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Abstract:
The r-processof nucleosynthesisis theprocesswhich is responsiblefor thesynthesisof approximatelyhalf of the nuclearspeciesin naturethat

are more massivethan iron. This processof heavy-elementsynthesisinvolves theprogressivebuildup of heavierisotopesvia neutroncaptures
proceedingon neutron-richisotopes,interspersedby betadecays.Its abundancefeaturesclearlyreflect nuclearproperties— themaximaarerelated
to themagic neutronnumbersN = 50. 82 and 126. It probesour knowledgeof thepropertiesof nuclei far from theregion of beta stability, even
throughthepositionof the neutrondrip line. The r-processalsoforms the importantlong-lived nuclearchronometers

232Th,~°U and 235U that are
utilized for dating the Galaxy.

While the astrophysicalsite for r-processnucleosynthesisis not yet identified, its associationwith massivestarsundergoingtype II supernova
events is strongly suggested.This can be deducedfrom the observationthat r-processnuclei are already presentin the oldest and most
metal-deficientstars,which arethetracersof thechemicalevolution of theGalaxy.Themassivestarsthat becometype 11 supernovaeevolve fastest
and contributetheir ejectsto the interstellarmedium at the earliestbeginningsof thechemicalevolution of theGalaxy.

When utilizing the knowledgeof the r-processproductionratios of the long-lived chronometernuclei, their observedratios in primitive
meteoritesand our (limited) knowledge of star formation throughout galactic evolution, one can put limits on the duration of galactic
nucleosynthesis,the age of the Galaxy and theuniverse.The latter hasa largeuncertainty but is comparablewith agesestimatedfrom globular
clustersand cosmology.

Thispaperwill provide areviewof thebasicphysicsunderlyingther-process,theoperationof themechanismsfor r-processnucleosynthesis,the
possibleastrophysicalsites, their time evolution in galactic evolution models, and the inferred ages of the Galaxy. -

1. Introduction

Nucleosynthesisstudiesare generally concernedwith the diverse processesby which the heavy
elementsobservedin natureweresynthesizedin astrophysicalenvironments.It is now understoodthat
mostof the elementsin natureheavierthanhelium arethe productsof thermonuclearreactionsin stars
andsupernovaexplosions.CosmologicalBig Bangnucleosynthesisis found to accountfor the observed
primordial concentrationsof ‘H, 2H, 3He, 4He and ii [BoesgaardandSteigman1985]. The interac-
tions of cosmicrays with the constituentsof the interstellarmedium yield the light elements6Li, 9Be,
‘°B and “B. While thereexist ideasthat someheaviernuclei can be producedin inhomogeneousbig
bangscenarios,the dominantfraction of the remainingnuclei aresynthesizedin stellar environments.
The various nuclearprocessesoccurring in stars and supernovae,which are responsiblefor nuclear
energygenerationandfor the formation of the heavyelements,were identifiedanddefinedin the now
classicpapersby Burbidgeet al. [1957]and by Cameron[1957].Generalreviews of nucleosynthesis
include thoseby Trimble [1975],Truran [1984]and Woosley[1986].

Nucleosynthesisproductscan be distinguishedon the basis both of the nuclearphysics and of the
astrophysicalsetting. Charged-particlethermonuclearreactionsdominatethe productionof the heavy
elementsthroughapproximatelyiron andnickel. Stellarevolutionis definedby asequenceof alternate
stagesof gravitationalcontractionto higher temperaturesand densitiesandthe thermonuclearburning
of the availablefuel at thesetemperatures.In moremassivestars (M> 10 M®), suchphasesof stellar
energygenerationand nucleosynthesiscontinuethrough the formation of an iron core, core collapse
anda type II supernovaevent.Explosivecharged-particlenucleosynthesisconditionsare alsoachieved
in the shockheatingandejectionof matterin both typeI andtypeII supernovae(see,e.g., the review
by Woosleyand Weaver [19861and referencestherein).

Sincethe nuclei in the vicinity of iron arethemoststable,in the sensethat theyarecharacterizedby
the highestbinding energiespernucleon,it is clear that no furtherstablephasesof stellarevolutionare
possible.Moreover, the effectivenessof charged-particle-inducedfusion reactionsis furtherconstrained
by the fact that the high temperaturesdemandedto overcomethe increasingCoulomb barriersalso
drive rapid photonuclearreactions.It follows that the synthesisof nuclei pastthe iron groupinvolves
neutron-capturereaction mechanisms.As we shall discussin the next section,thereare two quite
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distinct neutron-captureprocessesthatdominatethe productionof the heavynuclei: the s-processand
the r-process. Reviews of the s-processhave beenprovided by Ulrich [1973,1982], Truran [1980],
Mathews andWard [1985],and Käppeleret al. [1989].

This review is concernedwith the mechanismof nucleosynthesisby rapid neutron captures(the
r-process).Earlier reviews of the r-processinclude those by Hillebrandt [1978],Schramm [1982],
Mathews and Ward [1985], and Mathews and Cowan [1990].The r-processis an important nu-
cleosynthesismechanism for a number of reasons: (1) it is responsible for the production of
approximatelyonehalf of all the stablenucleiobservedin naturein the heavy-elementregion A > 60;
(2) it is the nucleosynthesismechanismthat forms the important long-lived galacticnuclearchronome-
ters232Th,235U, 238U and244Pu; (3) it servesto provideusefulcluesto andconstraintsupon the nuclear
propertiesof neutron-richheavy nuclei; and (4) it providesan importantprobe of the temperature—
densityconditionsin explosiveeventswhich contain highly neutronizedmatter.

The planof this reportproceedsas follows. The natureof ther-processis describedin section2 and
the observedr-processabundancesin galacticmatterarereviewed.A discussionof the nuclearphysics
of the r-processis presentedin section 3. The set of equationswhich govern r-processnucleosynthesis
and its solution are outlined in section 4. There follow detaileddiscussionsof the possible sites and
astrophysicalmodelsfor the operationof the r-processin section5, and the implications of these
modelsfor the chemicalevolutionof r-processabundancesover the history of the Galaxy in section6.
Section 7 presents the discussionof specific long-lived isotopes and their use for nucleocosmo-
chronology,i.e. the determinationof the durationof r-processnucleosynthesisovergalactic history. A
summaryand conclusionsfollow in section8.

2. The nature of the r-processand r-processabundances

Nucleosynthesistheory predictsthat the formation of most of the nuclearspeciesof massA > 60
occursin natureas aconsequenceof neutron-captureprocesses.Strongsupportfor this view is provided
by the patternsof heavy-elementabundancescharacteristicof solar systemmatter [Cameron1982a;
Andersand Ebihara1982; Andersand Grevesse1989], asillustratedin fig. 2.1. The abundancefeatures
in the heavy-elementregion areseento becorrelatedwith the positionsof the neutronshell closuresat
neutron numbersN 50, 82 and 126. The splitting of the abundancepeaks in the mass regions
A = 80—90,130—140 and 190—210,in fact, revealssignaturesof two distinctneutronfluxes. This hasled
historically to the definition of two nucleosynthesisprocessesthat are identified with quite different
astrophysicalenvironments.

The distinction is madeherelargely on the basis of the relative lifetimes for neutroncaptures(rn)
and betadecays(r

0). The conditionthat ‘r~> r~,where is a characteristiclifetime for beta-unstable
nuclei near the valley of betastability, ensuresthat, as capturesproceed,the neutron-capturepathwill
itself remainclose to the valley of beta stability. This defines the astrophysicals-processof neutron
capture.The s-processflow path through a representativeregion is illustrated in fig. 2.2. The short
beta-decaytimescales,in comparisonwith the neutron-capturetimescales,constrain the flow to the
vicinity of the valley of stability. In the massregion A>209,we encounteronly unstablenuclei. Also,
beta-stablenucleimayundergoalphadecay,backto A<209,on timescalesthat areshort comparedto
the s-processneutron-capturetimescale.The small crosssectionsfor neutron captureaway from the
closed-shellconfigurationsat N = 50, 82 and126 alongthes-processneutron-capturepath(the valleyof
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Fig. 2.1. Heavy-element abundances characteristic of solar-system matter ICameron 1982aj (see Anders and Grevesse 119891 for updated values).
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beta stability) give rise to the pronouncedabundancepeaksat strontium (A = 88), barium (A 138)
and lead (A = 208), which involve isotopeswith magic neutronnumbers.

In the limit of large neutron densities(r~‘~ ru), it follows that successiveneutron captureswill
proceedinto the neutron-rich regions well off the beta-stablevalley. For the large neutron fluxes
characteristicof this process, the closed neutron shells at neutron numbersN 82 and 126 are
encounteredin the neutron-richregionsat lower proton numbers(rather than along the beta-stable
valley), andthusat a smallermassnumberA. Following the exhaustionof the neutronflux, the capture
productsapproachthe position of the valley of beta stability by beta decay. The broad abundance
featuresin the vicinity of massnumbersA = 80, A = 130andA = 190, which arelocatedat smallermass
numbersthan the s-processpeaks,are believedto be formed in this manner.Neutron-rich isotopes,
suchas ‘76Yb, ‘56W and ~7Re,shown in fig. 2.2, which lie off the s-processcapturepath are alsothe
result of the beta decays.This r-processneutron-capturemechanismis expectedto operate in an
environmentcharacterizedby a very high neutronflux.

The early work by Cameron [1955, 1957] and Burbidge et al. [1957] establishedthe basic
characteristicsof thesetwo processesandthe timescalesfor their operation.The modesof operationof
the two neutron-capturemechanismsarefundamentallythe same.Both demandan appropriatesource
of free neutronsand(ultimately) an abundanceof seednucleion which theyare to be captured.For the
s-process,iron-peak nuclei constitutethe seeds, while neutronsare provided by reactionssuch as
‘3C(x, n)’60 and22Ne(a,n)25Mg, which ariseduring the normal courseof the evolutionof red giants.
The conditions required for the r-processinclude a high ratio of free neutronsto heavy seednuclei,
perhapssuggestiveof a supernova environment. The neutron flux generally associatedwith the
r-processis sufficiently high that the mostneutron-richisotopesalongthe r-processcapturepathhave
beta-decaylifetimes lessthan one secondand moretypically 102 to 10~s.

In contrast,lower limits on the lifetimes of critical nuclei participatingin the s-processrange from
about10 to 100 years.It is thus quite understandablewhy the s-processhasbeenfound to beassociated
with earlier,largely hydrostaticphasesof stellarevolution,while the r-processis insteadbelievedto be
associatedwith supernovae.In particular, the identification of red-giant stars as an active site of
s-processnucleosynthesisseemsfirm, as the presenceboth of technetiumandof enchancedabundances
of strontium,yttrium, zirconium, barium andlanthanumin somecategoriesof red giants supportsthe
view that heavyelementsaresynthesizedin the interiors of thesestarsandsubsequentlycarriedto the
surfaceby convection.

As studiesproceeded,the complexity of the s-processmechanismbeganto emerge.Clayton et a!.
[1961]determinedthat no single neutronexposurecould accountfor the distributionof the s-process
elementsin solar systemmatter.Seegeret al. [1965]demonstratedthat an exponentialdistribution of
exposuresdoesprovide a reasonablefit. Questionsconcerningthe solution of the s-processnetwork
equations,the role of betadecays,and the timescaleof the s-processwere addressedby a numberof
authors.The problemthat remainedwas to identify the stellarenvironment.Peters[1968]performed
detailedcalculationsof s-processsynthesisin massivestellarcoresnearthe end of the helium-burning
phaseandconcludedthat the maximum neutronexposuresthat could be achievedin this environment
were less than that characterizingsolar-systemmatter; subsequentstudieshave confirmed this result
[Lamb et al. 1977; Prantzoset al. 1990]. Recentstudiesof the more promisings-processenvironment
provided by the convectivehelium-burningshells of thermallypulsing red-giantstarsare surveyedin
severalrecentreviews andpapers[MathewsandWard 1985; Käppeleret al. 1989; Gallino et a!. 1988;
Hallowell and Iben 1989].

It is possible to isolate and thus to identify the individual s-processand r-processcontributions to
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solar-systemabundances.The procedureis basedon the ability to reproducesuccessfullytheempirical-
ly determinedproductsof neutron-capturecrosssection timess-processabundance,a-N5, for shielded
isotopesformed only by the s-process.Recentreviewsof progressin our understandingof the a-1’I~
curve have been provided by Mathews and Ward [1985] and Käppeler et at. [1989]. Significant
improvementsin fitting this curve haverecently been achievedwith the useof an improved set of
experimentalneutron-capturecross sections [Bao and Kappeler 1987] and the updatedabundance
compilationof AndersandGrevesse[19891.The effectsof theseimprovementsareevidentin fig. 2.3,
wherethe a-N~curveof Kappeleretal. [1982]is comparedwith that of Käppeleretal. [1989].The main
s-processcomponentis shownin this figure as a heavy,full curve,with the contributionfrom the weak
componentin the low-mass region being indicatedby a lighter curve. After this curve is defined for
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Fig. 2.3. The product of cross section times s-process abundance versus mass number. Comparison of the calculated curves from (a) Kãppeler et al.

119821 (with N, from Cameron[1982al)with (b) Kappeleret al. [1989](with N~from AndersandEbihara[1982]).Symbolswith error barsdenote
the empirical productsof pure or almostpure s-isotopes(from Kappeleret al. [1989]).
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pure s-processnuclei, it can then be utilized to determinethe s-processcontributions,N~,for all other
nuclei. Kappeleret al. [1989]arguethat the presenta-N~curve is accurateto ±10%.

With such accuracy,it becomespossible to provide a far more reliable estimateof the r-process
abundancecontributions.The r-processresidualsN~= N® — N5, obtainedby Käppeleret a!. [1989],are
plottedin fig. 2.4, togetherwith the abundancesof ther-only isotopes.Numerical valuesfor the points
on thesecurvesarealsocompiledin table2.1, takenfrom table4 of Kappelereta!. [1989].We consider
theseto representthe bestestimateof the solar-systemr-processabundancepatterncurrentlyavailable.
We note, in particular, the substantialagreementbetweenthe calculateddistribution of r-process
abundances(residuals)andthat of the r-only isotopes.Throughoutour subsequentdiscussions,we shall
utilize the empirically determinedr-processabundancesof Käppeler et a!. [1989]as the standardto
which all theoreticalcalculationsare to be compared.

The r-processands-processabundancepatternsas determinedby Cameron[1982b]areshownin fig.
2.5. An importantdistinguishingfeatureof s-processandr-processnucleosynthesisprocessesis clearly
evident in this figure: s-processabundancesshowpronouncedodd—evenvariations,while sucheffects
aresubstantiallyreducedor largely absentin the r-processabundancepattern.It is generallybelieved
that the reducedodd—even variationsin the r-processabundancesare partly a consequenceof the
effects of beta-delayedneutronemission,as the nuclei formed alongthe r-processpathapproachthe
valley of beta stability via beta decay [Cameronet at. 1970; Kodamaand Takahashi1975].

Interest in the astrophysicalr-processevent has been maintainedby the continued desire to
understandthis important source of heavy nuclei and its astrophysicalsite. In addition, accurate
predictionsarerequiredof the importantcosmochronologicalproductionratios

232Th/238U,235U/238U,
244Pu/238Uand 1291/ I27j This hasensuredthat r-processnucleosynthesisremainsan active area for
research.The fact that nuclei from the valley of beta stability throughto the neutron drip line can in
principle participate in the r-processbuildup of heavy and possibly superheavynuclei, reflects the
complexity of the problem.
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Fig. 2.4. R-processresiduals,Nr = N

0 — N, (open symbols) and r-only isotopes (filled symbols) from Käppeler et al. [1989].
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Table 2.1
R-processresidualsand r-only abundancesfrom Käppleret al. [19891

Mass N~= N
0 — N, ~ Mass N~= N0 — N, el Mass Nr = N0 — N,~

number Element (Si = l0~) number Element (Si = JoS) number Element (Si = l0~)

63 Cu 60.0 ±44.0 113 Cd 0.0134±0.014 166 Er 0.0722±0.0041
64 Ni 150.0±39.0 114 Cd 0.170±0.056 167 Er 0.0530±0.0027
64 Zn 115 In 0.119±0.013 168 Er 0.0483±0.0040
65 Cu 49.0±21.0 116 Cd 0.119±0.008 169 Er
65 Zn 117 Sn 0.194±0.034 169 Tm 0.0320±0.0025
66 Zn 265 ±16.0 118 Sn 0.315±0.145 170 Er 0.0376±0.0017
67 Zn 34±2.7 119 Sn 0.175±0.043 170 Tm
68 Zn 145±14.0 120 Sn 0.341±0.199 170 Yb
69 Ga 11.6±1.6 121 Sb 0.155±0.037 171 Tm
70 Zn 7.81 ±0.79 122 Sn 0.174±0.016 171 Yb 0.0292±0.0013
71 Ga 4.7±1.2 123 Sb 0.150±0.027 172 Yb 0.0356±0.0025
72 Ge 14.0±3.0 124 Sn 0.215±0.020 173 Yb 0.0311±0.0016
73 Ge 5.67±0.86 125 Te 0.269±0.042 174 Yb 0.0367 ±0.0048
74 Ge 27.3±4.4 126 Te 0.518±0.126 175 Lu 0.0309±0.0037
75 As 5.33±075 127 1 0.850±0.189 176 Yb 0.0300±0.0011
76 Ge 9.20±0.95 128 Te 1.560 ±0.187 176 Hf
77 Se 3.04±0.30 129 Xe 1.314 ±0.277 177 Hf 0.0241±0.0020
78 Se 7.21±0.94 130 Te 1.690 ±0.203 178 Hf 0.0215±0.0030
79 Se 3.87±1.13 131 Xe 0.995±0.218 179 I-If 0.0146±0.0015
79 Br 132 Xe 0.829±0.268 180 Hf 0.0197±0.0040
80 Se 24.3±1.99 133 Cs 0.316±0.023 181 Ta 0.0133±0.0023
80 Kr 134 Xe 0.482±0.097 182 w 0.0116±0.0029
81 Br 4.64±1.11 135 Ba 0.242±0.017 183 W 0.0067±0.0016
81 Kr 136 Xe 0.391±0.078 184 W 0.0128±0.0034
82 Se 5.71±0.74 137 Ba 0.074±0.082 185 w
83 Kr 3.75 ±0.47 138 Ba <0.29 186 Re 0.0141±0.0024
84 Kr 18.00±2.45 139 La 0.111±0.035 186 w 0.0314±0.0029
85 Kr 2.79±0.47 140 Ce 0.131 ±0.075 186 Os
85 Rb 141 Pr 0.095±0.016 187 Re 0.0333±0.0041
86 Kr 0.93 142 Ce 0.129±0.007 187 Os
86 Sr 143 Nd 0.0647±0.0073 188 Os 0.0793±0.0094
87 Rb 0.10±0.22 144 Nd 0.121±0.015 189 Os 0.1108±0.0113
87 Sr 145 Nd 0.0521±0.0060 189 Os 0.1676±0.0188
88 Sr 2.55±2.84 146 Nd 0.092±0.017 190 Os 0.1676±0.0188
89 Y 1.31 ±0.50 147 Pm 0.0331±0.0030 191 Os
90 Zr 0.99 ±0.77 148 Nd 0.0477±0.0033 191 Jr 0.2413±0.0155
91 Zr 0.04±0.21 149 Sm 0.0316±0.0028 192 Os 0.2929 ±0.0288
92 Zr 0.54±0.28 150 Nd 0.0468±0.0033 192 Ir
93 Zr 0.11±0.12 151 Sm 0.0426±0.0038 192 Pt
94 Zr 0.17±0.34 151 Eu 193 Ir 0.4084±0.0261
95 Mo 0.213±0.024 152 Eu 0.0523±0.0054 193 Pt
96 Zr 0.300±0.039 152 Gd 194 Pt 0.4312±0.0451
97 Mo 0.087±0.015 153 Eu 0.0481±0.0042 195 Pt 0.4572±0.0463
98 Mo 0.093±0.051 153 Gd 196 Pt 0.3123±0.0349
99 Tc 0.172±0.014 154 Sm 0.0605±0.0045 197 Au 0.1756±0.0279
99 Ru 155 (Id 0.0462±0.0023 198 Pt 0.0986±0.0099
100 Mo 0.242±0.013 156 Gd 0.0559±0.0035 199 Hg 0.0434±0.0056
101 Ru 0.266±0.017 157 Gd 0.0469±0.0025 200 Hg 0.0298±0.0094
102 Ru 0.327±0.036 ‘ 158 Gd 0.0460±0.0052 201 Hg 0.0265±0.0045
103 Rh 0.289±0.028 159 Tb 0.0546±0.0071 202 Hg 0.0256±0.0120
104 Ru 0.34$ ±0.019 160 Gd 0.0722 ±0.0034 203 TI 0.0115±0.0059
105 Pd 0.269±0.024 161 Dy 0.0746±0.0035 204 Hg 0.0204±0.0023
106 Pd 0.193±0.035 162 Dy 0.0888±0.0050 205 TI 0.0412±0.0146
107 Ag 0.239±0.026 163 Dy 0.0982±0.0005 205 Pb
108 Pd 0.145±0.037 163 Ho 206 Pb 0.2233±0.0434
109 Ag 0.196±0.024 164 Dy 0.0977±0.0056 207 Pb 0.2800±0.0471
110 Pd 0.164±0.013 164 Er 208 Pb 0.1184±0.1672
111 Cd 0.162±0.014 165 Ho 0.0818±0.0047 209 Bi 0.0930±0.0127
112 Cd 0.184±0.037

All values which appearin boldfaceare N0, r-only nuclei (Si = 106).
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Fig. 2.5. S-processandr-processabundancesafterCameron[1982bl;thecurveexhibiting small odd—evenoscillationsis dueto ther-process,while
that exhibiting pronouncedodd—evenoscillations is due to the s-process.

