about 809 MeV. Shown are the standard prediction
widths atlow energy and makes them smaller thah thedths  with the potential by {35 (McFS, full line), the same but corrected
at astrophysical interaction energies. The cross sections dmdCoulomb excitation (dashedbdotted line), and the Coulex
rates will always be most sensitive to the channel with tH@rrected prediction with thie-width divided by a constant factor of

: ; (dashed line). Also shown is the standard prediction without
?ma”e.St Wldt.h' It also follows from .thls that Whenever.aﬁorrection but with thé -width divided by 3 (dotted line). See text
-particle is involved, the reaction will be mostly sensitiv

. . ) h or an interpretation.
to its channel. The situation for neutron captures is more

diverse. For most nuclei close to stability, the rates are Stron%ependently derived from elastit-scattering at higher
sensitive to the -width. In between magic neutron number§énergiesl451

along stability and especially in the region of deformed nuclel, As pointed out in sectios.3.3and by [L25 126, the

h(_)(\j/\/ﬁver, they are also ((j)r even morhe_ sensglve tolthe ZebUtriHEIusion of Coulomb excitation may alleviate the putative
width (see bgures 14 an 151rq7j)...T IS can be explained by Pgmblemimhe prediction of th&,(! )laboratory cross sections

a _ _ ffld provide a more consistent picture. tHSm(,! )8Gd
level densities and this leads to comparable sizes of the neutrgz is shown in bguts. The prediction using the standard
and! -widths at astrophysical energies. A comparison of, . cleus potential byl35 is a factor of about 4 higher than
theory tp gxperimen_tali data along stability rgvealed that thes gata at the upper end of the measured energy range. It
unc_ert.alntles are within a factor of tvyo, with an averaggys g completely different energy dependence, though, and
deviation of better than 309406,120. Since the! -process yie|ds a value higher by almost two orders of magnitude than
does not go far into the unstable region, similar uncertaintigs, exirapolation of the data to the astrophysically relevant
are expected. energy of 9MeV. Applying .10 to correct the prediction
Charged particle captures and photodisintegrations &fthe laboratory value for the fact that part of theRux is
only sensitive to the optical potential at the aStVOPhys'CaQSﬁ)éing into the direct inelastic channel, which is notincluded in
relevant low energies. These optical potentials are usualie optical potential, leads to calculated cross sections which
derived from elastic scattering at higher energies and are thdroduce the energy dependence of the data but are very high
not well constrained around the Coulomb barrier. In particulagy afactor of 3. The optical potential should be corrected only
the imaginary part should be energy-dependent (36€] [ to account for this factor, i.e. tHewidth should be divided by
for more details on optical potentials in astrophysical ratgjs factor as shown in the bgure. This corre¢teabtentialN
predictions and the inBuence of other nuclear propertieglitwithout further consideration of the Coulomb excitation (as
Particular problems persist with-captures at energies andexplained in sectio.3.3Nhas to be employed to calculate
in the mass region relevant for theprocess. Comparisonsthe stellat' -capture reactivity from which the actually relevant
of theoretical predictions with the few available data gt," )rate is derived. The S-factor is lower than the standard
low energies (see sectiof.3.]) revealed a mixed patternvalue by about a factor of two at 9 MeV. Elastiescattering
of good reproduction and some cases of maximally 2R&periments at low energies, if feasible, may help to constrain
times overprediction of the'! ) cross sections when usingthe " -width renormalization, see sectioh3 because the
the OstandardO potential 189 (see, e.g., 1400144 and S-factor and cross sections at the upper end of the measured
references therein; see also seciid). So far, the only known energy range are not only sensitive to thavidth but also
example of a larger deviation was found*iSm(',! )#Gd to the neutron and thé-width. Other reactions may not
(determining the!*SmA4Sm production ratio in the - even need changes to the optical potential and the apparent
process, see sectich?) where the measured cross sectiodiscrepancies may be explained by the laboratory Coulomb
is lower than the standard prediction by more than an ordexcitation aloneI25, 12€]. The uncertainties involved are the
of magnitude at astrophysical energi@89, inexplicable by requirementto know precise B(E2) transition strengths (which
global potentials and also not reproduced using a potentigichallenging for odd nuclei with non-zero g.s. spin) and the
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Figure 14. Isotopes on which (d, ) cross sections relevant for theprocess have been measured. The upper part of the p-isotope mass
region is not shown since there are no data available there. The measured cross section data can bd4duhsiGrib1, 1550167).

need to accurately calculate Coulomb barrier penetrabilitiesthe synthesis of the comparatively few p-nuclides. The
very low" -energies. vast majority of the astrophysical reaction rates has only
While the standarti +nucleus potential most widely usedbeen predicted theoretically. Experimental data close to
in astrophysical applications is a purely phenomenologicastrophysically relevant energies are very scarce, especially
one, the optical potentials for protons and neutrons usedfon charged-particle reactions. Figurg$and15 show those
the prediction of astrophysical rates and also the interpretatisntopes for which (p,! ) and (,! ), respectively, cross
of nuclear data are based on a more microscopic treatmesggtion measurements relevant forthprocess are available.
a BracknerbHartreeDFock calculation with the local densi@nly those isotopes are included where the motivation of the
approximation including nuclear matter density distributiongxperiments was the origin of the p-nuclides. As can be seen,
which are in turn derived from microscopic calculationgurrently proton-capture measurements are available for about
[106,134, 1460148. It has been pointed out, however, thaBO isotopes along the line of stability. The measurements
the isovector part of the potential is not well constraine@re concentrated mainly in the lower mass region of the
by scattering experiments49. So far, this has not been p-isotopes, which is in line with the fact thdt,(p) reactions
found to give a noticeable effect in neutron captures atay the more important role in the lower mass range of a
stability but may introduce an additional uncertainty both-process network (see sectiéri). Data for (,! ) reactions
at the far neutron- and the proton-rich side, wherever ti@€e even more scarce, leaving the theoretical reaction rate
neutron-width is dominating the rate. Also in comparisofidlculations largely untested. Moreover, the important higher
with measured low-energy (jp,) cross sections, calculationsmass region is almost completely unexplored, especially close
using these potentials often have been in very good agreemi@r@strophysical energies.
with the data, sometimes being off by a maximal factor of Figures 14 and 15 show only those isotopes where
two (see, e.g.,106,150,151] and references therein). Inradiative capture cross sections have been measured. On
general, the uncertainty in the astrophysical rates causedtb9 other hand, particle emitting reaction cross sections, such
the nucleon optical potentials seems to be much lower thad (P, n), (, n) or (", p), have also been measured along
for the " -capture rates. Recent (b)) and (p, n) data of With the (p,!) or (",! ) reactions, or in their own right.
higher precision close to the astrophysically relevant ene@iﬂese reactions can provide valuable additional information to
window, however, revealed a possible need for modibcation@#nstrain the theoretical description of astrophysically relevant
the imaginary part of the nucleon potential9f, 1510154, nuclear properties as explained below.
Consistently increased strength of the imaginary part at low The situation is somewhat better regarding neutron-

energies improves the reproduction of the experimental ddgluced reactions along stability as the low-energy cross
for a number of reactions. sections for neutron captures have been determined for

s-process studies. The KADoONIS databaser9p181]
centrally compiles data and provides recommended values
for Maxwellian averaged cross sections (MACS) at 30 keV
and reactivities up to 100 keV. Unfortunately, this is only of
6.3.1. Status. It has become apparent in the previoumited use for the -process as peak temperatures of 2D3 GK
sections that several hundreds of reactions contribute @@rrespond to Maxwellian energies &ff = 170260 keV

6.3. Challenges and opportunities in the experimental
determination of astrophysical rates
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Figure 15. Isotopes on which"(! ) cross sections relevant for theprocess have been measured. The upper part of the p-isotope mass
region is not shown since there are no data available there with the exceptiont G, ! )?°'TI [168. The measured cross section data
can be found in]39143 1690178.

but require measured neutron capture cross sections ugntermediate and heavy nuclei. Reactions involved in the
1400keV, which is beyond the measured range for magstoduction of p-nuclei thus pose special problems, not or on
nuclei. The standard way to deal with this is to renormaliz much smaller level encountered in the experimental study
HauserbFeshbach calculations to the measured value at @neactions with light nuclei and in hydrostatic burning at a
energy (usually at 30 keV, but 100 keV has been discussedewer temperature. The main challenges include (i) reactions
a possible alternative) in order to get an energy dependemteunstable nuclei, (i) tiny cross sections at astrophysically
for extrapolation to higher (and lower) energies. This caielevant energies, (iii) different sensitivities of the cross
be problematic when the HauserBFeshbach model is @6gtions inside and outside the astrophysical energy window,
applicable at the renormalization energy. Moreover, it ha¥) large differences between the stellar cross section and the
been pointed out recently that the renormalization proceduggoratory cross section. In this section, we brieRy address
applied so far has not properly included the stellar effect ach of these points and its implications for experiments.

thermal population of excited states (see belo¥8§. The _
proper renormalization is discussed in sectiot.2 Small cross sections and unstable target nucldihe relevant

Summarizing the available data for studying explosiv‘%nergies for cglcula;ion of Fhe astrophysical reactivity have
burning it becomes apparent that, with few exceptionEeen slumm?rlz?c:]_ '?1 slect|05.:£?>.1 and tcan bt?] f(_)utnd '?.
almost no measurements in the relevant energy region jrélq N spite of high plasma temperatures, the interaction

energies are small by nuclear physics standards. Although

available. Although, as discussed in secti®.2 high- ind ; " VoV h d particl
temperature environments severely limit the possibility tttpe energy windows for reactions Involving charged particies
in, the entrance or exit channel are shifted to a higher

directly determine astrophysical reactivities, there is an urgent

. nergy with increasing charge, the cross sections are also
need to experimentally cover the relevant energy range to 9y 9 9

obtain data for the improvement of the theoretical predictionsst.rongly suppressed _by the Coulomb b_arner. This res_ults
IN low counting rates in laboratory experiments and requires

Given the shortcomings and diversity of processes suggested . .
. . . . efbcient detectors as well as excellent background suppression.
for the production of p-nuclei (sectid), a reliable database )
Although there has been recent experimental progress

gnd rghab_le predictions are needed as a brm ba_sls for fut égctiom), the astrophysically relevant energy window has
investigations. The accurate knowledge of reaction rates ly been reached in a few cases due to the tiny charged-

at qust, their real_istic uncertainties may allow one to rule OPErticIe cross sections, and full coverage of such a window for
certain astrophysical models on the grounds of nuclear phys.c-?)rocess conditions has not been achieved yet. Obviously,

considerations. this does not apply to neutron captures but high accuracy
measurements covering the fdll-process energy window
6.3.2. Challenges and opportunities in the experimentate also scarce. Low nuclear absorption cross sections are
determination of astrophysical rates. There are several also an obstacle for scattering experiments with charged
challenges hampering the direct determination of stellparticles. Such experiments are required to improve the optical
reactivities by experiments. Although such challenges wouptentials, which are not well constrained at astrophysical
appear in many astrophysically motivated studies, they a¥rergies (see sectioBand7.3). Atsuch energies, however,
more pronounced in high-temperature environments and fbe obtained cross sections are almost indistinguishable
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‘ ‘ ‘ ‘ ‘ ‘ plots to the astrophysical interpretation of experimental
L 1  data are found in106, 1420144, 151,155 177,183 184 and
references therein.

Also the impact of uncertainties in the (input) quantities on
the bnal rate or cross section can be studied using the relative
sensitivities dePned i6(1). When an uncertainty factbi is
attached to a quantity, it will appear as an uncertainty factor
"U = |s(/,q )| Uq in the Pnal result.

Laboratory cross sectiong as debned in59 exhibit
different sensitivities in forward and reverse reactions, whereas
it follows from the reciprocity relations(5), (5.6) that the
At pl|  sensitivities of the stellar reaction rates are the same for forward
1 1 1 1 1 — and reverse reaction. It is also to be noted that even in the
0 1 2 3 4 5 6 7 8 9 astrophysical energy range laboratory cross sections do not

E [MeV] necessarily show the same sensitivity as the stellar rate. This
depends on the g.s. contributiofy to the stellar rate (see
below) and/or the sensitivities of the transitions from excited

o
o
\

s

S
o1
‘

‘

sensitivity of cross section
o
‘
‘

Figure 16. Sensitivitiess of the laboratory cross section ¥Ru(p,
I )°7Rh to variations of nucleont,- and! -widths, plotted as

functions of c.m. energylp7). The shaded region is the states in the target nucleus. Usually the cross section in the
astrophysically relevant energy range for 2I ! 3GK [114. The reaction direction with largeX, will behave more similar to
sensitivity is depPned ir6(1). the stellar rate. Sed (7] for a more detailed discussion.

Section5.3.3pointed out a further complication, namely
from pure Coulomb scattering (Rutherford scattering). THBe change in reaction mechanism or appearance of further
situation is worsened by the fact that the majority of reactioi€action mechanisms at low energy. This applies both to
for p-nucleosynthesis proceeds on unstable nuclei. Althoutgaction and scattering experiments, as the absorptive partofan
future facilities will allow the production of such nuclei itoptical potential derived from scattering includes all inelastic
remains to be seen what types of reactions can be stud@@nnels but cannot distinguish between them. For the stellar
at which energies (see also sectipr2.4. Since reactions rate and the application of the reciprocity relations, however,
with short-lived nuclei must be studied in inverse kinematicgjfferent mechanisms may have to be accounted for differently.

neutron-induced reactions cannot be addressed because no
neutron target exists. Stellar effects. Under the conditions relevant to p-

nucleosynthesis, all constituents of the stellar plasma,
Sensitivities. The sensitivity of a cross section or rate tdncluding nuclei, are in thermal equilibrium. This implies
a variation of nuclear properties is debned 1) It that a fraction of the nuclei will be present in an excited
is very important to measure in the correct energy rangéate. Thus, reactions not only proceed on target nuclei in
or at least close to it. The reason is that cross sectiothe g.s. (as in the laboratory) but also on nuclei in excited
above the astrophysical energies may exhibit a completefiates. This is automatically accounted for when using the
different sensitivity to nuclear properties, which complicatestellar cross sectiop ( as debned in52). The relative
extrapolation. For the same reason, comparisons withntribution of transitions from g.s. and excited states to the
theoretical predictions outside the astrophysical energy rargjellar cross section, and thus to the stellar rate, depend on
are only helpful when the measured cross sections show #pn and excitation energy of the available levels, and on the
same sensitivities as the astrophysical reactivity. Otherwissma temperature. Again, nuclei with intermediate mass
neither agreement nor disagreement between theory and @atd heavy ones behave differently from light species. They
allows one to draw any conclusion on the quality of thehow pronounced contributions of excited states already for
prediction of the rate. Figur&6 shows a striking example neutron captures at s-process temperatur8g 185. Since
of how different the sensitivities can be in the astrophysictiie weights%.4) of the excited state contributions also include
energy range and above it. Ifa measuremeffRii(p,! )°’Rh a dependence on the ener§y which is conbned to the
showed discrepancies to predictions above, say, 506 Me\astrophysically relevant energy window, even more levels at
would be hard to disentangle the uncertainties from differehtgher excitation energy can contribute for charged-particle
sources. Moreover, such a discrepancy would imply nothimgactions than for neutron captures at the same temperature.
concerning the reliability of the prediction at astrophysicalhis is because the energy window is shifted to higher energies
energies, as the cross section is almost exclusively sensitiye the cross section dependence on the Coulomb barrier.
to the proton width there, whereas the proton width does néind since the nuclear burning processes synthesizing p-nuclei
play a role at a higher energy. If good agreement was fourm;cur at considerably higher temperature than the s-process,
on the other hand, between experiment and theory at a hight'gpng contributions of transitions from excited states are
energy, this does not constrain the uncertainty of the reactiexpected.
rate. Such sensitivity considerations and plots have become an Even when measurements are possible directly at
essential tool in the planning and interpretation of experimentstrophysical energies, only the g.s. cross segtip(or the
Further examples regarding the application of sensitivityross section; of a long-lived isomeric state), as debned in
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Figure 17. G.s. contributions, (and isomeric state contribution ~ Figure 18. G.s. contributions to the stellar proton-capture rate at
X, for ¥9MTa) to the stellar neutron capture rate at 2.5 GK for 3 GK for natural isotopes and their uncertainties, taken fro@¥][
natural isotopes and their uncertainties, taken fra8v]. The plled The Plled symbols indicate p-isotopes.