In an early study of the r-processmechanismby Seegeret a!. [1965],a constanttemperatureand
neutron density were assumed.These, together with a knowledge of the neutron capture,neutron
photodisintegration,and beta-decayrates, allow one to definea flow pathon the neutron-richside of
the valley of betastability. Competitionbetweenneutroncaptureandphotodisintegrationreactions,for
the specified conditions, determinesthe distribution of nuclei along each isotope chain, while the
beta-decaylifetimes of the moreneutron-richisotopesdictatethe rateof buildup to higher Z. Cameron
et al. [1970]arguedratherthat a properdynamicalstudy of r-processsynthesismust be basedon the
time-dependentconditionsthat are expectedin the appropriateastrophysicalenvironment. For such
conditions,a moreaccurateand realistictreatmentof the complexsequencesof nucleartransformations
may be demanded. -

The site of r-processnucleosynthesisremainsa mystery (although,aswe shall see,therearestrong
clues from recentabundanceobservations).The required high neutron densitiesand corresponding
short timescalesare strongly suggestive of a violent event, associatedperhapswith a supernova
environment.A numberof possiblemodelshavebeenexplored,with varying degreesof success.These
rangefrom examinationsof the expansionof neutron-richmatterfrom the innermostlayersejectedin
supernovaexplosions,to studiesof conditionsresultingfrom the traversalof supernovashocksthrough
the helium andcarbonshells, to neutron-starcollisions, and otherexotic suggestions.

Proposedmodelsfor r-processnucleosynthesismaybeconvenientlygroupedinto two broadclasses:
thoseinvolving the expansionandcooling of neutron-richmatter andthoseconcernedwith the passage
of supernovashockwavesthroughthe carbonandhelium shells.The formerclassinvolvessuchdiverse
modelsas the expansionof neutronizedmatterfrom the vicinity of themasscut in supernovaexplosions
that result in neutron-starremnants [Burbidge et a!. 1957; Cameron et a!. 1970; Schramm 1973;
Hillebrandt et al. 1976], neutronizedjets resultingfrom the collapsesof rotating (or magnetized)stars
[LeBlancandWilson 1970; Meier et a!. 1976; Symbalistyet a!. 1985], andneutronizedjets producedin
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neutron-starcollisions with black holes or a secondneutronstar [Lattimer and Schramm1974, 1976;
SymbalistyandSchramm1982]. This work hasbeennicelyreviewedin far greaterdetailby Hillebrandt
[1978],while a very useful generaldiscussionof the conditionsrequiredfor the r-processis given by
Norman and Schramm[1979].

Studiesof r-processsynthesisoccurring after the passageof a supernovashockwave through the
outer layers of the stellar core havedealt specifically with the helium shell [Truran et al. 1978a,b;
Thielemannet at. 1979; Cowan et a!. 1980] and the carbonshell [Leeet al. 1979; Wefel et a!. 1981].
Thesestudieshavebeenmotivated in part by the manynewidentificationsof stableisotopeanomalies
in meteoritesand the suggestionof their possiblerelation to neutron-captureproperties.The general
characteristicsof thesetwo classesof studiedr-processenvironmentsarediscussedin section5, after we
have first reviewed the nuclear propertiesof neutron-richnuclei and the formalisms for r-process
calculations.

The gross featuresof solar-systemr-processabundancepatternscan be reasonablywell reproduced
in suchcalculationsas arenotedabove:the positionsof ther-processpeaks,their relative sizesand the
absenceof substantialodd—evenabundancevariations. Thereare,of course,mattersof detail on which
the calculationsdiffer. A major questionhereconcernsthe ratesof beta decay.For anymodelto be
successful,it is essentialthat thebeta-decaylifetimes be compatibleboth with timescalesdictatedby the
prevailingneutronfluxes andwith the imposedstellaror dynamictimesca!es.Very differentestimatesof
beta-decayrateswere utilized in thesedifferentstudies.

The revisedbeta-decayratesof Klapdor et a!. [1984]tendto be higher thanthe Senbetu[1973]rates
utilized by Schramm [1973]and the gross theory predictions of Takahashiet al. [1973]used by
Hillebrandt et al. [1976],but theywere afactor of a few slower thanthosecalculatedby Cameronet al.
[1970],basedon the methodsdescribedby Hansen[1966].New examinationshaveled to setsof further
improved quasiparticleRPA calculations[Staudtet a!. 1989, 1990; Möller and Randrup1990]. Critical
questionsconcerningthe operationof the r-processin the context of realistic hydrodynamicmodelsof
supernovaevents must be addressed.It is worth noting thata massof only 10~M® per supernova
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Fig. 2.6. Regionof thep—Tplane in which theseed-nucleusproductionrateis compatiblewith the r-process(from NormanandSchrarnm11979]).
In the shadedregion at least 1% (by mass)of the initial a-particlesand neutronsarc convertedinto nuclei with A�24 in 0.1—30s. In the
cross-hatchedregion thereremain sufficient neutrons,afterseed-nucleusproduction,to allow an r-processto occur.
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eventneedsto be processedin this mannerto providegalactic requirementsof r-processnuclei [Truran
and Cameron1971].

NormanandSchramm[1979]attemptedto characterizethe astrophysicalconditionsrequiredfor the
operationof the r-process. Ratherthanstudy a particular site, they madea study of initial tempera-
tures,densities,neutron/protonratiosandchemicalcompositionsthat might leadto the productionof
r-processnuclei. They identified suitable conditionsfor which the heavy-elementseedsare simulta-
neously producedduring the r-process(i.e. the classical r-process).The region of the T—p planein
which the seed-nucleusproductionrate is compatiblewith r-processnucleosynthesisis illustratedin fig.
2.6. Norman and Schramm [1979] also found a different set of conditions under which a low
neutron-fluxr-process(e.g. the helium-drivenr-process)can operate.

3. Nuclearphysicsof the r-process

Figure3.1 showsthe r-processcapturepath(for a detaileddiscussionof the effects that determineits
location see section 4.1). In fact only within the last few yearshasit beenpossible to determinethe
half-lives of a few nuclei in the bendsat magicnumberswherethepathcomesclosestto stability (80Zn:
Lund et at. [1986],Gill et al. [1986]; 130Cd: Kratz et al. [1986]).Nuclearpropertiesof fundamental
importancein r-processcalculationsareneutron-capturecrosssections,beta-decayhalf-lives and rates
of beta-delayedneutronemission; for nuclei with Z>80, beta-delayedfission and neutron-induced
fission are also important. The neutron cross sectionscan be calculatedwith the statistical model
(Hauser—Feshbach)as outlined in section3.4 as long as the nuclear level densitiesin the compound
nucleus are sufficiently high to justify such an approach.For excitationenergiesin the compound
nucleusof only 2—3 MeV (as indicated for the path in fig. 3.1) this is not the case,but no better
treatmentsare currently available. This statistical method requires the knowledge of the relevant
physical quantities (e.g. optical potentials, giant-dipole resonanceparametersfor gamma widths,
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Fig. 3.1. Thepositionof ther-processpathbetweenthevalley of stability andtheneutron-dripline. Magicneutronnumbers(N = 50, 82, 126) cause
bendsandthepath comesclosestto stabilitywhere the longestbeta-decayhalf-lives are encountered.Experimentalinformation is presentlyonly
availableat theselocations(80Zn and ‘30Cd), wherethe abundancemaximaoriginate.
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level-densityparameters,reactionQ-values),either from experimentor theory.For thevastmajorityof
nuclei in the r-processpath,no experimentalinformationis available.

It is possible,however, to deducemany of thesequantitiesfrom a nuclearmassformula. Similar
considerationshold true for the predictionof fission barrierheights.Therefore,it is essentialto find the
most reliable predictionsfor nuclei far off stability. We begin this sectionwith a discussionof nuclear
massesin section 3.1 and fission barriers in section 3.2. An overview of beta-decayhalf-lives is
presentedin section3.3. The cross-sectioncalculationsarethendiscussedin section3.4 andextendedto
neutron-inducedandbeta-delayedfission in section3.5.

Before proceedingwith a detaileddiscussionof theseindividual topics, we would first like to point
out a factwhich might soundtrivial but is critical. Sincea numberof differentquantitiesareneededin
r-processcalculations,it will not be possiblegenerallyto obtainthem all from onesource.Taking them
from different sources,however,raisesthe questionof consistency.As an example,let us considerthe
calculationsfor beta-delayedfission andneutronemission.In order to perform suchcalculations,one
needsa massformula to predict the Q-values for beta decay, beta-delayedneutron emission and
beta-delayedfission. The fission channelis determinedby the height of the fission barrier. Fission
barriers are calculatedwith the aid of a macroscopic—microscopictreatment, which involves a
macroscopicdroplet-modelpart andStrutinskyshellcorrections.Tile macroscopicpart correspondsto a
specific choice of mass-formulaparameters.Since the fission barriersdependon the adoptedmass-
formula parameters,it follows that the same mass formula should be utilized for predicting the
beta-decayQ-values.

While this might soundconfusing, the neglectof this point can lead to drastic consequences.The
calculationsof Thielemannet al. [1983a]madeuseof the“best availablemassformula”, i.e., Hilf et a!.
[1976],which is characterizedby a relativelysteepmassparabolaand thereforelargeQ~-values.The
“best availablefission barrier heights”camefrom Howard andMöller [1980],who usedmass-formula
parametersclose to those of Myers [1976],and whose massformula is characterizedby a flatter mass
parabola.The resultwas that thefission barrierswere too small in comparisonwith the Q~-values,and
the effect of beta-delayedfission in the actinideregion was overestimated,with importanteffectson
isotopic ratios which areused in nuclearchronology.

In principle, the calculations for the beta strength function show the same dependence.The
preferredapproachis to determinethe intrinsic Q~-valueby calculatingthe energiesof statesin the
daughternucleuswhich arefed by betatransitions.Usingan inconsistentmassformulamight thenlead
to betastrengthbelow the groundstateof the daughternucleusor strengthwhich is shiftedto too high
excitationenergies.Earliercalculationslike that of Klapdor et at. [1984]did not list the corresponding
Q~-values.The new quasiparticleRPA calculations[Staudtetal. 1989,1990] areperformedfor a setof
different massformulae.We want to stressthat thebestchoiceis alwaysa consistentsetof calculations
employingthe bestmassformula. Whensucha consistentsetis, however,not available,it maybemore
advisableto use a consistentset basedon a lessaccuratemassformula thana mixed set.

3.1. Nuclearmasses

Nuclearmassesprobably havethe most decisive influenceon the operationof the r-process.They
determinethe positionof the neutrondrip line [M(Z, N) + m~= M(Z, N + 1)], the neutronseparation
energies(i.e. Q-valuesof neutroncaptures),and the Q-valuesfor beta decays.The solar r-process
abundancepattern and its associatedpeaks define the position of the f-processpath in the (N, Z)
nuclear chart. Becausethe r-processpath is characterizedby roughly constantneutron separation
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energies,nuclearmassesdeterminethe neutronseparationenergyin the r-processpath,andultimately
also the neutrondensityand the astrophysicalconditions requiredto reproducethe solar abundance
pattern.Since the greatmajority of the requiredmassesare alsofor nuclei far from stability (seefig.
3.1), theoreticalextrapolationsbasedupon nuclearmass formulaearerequired.

Nuclearmassformulaeoriginally involvedthe simple liquid-drop model [vonWeizsäcker1935;Bethe
and Bacher 1936]. More recent approachesinclude the effects of density distributions (including
neutronskin effects),binding as a function of nucleardensity,deformation,nucleonpairing (odd—even
effects),andshell corrections[Strutinsky1968], in order to adjust an averagemacroscopicapproachby
microscopiccorrections.The massis then given by

M(Z,N, shape)= MmaCr(Z, N, shape)+ MmCr(Z, N, shape). (3.1)

A major steptowardstheseimprovementswas the introductionof the dropletmodelby Myers and
Swiatecki[1969].The dropletmodelstill involvesan expansionof the nuclearbinding energyin powers
of A113 and the isospin 1, but then introducesfurtherparameterslike the compressioncoefficient K,
the nuclearsymmetryenergyJ, theeffectivesurfacestiffnessQ, thesymmetryanharmonicitycoefficient
M, andthe densitysymmetrycoefficientL. Newerversionsof this modelwith additionalimprovements
can be found in the 1976 and 1988 massevaluations(Atomic andNuclearDataTables17 and39), for
example,in articles by Myers [1976],von Grooteet al. [1976],Möller and Nix [1988],Möller et al.
[1988].While the individual terms can also be derivedwith the extendedThomas—Fermimodel(i.e.,a
microscopicapproach),when expandingin powers of A”3, the droplet model makesno attempt to
determinetheseparametersfrom first principles.They areratherdeterminedby fits to thepropertiesof
the experimentallyknownmasses.If an importanteffect is not includedcorrectly and explicitly in the
generalansatz,it will necessarilybe incorporatedartificially into the otherparameters.Thus,dependen-
ces on severalcoefficients can becomeconfused,and extrapolationsinto regionsof unstable nuclei
becomedangerous.

This is clearly seen in fig. 3.2 (fig. 5 of Haustein [19881).Employing the mass formula of Myers
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Fig. 3.2. Accuracy test for the nuclearmassformula of Myers ]1976j, with respectto extrapolationsinto neutron-richand neutron-poorregions.
Shownis thedifferencebetweenpredictedandexperimentalmassesjwapstraet al. 19881 in MeV asafunction of neutronnumberN — N,. N, is the
averageneutronnumberfor stablenuclei in each isotopicchain.The differenceincreaseswith distancefrom stability in theneutron-richas well as
proton-richregion, overpredictingthe binding energyof theseunstablenuclei.
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[1976],Hausteinplots the differencebetweenexperimentaland predictedmassesas a functionof the
distancefrom stablenuclei. This curve includes only nuclei for which the mass measurementswere
performedafter 1976. The theoreticalestimatesget worse with increasingdistancefrom stability, with
nuclei far off stabilitypredictedto be too well bound,i.e., MeXp~Mthfollows a parabolaas a function of
~N. In fig. 3.3, we displaythe samefunction for the massformulaof Hilf et at. [1976]which hasbeen
utilized extensivelyin r-processcalculations.It is seenthat the meanvalueis closeto zero. However,
eventhesepredictionsbecomeincreasinglyuncertainfor very neutron-richnuclei. Of the new classof
1988 mass formulae, the finite-range droplet model of Molter et al. [1988]seemsto give the best
predictions;evenat 25 units from stability, the error is lessthan1 MeV (seealsoHowardet at. [1988]
and fig. 3.4).

The resultsshown in fig. 3.4 reflect the improvedquality of masspredictions,dueboth to the large
numberof measurementsoff the stability line andto an improvedtheoreticalunderstanding,which has
resultedfrom a different line of research.In principle, Hartree—Fock+ BCS calculations,which make
use of Skyrme-typeforces, can predict nuclearmassesin a consistentway, avoiding a macroscopic—
microscopicapproach[Tondeur 1978, 1983]. Tondeurand Berdichevsky[1985]performedHartree—
Fock + BCS calculationswith a variety of Skyrmeforces.The uncertaintiesin thisapproacharehidden
in the choiceof Skyrmeforce parameters.But a set which resultsin good agreementwith experimental
nuclearmasses,densitydistributions,andfission barriers,is also expectedto yield good predictionsfor
unstablenuclei.

Tondeurand Berdichevsky[1985]concludedthat macroscopicmassformulaecan only give reliable
extrapolationswith parametervaluesof 30 MeV for the nuclear symmetrycoefficient and 45 MeV for
the effective surfacestiffness.The correspondingvalues for the Myers [1976]formulaare36.8 and17,
the alreadyimproved Hilf et al. [1976]formula finds 30.74and 19.5, andMOller et a!. [1988]find 32.5
and 29.4. The inclusionof a finite-rangedependenceand higher-ordercompressibilitytermsby MOller
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Fig. 3.3. Sameasfig. 3.2 for the nuclearmass formula of Hilf et at. 119761. while the averageline stays around 0 and indicatesno incorrect
tendency,the uncertaintiesincreasetowardsvery neutron.richnuclei.
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Möller-Nix 1981 model compared to 351 new masses
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Fig. 3.4. Sameas fig. 3.2 for the nuclearmassformula of Molter et al. 119881.The averageline stays around0 andtheuncertaintiesdo not seemto
increasetowardsvery neutron-richnuclei.

et at. reducedthe symmetrycoefficientandincreasedtheeffectivesurfacestiffnessby abouta factorof
2 in comparison with Myers [1976], two changes necessitatedby the findings of Tondeur and
Berdichevsky[1985].

A completeset of nuclear massesin the Hartree—Fock+ BCS formalism, including particularly
valuesfor deformednuclei,becomesquite a computationaltask.Dutta et at. [1986]andTondeuret a!.
[1987]developedthe much fasterextendedThomas—Fermiplus Strutinsky integralmethod(ETFSI).
They could show that, even out to the neutron drip line, mass discrepanciesbetweenETFSI and
Hartree—Fock+ BCS arelessthan1 MeV. With this (computationallymuchfaster)method,a complete
mass table is now being generated.The interplay between the latter microscopic method and
macroscopic—microscopicmass formulae, together with an increasing set of experimentalnuclear
massesof unstablenuclei,hasled to a strongconvergencein nuclearmasspredictionsfar from stability.

There are still otherrecentdevelopmentsin the understandingof nuclear-masssystematics,which
can enhancethe precisionof predictionsfar from stability. A semi-empiricalmethod,basedon the use
of the P-factor[P = N~N9/(N~+ Na), numberof neutronsor protonsin an unfilled nuclearshell], seems
to indicatevery smoothinterpolationsof nuclearmassesas a function of P [Hausteinet a!. 1988]. For
manyunmeasuredneutron-richnuclei, the P-factormethodoperatesby usinginterpolationamongdata
for knownnuclei ratherthanby extrapolation,as is commonin othermassmodels.A fully microscopic
massformula, basedon the Fermi dynamicalsymmetry mode! of nuclei [Wu et at. 1987a] hasbeen
developedby Wu et al. [1987b].At present,predictionsexist only for actinide masses,but a very
promisinggeneralevaluationis in progress. 0

3.2. Fission barriers

Along the valley of stability, actinideandtrans~ranicnucleibecomeincreasinglyunstableas a result
of fissionin their groundstates.This loss of stabilityarisesbecausethe disruptiveCoulombforce,which
increasesas Z

2, overcomesthe cohesivesurfacetension,whichis proportionalto A2t3. The nuclearmass
(i.e., potentialenergy)for a given (Z, A), as a function of deformation,hasa local minimum at the
ground-statedeformation.It first increaseswith increasingdeformationuntil reachinga maximum at
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the saddlepoint, from which point onwardfission is inevitable.This potentialbarrier (= fissionbarrier)
can havevery small tunnelingtransmissioncoefficientsand thereforevery long fission half-lives. The
barrier is in mostcasessplit into a double-humpedbarrier,dueto shell effects [Strutinsky1967, 1968].
The higher of the two peaksis denotedthe fission barrier,sincestatesbeyondthat excitationenergycan
actually fission instantaneously.

More generally, the mass (potential energy) can be evaluatednot only along a unique fission
(deformation) path but also as a function of several deformationparameters.One possibility is a
two-dimensionaldisplayas a function of the distancer betweenthe masscentersof the two (eventual)
fragmentsand the fragmentelongationu. Figure 3.5 showssuch a potential-energycontourplot for
258Fm, from Molter et a!. [1989].Becausethe potentialenergy (= mass)as a function of deformation
must be calculated for a particular choice of mass formula, the results will be dependenton the
mass-formulaparameters.

Figures3.6a,bgive an indication of the changesin fission barrierheightsdue to the improvementof
mass-formulaparametersfrom 1980 [Howardand Molter 1980] to 1989 [Meyeret a!. 1989a] that were
discussedin section3.1. As in the caseof nuclearmasses,Hartree—Fock+ BCScalculationscan be used
to predict fission barriers[Bartel et a!. 1982; Tondeur1985]. For economicreasons,whenperforming
calculationsfor a largenumberof nuclei, the ETFSI methodis againthe methodof choice[Tondeuret
al. 1987]. It is interestingto note that the extendedThomas—Fermicalculationsof Tondeur et at.
[1989],arising from a more microscopicapproach,give very similar results to those obtainedwith
improved mass-formulaparameters,chosenfor a better agreementwith Hartree—Fockcalculations.