symbols indicate p-isotopes.
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(5.9), can be determined in the laboratory. Therefore, it is 0.9
necessary to know the fraction of the stellar rate it actually g |
constrains. The relative contributiofy of a specibc levdl to

o 0.7 |
the total stellar rate( is given by [L82]

0.6
Xi(T) = 2J; +le., E/(KT) » )i(E)(E, T) dE 6.2) X 0.5 F } lﬂ

2Jo+1 ) M(E)(E,T) dE’ 04| 1@ l@ % ]
where); = ( ;) '%1, as before, anjl®" is the effective cross 03 | % J@ ﬂ % l® % 1
section as given ing(2). For the g.s., this simplibes ta§5 0.2 f (ﬁl&@%g% % % } % |
_ . )oE)XE.T) dE _, Ro o1 110 S R T T
Xo(T) = < = : A S N 2
) SME)(E,T) dE ) SM(E)(E, T) dE 0

(6.3) 110 120 130 140 150 160 170 180 190 200 210
) mass number
Itis very important to note that this is different from the simple

ratio Ro/R ¢ of g.s. and stellar reactivity, respectively, whicffigure 19. G.s. contributions (and isomeric state contribution

has been callestellar enhancement factdm the past or ¥¥MTa) to the stellal -capture rate at 2 GK for natural isotopes
. L past. . and their uncertainties, taken frorh(d7. The Plled symbols

The relative contributionX; has several convenientjngicate p-isotopes.

properties. It only assumes values in the range &; # 1.
The value ofXy decreases monotonically with increasin
plasma temperaturd. It was shown in 185 that the

magnitude of the uncertainty scales inversely proportional }5 Iyand (,! ) reactions, respectively, on natural isotopes

with t?e. vtalue (|)on (;g g_enlfrallyxi{,h!.e.. Xt% =1 haslzerot at ! -process temperatures, including their uncertainties. It
uncertainty as 1ong aSo 1S known (this is the case close 0immediately catches the eye that excited state contributions
stability), and that the uncertainty factdg $ 1 of Xgis given

are non-negligible for the majority of cases and that g.s.
by max(ux, /ux), where contributions are especially small in the region of the deformed
ux = T(L" Xo) + Xo, (6.4) rare-earth nuclei. Thisis because they have aninherently larger
NLD. Near shell closures, on the other hand, NLDs are lower
andu is an averaged uncertainty factor in the predicted ratiosid the g.s. contributions larger. An additional effect acting
of theR;. These ratios are believed to be predicted with betttar some of the'(,! ) cases is the Coloumb suppression effect
accuracy than the rates themselves and so it can be assunfdtie excited state contributions, which is explained further
u# Uy, with Uy, being the uncertainty factor of the theoreticabelow.
prediction. In any case, the uncertainties are sufbciently small Laboratory measurements can only determine the stellar
to preserve the magnitude ¥, i.e. smallXy remain small reactivity when the contributioK; of the target level (in most
within errors and larg&X remain large, as can also be seen inases this is the g.s.) is close to unity. The stellar rate has to
PguresL7B19. be derived by combining experimental data with theory when
Complete tables of g.s. contribution for reactions X; < 1. Strictly speaking, the experimental cross section can
on target nuclei between the driplines from #0Z # 83 only replace one of the contributions to the stellar rate while

%re given in 107]. Figures17B19 show g.s. contributions
Eand isomeric state contribution$, for 18Ta) for (n,!),
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the others remain unconstrained by the data, unless furtiigble 3. G.s. contribution¥, for selected!(, n) reactions
knowledge is present. Knowin¥; and the theory values at 2.5GK.
for R; andR(, the proper inclusion of a new experimentally Target X Target Xq Target Xo

. P exp : .
derlv_eq reactivityR; into a new ste!la_lr ra}te is _performed by 865, 0.00059 % 000049 %Pt  0.0018
modifying thetheoreticalstellar reactivityR" to yield the new oo, 000034 1%Re 000021 97Ay

0.00035
stellar reactivity ﬂ.83 %7 0.0061 187Re 0.00024 196Hg 0.00043
( (o %Mo  0.0043 %0s  0.00016 !%Hg 0.00084

Riew = f 'R, (6.5) 2Nd  0.0028 1Pt 0.000069 2Hg 0.0088

) o 155Gd  0.0012 19%pt 0.00011 2%%pp 0.0059
with the renormalization factor

I
"R : , :
fl=1+X; ——"1 (6.6) neutron captures shown in Pguté. It is obvious that they
Ri are tiny in comparison. (This is also the reason why we do not
containing the experimental result. Note that thehow full plots similar to the ones for the capture reactions.

renormalization factor is, of course, temperature dependen\ll 9-S- contributions and further plots can be found107.)

Also the uncertainty in the experimental cross sections AS argued above, the smallest stellar correction is usually
(the Oerror bar®) can be included. Since the ultimate ¢@4nd in the direction of positiveQ-value.  Figure19
of a measurement is to reduce the uncertainty inherent irfad the tables in107, however, con"faln a few exceptions
purely theoretical prediction, it is of particular interest to knowP thg Q-value rule. For example,”(! ) reactions with
the bnal uncertainty of the new stellar reactiviRy,,. It is NegativeQ-values appear in thie-process network and show
evident that the new uncertainty will only be dominated b§mallercorrect|onsthan their photodisintegration counterparts.
the experimental one whexy is large. Using an uncertaintyﬁTonq thﬂg is, for example, the important case of
factor Ueyp $ 1 implies that the Otrued valueR§f is in -~ om(,! )™ GdwithXo $ 1. These cases can be explained
the rangeR™"/U o, # RIU® # R™PUq, and analogous by a Coulomb suppression effedbrst pointed out in153

I I I " . . o . . . .

for the theoretical uncertainty factbk, = U( of the stellar and studlecli in detail in154]. Since the relative interaction

.. . i rel — n . HY H :
reactivity R(. For example, an uncertainty of 20% translate8N€rgiess{" = E " E; of transitions commencing on excited
into Uexp = 1.2. Experimental and theoretical uncertainty arleVels decrease with increasifg, cross sectiony; strongly

then properly combined to the new uncertainty factor depending orE{® will be suppressed for higher lying levels.
For large Coulomb barriers this can result in a much faster
Ulaw= Uexp+ (UL Ue)(1" X)) (6.7) suppression of excited state contributions to the stellar rate

than expected from the weight . If there is a much higher
for R, Here,Uex, # U is assumed because otherwise theoulomb barrier in the entrance channel of a reaction with
measurement would not provide an improvement. ObviouslyegativeQ-value than in its exit channel (e.g. when there is no
the uncertainty factor is also temperature dependent becagggrier present as fot,(! ) or (p, n) reactions), this can yield a
at leastX; depends on the plasma temperature. It is furthg{rgerx, in the direction of negativ®-value than in the other
possible to consider the uncertaintyXfin Ul Its impact, direction. On these grounds it can be shown that itis generally
however, is small with respect to the other experimentluch more advantageous to measure in the capture direction
and theoretical uncertainties. The fundamental differencg any type of capture reaction, regardles®e¥alue, because
between error determinations in experiment and theory affs X, will be larger than for the photodisintegration and
discussed inJ07] and appropriate choices are suggested thus closer to the stellar value. This stellar value can then

section6.2and in [L87. conveniently be converted to a stellar photodisintegration rate
It should be keptin mind that the corrections for thermallgy applying 6.6).

excited nuclei have to be predicted even if a full database of

experimental (g.s.) rates were available. Therefore, designidgw experiments can help.Due to the high plasma

an experiment it should be taken care to measure a reactiemperatures encountered in explosive nucleosynthesis and the
with the largest possibl€;. This also implies that the reactionlarge number of possible transitions between levels in target,
should be measured in the direction of larg&st Since compound and Pnal nucleus, an experimental determination of
the astrophysically relevant energies of the reverse reactibie stellar rate is impossible for the majority of intermediate
B(b,a)A are related to the ones of the forward reaction bgnd heavy nuclei. The few exceptions can be selected by
Eev = E +Q (see sectio.3.2, it is obvious that transitions searching for reactions with large g.s. contributig. A

from excited states contribute more to the stellar rate in tfigrther constraint is the fact that most of the reactions involve
direction of negativ&®-value. This is due to the fact that theunstable nuclei. Nevertheless, measurements can provide
weights given in $.4) depend orE and E,,, respectively, important information on specibc transitions and parts of
and decline more slowly with increasing excitation energye stellar rate, which can be compared with predictions
E; when E is larger. This is especially pronounced irof theoretical models. A good example is the pdst ()
photodisintegrations because of the laj@¢. Table3 gives and (p,! ) measurements at low energies which have shown
examples for g.s. contributions tb (n) rates of intermediate debciencies in the description of low-energy charged-particle
and heavy target nuclides at typidaiprocess temperatures.widths (see sectiof.2). Another example would be studies of
These numbers have to be compared with the ones for giagle transitions to better constrain excited state contributions.
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Essential for the development of reaction models, which c#imus be used to test the prediction of the ratios of g.s. particle
also be extended into the region of unstable nuclei, is to havansitions to transitions on excited states. This is then relevant
systematic measurements across larger mass ranges. Soelstrophysical applications, to study the interaction potentials
systematics are lacking even at stability for astrophysicalénd the stellar excitation effects (see, e.g., sed@i@d. On-
important reactions and transitions at astrophysical energidiie detection of the outgoing particle (see below) is required
The following section? provides an extensive overviewfor this.
of present and future experimental approaches to improve The same can be carried out for charged-particle emission.
reaction rates for studying the synthesis of p-nuclides. In addition, depending on the nucleus and lthenergy used,
photodisintegration with charged-particle emission is sensitive
to the particle channel and can thus be used to test, e.g., optical
potentials. Comparind -emission data with predictions
would be of particular interest regarding the action of the
Coulomb excitation effect described in sectmB.3 It would
As explained in sectior6.3.2 and shown in table3, the imply different transmission coefbcients forcapture and -
experimental study of -induced reactions has only limitedemission and should not show up in the photodisintegration
relevance for the direct astrophysical application. Fromrasults. Partial cross sections are helpful also in this case
laboratory ! -induced cross section measurement with thgecause they allow testing at different relative interaction
target nucleus being in its g.s., no direct information can lemergies.
inferred for the stellar reaction rate. Nevertheless, as pointed In the remainder of this section the available experimental
out in section6.3.2 the experimental study of -induced techniques and thosé -induced reaction cross section
reactions can provide useful information for certain nucleaieasurements are reviewed for which theyrocess was
properties relevant to heavy element nucleosynthesis. Tdsecibed as motivation. Experimental data !oinduced
experimentally determined,(x ) cross section (whesecanbe reactions are mainly available around the giant dipole
aneutron, a proton, or &nparticle) probes particle transitionsresonance, i.e. at much higher energy than important for
into the bnal nucleus initiated by a well-debriedransition astrophysics. Owing to the small cross section and other
from the g.s. of the target nucleus. Theoretical predictions fagchnical difPculties (see below), only very few measured cross
the relevant transitions can then be tested by comparing thesttions are available at lower energies.
with the measured photodisintegration cross section. Different experimental approaches can be used to measure
Again, the sensitivity of the reaction (see secti@® low-energy! -induced reaction cross sections. The common
and 6.3.2 has to be carefully checked to see what can bequirement of these techniques is a higiRux in order to
extracted from such a measurement. The sensitivities depenelasure low cross sections. If the aim is to measure excitation
on the initial! -energy and the particle separation energiefiinctions (i.e. the cross section as a function of energy),
The latter debne the relative interaction enerd®® (i.e. a monoenergeti¢ -beam is needed. Quasi-monoenergetic
the energies of the emitted particles) and thus the partidlerays can be obtained with the laser Compton scattering
widths. As mentioned in sectioB.2 the channel with technique. In this methotl-rays are produced by head-on
the smallest width determines the sensitivity of the crossllision of laser photons with relativistic electrons. This
section. For laboratory! (, n) reactions, this is always themethod has been successfully applied for several reactions,
I -width. A comparison of predicted laboratory,(n) cross e.g. at the National Institute of Advanced Industrial Science
sections and measured ones, however, does not test a quaatity Technology (AIST), Tsukuba, Japat88D190. There
that is of relevance in the astrophysical application for tware proposals for performifgprocess studies also at the High
reasons. Firstly, astrophysical charged-patrticle captures antknsity! -Ray Source (HI S) at Duke University, USA.
photodisintegrations depend solely on the charged-particle Another method for! -induced reaction studies is the
widths as can be veribed by inspection of the Pgures and taldgplication of bremsstrahlung radiation. If a high-energy
given in [107. Secondly, although astrophysical neutroelectron beam hits a radiator target, continuous energy
captures and! (, n) do partially depend on tHe-widths, they bremsstrahlung radiation is produced with an endpoint energy
are sensitive to a different part of thestrength function than equal to the energy of the electron beam. Since !the
can be tested in a laboratory experiment. The relevant energy spectrum is continuous, no direct measurement of
transitions are those with 2b4 MeV downward from statestlee excitation function is possible. By the superposition of
few tens to a few hundreds of keV above the neutron threshaeveral bremsstrahlung spectra of different endpoint energies,
[138. According to the reciprocity relatiorb(6), this applies however, the high-energy part of a thermal photon Bux can
to stellar capture rates as well as photodisintegration ratbs. approximated welll91]. Therefore, the reaction rate of
Assuming the validity of the BrinkDAxel hypothesl8p, 187] a photodisintegration reaction can be measured instead of the
and using low! -energies on the nuclear g.s. does not helross section itself. Since the target is always in its g.s., only
because the strength function cannot be probed below the g.s. contribution to the reaction rate can, of course, be
particle emission threshold. A more promising approach iseasured. Severatinduced reactions have been studied with
to study partial particle emission cross sections, such as this method at the S-DALINAC facility in Darmstadt, Germany
no), (! , ny), and so on. Their ratio depends, apart from spif191b195, and at the ELBE facility in Dresden-Rossendorf,
selection rules, on the particle emitting transitions and c&ermany 1960198 (see tablet).

7. Experimental approaches

7.1.! -induced measurements
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Table 4. Experimentally studiedl -induced reactions relevant for theprocess. Abbreviations: act activation, br = bremsstrahlung,
CD = Coulomb dissociation, LCS laser Compton scattering,aa= neutron counting.