As discussedpreviously, excitedstatesclose to or abovethe fission barrier will havemuch shorter
fission half-lives thangroundstates,and thereforeprocesseslike neutroncaptureor beta decay,which
populateexcited statesof the compoundnucleusor daughternucleus,will lead to increasedprob-
abilities for fissionrelativeto the groundstate.Therefore,neutron-inducedandbeta-delayedfissioncan
play an important role in astrophysics, including the r-process, where beta-delayedfission and
neutron-inducedfission become important for nuclei with Z>80 (e.g., Thielemannet at. [1983a],
Meyer et at. [1985,1989a,b]).Beta-decayQ-valuesin the r-processpathareof the order13—15 MeV,
much larger than the neutron-captureQ-valuesof 2—3 MeV. Beta decay will thus populate highly
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Fig. 3.5. Potential-energycontoursalong the fission path, as a function of the distancebetweenthe two mass centersof the eventualfission
fragmentsand the fragmentelongation.In this case,thereexistsno unique fission pathwith a double-humpedbarrier (after MOller et at. [19891).
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excitedstatesabovethe fission barrier and,consequently,delayedfission plays a moreimportantrole
thanneutron-inducedfission.

The only availableexperimentaltest for theoreticalpredictionsof beta-delayedfission (which also
providesa measureof the fission barrier heights of neutron-richunstablenuclei) comes from the
analysisof abundancesin the productsof nuclearexplosions[Hoff 1986, 1987]. This analysisshowed
that the predictedvalues for beta-delayedfission were too large in the actinide region. Recent
recalculationsof thesefission barriers,basedon the improvedmassformulaof MOller andNix [1988],
predict fission barrierswhich are higher by severalMeV in the r-processpath [Meyeret a!. 1989a], as
shown in figs. 3.6a,b.A completesetof predictionswhich could updatethe existingvaluesof Howard
andMöller [1980],not only for the maximum barrierheightsbut also for the individual featuresof the
double-humpedbarriers,is not yet available.

Fission enters into r-processcalculations in three different ways. (1) Fission can terminate the
r-processpathat Z 92 andpreventthe r-processfrom producingsuperheavyelementsin nature(see,
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Fig. 3.6. Fission barrier heights (potential-energy maxima as a function of deformation)for two different massformulae: (a) Howard andMOIler
[1980]and (b) Möller et at. 119881 aspresentedby Meyeret al. 11989b). Farfrom stability, themorerecentlycalculatedbarriersarehigherby more
than3 MeV, leadingto a strongreductionin beta-delayedand neutron-inducedfission for thesenuclei.
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e.g.,Howard [1974];Thielemannet al. [1983a1).(2) After the declineof neutron densities,whenthe
r-processfreezesout, nucleibeta-decaybackto the stability line. Beta-delayedfission reducesthe flow
alonga given isobar.The resultingbeta-stablenuclei will decayalongalpha-decaychainsandultimately
determinethe abundanceratios of the very long-lived nuclei like 232Th, 238’235U and 244Pu. The
comparisonof theseabundanceratiosin the solar systemwith the production ratiosin the r-process
(when making assumptionson galactic evolution) can be used to determinethe duration of nil-
cleosynthesisin our Galaxyand thegalacticage(e.g.,Cowan et a!. [1987];Fowler [1987a];Meyeret al.
[1985,1989b]; SymbalistyandSchramm[1981];Thielemannet al. [1983b]).(3) In environmentswith a
long durationof neutronexposure,“fission cycling” candeterminethetotal abundanceof heavynuclei.
After fission, eachof the fission fragmentscancaptureneutronsalongther-processpath,andultimately
form a heavy nucleusagainwith Z> 80, leadingto renewedfission. Eachcycle doublesthe numberof
r-processnuclei (seeSeegeret at. [1965]).This is of particularimportancein environmentscharacter-
ized by a long durationof high neutrondensities,andwas recently suggestedasrelevantto primordial
nucleosynthesisin neutron-richzonesof an inhomogeneousbig bang [Applegate1988].

3.3. Beta-decayhalf-lives

Beta decay half-lives are functions of individual transition strengthsfrom the ground state in the
parentnucleusto the groundstateandexcitedstatesin the daughternucleus.This can beexpressedby

A = = ~ B(E
1,J~,~)f0(Z, Q~— Ei), D’ = ~ (3.2)

~1/2 D g~m~c

In this equation,g~denotesthe vectorcouplingconstant,f1(E) theFermi function,andB(E1, J., ~r~)the
reducedtransitionprobability to a final state,with energyE,, spin J~,and parity ii~in the daughter
nucleus.For eachspinJ in the final nucleus,onecan performan averagethat is weightedappropriately
by the densityof stateswith spin J,

~ B(E~,~, ~~)f0(Z,Q~— E1) J ~ B~(E)p~(E)f0(Z,Q~— E) dE

= J S~(E)f~(Z,Q~— E) dE. (3.3)

HereS~(E)is alsoknownasthe beta-strengthfunction, which governsthe strengthof transitionsas a
function of energy.The lplh configurationscarryingthe betastrengthactas doorwaystates,spreading
their strength into neighboring compoundstateswith a typical width if of 0.2—0.3MeV. This can be
takeninto accountby rewriting eq. (3.2) as

A J ~ ~(E, ~, ~) dE= f S~(E)f0(Z,Q~— E) dE,

(3.4)
/3~(E,J,, n~)= [1 /o.~(21r)hI2]exp[—(E — E~)

2I2u~]B(E~,J,, rr
1.)f0(Z, Q~— E)
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The populatedexcitedstatesin the daughternucleuscan subsequentlydecayby gammatransitionsto
the ground state. Fermi transitionsproceed to the isobaric analog state (lAS, which is located
energeticallyabovethe ground stateof the parentnucleusin ~3decay)anda very narrowdistribution
of statesin the vicinity of the lAS. For more neutron-richnuclei, this energydifferenceincreasesand
Fermi transitions become negligible. Fermi transitions with ~l = 0, ~ = 0 and ~ T 0 can only
proceedto the isobaric analog state,which is located above the available energywindow (>Q~).
Thereforethe decayis dominatedby allowedGamow—Teltertransitions(t~I= 0, 1; not 0—~0; i~ir 0).
In a macroscopicsense,the strength function is distributedcontinuouslywith a maximum at the
Gamow—Tellergiant resonance.

This was also the first approachundertakenby Takahashiet a]. [1973].They assumeda continuous
beta-strengthfunction of Gaussianshape,centeredat the Gamow—Tellergiant resonance,which also
observedthe appropriatesum rules. As the beta decayincludes only transitionsto low-lying excited
stateswith a smalt level density,sucha strengthfunction shouldshow structures.This hasbeenverified
experimentally(see, e.g.,Kratz [1984]and fig. 3.7). Klapdor et al. [1981]andKtapdor et at. [1984]
calculatedthe beta-strengthfunction in a microscopicapproach,utilizing the Tamm—Dancoffapproxi-
mation on the basis of a sphericalshell model.

Based on the initial work by Krumlinde and MOlter [1984], Meyer et at. [1989a]performed
quasiparticleRPA calculations with an explicit treatment of nuclear deformation and a basis of
deformednuclearstates.They were able to show that the beta-strengthfunction thenhasa broader
distributionthanin the sphericalcase(seefig. 3.8) andthat the predictedhalf-lives dependstrongly on
the nucleardeformation(seealsoKratz et a!. [1988]).More recently,new setsof extendedcompilations
of beta-decayhalf-lives,calculatedwithin theframeworkof the quasi-particleRPA model, havebecome
availableas a resultof studiesby Möller and Randrup[19901and Staudt et al. [1989,1990]. When
comparingthe resultsof all threeapproaches(grosstheory,TDA andquasiparticleRPA), one notices
that they define a rangetypically given by a factor of 3 betweenthe extremevalues; the initial gross
theory of beta decayis generallyon the slow side andthe TDA calculationsareon the fastside,while
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Fig. 3.7. Beta-strengthfunction asa functionof excitationenergyin the daughternucleusfor thedecayof °‘Rb(from Kratz [1984)).It can be seen
that the transitionprobability is not smoothbut revealsstrongstructures.
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Fig. 3.8. Comparisonof two calculatedbeta-strengthdistributions for
236Pa(as presentedin Meyeret al. t1989a1)from Meyeret a!. t1989a1(top)

andThielemannet at. [1983al(bottom). The formerperformed RPAcalculationsin a basis of deformednuclearstates.The correct treatmentof
deformation leadsto a largerspreadingof the strengthdistribution.
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Fig. 3.9. Ratio of calculatedto experimentalbeta-decayhalf-lives for the revised Grosstheory [Tachibanaet al. 19881. the Tamin—Dancoff
approximation[Klapdor et al. 1984] and aquasiparticleRPA calculation [Staudtet al. 19891. The grosstheory generallyoverpredictshalf-lives,
while theTDA resultslead to underpredictions.The ORPA seemsto give the best predictions.

the QPRPA approachgives the best results (see fig. 3.9). Most recent r-processcalculationshave
employedthe ratesof Klapdor et a!. [1984].The resultsof the quasiparticleRPA calculations,which
haveonly recently becomeavailablefor the entire set of nuclei neededfor r-processcalculations,have
not yet beenutilized.

3.4. Theoreticalpredictionsof thermonuclearreaction rates

For two nuclearcomponentsi andj in an astrophysicalplasmawith numberdensitiesn, andn. anda
Maxwell—Boltzmanndistribution of relativevelocities,the numberof reactions,r, per (cm3s) is given
by r = (uv~n,n

1.The nuclearreactionrates (o~v~havethe form (Fowleret at. [19671)

KifV) =(81 )h/2(kTy3/2J Eu(E)exp(—E/kT)dE. (3.5)

The crosssectionsff(E) haveto be determinedeither from experimentsor theoreticalpredictions.
The most widely used approachfor the latter is the statisticalmodel of compoundnuclearreactions
(Hauser—Feshbach).This approachhasbeenemployedfor the calculationof thermonuclearreaction
ratesfor astrophysicalpurposesby manyresearchers,mostrecentlyby Holmeseta!. [1976],Woosleyet -‘

at. [1978],andThielemannet a!. [1987,1988]. Thesecompilationsare presentlythe ones utilized in
large-scaleapplications in all subfields of nuclear astrophysics,when experimental information is
unavailable.

The statisticalmodel for compoundnuclearreactionsis basedmainly on the assumptionof a high
level densityin the compoundnucleus,whenthe crosssectioncan be describedby averagetransmission
coefficients T (for details see Mahaux and Weidenmüller [1979]). This leads to the well known
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expression

~h2/2~
11E~1 ~ T~(E,J, ~, E~,J~,~ J, ~, E~,j~,~)

~Jk (E~1)= (2J~+ 1)(2J1+1) ~ (2J +1) T101(E,J, ~)
(3.6)

for the reaction~ j, k)l~from the targetstatei~to the exitedstatel~of the final nucleus,with center
of massenergyE~1andreducedmassp.o. Jdenotesthespin, E the excitationenergy,andir theparity of
excitedstates.When thesepropertiesareusedwithoutsubscriptstheydescribethe compoundnucleus,
subscriptsrefer to statesof the participatingnuclei in the reactioni~(j,k)IV and superscriptsindicate
the specific excitedstates.

While experimentsmeasure~ if~(E~1)summedover all excitedstatesof the final nucleus,with the
target in the ground state,target statesj.t in an astrophysicalplasmaare thermallypopulatedandthe
astrophysicalcrosssection is given by

* — ~ (2J~’+ 1)exp(—E~IkT)E~if~(E~1)
— ~ (2J~+1) exp(—E~IkT) . (3.7)

The summationover v replacesT~(E, J, i~)in eq. (3.6) by the total transmissioncoefficient

E- S1

Tk(E, J, ~)= ~ T(E, J, ~, E~,J~,~) + J ~ Tk(E, J, ~, E1, J1, ~)p(E1, J,,~,)dE1.
v~0 Jj,1T1

E°~
(3.8)

Here S1 is the channelseparationenergy,and the summationover excitedstatesabovethe highest
experimentallyknownstateu is changedto an integrationover thelevel densityp. The summationover
target statess in eq. (3.7) hasto be generalizedappropriately.The importantingredientsof statistical
model calculationsare the particle and ~ytransmissioncoefficients T and the level density of excited
states.Therefore,the reliability of the result of such calculationsis determinedby the accuracywith
which thesecomponentscan be evaluated.In the following we want to discussthe methodsutilized to
estimatethesequantitiesand the improvementsover previouscompilations.

3.4.1. Particle transmissioncoefficients
The transition from an excitedstatein the compoundnucleus(E, J, ir) to the state(Er, J~,~r~’)in

nucleusi via the emissionof a particlej is given by asummationover all quantummechanicallyallowed
partial waves

J+s /

~ ~ ~ 1~(E~). (3.9)
l=IJ—s~s=IJ~—-’jI

Here the angularmomentumI and the channelspin s =J~+J~couple to J = I + s. The individual
transmissioncoefficientsT,arecalculatedby solving the SchrOdingerequationwith an opticalpotential
for the particle—nucleusinteraction. All early studiesof thermonuclearreaction rates [Truran and
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Cameron1966;Michaud andFowler 1970; Arnould 1972; Truran 1972; Holmeset al. 1976; Woosleyet
at. 19781 employedoptical square-weltpotentialsand madeuseof the black nucleus—nucleusapproxi-
mation. Thielemannet at. [1987,1988] used the optical potential for neutronsand protonsgiven by
Jeukenneet al. [1977],basedon microscopiccalculations,with the local densityapproximation.It
includedthe correctionsof the imaginary part by Fantoniet a!. [1981]and Mahaux[1982].

The resultings-waveneutron-strengthfunction ~(F°ID~1eV = (lI2ir) Tfl(10)(1 eV) was calculatedby
Thielemannet at. [1983a]and comparedwith several phenomenologicaloptical potentials of the
Woods—Saxontype (see also fig. 3.10). The equivalentsquare well used in earlier astrophysical
applicationsis a straight line. The deviationfrom experimentatA = 160is dueto deformation.When

(a)
i0-~___

(b)
to—

6—’— • • I I I • • I • I

40 60 80 zOO 120 140 260 280 200 220 240
Pt (Target)

Fig. 3.10. (a) s-wave neutron strength functions [Thielemannet al. 1983a]calculatedwith differentsphericaloptical potentials(circles:equivalent
squarewell [Holmeset al. 1976; woosleyet al. 1978]; triangles: Becchetti and Greenlees11969]; crosses:Wilmore and Hodgson11964]; X:

Jeukenneet at. 11977]). Experimentalvalues are from Lynn [19681.(b) Making use of the potential of Jeukenneet at. [1977)by defining an
“equivalentsphericalpotential” for deformednuclei averagedover all incidentprojectile angles. Deformationparametersare takenfrom the
droplet model of Hilf et al. [19761.
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deformednucleiwere treatedin a very simplified way (avoiding coupled-channelcalculations)by using
an effective spherical potential of equalvolume, the result in fig. 3. lOb was obtained.The effective
sphericalpotentialwas basedon averagingthe deformedpotentialover all possibleanglesbetweenthe
incoming particleandthe orientationof the deformednucleus.The purely theoreticalapproachgives
the bestfit. It is also expectedto havethe most reliable extrapolationpropertiesfor unstablenuclei.

Alpha particleswerealso treatedin all earlier papersby square-wellopticalpotentials.Thielemann
et at. [1987,1988] employeda phenomenologicalWoods—Saxonpotentialderivedby Mann [1978],
basedon extensivedata by McFaddenand Satchler[1966].For future use, for alphaparticles and
heavierprojectiles,the bestresultscan probablybeobtainedwith folding potentials(e.g.,Chaudhuriet
at. [1985],Satchierand Love [1979]).

3.4.2. ~y-transmissioncoefficients
The dominant‘y-transitions(El and Ml) haveto be includedin the calculationof the total photon

width. The smaller, and thereforeless important, Ml transitionshaveusually beentreatedwith the
simple single-particleapproach(Tx E2 [Blatt andWeisskopf19521),asalso discussedin Holmes et a!.
[1976].The El transitionsare usually calculatedon the basis of the Lorentzianrepresentationof the
giant dipole resonance(GDR). Within this mode!, the El transmissioncoefficient for the transition
emitting a photonof energyE~in a nucleusis given by

T E — 8 NZ e2 1 + x 2 FG~E~ 3 10EI( ~ — 3 A he mc2 ~=i 3 (E~— E~
1)

2+ ( . )

Here x( 0.2) accounts for the neutron—protonexchange contribution (see, e.g., Lipparini and
Stringari [1989])and thesummationover i includestwo termswhich correspondto the split oftheGDR
in statically deformednuclei, with oscillationsalong (i = 1) and perpendicular(i = 2) to the axis of
rotationalsymmetry.

Many microscopic and macroscopicmodels have been devoted to the calculation of the GDR
energiesEG and widths 1’G (for references,see, e.g., the reviews by Lipparini and Stringari [19891,
Snover [1986],Goeke and Speth [1982]and Speth and Wambach [1980];see also the review of
Eramzhyanet at. [1986]for light nuclei, where a Lorentzianapproximationcannotyet be made).
Experimentalcompilationsare provided,e.g., by Berman[1975],BermanandFultz [1975],Carlos et
at. [1974],Bermanet al. [1979],and Gurevichet al. [1981].Holmes et a!. [1976]and Woosleyet at.
[1978]usedanalyticalfits asa function of A andZ. The(hydrodynamic)droplet-modelapproachfor EG
by Myers et at. [1977]gives an excellent fit to the GDR energiesandcan also predict the split of the
resonancefor deformednuclei, when making use of the deformation,calculatedwithin the droplet
model (seefig. 3.11). In that case,the two resonanceenergiesarerelatedto the meanvaluecalculated
in Myers et a!. [1977]by the following expressiongiven by Danos[1958]

EG
1 +

2EG
2= 3E0, EG2/EG1= 0.9ll~+ 0.089. (3.11)

~ is the ratio of (1) the diameteralong the nuclearsymmetry axis (fig. 3.11 top) to (2) the diameter
perpendicularto it (fig. 3.11 bottom),and canbeobtainedfrom theexperimentallyknowndeformation
or droplet-modelpredictions.

The width of theGDR is lessunderstoodandevenmodernRPA calculationscanonly accountfor a
fraction of its value [Bortignonand Broglia 1981]. Macroscopicmodels of the hydrodynamictype
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Fig. 3.11. Droplet-modelpredictionsof theGDR energyE
0 [Myerset al. 1977] in comparisonwith experiments,indicatedby crosses[Bermanand

Fultz 1975).The splitting oftheGDR energiesfor deformednuclei along(top) andperpendicular(bottom) to therotationalsymmetryaxishasbeen
calculatedwith eq. (3.10) andthe deformationsfrom the dropletmodel of Hilf et al. [1976].

[Auerbachand Yeverechyahu1975; Hasseand Nerud 1976] could explain more or less correctly the
averagetrendsof F~variations with A, but could not accountfor the pronounced,observedshell
effects; the widthsaresmallerat magicnumbers.Holmeset at. [1976]andWoosleyet a!. [1978]usedan
analytical fit to simulate this behavior.

ThielemannandArnould [1983]proposeda phenomenologicalmodel for the GDR width which
satisfactorilyreproducesthe experimentaldata for sphericaland deformednuclei. Basedon an older
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idea by Le Tourneaux[1965],the GDR width can be describedas a superpositionof a macroscopic
width due to the viscosity of the nuclearfluid and a coupling to quadrupolesurfacevibrations of the
nucleus.This is in agreementwith more moderncalculations[Gallardoet a!. 1985].

Viscous damping in hydrodynamical treatmentsleads approximatelyto f~ E~with 1 < 8 <2,
dependinguponthe model[AuerbachandYeverechyahu1975; HasseandNerud 1976]. Evaluatingthe
coupling to quadrupolesurfacevibrationswithin the Dynamic CollectiveModel leadsto a broadening
term ~F, which can be approximatedby 2.35(5I8~r)”2EGJ3

2,where 1~2 is the root-mean-square
amplitudeof the quadrupolesurfacevibrations [BortignonandBroglia 1981; Le Tourneaux1965]. Thus
FG can be expressedin this phenomenologicalapproximationby

= 1~+ ~F aE~+ 2.35(5I81T)
112EG~

2. (3.12)

ThielemannandArnould [1983]performeda least-squaresfit to experimentallyknownGDR widths
of sphericalnucleiwhereEG andI~2wereknown, andfound a = 0.185for 8 = 1. When EG and 1~2are
not known from experiment,droplet-model estimatesof E0 and f~2can be used accordingly. The
droplet-modelvaluesfor EGby Myers et al. [1977]arein excellentagreementwith experiments(seefig.
3.11). The droplet-modelevaluationof f~2is describedin ThielemannandArnould [1983];it expresses
the potentialenergy(mass)of the nucleusas a function of the surfacedeformation.Figure3.12 shows
the comparisonwith experimentalvalues for different energyexponentsof the damping width. The
resultsreproducesatisfactorilythe dips at magic numbers,wherethe coupling to surfacevibrations is
weak due to the “stiffness” of the nuclei.

This treatmentcan be extendedto deformednuclei.Becausethe GDR splits into two resonances,
TG

and E
0 have to be replacedby FG, and EGI (i hasthe values 1 and 2). /~2 is replacedby ‘2’ which

to I I I I I I I

9 rd ~2.87
F~~0.l85E

- — — rd =0.0205E’
8
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Fig. 3.12. Theoretical estimates of the width of the giant dipole resonance[ThielemannandArnould 1983],made using eq. (3.11) and the
droplet-model predictions for EG [Myerset al. 1977} and$~‘in comparisonwith experiments[Berman1975; Bermanand Fultz 1975; Carloset at.
1974; Gurevichet at. 1981]. The variouscurvesshow the effect of different assumptionsfor I~(8 = 0, 1,2).
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measuresthe meanamplitudeof surfacevibrationsaboutthe ground-statedeformation.The coefficient
in L~Falso becomesdeformation-dependent.The combinedresultsof Thielemannand Arnould [1983]
are shown in fig. 3.13. In the region 150<A < 180, the experimentalvalues from gamma-absorption
cross sections [Gurevich et a!. 1981] are generallyhigher than those derived from photoneutron
cross-sectionexperiments.AroundA 75, only photoneutrondataareplottedso that thedisagreement
there might be artificial.

Thielemannet at. [1987,1988] applied thesepredictions to eq. (3.2) and calculated the total
radiation width at the neutron separationenergy for all nuclei in the experimentalcompilation of
Weigmann and Rohr [1973].The total photon transmissioncoefficients for El radiation from a
compoundnucleusstatewith energyE, spin J and parity ir is given by

E

T~(E,J, ~)= ~ T(E, J, ~, E~,J~,~) + f ~ T~(E,J, ~, E1,J1, ~)p(E1, ~, ~)dE1,
J1,i,j

(3.13)

where the first term representsa summationover the known low-lying statesv up to an excitation
energyE~,while an integrationinvolving the level density p is performedat higher excitation. This
equationis fully equivalentto (3.8),as S~is 0. In eq. (3.13) T(E, J, ir, E~,J~,~r~)is eitherzeroif the
El selectionrules areviolated,or equalto TEl (E~= E — E’) otherwise.T~1is given by eq. (3.10).The
average radiation width ~I(E, J, ir)~ is related to the total photon transmissioncoefficient by
ç~1(E, J, ir)~= T~(E,J, ir)f2irp(E, J, ir). The most extensive sets of measuredaverage radiation
widths come from thermal s-waveneutron capture [Weigmannand Rohr 1973]. In that case,the
relevanttheoreticalquantity to be comparedwith experimentaldatais

4 I I I I I —I

• ~

60 90 200 220 240 260 280 200 220 240

Fig. 3.13. The sameas fig. 3.12 but including deformednuclei anda generalizationof (3.11) for deformednuclei from Thielemannand Arnould
[1983).
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Fig. 3.14. Average radiation widths from s-waveneutroncaptures(from Thielemannand Arnould [1983]),calculatedaccordingto eq. (3.13), in
comparison with experimental values [Weigmannand Rohr 1973). Agreementis found to be generallywithin a factorof 1.5.

(~(~n~J~+ ~, ~ + ~ (J(S~,J~— ~, ~, (3.14)

where S~is the compound-nucleusneutron-separationenergyand J. (ir1) is the spin (parity) of the
target nucleus.

Utilizing the methodsoutlined aboveand the level densitydescribedin section3.4.3,Thielemannet
al. [1987]found agreementgenerallywithin a factorof 1.5 (seefig. 3.14). This was an improvement
over earlier attemptsby Johnson[1977]and Hardy [1982].It hasbeenknown for sometime that the
direct applicationof eq. (3.10)overestimatesthe radiationwidth by about30% (see,e.g.,McCullaghet
a!. [1981],Ramanet a!. [1981]).This is due to the fact that, for low-energygammatransitions,the
Lorentzcurve is suppressedand the GDR width increaseswith excitationenergy(e.g., Snover [1986],
Draperet a!. [1982]).To accountfor thesedeficiencies,varioustreatmentshavebeensuggestedwhich
involve the ansatzFG = FG(E~)[McCullaghet al. 1981; Gardnerand Gardner1986; Kopecky and
Chrien 1987]. The resultsshownin fig. 3.14 madeuseof the suggestionby McCul!agh et at. [1981]that
I’G(Ev) = FG(E~,EG)’°.

3.4.3. Leveldensities
Most statistical model calculationsuse the level-densitydescriptionof the backshiftedFermi gas

[Gilbert and Cameron1965]

p(U, J, ir) ~f(U, J)p(U),

p(U) = ~ ____ exp(2~U) f(U, J) = 2J+1 exp[—J(J + 1)12ff
2], (3.15)

if2 = ((9rigid~2)’1’u77~, = ~m
11AR

2, U = E — 6
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(m~is the nuclearmassunit), which assumesthat positive and negativeparitiesare evenly distributed
and that the spin dependencef(U,J) is determinedby the spincut-off parameteru. The level densityof
a nucleus is therefore dependent only on two parameters: the level density parameter a and the
backshift 6, which determinesthe energyof the first excitedstate.This backshiftis relatedto the level
spacingup to the first unoccupiedstate in the single-particleshell model and to the pairing gap, the
energynecessaryto breakup a proton or neutronpair.

Of thesetwo effects,the pairing energydominatesexceptin the very nearvicinity of closedshells.
This energyshift was not included in the initial independent-particlepicture of the Fermi gas [Bethe
1936], but is accountedfor in eq. (3.15) by introducingthe backshiftedenergyU = E — 6. Within this
framework,the quality of level-densitypredictionsdependson the reliability of systematicestimatesof
the level-densityparameteraandthe backshift6. Equation(3.15)providesa valid functional form for
reproducinglevel densitiesdown to an excitationenergyof U = 1—2 MeV, but it divergesfor U = 0, i.e.
E = 6, if 6 is a positive backshift. Ericsonplots, whichshowthe numberof excitedstatesas a function
of excitationenergy, revealan almost linear behaviorfor In N = f(E) with an interceptat E = E0 6
[Ericson 1959]; this resulted in the ansatz p(U) = exp(U! T)IT, commonly called the constant-
temperatureformula.The two formulationscan be combinedfor low andhigh excitationenergies,with

= 6 and T being determinedby a tangentialfit to the Fermi gas formula.
Gilbert and Cameron[1965]provided the first compilationof a and 6 for a largenumberof nuclei.

They found that the backshift 8 is well reproducedby experimentalpairing corrections.Theoretical
predictionsresult in a/A 1/15 for infinite nuclearmatter,but the inclusion of surfaceandcurvature
effectsof finite nuclei enhancesthis value to 1/6—1/8 [Töke andSwiatecki 1981; Prakashet a!. 1983].
While in principle a can be dependenton temperatureor excitationenergy,SuraudandSchuck[1985]
wereableto showthat sucha dependenceis minimal for excitation energiesup to 3 x A MeV andthus
that the zero-temperaturevalue for a can be usedup to theseenergies,coveringall values of interest
within the presentcontext. When comparingexperimentallyderivedvaluesof a (e.g., Rohr [1982,
1984]) with such a simple formulation, one notices large deviationsdue to shell effects (nuclei near
closedshellshavemuchsmallervaluesfor a). Gilbert and Cameron[19651were the first to identify an
empiricalcorrelationwith experimentalshell correctionsS(N,Z)

a/A = c11 + c1S(Z, N), (3.16)

whereS(N,Z) is negativenearclosed shells.Other functional dependenceshavebeenproposed(e.g.,
Kataria et al. [1978])and more microscopictreatmentshave beencarriedout (e.g., Moretto [1972],
DøssingandJensen[1974],Huizengaet at. [1974a,bj,Arnould andTondeur[1982],FrenchandKota
[1983],Lauritzenet at. [1989]),but theydo not necessarilyleadto betterpredictivepower. Therehave
beena numberof compilationsfor a and 6, or T and E0, basedon experimentallevel densities(e.g.,
Dug et a!. [1973],Grimeset a!. [1974],Woosleyet al. [1978],andmost recentlyvonEgidy et at. [1986,
1988]). Theseshouldbe usedwheneverexperimentalinformation is available. Predictionsfor unstable
nuclei or those for which experimental information is not available have to be based on theory,
including the predictionsfor shell and pairing corrections.

Earlier compilationsfor astrophysicalapplicationsstill usedthe shell correctionsS(Z,N) and the
pairing correctionsP(Z, N) from the CameronandElkin [1965]massformula. WhenanalyzingEricson
plots of excited states, takenfrom van Egidy et at. [19861and the EvaluatedNuclear Data File
(Karisruhe,Brookhaven),Thielemannet al. [1987]found that the positive and negative intercepts :
(backshifts)can bestbe reproducedby
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5 = z.t(Z,N) — 10/A, (3.17)

wherethe ~l(Z, N) arethe pairing correctionsfrom a droplet-modelnuclear-massformula(e.g.,Myers :
[1976])and have the values 0 for odd nuclei, 12/\/A for even—even nuclei and —12/\/A for odd—odd
nuclei. Such a treatmentdiffers from earlier ones in which the pairing correctionsin level-density
formulaehad only non-negativevalues,but it agreeswith a recentanalysisby von Egidy et at. [1988]
where additional correctionsc0 and c1 were introducedin the constant-temperatureand backshifted
Fermi-gasformulae.

This behavioronly changeswithin one unit of magic nucleon numbers,where the backshiftsare
larger. An empirical relation for thosecaseswith 5~= 6 +

6shelI (only for nuclei within one unit from
magic numbers),and ~stieII havingthe values —0.25S(N)at neutronmagicnumbersand —0.18S(Z)at
proton magic numbers,provided a good fit, when theyutilized the shell correctionsof the Hilf et al.
[1976]or von Groote et at. [1976]mass formulae. The shell corrections for spherical nuclei are just the
sum of proton and neutron shell corrections S(Z,N) = S(Z)+ S(N) andthesecorrectionsarenegative
at magicnumbers.Figure 3.15illustratesthis effect.The valuesfor 5 were,however,reducedto 80% of
the values describedabove due to the non-negligible neutron—protonpairing, which regains some
energyafter the breakupof neutron—neutronor proton—protonpairs.

Deformednuclei should be treateddifferently, as in principle a rotational band can be associated
with eachexcitedstate(see,e.g., Døssing and Jensen[1974],Huizengaet al. [1974b],Arnoutdand
Tondeur[19821).At high excitation energiesthis treatmentcan, however, lead to doublecounting.
Thielemannet al. [1967]kept the same formalism as in eq. (3.16) but performedan independent

na24 mq25
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cct44
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Fig. 3.15. Experimental levels as a function of excitation energy (from theEvaluatedNuclearData File) are comparedwith theoreticalpredictions
for odd—odd, odd, even—even,and deformednuclei (from Thielemannet al. [1987]).
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evaluation of the coefficients c0 and c1 for deformed nuclei. The intercept E0 of the constant-
temperatureformula, applied at low excitationenergies,was also chosento be the energyof the first
state of a rotational band on the ground state. E0 was determined from the moment of inertia
(6 x irrotational flow [Bohr and Motte!son 1975]) and the predicteddeformationof the nuclearmass
formula (see

t58Gd in fig. 3.15).
Thielemann et al. [1987, 1988] used the shell corrections of a more recent droplet-model mass

formula [HiIf et a!. 1976] to evaluatethe coefficientsin eq. (3.16) for the level-densityparametera by
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Fig. 3.16. Ratio of predicted[Thielemannet al. 1987] to experimentallevel spacingsat the neutron separation energy [Rohr 1982, 1984] for the
three cases: (a) within three Units of magic numbers, (b) other spherical nuclei, (c) deformed nuclei. The deviationsare still large but an
improvementover Gilbert and Cameron[1965]and woosleyet al. [1978],wheredeviationsof more thana factor of 10 occur.
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performinga bestfit to the experimentallevel densitiesat the neutronseparationenergy[Rohr 1982,
1984]. Employingonly one parameterset for c0 and c~,they could not achieve a significantly better
agreementwith experimentallevel densitiesthan was found by Gilbert and Cameron [1965]and
Holmeset a!. [1976].Theselatter authorsfounddeviationsin excessof a factor of 10 in somecases.By
dividing the nuclei into threeclasses[(a) thosewithin threeunits of magicnucleonnumbers;(b) other
spherical nuclei; (c) deformed nuclei], they were able to obtain improved agreement(maximum
deviationsof a factor of 3 to 4), with the following valuesfor c0 andc1 [(a) 0.119 924, 5.694 78 X io~
(b) 0.119480, 6.31903x10

3 (c) 0.1248772, 6.00302x103].
Figure3.16 showstheratiosof experimentallevel densitiesto predicted level densities at the neutron

separationenergyfor eachof the threecases.This treatmentremainsvery phenomenologicaland, in
our opinion, is still unsatisfactory.It remainsthe weakestpoint in the presentproceduresfor the
calculationof crosssections.Futureinvestigationsshouldbe able to improvethesepredictionswhenthe
microscopicshell andpairing correctionsof moremodernmassformulae(e.g., Mailer etal. [1988],Wu
et at. [1987b])are used. Fortunately, deviations of up to a factor of 3—4 at the neutron separation
energytranslateinto somewhatsmaller deviationsat the lower excitationenergieswhich dominatethe
nuclearcrosssections.Thenet uncertaintiesin the crosssectionsarein generalsmallerthana factor of
2.

3.4.4. Resultsof cross-sectioncalculations
In addition to all the ingredients required for eq. (3.6), like the transmissioncoefficientsfor particles

and photons and the level densities, width-fluctuation corrections (e.g., Tepel et al. [1974])must also be
employed.These correctionsredefine the transmissioncoefficients in eq. (3.6) in sucha mannerthat
the total width is redistributedby enhancingthe elasticchannelandweak channelsover the dominant
one. Sucha treatmenthasalsobeenusedby Truran[1972],andin laterversionsof the statisticalmodel
code by Holmes et al. [19761and Woosley et a!. [19781.Of the presently available thermonuclear rates
in the literature, this effect is only included by Thielemann et a!. [1987, 1988]. While the width-

1019 l’l’I’I’I’l’l’I’ I

(c)
6

5

3 XC, ‘C

a. 2 * ‘C x ‘CX XCqC
C, C, ‘CX ,,

lii ‘C C, ,, ~ ~, ~
o ‘C a ‘C

~ o C, ‘C C, ‘C C, ‘C
o 10g - IC ‘C
LU 8 ‘C XC,$ XXX IC

I 7 Xx xx
C’ ‘C ~ ‘C ‘C

101 I I • I I I I I

80 200 220 240 260 280 200 220 240
A

Fig. 3.16 (cont)
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Fig. 3.17. Ratio of theoreticalto experimental30 keV neutron-capturecrosssections.Experimentaldatafrom BaoandKappeler [1987).(a,b)from
Thielemannet al. [1987):a, employsonly theoreticalpredictionsfor all involved nuclearparameters; b, makes use of experimentally determined
level densitiesand displaysonly nucleiwheretheseareknown; c, resultsfrom Holmeset al. (1976] who usedexperimentallevel-densityparameters
where available.
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Fig. 3.17 (cont.)

fluctuation correctionsof Tepel et a!. [1974]are only an approximationto the correct treatment,
Thomaset al. [1986]showedthat they are quite adequate.

Our discussionsin the previoussubsectionsrevealthatonecan expectto obtainvery good agreement
with experimentfor particle andphoton transmissioncoefficients. On the other hand, level-density
predictions,which arestill basedon shell correctiontermsand nonmicroscopicpairing termsof older
generationmass formulae, show the largest statistical spread(up to a factor of 4 at the neutron
separationenergy). Crosssectionsof astrophysicalimportanceare dominatedby transitionsto lower
energieswhich reducesthe influenceof such uncertainties,andonemight hopeto obtainagreementto
within a factor of 2.

This is in fact the conclusiondrawn from a comparisonbetweenthe results of Thielemannet al.
[1987,19881,usingtheir codeSMOKER,andexperimentalneutron-capturecrosssectionsat 30 keV, for
nuclei listed in the compilationof Bao and Kappeler[1987],see fig. 3.17a. A few exceptionsinvolve
nuclei locatedspecificallyat magicnumbers.This is a consequenceof the still imperfectpredictionsof
nuclearlevel densities.Figure3.17a makesuseonly of theoreticalpredictionsfor all involved nuclear
quantities. Therefore, this level of agreementis also expectedfor unstablenuclei, as long as the
adoptednuclear mass formula providesaccuratepredictionsof nuclear deformationsand reaction
Q-vaiues.

It shouldbe noted that fig. 1 in Holmes et at. [1976]usedexperimentallydeterminedlevel-density
parameterswheneveravailable(our fig. 3.17b). The resultsof Thie!emannet at. [1987],who adopted
the sameapproachand includedonly nuclei for which experimentallevel densitiesareavailable[Rohr
1982, 1984], aredisplayedin fig. 3.17c. This figure underscoresthe fact that the largestuncertaintiesare
still associatedwith the level-densitypredictions.While suchan approachis appropriatewhenthe best
possiblecross-sectionpredictionsare required(as for studiesof s-processnucleosynthesisinvolving
nuclei nearthe beta-stablevalley), it doesnot give a correctmeasureof the expectedaccuracyfor
cross-sectionpredictionsfor unstablenuclei, for which no experimentalinformationis available.This
informationcan be deducedfrom fig. 3.17a,which indicatesan uncertaintyof approximatelya factorof
2. Calculationsof 30 keV neutron-capturecrosssections,for all nuclei from Ne to Z = 114 and from
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stability to the neutrondrip line, are tabulatedin the appendix.These values,basedon the mass
formula of Hilf et at. [1976],provide the bestavailablecompilationfor use in r-processapplications.

Finally, we also want to showsomeenergy-dependentcross-sectionevaluationsfor charged-particle
reactionsinvolving intermediatemassnucleiwhich play animportantrole in silicon burning.The results
shown in fig. 3.18 verify the fact that the energydependencesand absolutevaluesof the crosssections
are also quite well reproduced,including particularly the magnitude of the cuspsat the threshhold
energiesof channelopenings.This behaviorcan only be reproducedwhenemploying width fluctuation
corrections[Thie!emannCt a!. 1987, 1988]. For a more generalcomparisonof charged-particlecross
sectionswith statisticalmodel calculations,for astrophysicalapplications,see Sargood[1982].

I I I
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Fig. 3.18. Calculated charged-particle cross sections in comparison to experiment. Data from (a,b) Zyskind et al. [1980];(cd) Solomon and Sargood
[1978];(e,f) Mitchell et a]. (1982]. When width-fluctuation corrections are included, the magnitude of the drop in the capture crosssections,when
theneutronchannelopens, canbe reproduced well,
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3.5. Neutron-inducedfission and beta-delayedfission

3.5.1. Neutron-inducedfission
The statisticalmodelcalculationsof section3.4 can be extendedto includea fission channel,in order

to calculatecrosssectionsfor neutron-inducedfission. The crosssectionfor a reactioni°(J~k)l, from
the target groundstate i°to all excited statesI” of a final nucleuswith centerof massenergyE,1 and
reducedmass j~, is again given by eq. (3.6), with the summationtaken over all final states v.
Therefore,the sum of T’C~ is againreplacedby the expression(3.8) for Tk. The ratio going into the
fission channelis thenTkIT~Otwith k= f, i.e., the outgoingchannelis the fission channel.

When making useof a double-humpedfission barrier, the fission transmissioncoefficientscan be
calculatedin the limit of completedamping [Backet a!. 1974;Lynn 1980; Lynn andBack1974]. If one
cannotmakeuseof detailedinformationconcerningthe level structurein the secondwell, this method
gives the bestresultsand can be expressedin the form

Pf(E, J, ir) Tf(E, J, rr)1T101(E, J, ir),

~ ~k~’f Tk(E, J, ~.)\2

Pf(E, j~~ = + ~ ~ J, ir) )
E T

1E J ‘~ 11/2
+2 k~f k\ ~ir)coth{~[TA(E J, ir) + T~(E,J, ir)]}j , (3.18)

eff( , ,‘ir)
TA(E,J, IT) TB(E, J, ir)

Teff(E, j, ~ T~(E,J, ~)+ T~(E,J, )
In this equation,TA and TB denote transmissionthrough the first and secondbarriers, and can be

approximatedby individual parabolicHill—Wheeler type barriershapes,e.g.,

TA(E, J, ir)f PA(E, J, IT)THw(~,hwA)dE,

(3.19)
= E — EA — s — (/1212,9)1(1+ 1), THW(E,11w) = [1+ exp(—2ITEI11W)]’.