Target Reaction Method Facility Reference
9192947y (,n) LCS,n.c. AIST 190
92100V, 1445 m ¢,n),(,p),¢,") br,act ELBE 1960198
92,93,94,100\10 (,n CD,n.c.  GSI-LAND ROIEROJ
148150N(, 1545m,154160Gd (1, n) br., act. SBDALINAC 194

181Ta (t,n) LCS,n.c. AIST 18§

186\ 187Re,1880g ¢,n LCS, n.c. AIST 189

1920g, 193193 (',n) br., act. SDDALINAC 195
190192198py (¢,n) br., act. SDDALINAC 191,192
196198204q, 204pfy ¢.,n) br., act. SPDALINAC 193

The bremsstrahlung radiation method can be improv&esearch in Darmstadt, Germany, with the LAND (Large
toward a quasi-monochromaticbeam by applying the so- Array Neutron Detector) setup. Results f831Mo(! , n)
called tagger technique. In this method, the electron bedrave been published recently, the analysis®f®o(! , n) is
hits a thin radiator target where it can be guaranteed that owlygoing RO1ER0J.
one bremsstrahlung photon is produced by one electron. If Table 4 lists some of thel -induced reactions studied
the remaining energy of the electron is then measured, tiveperimentally in recent years. It is not an exhaustive list
I -energy can be inferred and the requireeknergy with since only those measurements are listed wheré thecess
relatively low-energy spread can be selected. Such a methwas mentioned as a motivation of the work. As one can see,
has been recently developed at the S-DALINAC facilt9§l.  with the exception of th&?Mo and'*4Sm isotopes, onlyi (, n)

Intense -beams created by ultra-high intensity lasers magactions have been studied. The reason for this is the typically
open a new horizon in the study éfinduced reactions in very low cross section of charged-particle emitting reactions
the near future. One of the four pillars of the European Elat astrophysically relevant energies. The fast development of
(Extreme Light Infrastructure) facility to be built in Magurele the different experimental methods, however, will most likely
Romania, will be devoted to laser-based nuclear physics (Elallow for the extensive study of (* ) and ( , p) reactions in
NP). The white book of the ELI-NP projecR(( includes the near future.
the study of the! -process as one of the objectives of the The photodisintegration cross sections are usually
facility. The very brilliant, intensé -beam of up to 19 MeV, compared with the predictions of statistical model calculations.
0.1% bandwidth, and 28! /s intensity is hoped to enable theCalculations using different input parameters such asy
measurement of (* ) and ( , p) reaction cross sections onstrength functions are also considered and compared with the
many isotopes. data in several works. It can be stated that in general the

Two distinct methods can be applied to determine thaodel calculations are able to reproduce the measured data
number of reactions taking place during theirradiation. within about a factor of two. For further details, the reader is
The Prst method is based on the on-line detection of theferred to the original publications, for example the detailed
outgoing particle. This method has been successfully appliederview on the direct determination of photodisintegration

only for (!, n) reactions because charged-particle emittingoss sections related to theprocess in204 and references
reactions have typically lower cross section and the detectigerein.

of the resulting low yields in a high -Bux environment

_requires spgcia_ll experimental technique. _The_ other me_thﬂcé_ Charged-particle induced measurements

is photoactivation, where the cross section is determined

from the off-line measurement of the induced activity oPwing to the huge effect of the stellar enhancement factor

the irradiated target. This method is, of course, oniy the case of! -induced reactions, it is preferable to

applicable when the product nucleus is radioactive, but owisgudy experimentally the inverse capture reactions (see

to its technical advantages the majority of theprocess section6.3.2. As shown in sectior6.2, nuclear physics

related photodisintegration measurements have been cartiadertainties inBuence strongly the result ofl gprocess

out with this technique. Further details of the in-beam armktwork calculation, therefore the cross section measurement

activation methods will be discussed in connection with thef capture reactions in the relevant mass and energy range is

charged-particle induced reaction cross section measuremaitbigh importance. The case of neutron-induced reactions

in section7.2 is discussed in sectiorr.4.  In this section the cross
Allthe above mentioned experimental techniques can ordgction measurements of charged-particle induced reactions

be applied to stable target nuclei. For therocess, however, are reviewed.

photon-induced reactions on proton-rich unstable isotopes are The fundamental difpculty of charged-particle induced

also important. These reactions can in principle be studieghction studies is the low values of the cross sections. Table

in inverse kinematics by the Coulomb dissociation methodhows the case of two p-isotopes, the lowest nf4Se and

Coulomb dissociation is a well-known technique, and is, e.ghe highest mas¥®Hg. The table shows the location of the

being studied at the GSI Helmholtz Center for Heavy lorelevant energy window for proton- afidcapture reactions at
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Table 5. Location of the Gamow window and the relevant cross  background is crucial. Moreover, transitions during the decay

sections of proton antl-capture reactions on two p-isotopes. of the compound nucleus can proceed between states with

various and often unknown spin and parity. Therefore, the
Gamow . angular distribution of the measurédradiations is usually

Reaction T(elgﬁc)erature(,\\//lv(;r\l/o)low (bg:g)ss section not isotropic. The measurement of these angular distributions
for all the studied transitions is thus also necessary in order to

“Se(p,) )Br 3.0 1.3993.07 £ 10 °p1# 10°° obtain total, angle-integrated cross sections.

1363:('(11 |)7;§7rﬂ 2-8 g-gggzéi g 18' jODD3g# 1100“46 Despite the experimental obstacles, some cross sections

196H3C|'D,’! J290Pb 3.0 6.93510.03 # 10 ¥p1# 10' 10 relevant for thel -process have successfully been measured.

These measurements are dominated by proton-capture
reactions since inthe case bf!( ) reactions the beam-induced

some relevant temperatures for these two isotopes as welPagkground compared with the signal from the studied reaction
the range of cross section within the energy window obtaindgusually much stronger. First experiments with this technique
with the NON-SMOKER codel1d. As one can see, the have been carried out using a few HPGe detectors mounted on

cross sections range from the millibarn region (in the case dfiurntable allowing for angular distributiogr; measurements.
proton capture on light nuclei) down to the' #8 barn region Proton-capture cross sections Biib [161], ®*Sr [158 and

(for " -capture on heavy isotopes). Unfortunately only th_7e4Ge [144 isotopes have been measured with this technique

upper part of this cross section range is measurable, thus fhéthens, Greece and Stuttgart, Germany.
experiments need to be carried out at higher energies and the Th€ detection efpciency can be increased and the
results must be extrapolated to astrophysical energies. THI§asurement of angular distributions sped up using a detector
is carried out based on theoretical cross section curves, ¥FY consisting of many single-detectors arranged in a
the involvement of some theory is inevitable. To minimiz&Pherical geometry around the target. Additionally, such a
its effect, however, the experiments should be carried outGgnPguration allows a substantial reduction of the background
energies as low as possible and hence low cross sections f¥éd€quiring coincidence conditions between the single
to be measured. detectors in the array. Such a method has been developed
Due to the low cross sections encountered, experimenf&fently at the University of Cologne, Germariyr[, 179
data on proton and -capture reactions are scarce at low Most of the disadvantages of the in-beam technique can
energies in the mass region relevant to theprocess. be avoided by using a+4summing crystal fot -detection
Experimental data started to accumulate only in the Idt64. If the target is completely surrounded by, e.g., a
15 years. Still, the number of studied reactions remaif@rge scintillator detector with a time resolution longer than
relatively small (see bgure$4 and 15 in section6.3.]) the typical time interval between the successivemissions
compared with the huge number of reactions involved in @ring the compound nucleus decay, then one sihgeak
I -process network. There are two different methods for crof¥ all capture events will appear in the spectrum. The energy
section measurements: the in-belardetection technique and Of this so-called sum-peak is the sum of the reacti@n

activation. Inthe following some features of these two methodfglue and the c.m. energy. There is, of course, no need
are discussed. for angular distribution measurements in this case. Care

must be taken, however, to remove some possible sources of
7.2.1. In-beam -detection technique. The natural way of uncertainty. The energy resolution of a scintillator is poor