The availableenergyis reducedby the rotationalenergywith the momentof inertia @ deducedfrom

= ~~~irr for an irrotational flow model [Bohrand Mottelson 1975]. PA,B indicatesthe level densities
above the first and second saddlepoints, which show an enhancementover the level densitiesat
ground-statedeformation.This enhancementis larger for the first axially asymmetricbarrier thanfor
the second mass asymmetric (axially symmetric) barrier. In the absenceof detai!ed calculations,
standard enhancementfactors of 4 and 2 can be used, respectively,over the level density at
ground-statedeformation [Bjørnholmand Lynn 1980; Lynn 1980].The following relationsfor barrier
curvatures,based on empirical evidence [Bjørnholmand Lynn 1980; Lynn 1980], seem to be
reasonable:for !IwA and 11w

8, respectively,1.04 and 0.6 (even—even),0.8 and 0.52 (odd-A),and 0.6
and0.45 (odd—odd).

With a value obtainedfor P5 and the calculatedtransmissioncoefficients Tk (k ~ f) for all other
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Fig. 3.19. Predicted cross sections for neutron capture and neutron-induced fission on ~
38U(from Thielemannet al. [1989],experimentaldatafrom

Bjornholm and Lynn [1980]).Only the reaction Q-values and fission barrier characteristics are taken from experiment. All otherquantities,like
neutron- and gamma-transmission coefficients and level densities,comefrom global predictions.The completedampingapproximationreproduces
the cross sections quite well.

channels,one can solvePf = TfI(Tf + Ek Tk) for Tf, andwidth-fluctuationcorrectionscan be included
in the usualway [Tepelet at. 1974]. Using all the otherparametersfrom global predictions,as in the
original codeSMOKER [Thietemannet a!. 1987, 1988], and employing experimentalfission barrier
heightsEAB andcurvatures11WAB from tableXXXI in BjørnholmandLynn [1980],resultsin verygood
agreementwith experimentalcrosssectionsfor neutron-inducedfission. This is illustratedin fig. 3.19for
238U.

3.5.2. Beta-delayedfission
Beta-delayedfission andneutron emissioncan be calculatedin a mannersimilar to the procedures

outlined in section3.5.1,andhasbeendescribedin detail by Thielemannet a!. [1983a].They employed
the beta-strengthdistributions from Klapdor et at. [1984],where the beta-strengthfunctions were
calculated in the Tamm—Dancoff approximation,using a Gamow—Teller residual interaction (see
section3.3). Onecan againmakeuseof the total beta-decayrate, as given in eqs. (3.2) through (3.4),
keeping in mind that the excitedstatespopulatedby beta decaycan subsequentlydecayby neutron
emission,fission, or gammatransitionsto the groundstate.The ratesfor fission andneutronemission
are thengiven by

Qp QI
3

I T(E J. IT.) I T (E J., IT.)
/ttf J ~ f3~(E,.~,, ~ T~(E,~ I) dE , An = J ~ 18~(E,J~,IT1) Tt:t(E, ~ dE .

(3.20)
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Fig. 3.20. Schematicrepresentationand energeticsof the different beta-delayeddecaymodes,neutronemission,gammadeexcitationand fission.

Pf = T51T101is calculatedasin eq. (3.18) for neutron-inducedfission. Knowing thevalueof Tk (k ~ f),
Tf and T501 and, therefore,T~IT10~canbecalculatedaccordingly.It is customaryto introducethe ratios
P,, ARIA and P5 = A5IA.

When employing the formalism describedabovefor the calculation of beta-delayedand neutron-
inducedfission for very neutron-richunstablenuclei, threeadditionalphysicalpropertiesare required:
(1) the beta-strengthfunction; (2) a nuclearmassformulafor determiningreactionor decayQ-values;
and(3) fission barrierheightsandcurvatures.Figure3.20 illustrateshow 1, 2 and 3 influencethe result.
Thebeta-strengthfunctiongives transitionstrengthsfor decaysto statesin the daughternucleuswith
respectto the ground-stateenergy of the parent nucleus. The reaction or decay Q-value then
determinesthecorrespondingexcitationenergyin the daughternucleus.The fission barrierheightsare
measuredwith respectto the groundstateof the daughternucleus.In casethesequantitiesare not
knownexperimentally,appropriatechoicesare requiredfor theoreticalfission barrierheights(discussed
alreadyin section3.2) and for a nuclearmassformula.

3.5.3. Comparisonwith experiment
We now presenta few results from calculationswhich makeuseof this formalism. Table3.1 lists the

neutron-captureand neutron-inducedfission cross sections (in barn), for uranium isotopes at a
bombardingenergyof 30 keV, ascalculatedby Thielemannet at. [1989].It also lists theQ-valuesfor the
(n, -y) reactionand the maximumenergyB5 of the two fission barrierheights(EA, EB) with respectto
the ground state of the compoundnucleus. Q-values [Wapstraet at. 1988] and fission barrier
characteristics[Bjørnholm and Lynn 1980, table XXXI] were taken from experimentif available;
otherwisethe fission barriersof Howardand Möller [1980]anda nuclearmassformula[Hilf etat. 1976]

Table 3.1
Cross sections at 30 keV

Isotope Q~ B, o(n,-y) o-(n, f) Isotope Q0 B, o(n, ~y) u(n,f) Isotope Q, B, o(n, -y) o-(n, f)

238 4.81 6.46 138-1 1.09-5 245 5.18 5.37 1.78-1 5.21-1 252 2.67 3.69 3.70-3 8.66-4
239 5.93 5.75 1.71-1 4.40-0 246 3.50 5.26 2.11-2 2.13-7 253 4.04 3.33 1.28-4 3.33-0
240 4.36 6.14 1.25-1 1.25-7 247 4.89 4.86 6.07-2 1.37-0 254 2.40 3.28 2.12-3 1.15-2
241 5.76 5.91 5.27-1 5.63-1 248 3.22 4.72 1.16-2 5.55-6 255 3.77 2.97 1.49-5 2.47-0
242 4.07 6.09 6.61-2 7.22-9 249 4.60 4.30 6.33-3 3.13-0 256 2.13 3.00 1.22-4 3.76-1
243 5.47 5.75 3.42-1 3.38-1 250 2.95 4.18 6.41-3 1.12-4 257 3.49 3.09 4.83-5 2.19-0
244 3.79 5.80 1.94-2 4.88-8 251 4.32 3.79 6.83-4 3.46-0
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Fig. 3.21. Contour linesof thefission barrierminustheneutronseparationenergy,B,— S~(in MeV), from Howard and Molter (1980]. Whenthis
quantity is negative,neutron-inducedfission will occur.
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were employed. This means that, for uranium isotopesof A > 240, thesequantitiesare predicted
theoretically.

For the caseof aneffectively instantaneousexposureof 238Uto thermalneutronsof 20—30keY, with
a high fluenceof 5 x 1024 to 2.4 x 1025 n cm2(which resultsin shorterneutron-capturehalf-lives than
beta-decayhalf-lives evenfor very short-livednuclei), onewould expecta sequenceof multiple-neutron
captures.Suchconditionswere obtainedin a seriesof thermonuclearexplosionsin the 1950sand 1960s
[Eccles1970; Ingley 1969; Truran and Cameron19661. Dependingupon the designof the individual
device, it hasbeenassumedthat neutroncapturesoccuron a mixture of 238U and238Paseednucleiwith
varying ratios,the latter being initially producedby high-energyneutronsin a 238U(n,p)238Pareaction.

In the experimentwith the highestneutronflux (Hutch), nuclei as heavyas A = 257 werefound. If
we check table 3.1 for the possibility of multiple-neutroncaptures,we see that thereis only a 5%
chanceof neutroncaptureon 239U in comparisonto neutron-inducedfission. Therefollows a seriesof
eventswhereneutroncapturedominatesfor even-neutron-numbertargetsandis comparableto induced
fission for odd targets. The losses, therefore,are not larger than about 50% for every two mass
numbers.But, starting from 247U, inducedfission dominatesby two orders of magnitudeon odd-
neutron-numbernuclei and grows steadily,so that the productionof nuclei up to A = 257 would be
inexplicablein terms of neutroncaptures.

Upon checkingour calculationsfor Pa,wefind a similarbehaviorin that isotopicchainfor A = 246,
248, 250, etc., which leavesus with the sameconclusion. These results are understandablewhen
consulting fig. 3d of Howard and Möller [1980],see fig. 3.21, which showscontoursof the neutron
energiesrequiredfor inducedfission. At approximately247U, the energycontoursturn negative,i.e.,
inducedfission is alreadypossiblefor thermalenergies.Therefore,we mustconcludefrom experimental
evidencethat the theoreticalfission barriersemployedare too low for theseneutron-richnuclei.

Thielemannet al. [1983a]calculatedbeta-delayedfission and neutronemission for all nuclei with
75 ~ Z ~ 100 from stability to the neutron drip line for three different mass formulae, using the
methodsoutlinedabove.We showtheir resultingPf valuesin fig. 3.22. Their resultsareconsistentwith
the situationdepictedin fig. 3e of Howard and Molter [1980],seefig. 3.23, which showscontoursof

— Bf. This quantity becomespositivefor N> 152 andhasvery largevalues,up to 7 MeV, in anarea
around163< NK 172 and 88 K Z < 98.

Hoff [1986,19871 did a very careful analysis,testingspecifically whetherthe results of the Hutch
event are compatible with the predictions for beta-delayedfission. Starting from the observed
abundancesof beta-stablenuclei up to A = 257 afterthe event,he extrapolatedbackwardsto obtainthe
required abundancesof the uranium isotopes producedin the explosion, taking into account the
predictedfission lossesin each isobaricchain. A reasonableagreementbetweenpredictedabundances
[Eccles1970; Ingley 1969; Truran andCameron1966] andexperimentcouldonly be obtainedwith the
consistentuseof the fission barriersand nuclearmassesfrom Howardand MOller [1980].Nevertheless,
in this casean excessivelylarge abundanceof 257U is also predicted.

Since the 1976mass-formulaevaluation,which includesformulaesuchas thoseof Myers [1976]and
vonGrooteet a!. [1976],additionalknowledgeaboutthe extrapolationof nuclearmassesto regionsfar
from stability hasemerged.In someregionsof the nuclearchart,experimentaldata arenow available
for nuclei up to the vicinity of the r-processpath (i.e., 130Cd and 80Zn). The generalresult is that a
steeperslope of the “massparabola”is indicatedthan in most of the 1976 massformulae.Basedon ‘C

r-processstudies,Hilf et al. [1976]obtainedimprovedfits to the solar-systemr-abundances,whenusing
droplet-modelparameterswhich led to a steepermassparabola.The generaltrendtheyfound is close
to the presentexperimentalfindings and the most recentresultsby MOlter et a!. [1988](finite-range
dropletmodelwith improvedpairingcorrections,treatmentof nucleardeformations,etc.).The Howard
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Fig. 3.23. Beta-decayminusfission-barrierenergy,Q~,— B,, contoursfor the massformula of Howard and MOller [19801.Beta-delayedfission
becomesimportant where this difference turns positive. The contourline of 7 MeV, around Z = 92 and N = 170, indicates the area where 100%
beta-delayed fission is encountered.

and Möller [1980]masscalculationstill useda macroscopicmodel similar to the one of Myers [1976],
which resultedin too shallow a massparabola.Therefore,the predictedbeta-decayQ-valuesaretoo
small andneutron-captureQ-valuesare too large.

It is thenalsounderstandablewhy the Pf-valuesof Thielemannetat. [1983a],obtainedwith a more
realisticbut steepermassformulawith largerQ~-values,predictedtoo largeanamountof beta-delayed
fission. Given that the nuclearmassesseemto follow such a steeperslope,we must conclude— in
agreementwith the findings from neutron-inducedfission of uranium isotopes— that larger fission
barriers are neededto explain the experimentalresults from thermonuclearexplosions.This is in
agreementwith the most recentcalculationsby Meyeret al. [1989b]which areillustrated in fig. 3.24.
We note that the Q~— Bf valuesaresubstantiallyreduced,relativeto the situationshownin fig. 3.23.

Q~—fission-barrierheight (MeV)
I I I I I I I I I I I

N 100 —5 —4 —2 1 3 -

I :: ____________________________

I I I I I I I I

140 150 160 170 180
Neutron Number N

Fig. 3.24. Sameasfig. 3.23 but takenfromthe improved calculations of Meyer et at. j1989b].With thedrastically enhancedfission barriers (seefig.
3.6), Q~,— B,is reduced accordingly and leads to a strong reduction in beta-delayedfission aswell.
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It should also be noted that the experimentsmentionedabove clearly establishedthe effect of
beta-delayedfission by not producinganA = 256 isotopenor any isotopesbeyondA = 257, althoughin
a seriesof experimentsthe neutron fluence was progressivelyincreased.This effect, however,was
overestimatedas a resultof using the previouslydetermined(andpresumablytoo low) fission barrier.

4. R-processcatculations

4.1. Basic equations

The systemof differential equationsfor an r-processnetwork includesthe terms for all strong,
electromagneticandweak interactionsgoverningthe nucleartransformations.Theseinclude neutron
captures,neutron-inducedfission, photodisintegrations,beta decays,beta-delayedneutron emission
and fission. For nuclei with Z <80, fission does not play any role and neutron captures,photo-
disintegrationsandbetadecaysdominate.We canwrite a generalsetof N differential equationsfor the
time rate of changeof the individual nuclearabundancesas (see, e.g.,Clayton [1968]),

V(Z, A) = Az.,AYz.,A + pNA(uv)z.AYzA.Yfl, (4.1)

wherethe first termon the right-handsideof eq. (4.1) includesbetadecays(with all possibleemission
channels)andphotodisintegrations.The secondtermincludesall neutron-inducedreactions.Theterms
canbe positive or negative,dependinguponwhetherthey produceor destroythenucleus(Z, A). For
the heavy (i.e., high Z) and neutron-richnuclei in question,only neutron-inducedreactionsare of
importancedue to the high Coulombbarriersbetweenthe particles.

Thus, only reactionsinvolving neutronsas projectilesor emitted particles,such as (-y, n) photo-
disintegrationsand beta-delayedneutronemission,needbe considered.The numberdensitiesn are
relatedto the abundances,Y, by

n pNAY, (4.2)

wherep is themassdensityandNA is Avogadro’snumber.Using thisequation,wecan replacePNAYfl
in eq. (4.1) by n,,, underliningthe factthat thenumberdensityof neutronsis theimportantquantity for
the r-processratherthan theneutronabundance.Dependingupon the specific conditions,either beta
decayscan be fasterthanneutroncapturesandphotodisintegrationsin an s-process,or vice versawhen
(n, -y) ~± (-y, n) equilibrium exists. If the beta flow (i.e., the decayof the nuclei as a result of beta
decays)from eachZ-chainto Z + 1 is equalto the flow from Z + 1 to Z + 2 thena steadyflow or beta
flow equilibrium will exist. When (n, -y) ~ (y, n) equilibrium or a steadyflow conditionexists, certain
simplifying assumptionscan be madein solving eq. (4.1). Thesesimplifications make it possible to
avoid havingto solvethegeneralsetof equations,which normally involvesa linear systemof the sizeof
the nuclearnetwork. We first discussthesespecialcasesbeforeconsideringthe generalcasein section
4.4.

4.2. (n,y) ~(y, n) equilibrium or the waiting-pointapproximation

As long as thereare enoughreactionpartners,i.e., a high neutrondensityand a large high-energy
photondensity(= high temperatures),wecanexpectthat strongandelectromagneticinteractionsoccur
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on a muchfaster timescalethan weak interactions(i.e., betadecays).(This will not be the casefor
chargedparticleslike protonsandalphaparticles,becauseof the largechargeandCoulombbarriersof
the heavy nuclei involved.) In such a case,involving large neutron-captureand photodisintegration
rates,thebeta-decayratesbecomenegligible in eq. (4.1) andthe abundanceequationfor thenucleus
(Z, A) is dominatedby the following terms:

~‘(Z, A) = A2(Z,A + 1)Y(Z, A + 1)— (o~V)ZAYZAnfl. (4.3)

The high nuclearrateswill ensurean equilibrium, i.e. ~‘(Z,A) = 0, and an abundanceratio

Y(Z,A+1) — ((TV)ZA 44
Y(Z, A) — A2(Z, A + 1) n~. ( . )

This condition is known as (n, ‘y) ~ (-y, n) equilibrium or the waiting-point approximation,where the
nucleuswith maximumabundancein eachisotopic chainmustwait for the longerbeta-decaytimescale.

Reactionrates for captureand photodisintegrationare relatedby detailedbalance[Fowleret al.
1967]

A~(Z,A) = G +1) (A~1 )
312(rnUkT)3/2(~v)ZA exp[-S

0(Z, A)/kT]. (4.5)

Here G denotesthe partition function (m~is the nuclear massunit) and S~the neutronseparation
energy or the neutron-captureQ-value. Equations(4.4) and (4.5) lead to a prediction for the
abundanceratioswhich is dependentonly on n0, T and S~,

Y(Z,A+1) — G(Z,A+1) (A+1\
312(2ih2~312 S Z A IkT 46

Y(Z,A) — ~ 2G(Z, A) ~ A I \m~kT) exp[ ~( , ) ]. (

S
1, introducesthe dependenceon nuclear masses,i.e., a nuclear mass formula for these very

neutron-richunstablenuclei. Under the assumptionof (n, ~y)~±(-y,n) equilibrium (i.e., the waiting-
point approximation),we do not needa detailedknowledgeof neutron-capturecrosssections.This is
probablythe main reasonwhy many earlycalculationsmadeuseof this approximation.It is, however,
valid for quite a numberof conditions (seediscussionbelow).

One fact which can be easily deducedfrom eq. (4.6), given that AI(A + 1) 1 and neglecting
differencesin the ratiosof thepartition functions, is that theabundancemaximain eachisotopic chain
are determinedby the neutronnumberdensityn~,and the temperature.Approximating Y(Z,A + 1)I
Y(Z,A) by one at the maximum, and all other quantitiesbeing constants,the neutronseparation
energy,S,, hasto be the samefor all abundancemaximain eachisotopic chain. The abundanceflow
from eachisotopicchainto thenext is governedby betadecays.We canintroducea total abundancein
each isotopic chain Y(Z) = ~A Y(Z,A), and each Y(Z,A) can be expressed as Y(Z,A) =

P(Z, A) Y(Z). The individual population coefficients, P(Z, A), are obtainedfrom the equilibrium
condition (eq. 4.6).The set of differential equationswhich replaceseq. (4.1) in this caseis

Y(Z)= Y(Z— 1) ~ P(Z — 1, A)A~(Z— 1, A) — Y(Z) ~ P(Z, A)A~(Z,A), (4.7)

whereA~(Z,A) is the beta-decayrateof nucleus(Z, A).
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This meansthat insteadof solving a systemof differentialequationsfor all individual constituents,it
is sufficient to solve a systemwhich containsonly as manyequationsas the numberof Z-chains.The
individual abundancesareobtainedfrom eq. (4.6).The neutronnumberdensityis governedby the fact
that the total number of nucleons, free and in nuclei, is constant in time, i.e., Y~(=n,,I
pNA)+ ~ZA AY(Z, A) = constant.Resultsof an r-processcalculationperformedunderthe assumption
of (n, -y) ~ (-y, n) equilibrium are illustrated in fig. 4.1 from Thielemannet al. [1983b].

The waiting-pointapproximationis only valid if eitherthe temperatureorneutronnumberdensityof
thegas is very high [Cameronet al. 1983a]. If not, the flow of nuclei toward higherneutronnumberN,
for a given protonnumberZ, is steadilydepletedby betadecay.As a result,only a small fraction of the
flow can actually reacha waiting point. This meansthat the waiting-point approximationis only valid
for certainastrophysicalconditions.Cameronet al. [1983a],usingsteady-flowcalculations,found that
for temperaturesof 2 x i09 K and higher, the waiting-point approximationwas valid for neutron
numberdensities,n~,as low as 1020 cm3. On theotherhand,they foundthat for lower temperatures
(—.10~K) and high valuesof n~(‘— 1025 cm3), the waiting-point approximationwas no longer valid.

Theirwork constrainsthe typesof astrophysicalenvironmentsthat can be studiedusingthe techniques
of classicalr-processcalculations.Mathewsand Cowan [1990]illustrate the conditionsfor which the
waiting-point approximationis valid (fig. 4.2 and their fig. 3). It should be noted, however,that the
positionsof the curvesin fig. 4.2 are somewhatdependentupon the massformula employed.

4.3. Steadyflow

Cameron et al. [1983b]examinedthe sensitivitiesof r-process yields to a number of physical
quantities.Their original motivationwas to examinethe typesof r-processconditionsthatmight occur
in the helium layer of a star undergoinga supernovaexplosion (seesection5), but their parameter
studies were not confinedto any specific astrophysicalenvironment.In their nucleosynthesiscalcula-
tions, theyusedtheheavy-nucleinetworkof Truran etal. [1978a,1978b],which contained6033 nuclei
from proton number14 to 114. Eachof thesenuclei could undergoneutroncapture,photodisintegra-
tion with emissionof neutrons,and betadecaywith the emissionof up to threeneutronsfrom the
productnucleus,dependingupon the excitationof that nucleusafter betadecay.

To facilitate their r-processstudies,Cameronet al. [1983b]useda steady-flowapproximationto the
r-process,which they defined in the following terms. A steadyrate of input of nuclei occurs at the
bottom of thenetwork (in their case28Si), andnuclei areallowedto flow out at the top of thenetwork.
After a long enough time, and if fission cycling is neglected,thenall the nuclei in the network will
approacha steady-stateabundancein which Y(Z,A) = 0 and the rateof inflow of nuclei is equalto the
rateof outflow of nuclei. The equationfor eachnucleuscan be written as

(uv~Z,A_lY(Z, A — 1)n~+ A~(Z,A + 1)Y(Z,A + 1)

+ A~(Z—1, A)Y(Z—1, A)+ A~~(Z—1,A + 1)Y(Z—l.A + 1)

+ A~
2fl(Z—1,A+2)Y(Z—1,A+2)+A~3~(Z—1,A+3)Y(Z—1,A+3)

= (ov~zAY(Z,A); + A~(Z,A)Y(Z,A)

+ [A~(Z, A) + A~~(Z,A), +A~2~(Z,A) + A~3~(Z,A)]Y(Z, A), (4.8)

where (a-v) is the thermallyaveragedneutron-capturecrosssection,A~is thephotodisintegrationrate,
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Fig. 4.3. R-processyield curvesfor aneutronnumberdensityof 1020cm
3 from Cameronet al. [1983b].The top curve is the observed solar-system

r-processcurve from Cameron[1982a1.Themiddle curveis thesteady-flowabundancecurve,andthebottomcurveis theresultof lettingthenuclei
whose abundances are given in the middle-curve beta decay to the valley of beta stability. The vertical normalizations of the curves are arbitrary.

is thebeta-decayrate,and Apn, Ap 2n’ and arethebeta-decayrateswith theemissionof one,two
andthreedelayedneutrons,respectively.n~is the neutronnumberdensity,andY is the abundanceof
the individual nucleusas definedin eq. (4.2).

The left-hand side of equation(4.8) representsthe inflow of nuclei and the right-handside the
outflow of nuclei. This equationcan be applied to all of thenuclei in the network. The ratio of each
nuclearabundanceto theabundanceofthe lightestnucleusin thenetworkcanthenbedetermined.The
steady flow is progressivesuch that eachrow of nuclei of specifiedZ is populatedby beta decay of
nuclei with Z — 1 andis depletedasa resultof betadecayto Z + 1. Becauseof this progressivenature,
thesolutionof theequationsis simplified. The network is, in fact, solved onerow of Z at a time once
the input to it from the precedingrow hasbeenestablished.The resultsof someof the steady-flow
calculations[Cameronet al. 1983b] are shown in fig. 4.3.

While the steady-flowapproximationis not asapplicableasa fully dynamiccalculation(seesection
4.4 below), it can be appliedfor calculationsin which theneutrondensity only changeson time scales
long in comparisonto beta-decayhalf-lives. In that case,anequilibriumbetweenthe totalabundanceof
nuclei with chargenumbersZ and Z + 1 is always established,without assumingan (n, -y) ~± (-y, n)
equilibrium. The waiting-point approximationusedin the classical(or equilibrium) r-processcalcula-
tions, however,assumedthat nuclei movefasttowardsthewaiting points in eachisotopic chaincloseto
the neutrondrip line. This approximationneglectsthe betadecaysalong the path before the waiting
point in caseof low neutronnumberdensitiesand temperatures.

4.4. Dynamicr-processcalculations

In studying various astrophysicalenvironmentsit was found that there were conditions where
heavy-nucleisynthesismight occur, but at neutron number densities far less than assumedin the
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classicalr-process(see, e.g., Cameron[1973],Blake and Schramm[1976],Cowan and Rose [1977],
Truranet al. [1978a];andThielemannCt al. [1979]).To studytheseenvironmentsandto calculatethe
amountof r-processsynthesisrequiredusing different techniquesthanhad beenusedpreviously in the
equilibrium modelsemploying waiting points. As indicatedabove, the waiting-point approximationis
only valid when the neutron numberdensity and/or the temperatureis very high. The steady-flow
techniques(alsodescribedabove)correctlytreatthe neutron-captureratesandbetadecaysof individual
Z chains, and have the advantageof not using the waiting-point approximation. However, the
steady-flowassumptionignoresthe effectsof neutroncapturesandbetadecayson the dynamicsof the
r-process.Thus, while the steady-flowapproximation is useful when studyinga numberof different
r-processconditions,it is not comparableto a full dynamicr-processcalculation,particularly wherethe
temperatureand neutronnumber densityare falling rapidly with time. Dynamicmodels are required
for the studyof r-processconditionsover a wide rangeof neutronnumberdensities.

The dynamic modelsof Cowan et al. [1983]are illustrative of the techniquesneededto study
nonstandard(or nonclassical)r-processenvironments.In thesedynamiccalculations, (n, -y) ~± (i, n)
equilibrium is not assumedandthe steady-flowapproximationis not used.Instead,the r-processpathis
determinedby competition betweenthe neutron capturesand the beta-decayrates. The neutron-
captureandbeta-decayratesaredeterminedfor eachnucleusas a function of temperature,densityand
neutronnumberdensity. If the neutron-capturerateis higher than the beta-decayrate,thena neutron
is normallycaptured.If not, thennormally a betadecayoccurs.The r-processpaththereforeis affected
both by the astrophysicalconditionsand by the nuclearpropertiesof the individual nuclei.

The dynamicalnetwork used by Cowan et al. [1983]consistedof two parts. One part was a
charged-particlenetwork that was responsiblefor theproductionof neutrons,particularly asa resultof
(a, n) reactionson light nuclei such as t3C The secondpart of thedynamicalnetwork was an r-process
(neutron-capture—beta-decay)codethat determinesthe abundancesof the heavynuclei. This network
extendsfrom Z = 14 to 114 and containsall nuclei from the so-called“valley of beta stability” to the
“neutron-dripline”. Usingthe massformulaof Truranet al. [1970]to determinethe drip line resulted
in a total of 6033 nuclei in this r-processnetwork. (Other massformulae,which predict differentdrip
lines,will result in a differentnumberof nuclei.Thus,for example,usingthe massformulaof Hilf etal.
[1976]resultsin 3937 nuclei in the r-processnetwork; seethe appendix.)The individual nuclearmasses,
the neutron-captureand beta-decayQ-values,and the shell and pairing energieswere also calculated
with the massformulaof Truranet al. [1970].The neutron-capturerateswerecalculatedwith statistical
modelmethods(seesection3.4) andthe beta-decayrateswere takenfrom the grosstheoryor Klapdor
et al. [1984],whereexperimentalvalueswere not available.

Thesetwo networksarecoupledtogethersuch that theyboth run simultaneouslyateach time step,
and the numberof neutronsproducedand capturedis transmittedback andforth betweenthem.The
numberof neutronscapturedper secondper cm3 by the heavyelements,R~,can be written as

R~= PNAYS= ~ pNAY~(a-v)nfl, (4.9)

where Y
1 is the abundanceof isotopei, and (a-v) is the thermally averagedneutron-capturerate for

isotopei. Thus at eachtime step,the neutronsproducedby thecharged-particlenetwork areintroduced
into the neutron-capture—beta-decaynetwork.The numberof neutronscapturedin thisnetwork is then
determined,using eq. (4.9), and cycled back to the charged-particlenetwork to ensurean accurate
accountingof the numberof neutronsproducedand absorbed,and to ensuremassconservation.
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We repeatherethe descriptionof the numericaltechniquesusedin thesedynamicalcalculationsthat
was outlined in Cowanet al. [1983](first employedby Cameronetal. [1970]).Thenumericalmethods
employed in the solution of the r-processrate equationsinvolve the straightforwardapplicationof
implicit differencingtechniques.Considerthe following representativesegmentof the nuclearreaction
network:

(Z+1,A—2) (Z+1,A—1) (Z+1,A)

(Z, A —1) (Z, A) (Z, A+1)

(Z—1, A) (Z—1,A+1) (Z—1,A+2).

We include all possibleneutron-captureandphotoneutronreactions,as well as betadecaysleadingto
the emissionof zero,one, two, or threedelayedneutrons.The rate of changeof the abundanceof
nucleus(Z, A) is thengiven by

V(Z, A) = n~Y(Z,A — i)crA_l + Y(Z, A + l)AA+I

— Y(Z, A)(nfla-A + AA + + + ~2n +

+ Y(Z — 1, A)A~’~+ Y(Z — 1, A + 1)A~t’~1+ Y(Z —1, A + 2)A~~2

+ Y(Z — 1, A + 3)A~~’4’~3 (4.10)
where Y(Z, A) is the abundanceof nucleus (Z, A), n,, is the neutronnumber density, o~A~is the
thermallyaveraged(n, -y) reactionrate (a-v~of nucleus(Z, A — 1), AA+I is the photodisintegrationrate
(“s’, n) for nucleus(Z, A + 1), A~is the beta-decayrateof nucleus(Z, A), A

13fl is the rate of beta decay
followed by the emission of one delayed neutron,A~20is the rate of beta decay followed by the
emissionof two neutrons,andA~3~is the rateof betadecayfollowed by the emissionof threeneutrons.

In a fully implicit treatment,the stiff differentialequationsin eq. (4.10)can be rewritten (see,e.g.,
Press[1986,section15.6]) as differenceequationsof the form

z~Y(Z, A)/z~t=f(Y(Z1, A,, t+~t)), Y(Z, A, t+~t)= Y(Z,A, t)+z~Y(Z,A).

In this treatment,all quantitieson the right-handside are evaluatedat time t + ~\t. If the neutron
abundance(Y~= nfl/pNA) was treatedin the samemanner,this would result in a set of nonlinear
equationsfor the new abundancesY(Z, A, t + z~t),which can be solved using a multidimensional
Newton—Raphsoniterationprocedure.If we assumethat n,, is constant(over a time 1st), eq. (4.10)
leadsto a set of linear equationsfor the ~Y,

z~Y(Z,A)/z~t=nfluAl[Y(Z, A—i) + ~Y(Z, A—i)] + AA÷l[Y(Z, A + 1) + z~Y(Z,A + 1)]

— [Y(Z, A) + ~Y(Z, A)](flfla-A + AA + + + ~2fl + A~25)

+ [Y(Z—1,A)+~Y(Z—1,A)]A~~

+ [Y(Z —1, A + 1) + ~Y(Z —1, A + l)]A~t~

+ [Y(Z —1, A + 2) + i~Y(Z—1, A + 2)]A~’~
2

+ [Y(Z —1, A + 3) + ~Y(Z —1, Z + 3)]A~3. (4.11)
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Here, consistentwith the implicit treatment,the derivativeat time t is setequalto its value at time
t + ~t. The critical assumptionwe havemadeis that the neutronnumberdensityn,~remainsconstant
over the time interval i~t.This, as weshall seebelow,allows greatsimplicity in the algebraicsolutionof
the differenceequations.

Note that for the lowestZ occurringin the r-processnetwork,Zmjn~eq. (4.11) containsonly s-terms
for (Z, A — 1), (Z, A) and(Z, A + 1), and thus reducesto a tridiagonalmatrix of the linear system.
Having solved thesefirst lines for all nucleiwith Z = Zmin~the s-termsin the following equationsfor
nucleiwith Z — 1 = Zmjfl arealreadyknown,andneedno longer be treatedas unknownvariables.Then
the equationsfor this isotopic chain also becometridiagonal for (Z, A — 1), (Z, A), (Z, A + 1), etc.
Thus eq. (4.11)can be rewritten in the following form for any isotopechain:

iXY(Z, A)(1/z~t+‘1n°A + IkA + A
13 + A~0+ ~‘I32fl +

— I~Y(Z,A — 1)nfloA1— I~Y(Z,A + 1)AA÷f

= ~‘(Z,A, t(Z), t + i.~t(Z— 1)) , (4.12)

where n~,Y(Z,A — 1), Y(Z, A) and Y(Z, A + 1) are evaluatedat time t, and Y(Z — 1, A), Y(Z—

1, A + 1), Y(Z —1, A + 2) and Y(Z —1, A+ 3) are evaluatedat t = t + ~t.

For eachnucleusalong a specifiedisotopechain we thushavean equationof the form

a1.~~1+ b,ii, + c,4~1= d, (4.13)

wherein general

= fln�TAI~ b~= (1I~t+~n
0A + AA + A~+ A~fl+ A~

20+

(4.14)
c~=—AA+l, d=Y(Z,A,t(Z),t+i~t(Z—1)).

The set of linearizedequationsfor each isotopechainthus definesa tridiagonalmatrix, the algebraic
solutionof which is quite straightforward.

This methodof solutionof the r-processnetwork equationsthen proceedsas follows. Commencing
with the isotopechainfor Zmjn, for which thereis no introductionof new nucleivia betadecay,a set of
linearizedequationsof the form (4.13) aresolvedfor successiveisotopechains.The abundancesof the
nucleiof lower Z, which determinethe forwardprogressionof flows via betadecay,aretakento be the
valuespreviouslydeterminedfor time t + L.t. When this procedureis concluded,the neutronnumber
densityis updatedconsistentwith the calculatedgainsandlossesintegratedoverthe time step,andthus
with baryonconservation.One then advancesto the next time stepandrepeatsthe entire procedure.

We emphasizethat, subjectonly to the restrictionsimposedby the assumedconstancyof the neutron
number density over the time step i~t,this method provides an exact solution to the difference
equations.This procedurethusallows the advantagesassociatedwith the use of implicit techniques,
evenfor a full r-processnetwork containing6033 nuclei.An exampleof a dynamicr-processcalculation
is shown in fig. 5.2.

4.5. Constraintson r-processconditionsfrom r-abundancesand nuclearproperties

After having discussedall possible neutronnumber densityand temperatureconditionsand the
appropriatenumericalmethodsto solve the r-processnetwork, it might be worthwhile to ask if the
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isotopic abundancepatternsfound in solar r-processabundancestogether with our knowledge of
nuclear propertiescan give a clue to the r-processconditions.Becauseof recentexperimentaland
theoreticalefforts in regionsaround A 80 (neutronmagic number N = 50) andA 130 (N = 82),
wherethe r-processpath comesclosestto stability, it is most appropriateto focus on the abundance
patternsin both of theser-processpeaks.

Beta-delayedneutron emission has been discussedin section 3.5. It hasan impact on the final
shapingof the isotopic abundancesafter the r-processfreeze-outand during the beta decaysback to
stability. Figures4.4 and 4.5 (from Kratz et al. [1988])summarizethe information in the N = 50 and
N = 82 regions.Pa-valuesaregivenin % of the total betadecaysof the parentnucleus.Exact numbers
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Fig. 4.4. Schematic view of the r-process path and the r-abundance features in the A 80, N 50 region. The i,,, and P, values indicated in this

figure areeitherexperimentalor, whenprecededby an sign, RPA predictions(from Kratzet al. [1988]).Theencircled isotopes are stable and are
the endproductsof the r-process,afterbetadecay.The solar r-processabundances(normalizedto Si = 106) of thesestablenuclei aredisplayedin
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indicate experimentalvalues,numbersprecededby a sign comefrom RPA calculations.With this
informationit is possibleto predicttheisotopicratiosof thefinal stablenucleiafter decay(circleson the
upper left side of the figures), provided that we know where the r-processpath is locatedand the
abundancesof nuclei in the path.

Kratz et al. [1988]madethe working hypothesisthat the r-processabundancesare producedunder
conditionsof (n, y) ~± (y, n) equilibrium [seesection4.2 andeq. (4.6)]. In such a case,for a numberof
Z values at the neutron magic numbersN = 50 and 82, only one isotope contains the dominant
abundancewith N = Nmagtc.At a maximum Z, the r-processfinally branchesoff from the magicneutron
numberand two even-N isotopesshare the dominantabundance.In this way, the isotopic ratios of131’1331n and 81’83Gaare relatedto the abundancesof the stableisotopes131’°32Xeand 81Br and 83Kr.
The beta-delayedneutronemissionof 1331n and 83Ga play an important role in theseratios, and are
both experimentallydetermined.In order to reproducethe solar r-processratios, certain neutron
numberdensitiesandtemperaturesare required,as indicatedin fig. 4.6. The dashedlinesindicatethe
conditions necessaryto reproducethe °1’t3Gaand 131’1331n isotopic abundanceratios, using two
different massformulae. The solid lines constrain the necessaryconditionsfor which either ‘27Rh,
128Pd,129Agand 530Cd,or 77Co,78Ni, 79Cuandt0Zn possessthe maximum abundancesin their isotopic
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Fig. 4.6. Temperature—neutron-densityrangeswhich give thecorrect r-processpath throughthe N = 50 (lower part) and N = 82 (upperpart)
waiting-point nuclei, under the assumption of (n, ‘y) ~ (‘y, n) equilibrium. The temperature and density conditions are given for two mass formulae
whosebehavioris similar asseenfrom thesolid lines. The dashedlines indicatethe locationsat which the ‘

3°Gaand ‘33°’Inratiosareobtained,
which reproduce the solar 85KrI”Br and ‘33”Xe ratios.The consistenttemperatureand densityconditionsfound in both casesillustrated, under
the assumption of (n, -y) ~ (‘y, n) equilibrium, suggests that the solar-systemr-processabundancesresultedfrom afreezeoutof suchconditions(from
Kratz et al. 119881).

chains.Onecan seethat theseallowedregionsincludeeachother. In addition,the requirementsfor the
A =80 andA 130 regionsareidentical.Theseargumentssuggestthat the solarr-processabundances
wereproducedunderconditionsconsistentwith (n, -y) ~ (-y, n) equilibrium.

One can perform an additional test. When assumingthat we have a steady-flow (or beta-flow)
equilibrium(seesection4.3); in addition to an(n, -y) ~± (-y, n) equilibrium,we alsohaveY(Z) = 0 in eq.
(4.7).Whenwe applythis last conditionto the isotopicchainscloseto the A = 80 and 130peaks,where
only onenucleusdominatesthe abundancechain, the sumoverA in eq. (4.7) is reducedto oneterm at
N = 50 or 82. In such a case,we find Y(Z)A

13(Z) = constantalong N = 50 or 82. From the known
abundancesof stableisotopesandknownP5-valuesfor beta-delayedneutronemission,onecan predict
the abundancesin the r-processpath (c.f. boxesin figs. 4.4 and4.5), and thereforealso “predict” the
beta-decayhalf-lives for thesenuclei, providedthat a steadyflow existed.Table 4.1 (from Kratz et al.
[1988]) indicatesthat the half-lives predictedin such a way agreecloselywith experimentalor RPA
valuessuggestingthat a beta-flow or steady-flowequilibrium was achieved.If on the otherhand, such
an (n, ‘y) ~± (-y, n) and steady-flow equilibrium is assumedand the beta-decayhalf-lives are already
known, it is possible to predict the abundancepatternin the A 80 region. Normally, beta-delayed
neutron emission is thought to smearand smooth out abundancefluctuationsin the r-processpath,
when they occur in a statisticalway. In the region 75 < A< 85, however, the predictedbeta-delayed
neutron emission seemsto enhancethe odd—evenstaggering,in agreementwith the observedsolar
r-processabundances(seefig. 4.7 from Kratz et al. [1990]).
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Table 4.1
Beta-decay half-lives from Kratz et al. [1988]

Beta-decayhalf-life, T,
12 ms Beta-decayhalf-life, T~,2ms

Isotope Exp. RPA-S.M. Beta-flow Isotope Exp. RPA-S.M. Beta-flow

‘
331n 180±20 123 ‘3Ga 308±4 288
‘311n 278±3 240 “Ga 1218±4 1070
‘30Cd 195 ±35 235 180 “Zn 540±30 502 750
‘29Ag 172 160 79Cu 193 200 ‘I

°‘Pd 115 140 7’Ni 207 185 ‘C

°7Rh 67 100 77Co 6.3 ~311.5‘I
o)Normalizedto experimentalT

112(’°Zn).

56 _____________________
Nra (coic)

~I1~II~

7tGe
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Fig. 4.7. Comparisonof the solar r-processabundancesin theA‘~80region with predictedabundances.The calculationsemploy the conditions
shownin fig. 4.6 and assume(n, ‘y) ~ (‘y, n) equilibrium in conjunctionwith a steady-flow(or beta-flow) equilibrium (from Kratz et al. [1990]).

While all of this is not a direct proof, it is accumulatedcircumstantial evidencethat the solar
r-processabundancesoriginatedfrom freeze-outabundancesof an r-processwith highneutronnumber
densitiesand temperaturestypical of (n, -y)~(’y,n) and steady-flowequilibrium, i.e., the conditions
illustratedin fig. 4.6. This mayhelpus to makea choicein section5 aboutthe mostprobabler-process
site.