measuring a capture cross section is the detection of the profigiiPared with a HPGe detector which results in a relatively
| -radiation. In the relevant mass and energy range captfisl® sum-peak. The sum-peak may also contain unwanted
reactions mainly proceed through the formation of acompouﬁ&ems from reactions on target impurities, if those have similar
nucleus which then decays to its g.s. by the emissioh-of Q-values than the reaction to be studied. This would lead to

radiation. The excitation energy of the formed compourfd! overestimated cross section. The condition that all capture
nucleus is typically above 10MeV in -process related events generate a signal in the sum-peak is only valid if the

experiments and thus the level density is very high. Therefofiétector has a 100% efbciency for Bhenergies. Although

the particle capture can populate many nuclear levels whikii €fPciency of a big summing crystal can be fairly large,
results in a complicated -decay scheme involving manyt IS never 100%. Thus, the sum-peak efbciency must be
primary and secondary transitions. In order to determine tAgt€rmined experimentally whichrequires the knowleddeof -
total capture cross sections, practically all these transitiof® muIt|.pI|C|t|es. Several reactions have been studied with this
need to be detected. Any unnoticed transitions can resultfifthod in Athens, Greece$d, in Bochum, Germanyl[5(,

an underestimation of the cross section (unless one domin@hf! in Bucharest, Romaniag7]. The analysis of most of the
transition exists through which all de-excitatibrcascades Bochum measurements is still in progre$3(.

have to pass). This means that the in-bebrdetection

technique is very sensitive to laboratory background, amd2.2. Activation method. The overwhelming majority of
even more to beam-induced background. Weaker transitidngrocess related charged-particle capture cross sections has
in the investigated reaction can be buried under the pedisen measured with the activation technique. In this method,
and Compton continuum of higher cross section reactiottee total number of reactions having taken place is determined
on target impurities, therefore an effective reduction of tharough the number of product nuclei, instead of detecting
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the prompt -radiation following the capture process. Thisis In the mass range relevant for theprocess the created
feasible when the Pnal nucleus is radioactive, decays withraioisotopes are almost alwagsradioactive and the decay
convenient half-life, and the decay can be measured througtoften followed by! -radiation. Therefore, the majority of
the detection of a suitable high-intensity radiation. the activation measurements has been baseld-detection.
When a target with areal number densitys bombarded One exception was the study of tHéSm(',! )48Gd reaction,
by a proton or" -beam withO projectiles per second with where the produced®Gdis" -radioactive and the cross section
energy E for an irradiation timety,, then the number of was measured via-detection. In some cases thedecay is
produced isotopeld at the end of the irradiation is given by not followed by! -radiation or its intensity is very low. If
- the decay, however, proceeds through electron capture, the
N = )(E) TO 1" e , (7.1) detection of the emitted characteristic x-ray radiation can be
, used to determine the cross section. This method has been

. . . ime i S RE
where) (E) is the reaction cross section ands the decay lrjesae((:jti:;%r[fza brst time in the case of tHETm(",! )*"Lu

constant of the produced radioactive isotope. If the beam™ . o . .
It is worth noting that an activation experiment requires

intensity is not constant n time, the formula becomes knowledge of the decay parameters of the produced isotope,
$n 1" et such as the relativé -intensities or the decay half-lives.

N = )(E) TO, ———e &, nti = tiy. (7.2) Dedicated half-life measurements of several isotopes have

i=1 ’ been carried out recently to aid the activation experiments

L . . 205009.
Here theirradiation time is segmented intshorter intervalg. [ 8

During the shorter intervals the beam inten§itys considered . ) .

to be constant. Supposing the produced isotope emits /-2-3: Indirect measurements with (d, p) or (d, n) reactions.

radiation with relative intensitg, then the number of gammas! "€r€ IS considerable experience in performing indirect
measurements of reaction cross sections with (d, p) and (d,

detected during a subsequent counting interva) &f ; S i i X
n) reactions. With light target nuclei and at sufbciently high
n = Ne tv(1" e to)2 1, (7.3) energy these can probe states and transitions also important
in, say, capture reactions. The prerequisite for this is that
where2 is the detection efbciency for the studiedine and direct reactions dominate and can be described, e.g., by the
tw is the time elapsed between the end of the irradiation adistorted wave Born approximation (DWBA)23. Given
the start of counting. The cross section can be deduced friime success in the realm of light nuclei, such reactions at high
the above equations when the other quantities are known.etfergiesNseveral tens to hundreds of MeV, for instanceNhave
the Pnal nucleus has long-lived isomeric state(s), the abaleo been suggested to be used in studying reactions at higher
formulae become more complicated, see, el mass for explosive thermonuclear burning, including those far
The applicability of the activation method is, of coursepff stability. This method has already been applied to study
limited to reactions leading to radioactive isotopes and moperties of nuclei at neutron shell closures in the r-process
information about the details of tHe-transitions during the path R09,210.
compound nucleus decay can be obtained. These limitations The benebts of this method for the and $p-process,
are, however, compensated by the relative easiness of liogvever, are more limited because the NLD at the compound
activation experiments compared with in-beam measuremeritgsmation energy is much higher in this case and the direct
The total cross section is naturally obtained without amgaction mechanism does not contribute signibcantly at the
problems of possibly missedl -transitions. No angular astrophysically relevant energies. Therefore, many more
distribution effects have to be taken into account. The mdsansitions are involved and the compound reaction mechanism
important advantage is the typically much lower backgroundominates at astrophysical energies. Such measurements,
If target impuritiesNon which long-lived radioactive isotopeshowever, could be used for spectroscopic studies of proton-
would be producedNare avoided, the background canich, unstable nuclei at radioactive ion beam facilities. The
essentially be reduced to the laboratory background whiektracted information on excited states and spectroscopic
can be effectively shielded. Some beam-induced radioactivfactors is useful in the calculation of the widths appearing in the
of the target often cannot be completely avoided but theeatment of compound reactions at low energies. Important is
background level is always much lower than for in-bearte determination dbw-lyingstates, as these are signibcant for
experiments. the calculation of the particle widths and the stellar excitation
Owing to the lower background, it is possible to studgffects (see sectioris2, 6.2, 6.3.2and [L06, 107]). It remains
more than one reaction in a single activation since differetit be seen whether the optical potentials required in the
isotopes are characterized by different decay signatures. UsiPMyBA analysis of the experimental data can be predicted with
a target with natural isotopic composition target, the captusaifbcient reliability to extract the properties of the discrete
cross section of several isotopes of the same element carstages. (It should be noted that these potentials are different
measured simultaneously (see, e.57). Also, in addition from the ones used in the statistical model at low energies.)
to the radiative capture, some other reaction channels of the

same isotope can be measured at the same time, suthgs (7.2.4.  Novel approaches. One serious limitation of the
and (', p) reactions along with'(! ) (see, e.g.,147). activation method occurs when the half-life of the reaction
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product is very long and/or its decay is not followed by angnergies E- < 7.5MeV) up to now R24ER2€. Tests are
easily measurable radiation. Then the methods as descrikbadently being carried out to determine this cross section with
above cannot be applied and novel techniques have to AMS at lower energies?27].

developed. The number of produced isotopes can also be Rare-earth elements are known to poison the ionizer and
measured by accelerator mass spectrometry (AMS). Howeuerd to strongly declining beam currents. OH§Sm has the
also in this case there is a restriction to reactions with stalgetential for further investigations, using special cathodes. The
target isotopes. To study reactions on unstable, proton-rigaction'*?Nd(",! )*4%Sm is planned to be measured in the
isotopes special experimental techniques are required. Oneeér future 22§.