5. Astrophysicalsites and models

Despitemany yearsof effort, the site for the synthesisof the r-processnucleiremainsunknown.This
searchhasbeencomplicatedby the fact that a knowledgeof both the astrophysicalenvironmentsand
the nuclearpropertiesof very neutron-rich(i.e., radioactive)nuclei is required. We presenthere a
reviewof the variousastrophysicalsites that havebeensuggestedover the years.We alsonotethat it is
possible,althoughit now appearsvery unlikely, that more thanonesite could havecontributedto the
solar-systemr-processabundances.Additional reviews dealing with the site for the r-processinclude
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those of Hillebrandt [1978],Truran [1984],Mathews and Ward [1985],Cowan et al. [1986a]and
Mathewsand Cowan[1990].

The astrophysicalsites for the productionof ther-processnuclei can be categorizedinto threebroad
classesof primary,secondaryandprimordial. The first part of this chapterreviewssitesassociatedwith
the primary or direct production of the r-processelements,such as might occur as a result of the
expansionandcoolingof a neutron-richgas.Thesepotentialsitesincludetheregionsjust outsideof the
neutronizedcoresof supernovae,“bubbles” or “jets” of neutronizedmatter ejectedfrom the collapse
of rotating (and magnetized)stellarcores,andneutron-star—black-holeand neutron-star—neutron-star
collisions. Secondaryproduction,where the r-processelementsare “built up” as a result of neutron
captureon a preexistingheavyelement“seed” distribution, is then reviewed.Such possiblesecondary
production sites include the helium zones and the carbon zones of stars undergoingsupernova
explosions,and helium coresof low massstars.This section is followed by a discussionof the possibility
of primordial production of heavy elements.Recent work has suggestedthat certain big bang
cosmologiesmight lead to such a production.

5.1. Primary production

5.1.1. Supernovacores
The shorttimescale(i.e., seconds)for neutroncapture,andthe correspondinglylargeneutronfluxes

required,havefor sometime suggestedan explosiveastrophysicalorigin for the r-process.Early (and
clearlyunsuccessful)attemptsto associate254Cf with the light curveof typeI supernovae[Burbidgeet
a!. 1956; Baadeet al. 1956] led Burbidgeet al. [1957]and Cameron[1957]to associatethe r-process
with the neutron-richmaterial in anexplodingsupernova.(We nowknow, of course,that it is 56Ni that
powersthe light curves.)Theseworkswere followed by the studyof Seegeret al. [1965]which was the
first time-dependent,numericalstudyof the r-process.The r-processcalculationsof Seegeretal. were
madeunder the assumptionof (n, y) ~± (-y, n) equilibrium, but also included a beta-decayreaction
network.This was an improvementover the earlier r-processcalculationsof Burbidgeet al. [1957],
which assumeda steadyflow. Seegeret al. [1965]alsousedimprovednucleardatain their calculations.
Burbidgeet al. [1957],for example,estimatedbeta-decayratesby consideringonly the decayof the
ground stateof the parent nucleusto the ground stateof the daughternucleus.More accuraterates
wereobtainedby Seegeretal. whoallowed for the possibilityof beta decaysto lowlying excitedstates
in the daughternucleus.Later work indicatedthat thesebeta-decayrateswerestill too slow dueto the
neglectof additional excitedstatesavailablefor beta decay[Cameronet al. 1970].

Assumingan initial compositionof iron andneutrons,Seegeret al. [1965]wereableto fit some(but
not all) of the featuresof the observedsolar-systemr-processcurve. To do so, however,they had to
assumethat two different astrophysicalenvironments— one of short duration (—~4s) and the otherof
longduration(�4s) — were responsiblefor synthesizingthe r-processmaterial.Theyconcludedthatthe
threedifferentsolar-systemr-processmasspeakscould not be producedunderthe samesetof physical
conditions. Further studies of the r-processin regions just outside of the neutronizedcores of
supernovaewere made by a number of authors, including Cameron et al. [1970],Kodama and
Takahashi [1973], Schramm [1973], Sato [1974],Kodama and Takahashi [1975], Hillebrandt and
Takahashi[1976],Hillebrandtet al. [1976],andHillebrandt [1978].

The early numericalcalculationsregardingthe r-process,such as thoseof Seegeret al. [1965],were
static andassumeda constanttemperatureand neutronnumber density. An exploding supernova,
wherethe r-processwas believedto occur, however,would not be static.The first dynamicalr-process
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calculationsweremadeby Cameronet al. [1970]whostudiedthe r-processunderconditionsof varying
temperatureanddensityfor a numberof expandingsupernovaenvelopeadiabats.However, their fit to
the solar-systemr-processcurve was not good, due in part to the lack of adequatenuclear data
(particularlybeta-decayrates)at that time. Theirmodelalsodid not includefission effects. Cameronet
al. [1970]also did not make a detailedcalculationof the freeze-out,but insteadassumeda sudden
freeze-outat low neutronnumber densitiesresulting in an r-processdistribution displacedfrom the
solarsystemcurve [Hillebrandt 1978].

Schramm[1973],also employinga dynamicalr-processmodel, demonstratedthat after the majority
of the neutronshad beencapturedin the freeze-out,(n,~y)~± (-y, n) equilibrium was no longer valid.
Schrammalsoshowedthat if nonequilibriumprocesseswereconsidered,the largeodd—evenabundance
effects createdby (n, ‘y) ~± (-y, n) equilibrium could be smoothedout naturally during freeze-out.
Previousstudieshadto useartificial and nonphysicalmeansto achievea smoothingsimilar to that seen
in the solar systemdistribution.Schramm’swork alsosuggested,in contradictionto Seegeretal. [1965],
that one site could synthesizethe total solar-systemr-processabundances.While Schramm[1973]
achieveda better fit to the solar-systemr-processabundancesthan Cameronet al. [1970],he was still
unableto reproduceall of the observedmasspeaks.Thiswaspartly dueto the fact that Schramm[1973]
hadto usethe old beta-decayratesof Seegeret a!. [1965]andSenbetu[1973].Therewerea numberof
deficienciesin theseearlyestimatesof the beta-decayrates,asdiscussedabovein section3.3. Schramm
[1973]alsoassumedthat the initial compositionfor the r-processwasalargequantity of neutronsand
alphaparticleswith a few iron atoms.Detailednetwork calculations,however,indicatethat mostof the
neutronscould be capturedby light nuclei prior to any significant formation of the iron nuclei
[Hillebrandt andThielemann1977]. But a moregeneralsurvey of temperatureanddensityconditions,
in which the seed-nucleusproductionrateis compatiblewith r-processnucleosynthesis,wasundertaken
by Norman and Schramm[1979](seealso fig. 2.6).

Sato [1974]examinedthe r-processin conjunctionwith a thermodynamicequationallowing for a
nonadiabaticexpansion.He found thatthe energyreleasedas a resultof betadecaysandfissionsis an
important factor in determiningthe final r-processabundances.Therewere severalproblemswith this
model,however.The full set of thermodynamicandhydrodynamicequationswas not solvedconsistent-
ly, with the densityexpansionbeing representedby an analytic formula. The effects of beta-decay
heatingon the temperature(leadingto large nonadiabaticvalues)were also overestimated.A correct
treatment,including the effectsof heatingon the expansion,would havereducedthe deviationfrom an
adiabat[Hillebrandt and Takahashi1976; Hillebrandt 1978].

Hillebrandt et a!. [1976],Hillebrandt and Takahashi[1976],and Hillebrandt [1978]examinedthe
dynamical r-processby solving the nucleosynthesisequationsin conjunctionwith a one-dimensional
hydrodynamictreatmentof a supernovaexplosion.Thesemodelsincludedbeta-decayheatingandits
feedback into the hydrodynamicalequations.Using a single supernovaevent and a timescale of
approximatelyone second,a fair fit to the solar-systemr-processcurve was achievedwhena rangeof
ejectedmasszoneswas consideredwith a rangeof neutronto proton ratios [Hillebrandtet a!. 1976;
Hillebrandt and Takahashi1976]. These authorsalso found that odd—evenabundanceeffects were
smoothedout by delayedneutronemissionafter freeze-out(seefig. 5.1). Theirmodelsalso predicted
that the r-processterminatedfrom a lack of free neutronsbefore significant neutron-inducedfission
could occur.

It was alsofound, in contrastto Sato’s [1974]result, that the temperatureanddensityof matterin
the r-processfollowed the y 4/3 adiabat quite closely [Hillebrandt et al. 1976]. These authors
assumedthat (n, -j) ~± (-y, n) equilibrium existed until the freeze-out,when the neutron flux was
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Fig. 5.1. R-processcalculations from supernova-coremodels taken from Hillebrandt and Takahashi[1976].The solid line is for the set of
astrophysicalparameters:Tm,, = 1.2 x 10’°K,ama,= 5 x 10°cm ~1, T

00,, = 5 X 10°K and (nip),,,,= 7. The dashedline usesu,,,, = 4 X 10°cm s
insteadof 5 x 10°cms’. The dotted line assumes(nip),,,, = 8 rather than 7. The calculatedrelative abundancesof

206208Pb,209Bi, 232Th and
235238~jat 5 x iO°y aftertheevent,are indicatedby 7<, andtheobservedabundanceslAllen etal. 1971; Cameron1973] areplotted assolidcircles.

suddenlyturned off. Such a situationis unphysicaland in principle can distort the final abundance
pattern.The r-processcalculationsof Hillebrandt et a!. [1976]and Hillebrandt and Takahashi[1976]
also used the initial astrophysicalconditions, such as the supernovaexpansionvelocity, as free
parameters.Hillebrandt [1978],however,arguesthat the r-processresults,in general,arenot sensitive
to thoseastrophysicalconditions,with the notedexceptionof the initial maximumneutronto proton
ratio.

A more seriousproblemwith the model of Hillebrandt [1978],and all of the previouslymentioned
supernova core models, is that they predict a very large overproductionof r-processmaterial.
Hillebrandt et a]. [1976],for example,find suitableconditionsfor r-processnucleosynthesisin at least
0.4 M

0 of the explodingsupernova.In fact, such a largeamountof matter,with radially varying n/p
ratios, was requiredin order to fit the r-processabundancecurve. On the other hand,only a small
fraction of material per supernovais neededto reproducethe galactic r-processnucleosynthesis
requirements.Dependingupon the initial mass function and the assumedsupernovarate, estimates
rangefrom 1O_6 M® [Truran andCameron1971] to iO~M0 [MathewsandCowan 1990] of r-process
materialthatmustbeejectedper supernovaevent.Coremodels,therefore,that predict largeamounts
(e.g., 0.4 M0) of synthesizedmaterial are ejected per supernovawill overproducethe observed
r-processabundancesby a factor of —i0

3—i05. Thus, while most core models assumethat each
supernovaexplosionwould ejectthe samelargeamountof material,the observedr-processabundances
suggestthat perhapsonly a small subset of supernovaeare responsiblefor synthesizingr-process
material.

A second alternativeis that all supernovaeare responsiblefor r-processnucleosynthesis,but in
contrastto the modelsmentionedabove,only a smallmassfractionper eventis actuallyproduced.This
hasnot been demonstratedconclusivelyin any core model, however,partly due to the fact that the
amountof r-processmaterialrequiredpersupernova(i.e. 10_6 M

0 to i0~M0) is smallerthanatypical
numericalzone in a supernovamodel. A third alternative is that while many (or all) supernovae
producer-processnuclei,only asmall fractionactuallyejectthis synthesizedmaterial.In fact, all of the
modelsdiscussedaboveassumethe ejectionof r-processmaterial into the interstellarmedium.
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We note,however, that all of thesemodelsare directly dependentupon the still unsolvedtype II
supernovaexplosionmechanism,andthusareintrinsicallyuncertain Only whenreliablepredictionsare
availablefor the prevailingconditionsat the mass-cutin supernovaethat form neutronstars,will it be
possibleto perform consistentcalculationsof r-processsynthesis.For a generalreview of the current
type II supernova model calculations see Bruenn [1989],Myra and Bludman [1989],Baron and
Cooperstein[1991],andMayle andWilson [1991].

5.1.2. Bubblesandjets
The problemsencounteredby the supernovamodelsdiscussedabove,particularlythe difficulty in

ejectingthe synthesizedmaterial,led to other suggestedr-processsites andmechanismsfor ejection.
Onesuchclassis that of “bubbles”or “jets” of neutronizedmatterejectedfrom thecollapseof rotating
and/or magnetizedstellarcores [LeBlancand Wilson 1970; Schrammand Barkat 1972; Meier et al.
1976; Symbalisty1984; Symbalistyet at. 1985; Mdnchmeyerand Muller 1989; Hillebrandtet at. 1990].
Le Blancand Wilson [1970]studiedthe magnetohydrodynamiccollapseof a 7 M® starand found that
magnetic field lines were stretchedand amplified by differential rotation during the collapse.This
resultedin a difference in the magneticpressurewhich in turn led to the ejection (in a jet) of
neutron-richmaterial from the core into the stellar envelope.The magnetic fields required were
extremelyhigh. Le Blanc andWilson [1970]found that 102 M® of neutron-richmaterial wasejected
from a 7 M0 star. This presentsproblemssince, if all core-collapsesupernovaeled to jet ejections
typical of the Le Blanc and Wilson model, therewould againbe a large overproductionof r-process
material in the Galaxy. Alternatively, the actualejectionof the r-processmaterial into the interstellar
medium might be a rare event.

SchrammandBarkat [1972],in ageneralstudy of the r-processin explosiveenvironments,notedthe
difficulty of ejectingneutron-richmaterial.Dependingupon their frequencyof occurrence,Schramm
andBarkat [1972]suggestedthat the magneticjets found by Le Blanc andWilson [1970]were the site
for the r-process.Meier eta!. [1976]generalizedthework of Le Blanc andWilson [1970]by considering
a rangeof stellarcoremassesandinitial magneticfields. They found that mattercould eitherbeejected
violently immediatelyfollowing collapse,or ejectedas a resultof buoyancyinstabilitiesafter a number
of hydrodynamictime periods. In the first form of massejection[or magnetohydrodynamic(MHD)
explosion]very large amountsof r-processmaterialcould beejected,andthe energyreleasedcould be
comparable,in rare cases,to a supernovaexplosion (see also Muller and Hillebrandt [1979]). The
amount of r-processmaterial producedin this ejection (-= i0~)was much more than required to
reproduce the observedsolar-systemabundances.In the second form of ejection (or buoyancy
instability), Meier et al. [1976] found that highly magnetized,neutron-rich material near the core
expandsandrisesinto the envelopeof the star.This buoyancyinstability was found to occurfor awide
rangeof conditionsin cores,but only for timescalesmuchlonger thanthefree-fall time, andthusmuch
longer thanthat consideredby Le Blanc andWilson [1970].The studyof Meier et al. [1976]was only
semiquantitative,however,andthe authorssuggestedthat furthernumericalcalculationswere required
to quantify their generalresults.

Symbalisty[1984]andSymbalistyetal. [1985]alsoconsideredcollapsing rotatingcores.They found,
in contrastto Le Blanc andWilson [1970],that modelswith rotationonly (no magneticfield) could also
eject neutron-richmaterial from the core. The different resultscould be explainedby the improved
physics (e.g. neutrino—mattercoupling, an improvedstellar equationof stateandbetter presupernova
evolutionarymodels) incorporatedinto the modelsof Symbalisty[1984]and Symbalistyet al. [1985].
The rotation-onlymodelsof theseauthorsejected4 X i0~~ of neutron-richmatterper supernova.
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This valueis in roughagreementwith their estimateof — 10 ~M~persupernovarequiredto reproduce
the galactic r-processabundances.The jet ejectionsin theserotation-only models, however,require
very large rotation ratesfor the cores.It is not clear whethersuch high rotation ratesare actually
achievedin thesecollapsingcores.Furthermore,the actualabundancedistributionof the matterejected
in thesejets hasalso not been determined,and thus it is not clear whethera solar-systemr-process
distribution is produced. Recently Monchmeyer and Muller [1989] and Hillebrandt et al. [19901
exploredthe gravitationalcollapseof a variety of rotating(nonmagnetic)iron coresin 2D for “realistic”
rotationrates.While theydo not find jets undertheseconditions,neutronizedmatteris mixed outward
alongthe rotation axis. We note,finally, that an understandingof the core-collapsemechanismwill be
requiredto determinethe viability of the modelsdescribedhere.

5.1.3. Neutron-starand black-holecollisions
Lattimer andSchramm[1974,1976] studiedthe tidal interactionbetweena neutronstarandablack

hole in a closebinary system.Gravitationalradiationwill causean orbital decay,andthe tidal forcesof
the black holes in such systemswill disrupt the neutron star. Lattimer and Schramm[1974,1976]
estimatedthatthe disruptionwould ejectup to 5% of the neutronstarinto the interstellarmedium.The
neutron-richejecteddebrisfrom the neutronstarwill form r-processnucleiduring the decompression.
Such a decompression,including the effects of decayheating,will leadto nonadiabaticexpansionand
the production of heavy nuclei along the neutron-dripline. Assumingthat all of this neutron-rich
material was convertedinto r-processnuclei and usinga statisticalestimatefor the frequencyof such
events,Lattimer and Schramm[1974,1976] suggestedthat neutron-star—black-holecollisions could
accountfor somefraction of the galacticr-processmaterial.Calculationsby Lattimeret a!. [1977]did
indicatethat the neutron-starejectacan produceheavy neutron-richnuclei. (Seealso Meyer [1989].)
Detailed calculations,however,to show whetherthis material will producean r-processabundance
distributionsimilar to the solar-systemdistributionhavenot yet beenmade.Estimatesof the frequency
of neutron-star—black-holecollisions are also very uncertain.They dependnot only upon the orbital
parametersof the binary systembut the evolutionaryhistoriesof the progenitorstars.

A variantof the neutron-star—black-holemodel was suggestedby SymbalistyandSchramm[1982],
who noted that the evolutionof the binary pulsarwould eventuallyleadto neutron-star—neutron-star
collisions. Thesecollisionscould alsoleadto the ejectionof neutron-richmaterial.Since the frequency
of neutron-star—neutron-starcollisions might be higher than neutron-star—black-holecollisions, Sym-
balisty and Schramm[1982]suggestedthat this model might producesignificant amountsof r-process
material (seealsoEichlereta]. [1989]).This model,however,suffersfrom the sameuncertaintiesas the
neutron-star—black-holemodel— the lack of detailedabundancestudiesof the ejectedmaterialand the
lack of a reliable frequencyestimatefor the neutron-starcollisions (see Clark et al. [1979]). Both
modelswill require furtherstudy to test their validity as sites for the r-process.

5.2. Secondaryproduction

As we notedin section4.5, the systematicsof r-processabundancesand nuclearpropertiessuggest
that the r-processtakesplace in a high-temperature,high neutron-numberdensity environmentthat
would ensurean (n, y) ~± (-y, n) equilibrium. The difficulties encounteredin modelingtheseenviron-
ments, which include supernovacores, jets or neutron-star—black-holeinteractions,and the lack of
conclusive results led to searchesfor the r-processin still other environmentswith typically lower
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temperaturesand neutron number densities. We discuss in this section these various secondary
production environmentswhere neutronsare mostly producedas a result of (a,n) reactions.We
concludethat, independentlyof the resultsnoted in section4.5, none of thesesecondaryproduction
mechanismscan, at this date, reproducethe overall r-processabundancefeaturesin a physically :
realisticmanner.

5.2.1. Helium and carbon shells
Onesuchstudiedenvironmentwasthe helium zoneof a starundergoinga supernovaexplosion.As a

result of the shock wave, high temperaturesand densitiesproduce a burst of neutrons,via (a, n)
reactions,in thehelium zonethat coulddrive an r-process.Similar, but independent,studiesweremade
of this site at approximatelythe sametime by Truranet al. [1978a,b]andThielemannet al. [1979].In
both cases,the motivation for examining this site was, at least in part, an attempt to explain the
r-processisotopic anomaliesobservedin the Allende meteorite. Cameron and Truran [1977]had
previouslysuggesteda supernovaorigin for isotopic anomaliesin meteorites,but had not specifically
suggestedthe helium zone as a site for the r-processsynthesis.Additional studiesof this r-process
environmentwere madeby Truranet al. [1978b],Cowanet al. [1980,1983, 1985], Blakeet al. [1981],
andKlapdor et al. [1981].