these new techniques is to use reactions in inverse kinematics The reaction™®Pt(",! )!%*Hg is also in reach of AMS

in storage rings such as, e.g., the Experimental Storage Ring applications in other belds are missing and the sample
(ESR) at the GSI Helmholtz Center for Heavy lon Researghaterial is expensive. The two long-lived isotop€¥b and

in Darmstadt, Germany2[Ll]. Some details of these two2%Pb are produced in lead-cooled fast (generation V) reactors.
approaches are discussed below. However, lead sputters quickly in the ion sources, preventing

the production of ion beams that are stable for long periods of
Measurements using AMSAMS is an ultra-sensitive and time. The measurement of tA&Hg(",! )2°?Pb cross section

ultra-selective analytical method for the detection of trage under consideratior2p7).
amounts (sub-ng range) of long-lived radioactive isotopes AMS could be an alternative for some cross section
[212. Itis most commonly used for dating of archaeologicaheasurements in tHe-process region. However, the efforts
and geological samples, e.g. witfC (radiocarbon dating). needed to develop the method for non-standard isotopes are
The method relies on the ability of counting atoms rather th@@mplicated and time-consuming. Unfortunately they can only
the respective decays and s thus superior to most other methggsustibed with additional requests from other research belds,
for the detection of long-lived isotopet/e > 10%y) or for e g. geology, archeology and bssion or fusion technology.
those isotopes which emit no or only weakadiation. One of
the major challenges for AMS measurements is the suppressi@asurements using a storage ringAll the charged-particle
and separation of (stable) isobaric interferences. For a mepture experiments discussed so far are restricted to reactions
detailed description, see, e.2103. on stable target isotopes. For explosive nucleosynthesis
AMS is a relative method which measures the amouptocesses, however, reactions on unstable, proton-rich isotopes
of a radionuclide versus the ion current of a stable isotopgre also important. The deRection points in the
ideally of the same element. It is up to now the most sensitiygocess path lie off stability (see sectighl). Cross
detection method and can reach isotope ratios downt4°10 section measurements on radioactive isotopes require special
However, it requires standards with well-known isotope ratiagskperimental techniques. Radioactive beam facilities have
(of the same order as the measured samples). The productiean developed over the last years which are suitable for such
of these calibration standards via nuclear reactions is nakasurements.
straightforward. Preparations for non-standard AMS isotopes, A pioneering experimentwas carried out atthe storage ring
such as the ones discussed in this section, involve additioE®R in 2009 £29. Proton-induced reactions were measured
complications. in inverse kinematics involving fully strippefRu** ions
A few years ago AMS was successfully combinedvhich had been injected into the storage ring and slowed down.
with astrophysical activation measurements, mainly farhis stable beam experiment was an important step for future
the determination of (n,!) cross sections for s-processgnvestigations of charged-particle reactions with radioactive
nucleosynthesis (see, e.g21fE216), and for the®®Mg(p, beams in inverse kinematics. First results at high energy
I )?9Al and “°Ca(",!) “*4Ti cross sectionsZ17,218. Also were published recentl2pd, yielding an upper limit of 4 mb
Prst attempts to use AMS to determine the photodissociatifit *®Ru(p, ! )°®Rh, which is in good agreement with the
cross section of th&Ni(! , n)°*®Ni reaction have been madepredictions from the HauserDFeshbach code NON-SMOKER
[219. An overview of cross section measurements for nucleprig. This Prst test measurement was limited to energies
astrophysics performed with AMS is given i220. above the astrophysically interesting energy range for technical
Searching the chart of nuclides on the proton-rich sideasons. For future experiments, improved detectors are being
of the valley of stability for radioactive isotopes with half-developed to allow measurements at or close to astrophysical
lives larger than 250 days and masses in the range# 68 energies.
A # 209 provides 32 matches. Discarding isotopes for
Whlch a measurement of the- or I -activity is possible 7 3." -elastic scattering
with normal efforts and those posing severe problems for the
AMS technique leave¥Ge,**Mo, 146Sm,17°Ta, 1%Hg,?%2Pb  As was emphasized in section.2 and also earlier in
and?%5pp. this paper, one of the most important input parameters of
First tests for AMS have been already performed witthe statistical model calculation in the case "oinduced
BMo [221], 5Sm [227 and 2%?Pb [223. The activity of reactions is the' -nucleus optical potential. Therefore, the
%8Ge could probably be deduced from its short-lived daughteirect experimental investigation of this potential is of high
%8Ga. However, the small cross section of #Agn(",! )%Ge importance. The optical potential can be studied by measuring
reaction prevented measurements at astrophysically relevalaistic " -scattering cross sections. The measurement of
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Table 6. Some parameters of elastiescattering experiments In addition to the comparison with global potentials, the

relz¥aon'\t/lf;<)lr theh-ﬁrocess. Al m$a§Ufeme”t3 hr?vgrb(_een Ca”'e‘jhc_’%easured angular distributions can also be used to constrain

at with the exception of the ones on the Te Isotopes whic H : .

have been studied at the University of Notre Dame. Qome parameters relevqnt for Fhe g|v_en isotope. By btting
the measured cross sections using various approaches, such as

WoodsbSaxon parametrizations or double folding potentials,

Isotope(s) (-&r:\e/r)gles gﬁ%‘g?&eg) Referencd©Cal .optical pot'ential parameters can be obtained. By
g 20 Tt studying several |sot0pe's, the'evolutlon of the best IDF pqtenyal
92M(;n 138 16.4 195 20D170 %g parameters can also be investigated. If the angular d|str|but|pn
12124g 14'_4’, 195 20170 231] is measurgd in an almost c_ompletg angular range, total rgactlon
106C 16.1,17.7, 19.6 200170 237 cross sections can be easily obtained by simply calculating the
89y 16.2,19.5 200170 2B3 missing Bux from the elastic chann&3g. The calculated
110116Cq 16.119.5 20P175 284 total cross section can then be compared with experimental
120124120128130Te - 17,19, 22,24.5,27 22D168 23§ data, if they are available, or with model predictio87].

The possible appearance of additional reaction channels

lasti ) . | hund at low energies, such as the Coulomb excitation introduced in
elastic scattering cross sections at several tens or hundrggdi g 3 3 complicates the interpretation of the scattering

of MeV is a well established experimental tool in nucle ata for " -particles. If an optical potential is derived

physics and high-energy optical potentials for many sta fom scattering data at an energy where compound nucleus

nuclei are thu; quite well known. At IOV\." astr0ph¥3'0a||¥8rmation is the dominant reaction mechanism, its absorptive
relevant energies, however, elastic scattering is dominated Wt will only account for this loss df-Rux from the elastic

the Coulomb interaction (Rutherford cross section), maknP annel. When the extrapolated potential is then used at lower

f;?iﬁéﬁgﬂ,rgemal study of the nuclear part of the potential ratheerqergies atwhich low-energy Coulomb excitation (or any other

. . dditional mechanism) acts, it will underestimate the inelastic
In order to Pnd substantial deviation from the RUtherfor?reaction) cross section at these energies. Nevertheless, it ma
cross section, elastic scattering experiments !feprocess gles. ' y

purposes are carried out at energies somewhat higher tﬁ)gncorrectl_y describing _the compound.formation probability
astrophysically relevant. Angular distributions in a wid nd thus will be appropriate for calculating stellar() rates,

angular range need to be measured in order to see ﬁ,,f,ﬁeXﬁlaw(;eq :jn s_ecgcf)ﬁ.3.3 Ifttan_opgc?l ]POtem'al! on ttheh_ h
typical oscillation pattern of the cross section as a functidff ‘€' and, IS deriveadirom scattéring data for energies atwnic

of scattering angle. The experiments must be carried out w/ additional mechanism is non-negligible, its absorptive part

high precision in order to measure the tiny deviations froff!ll include this additional mechanism. Unfortunately, this
the Rutherford cross section. The precise determination of (€S not by itself help in the application to the stellar rate,
scattering angle is also of high importance since the Rutherfdtg the compound formation cross section is not constrained
cross section, to which the scattering data are normaliz&§Parately. This would only be possible using additional
depends very sensitively on the angle. theory, i.e. by calculating the expected cross section for the

Several elastit: -scattering experiments have been carriegfditional mechanism (e.g. Coulomb excitation) and then
out at the Institute of Nuclear Research (ATOMKI) ir@djusting the absorption in the optical potential in such a way
Debrecen, Hungary. A similar research program has be@;}:flutyleldsaﬁuxmtomglas.tlcchann_elsthatlstheor|g|nqlone
initiated recently at the University of Notre Dame, uSsAsubtracted by the one going into the direct channel. Mostlikely,
The studied isotopes, as well as some parameters of gueh a modibcation will introduce additional parameters.
experiments, are listed in tabfie Regardless of the possible complications at low energies,

The measured angular distributions can be compared witfecise low-energy elasti¢ -scattering experiments can
predictions using different optical potential parameterizationgrovide useful information to better understand the optical
Global optical potentials (i.e. potentials that are designed fpptential behavior at astrophysical energies and further
broad mass and energy regions) are preferred since they esperiments are needed.
be used in extendedl -process networks. Several global
potentials are available inthe literature, foralistsee, €83[ 7.4. Neutron-induced measurements
Itis found that different potentials often lead to largely different
angular distributions and by comparison with the measurdeft.1. Neutron captures. Neutron captures in astrophysics
data the one with the best match can be selected. More sensifi@ge been comprehensively studied along stability for s-
analyses can be performed when the ratio of the measupg@cess nucleosynthesis. A series of publications has compiled
cross sections of two isotopes studied at the same energyhig data and provided recommended valueg0[238 239
calculated and compared with the corresponding ratio givéhese focused, however, on the energy range relevant for the
by global potentials. Such a comparison has been carriggprocess, which is at lower energies than required irl the
out, e.g. for thel’2124sn Z = 50) and thel®6110116Cq process. For many of the quoted reactions cross sections are
(Z = 48)isotopes, and tH8Y, ®2Mo (N = 50)isotones. None not even available across the s-process energy range, as only
of the available global potentials seem to describe well th@ACS at 25 keV were studied. Quasi-stellar neutron spectra
cross section ratios, clearly indicating the need for improved kT = 25keV (which is close to the dominant s-process
potential parameterizations at low energies. temperature) were produced. When an energy dependence

30



Rep. Prog. Phy</6 (2013) 066201 T Rauscheet al

was required, renormalized theoretical cross sections were A new facility with focus on nuclear astrophysics, the
used. As mentioned in sectiof3.], it was shown only Frankfurt Neutron Source (FRANZ), is under construction at
recently how to correctly account for stellar effects in thtéhe University of Frankfurt344. It will provide the highest
renormalization. The newly renormalized reactivities as reeutron Rux in the keV region worldwide and therefore again
function of kT, obtained by application of6(6), are given be best suited for neutron capture in the s-process.
in [187]. The study of neutron captures on unstable nuclei at
As has been pointed out in sectiér8.1, almost no data radioactive ion beam facilities using inverse kinematics is not
are available forl -process energies. This includes crosgossible due to the unavailability of a neutron target. See
sections from major libraries (e.g. ENDF/B4Q], JEFF p41], section7.2.3 for a discussion of the application of (d, p)
JENDL [242)) which are based on theoretical values. A crosgeactions instead.
comparison is made difpcult by the fact that different, partly
undocumented calculations were adopted. Evenwithinagiven.2. Inelastic neutron scattering.It has been pointed out
library, different reaction codes were used. Renormalized section7.1 that it is useful to study transitions to excited
theory values could in principle also be used to cover thgates in the bnal nucleus through particle emission. This way,
energy range up to several hundreds of keV, as required feinsitions appearing due to the thermal excitation of states
the! -process. This has two disadvantages, however. Firsily,the stellar plasma can be investigated. Inelastic neutron
it is not always clear whether the statistical model, usegtattering, i.e. (n;} provides another approachto achieve this.
for cross section predictions, is applicable at low energies, For example, inelastic neutron scattering has been used
where data are available. If not, the renormalization should probe neutron transitions #’0Os. Measurements with
rather be performed at a higher energy. Secondly, accordistrophysical motivation were performed, e.g. at ORER4]
to (6.7) and realizing that g.s. contribution6.g) are small and at nTOF246]. This nucleus is of interest because of its
at! -process temperatures (see, e.g., Pdife it turns out importance in the ReDPOs cosmochronome?di]] Due to
that reactivities at higher temperature are not constrainkmv-lying excited states, it has a non-negligible contribution of
strongly by the experimental data. This may also discouraggcited state transitions to the stellar rate already at s-process
direct measurements at-process energies but neverthelesemperatures.
can such data be used to test theoretical reaction models for Using (n,r) at higher energies for the-process would
g.s. reactivities, as is carried out for reactions with chargé# even more important (and an interesting complement to
particles? neutron capture measurements) because of the even larger
The only way to obtain laboratory reactivities forstellar effects.
higher temperatures is to provide cross section measurements

covering the astrophysical energy region. Similar to thg4 3. Studying the optical potential via (), reactions. An
study of charged-particle reactions described in secli@ interesting alternative to studying low-energstransitions is
activation of target material can be used or in-beage use of (n" ) reactions, as suggested B¢B 249. Thereis
measurements at time-of-Bight facilities can be performegnumber of reasons for this. Except at threshold, the reaction
Also, a combination of AMS (sectioi.2.4 and activation cross sections are sensitive to thevidth and therefore to the
can be applied. When using activation techniques it is crucigbtical” +nucleus potentiall[07. It is also important to note
notto apply Maxwellian neutron spectra. Such neutron spectft, when using stable target nuclei, fevalues of (n,")
are only useful when the g.s. contributidnd) is large and the reactions on nuclei in the mass range relevant to tipeocess
stellar rate can be measured directly. This is not the case & such that the relative energies of the emittgphrticles
neutron captures in tHe-process. are in the astrophysically interesting energy range. Itis further
A number of neutron time-of-Bight facilities haveadvantageous that the neutron energy can be varied to probe
contributed to astrophysical measurements in the past, amehg energy dependence of the-nucleus optical potential.
them the Oak Ridge Electron Linear Accelerator (ORELAMeasuring partial cross sections, i.e. (@), (n,"1), (n,"2),
USA; a similar facility, GELINA, at the IRMM in Geel, ... also allows the probing of this energy dependence and the
Belgium; the DANCE setup at the Los Alamos Neutromesting of the prediction of stellar excitation effects.
Science Center (LANSCE). Also dedicated to astrophysical The small cross sections expected for low neutron
measurements, the nTOF facility at CERN has been vesyergies, from a few to a few hundred keV, may be problematic.
productive in recent years. The facility uses high-enerdysing predicted cross sections and scaling sample sizes of
protons impinging on a lead spallation target to produceprevious measurements, it was estimated that as many as 30
pulsed neutron beam. A large neutron energy range and a higltlides across a wide range of masses should be accessible
instantaneous neutron Bux combined with high resolution dtemeasurement24§.
to the long neutron Rightpath are among the key characteristics So far, (n,") on 3Nd [249 and on4’Sm [248&R5(
of the facility. Since 2010, the experimental area has behave been measured at neutron energies below 1 MeV. Neutron
modiPed to allow the extension of the physics program tmergies of several MeV have been applied in the recent
include neutron-induced reactions on radioactive isotopegasurements of (i;) on *3Nd [251], **Sm [251] and
[243. This facility would also be well suited to provide the'#°Sm [252, 253.
data required for calculating laboratory reactivities for neutron  Such experiments also provide an excellent possibility
captures in thé -process. for complementary studies to clarify the Coulomb excitation
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effect suggested to explain the result of #f&Sm(',! )1#8Gd production sites will gradually improve our understanding of

measurement (see sectiofis3.3 6.2 and bgurel3). No P-nucleosynthesis.

additional reduction of the cross section should be observed
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