In an attempt to mimic the effects of a strongsupernovashock,Truranet a!. [1978a]assumeda
constanttemperatureof 8.5 x 108 K and a constantdensityof ~ g cm3 in the helium zone.At this
temperatureneutronswere liberatedby the reactions‘80(a, n)21Ne,22Ne(a,n)25Mg and25Mg(a,n)28Si.
The neutron flux producedas a result of the supernovashock in the helium zone— dubbedthe
helium-drivenr-processby Truranet al. — was lower thanin theclassicalr-process.As a result, this was
not an (n, -y) ~± (-y, n) equilibrium process,but a dynamic process.In the classical r-process,it is
assumedthat neutroncapturesand photodisintegrationsbalanceeachother at neutron-richwaiting
points. In the dynamic r-process, the neutron path is determined by competition between the
neutron-captureratesand the beta-decayrates. This type of r-process,with neutrondensitiesmuch
lower than in the classicalr-process,was dubbedthe n processby Blake and Schramm[1976].While
Blake and Schramm[19761noted the possibility of producingthe solar f-processabundancesin the
n-process,theydid not tie it to a specificastrophysicalenvironment.CowanandRose[1977]alsofound
thatneutrondensitiesintermediatebetweenthe s-processandthe classicalr-processcould beproduced
in certaintypesof red giants. Cowan andRosenamedthisthe i-process,but did not makeanydetailed
calculationsof what types of heavyelementsmight be producedin such an environment.

As aresultof the neutronflux, heavyseednucleialreadypresentin the helium zonewill beradiated.
Truran et al. [1978a]found that heavy nuclei initially nearan s-processpeak (i.e. associatedwith a
closedneutronshell)would be pushedup to the vicinity of thenext r-processpeakand the nexthigher
closedneutronshell. Truranet a!. [1978a]assumedthat theinitial distributionin the helium zonewas a
solar-systemdistribution. Later work [Truran et al. 1978b; Cowan et a!. 1980] indicated that to
reproducethe total solar-systemf-processabundancesrequiredthat the initial seeddistribution be an
enriched(with respectto the solar) abundancepattern. This demandsprior in situ processingof the
matter with an s-processflux. Such an exposuremight result from the mixing of hydrogeninto the
helium zone, as a result of helium shell flashes,and the productionof the neutron source‘3C via
02 13 +13 13 ... . . .C(p, ‘y) N(~3 ) C. Neutronsproducedby C couldthenturn an initial solar-systemdistributioninto
an enhanceds-processdistribution[Cowanet al. 1980]. For an appropriateinitial s-processdistribution,
the helium-driven r-process,with neutronsproducedby 22Ne(a,n)25Mg reactionsunder the same
physical conditionsas usedby Truranet a!. [1978a],could approximatelyreproducethe solar-system
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r-processdistribution [Cowan et a!. 1980]. Klapdor et a!. [1981]also found that the helium-driven
r-processcould reproducethesolar-systemr-processdistribution, providedthat the initial composition
consistedof solars-processabundances.While their fit to the solar abundanceswas somewhatbetter
thanthatof Cowanet al. [1980],Klapdor et a!. [1981]assumedthat (n, -y) ~± (-y, n) equilibrium existed
throughout the total period of r-processnucleosynthesis.Later work [Cameronet al. 1983a] showed
that for the neutronnumberdensitiesand temperaturescharacteristicof the helium-drivenr-process,
such an equilibrium assumptionwas not always valid.

No stellar models of massivestars, the progenitorsof type II supernovae,havedemonstratedthe
mixing o1 hydrogeninto the helium zone.In addition, thesemassivestarsmayonly undergoa weak
s-process,with the synthesisof s-processnucleionly up to massA —~90 [Lambeta!. 1977]. Cowaneta!.
[1980]showedthat eitheramoreextensiveinitial s-processor alargerabundanceof the neutronsource,

arerequiredto reproducethe solar-systemr-processabundances.An initial seeddistribution,with
no s-processnucleiheavierthanA —~90, would thereforerequire very largequantitiesof neutrons,and
henceunrealisticallyhigh amountsof mixing, to reproducethe solar-systemdistribution. Blake et al.
[1981]basedtheir nucleosynthesiscalculationson the particularevolutionconditionspredictedfor a star
of 15 M®. For thoseparticularconditionsand initial seeddistributions,they could not reproducethe
solar-systemabundancedistribution. They suggested,however, that a variety of r-processnuclei are
synthesizedin explosivehelium burning in massivestars and might be of importancein explaining
isotopicanomaliesfound in certainmeteorites.

Cowan et a!. [1983] examined the helium-driven r-processunder more realistic astrophysical
conditions thanTruran et al. [1978a]and Cowan et a!. [1980].Using the Rankine—Hugoniotjump
conditions,Cowan et a!. [1983]determinedthe shock velocities in the helium zone basedon the
observedsupernovaexpansionvelocities. They also allowed the temperatureand density to fall
adiabatically after the passageof the shock. Clearly this was more physical than the assumptionof
constanttemperatureanddensitymadeby Truranet al. [1978a]andCowanet al. [1980].Cowanet a].
[1983]also introduced a more sophisticatedaccountingof the productionand captureof neutrons
during r-processnucleosynthesis.As aresultof all of thesechanges,Cowanet a!. [1983]found that the
conditions they had previously studied [Truran et at. 1978a] no longer reproducedthe solar-system
distribution. In the previousstudiesassumingconstanttemperature,after the 22Ne had disappeared,
neutronswere producedby 25Mg(a, n)28Si reactions.In the new, more physically reasonablestudies
wherethe temperatureanddensityfall adiabatically,by the time the22Nedisappears,the temperature
is too low for significantneutronproductionfrom 25Mg(a,n)28Si. The neutronnumberdensityin this
casefalls off rapidly after ---i0~s when the 22Ne vanishes.Cowan et at. [1983]suggestedthat the
neutronnumberdensitymust be ~ 1019 cm~ for a one-secondburning time to reproducethe solar
r-processdistribution. This condition was not realized for the sameinitial conditions and neutron
sourcesoriginally studiedby them.

Cowan et a!. [1983]did find conditionsthat could reproducethe solar-systemr-processabundance
distribution from the helium-drivenr-process.Thoseconditionswere an initial peaktemperatureof
4 x 108 andan initial peak densityof i04 gcm3. Furthermorethey found that neither22Ne nor 180

could producesufficient neutrons,but ‘3C(ct,n)’60 reactionscould drive an r-process.Their model
requiredthe presenceof 13C in the helium zoneand thus demandedsometype of prior mixing event
betweenthe hydrogen-richenvelopeand the helium zone. Although no stellar evolutionary model
coulddemonstratethat such mixing occurred,Cowanet al. [1983]found that only 2% (by mass)of the
heliumzoneneedbe 13Cto reproducethe solarabundancecurve. This concentration,however,is very
sensitiveto the beta-decayratesof the nuclei. The original studiesof the helium-drivenr-processhad
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employedbeta-decayratescalculatedon the basisof the grosstheory [TakahasiandYamada1969]. The
work of KlapdorandOda [1980]indicatedthat beta-decayratesfor neutron-richnuclei calculatedusing
the grosstheorywere approximatelya factorof 10 too low. Usingthis resultas a guide, Cowanet al.
scaled,by up to a factor of 10, all of the beta-decayratesthat hadpreviouslybeencalculatedusingthe :
grosstheory. :

Cameronet a!. [1983a,b],employingsteady-flowcalculations,independentof any particularneutron
sourceor astrophysicalmodel, found that the r-processcurve could be reproducedunder conditions
very different thanusuallyassumedin the classicalr-process.Theyfoundthat thesolar-systemr-process
peaksnearmassnumbers80 and130 requireda neutronnumberdensityof ~=1020cm3and a freezing
time, whenthe neutronflux falls to a small fraction of itself (severalc-folding times),comparableto or
lessthan0.1 s. The r-processpeaknearmassnumber195 could bereproducedwith a neutronnumber
densityof 1021 cm3 and a freezing time comparableto or lessthan 0.01 s.

The work of Cameronet al. [1983a,b]alsoemphasizedthe importanceof the neutron-capturecross
sectionson the r-processpath. They found that the featuresof the r-processyield curve, produced
under the steady-flow assumptions,are determined by the neutron-capturecross sections. The
beta-decayrates did not directly affect the featuresof the curve, but they had an indirect effect by
determiningthe position of the flow pathand hencethe nuclei that would captureneutrons.

Later studiesof this site [Cowanet al. 1985, 1987] employedthe beta-decayratesdeterminedusing
microscopictechniquesby Klapdor et al. [1981,1984], that had not been availableat the time of the
initial studies(seefig. 5.2). An analysisindicatedthat thesenew microscopicratesweremuch higher
thanthe grossrates,but on averagenot by as much as a factor of 10 [Cameronet a!. 1983b]. Using
these [Klapdor et a!. 1981] beta-decayrates,Cowan et a!. [1985]found that now the required13C
concentrationwas 5%by mass.This amountis unreasonablyhigh, requiringextremelylargeamountsof
mixing betweenthe hydrogen-rich envelopeand the helium zone. No stellar evolutionary model
predictssuch large mixing. For the currentlycalculatedbeta-decayrates, the helium-drivenr-process
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Fig. 5.2. Calculatedr.processabundancesasa function of mass number from Cowanet al. [1987].The top curveis the solarsystemr-process
abundancesfrom Cameron[1982a].The theoreticalcurve, which assumesan explosivehelium.burningenvironment,is the result of a dynamic
c-processcalculationthat includesbeta-delayedneutronemissionandfission. The dotted line for mass numbersaboveA — 280 indicatesthat the
abundancesof thosenuclei areuncertain.
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doesnot appearto be capableof producingthe majority of the r-processnuclei [Cameronet a!. 1985;
Cowan et al. 1985].

Recentwork hasexaminednucleosynthesisresultingfrom inelasticneutrinoscatteringin the helium
zoneof a starundergoinga core-collapsesupernova[Epsteinet a!. 1988; WoosleyandHaxton 1988].
The neutronsare producedby neutral-currentexcitationsof 4He by neutrinos(i.e., inelasticneutrino
scattering),which are releasedby the collapsingcore. Woosleyand Haxton [1988]proposedthat the
elementfluorine might be madein this manner. Epstein et a!. [1988]suggestedthat under certain
conditionsan r-processcould be generated.Thoseconditionswere that the progenitorof the neutron
starbe metal-poor (i.e. Pop II) and/or compact. Woosley et al. [1990],however, found that the
dominantneutron-productionprocessin the helium zoneresultedfrom explosivehelium burning (as
discussedabove)and not from neutrino-inducedreactions.Woosley et a!. madecareful comparisons
betweentheir calculationsandthoseof Epsteinet al., andfound largediscrepanciesin the calculated
neutrondensities.Thesediscrepancieswere causedby omissionsin the codeof Epsteinet a!. [1988],
which had significantly overestimatedthe neutrondensity resulting from neutrino-inducedreactions
[Woosleyet al. 1990]. Woosleyet a!. [1990]concludedthat while this neutrino-inducedr-processmight
have resultedin some nucleosynthesisearly in the history of the Galaxy, it could not have been
responsiblefor r-processsynthesissince that time.

Shockheatingof the carbonzoneas a resultof a supernovawas also suggestedas a mechanismfor
producingthe r-processnuclei [Lee et al. 1979]. As in the caseof the helium zone,the passageof the
supernovashockwill producehigh temperaturesanddensitiesin the carbonzoneof the presupernova
star. Any 22Ne, producedby a captureson 14N, already in the carbonzonewill produceneutrons
primarily as a result of 22Ne(ct,n)25Mg reactions.These neutronscould then by capturedby any
preexistingheavynuclei (i.e., “seednuclei”) in the carbonzone. Ejectionof the synthesizedr-process
nucleiwould then be a naturalconsequenceof the supernovaexplosion.

The neutronfluxesproducedin this explosivecarbon-burningmodelwere lower than in the classical
r-processandwere more typical of the n-process[Lee et a!. 1979]. In addition,many of the neutrons
that were producedwould be capturedby the productsof 22Ne burning. 25Mg, in particular, is very
effectiveat capturingneutronsandwould act to preventa “build up” of heavynuclei. Studiesindicate
that while someneutron-richnucleibeyondiron could beproducedin explosivecarbonburning (seefig.
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Fig. 5.3. Resultsof explosivecarbonburning(ECB) calculationsfrom Wefelet a]. [i981J(labelledas“this work”) comparedto thoseof Howardet
al. f1972J. The relative abundancesarenormalizedto the24Mg abundance. 0~
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5.3 taken from Wefel et a!. [1981]),the heavy r-processnuclei (in particular the actinides)are not
producedin this process.This site, therefore,cannot be responsiblefor producingthe majority of the
r-processnuclei.

5.2.2. Helium cores
The helium cores of low-massstars havealso beensuggestedas a possiblesite for the r-process

[Cowanet a!. 1982, 1984]. As a resultof the helium coreflash in thesestars,it hasbeensuggestedthat
hydrogen-richmaterialmight be convectivelymixed into the core(see,e.g.,DeupreeandCole [1983]).
This mixing could then result in the productionof 3C following proton captureby 2C alreadyin the
core. The ‘3C could subsequentlyproduceneutronsvia ‘3C(a, n)’60 reactions.Heavy nuclei (“seed
nuclei”) alreadyin the corecould captureneutronsto producethe r-processnuclei [Cowanet al. l982].
Sincelow-massstarsaresocommon,thissite wouldhavetheadvantageof requiringvery little r-process
materialper helium coreflash to producethe totalgalacticr-processabundances.Basedupon the initial
massfunctionof Miller andScab [1979],Cowanet al. [19821estimatedthat only 106 to i0~M® need
be ejectedper event.On the otherhand,unlessconvectionwassoviolent asto producean explosion,it
will bedifficult for the synthesizedr-processmaterial to be ejectedinto theinterstellarmediumby these
low-massstars.

Basedon the work of Klapdor and Oda [1980],the preliminarystudy of Cowan et a!. [1982](in a
mannersimilar to that usedin the study of the shock-heatedhelium zones)scaled,by up to a factor of
10, all of the beta-decayratesthat had previouslybeencalculatedusingthe gross theory. Employing
theseacceleratedbeta-decayrates, It was found that for 13C abundancesas low as 3% by mass,a
thermal runawayin the helium core could producea numberof featuresof the solar-systemr-process
abundancecurve. Thesemodels,unlike the shock-heatedhelium zonesof presupernovastars,werenot
sensitiveto the initial distributionof heavier“seednuclei” in the core. While mostof the calculations
assumeda solar distribution, Cowan et al. [1982]found that for sufficient neutrons,an r-process
distributioncould be producedstartingwith effectively no heavyelementsat all. In asubsequentpaper,
these same authorsemployed steady-flow calculationsto show that conditions that could produce
neutron-richnucleiwererealizedin helium coreflashes[Cowanetal. 19841. This led them to conclude
that low-mass starsmight be responsiblefor the productionof someof the featuresof the r-process
abundancecurve.

Employing [Klapdor et a!. 1981, 1984] beta-decayrates, Cowan et al. [1985] made detailed
dynamicalr-processcalculationsto reexaminethe plausibility of the helium core as an r-processsite.
Theseauthorscomparedthe theoreticalfit to the observedsolar-systemr-processcurveas a functionof
‘3C in the core, and found for a sufficient flux of neutronsthe solar-systemr-processabundance
distribution could be reproduced.The necessary‘3C dependsvery sensitively upon the calculated
beta-decayrates. Using crude estimatesfor the beta-decayrates,Cowan et al. [1982]had found
relativelylow concentrationsof 13C were required.For the microscopicallycalculatedratesof Klapdor
et al., however,Cowan et a!. [1985]found that the required‘3C concentrationwas 14% by mass.This
concentrationwould demand unreasonablylarge amounts of mixing between the hydrogen-rich
envelopeand ‘2C in the helium core, andis not predictedby any currentstellarevolutionarymodelsof
low-massstars.Evenif such mixing could occur,unlessthe coretemperaturefell rapidly enoughduring
expansion,the largeamountsof H mixing into the corewould probablyleadto theCNO productionof
‘4N, which is a well-known neutronpoison. The resultsindicate that unlessthe beta-decayrateshave
beenunderestimatedsignificantly, the helium coreflash is not a plausibler-processsite [Cameronetal.
1985; Cowan et a!. 1985].
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5.3. Primordial production

5.3.1. Standardand inhomogeneousbig bang scenarios
The standard big bang scenario assumesa homogeneous,isotropic expansionin a radiation-

dominateduniverse without degenerateor exotic particles. During the expansion,the temperature
declinesbelow 1 MeV and eventuallyslows down thephotodisintegrationrate of 2H, which is constantly
producedvia neutroncaptureon protons.Nucleosynthesisproceedswhena substantialabundanceof
2H at TD

3 0.1 MeV~1.2 x ~ K, enablesfurtherneutron,protonandlight nuclei captureto form
3H,

3He, 4He, and evenheaviernuclei. However, the gapsexistingamongstablenuc!ei at massnumbers
A = 5 and A = 8 inhibit the formation of nuclei beyondA = 8; thereforethe standardbig bang can
produceonly 2H, 3He, 4He and 7Li in appreciableamounts.

The neutron to proton ratio, which constrainsprimordial nucleosynthesis,is determinedby the
conditionsduringweakdecouplingat T 1 MeV, whenthe electronsareno longer energeticenoughto
ensurean equilibrium by the reactionp(e,v)n, dueto the neutron—protonmassdifferenceof 1.3MeV,
and the positronsneededfor the inversereactionn(e~,ii’)p are no longer producedby pair creation.
Primordial nucleosynthesisconditions are then determinedby the particles remaining in thermal
equilibrium, initial conditionsat time t, and the global adiabaticexpansion.The initial conditionsare
set by neutrons,protons,electronsand photonswith densitiesn

5, np, ‘~eand n.,, = 2.404hr
2(kT/hc)3

[Ko!b andTurner 1990; Börner1988]. Fromchargeneutrality it follows that ne ni,. n~/n~is given by
the equilibrium ratio at weak freeze-out.

The strengthof the standardbig bang scenariois that only onefree parametermustbe specified,the
baryon to photon ratio ij = nhIn~,to determineall of the primordial abundances,rangingover 10
ordersof magnitude(see, e.g., Yang et al. [1984],Boesgaardand Steigman[1985],Kawanoet al.
[1988],and 0!ive et at. [1990]).The parameter~ is relatedto the baryondensity, ~h = Ph’Pc’ in the
following way (evaluatingall variablesat the presenttime):

—10 3 2
Ph = nhmU Tho1° n

3m~ ~10T30, ~ = 3H0/8~rG,
(5.1)

QbIh~= 1.54 x 10
2(T~

0/2.78K)
37J

10.

The relation for the critical density, p,~,follows from the Friedmannequation for the (Hubble)
expansionof the universe,H(t)

2 = 8irGp/3— k/R2 for aflat universewith k= 0 andthereforeacritical
density of the universe. H

0 = h50 x 50kms~Mpc
t and T~()denote the Hubble constantand the

presenttemperatureof the microwave background,respectively.
The abundancesof individual nuclei dependon ~ in the following way. A high (baryon)density

during the nucleosynthesisphase,i.e. alarge~, gives rise to a largernumberof capturereactionson 2H
and3He, and consequentlyleavesless2H and3He, but increasesthe 4He abundance.The behaviorof
the 7Li abundanceis morecomplex.At low densities7Li is producedvia 3H(a,-y)7Li, but is destroyedat
higher densitiesby 7Li(p, a)4He.However, increasingdensitiesleadalsoto a largerproductionof 7Be
via 3He(a,-~)7Be,which is preservedduring the nucleosynthesisperiod andsubsequent!ydecaysto 7Li.
This leadsto a predictedminimum in the 7Li/’H ratio of about10’°,for 2<m~<4.

Primordial abundanceinformation (see Boesgaardand Steigman [1985],and for updatesPage!
[1987],Bania et al. [1987],Spite and Spite [1986],HobbsandDuncan[1987],HobbsandPilachowski
[1988], Rebolo et a!. [1988],Olive et a!. [1990],and Pagel [1991])results in the following limits:
2H/H � 2 x i0~,3He/H~ 1.2 x i0~, (2H + 3He)/H<11X 10~,7Li/H ~ 2.5 x 10 ~ and 0.215~
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~ 0.245. Combining theoreticalmodel predictions with this primordial abundanceinformation,
utilizing also the new and very precise neutron half-life measurementby Mampe et a]. [1989]
[r112= (10.25±0.015)mm], leadsto the following conclusions:2.6~ ~ 5.0 and0.5~ N~<3.8.This
translatesto 0.040<Qbh5o~ 0.077and whenusing a HubbleconstantH0 in the range40—100, this is
equivalentto a baryon density in the universeof 0.01~ ~ 0.12. The main differencefrom stellar
nucleosynthesisis given by the low value of i~,derivedfrom primordial abundances,which results in
low densities and does not allow for the production of heavy nuclei via the triple-alpha reaction
(3

4He—~‘2C).
The standardbig bang model assumesthat, during the phaseof primordial nucleosynthesis,the

universehasa homogeneousdensitydistribution. Thereexist a numberof factorswhich couldprevent
such an evolution. The most cited scenariorelatesto a first-order quark—hadronphase transition,
occurringat T~150MeV andleading to supercooling,nucleation,and propagatingphaseboundaries,
resultingin inhomogeneitiesof the baryondistribution. Undersomeconditions,theseinhomogeneities
can be of large enoughamplitudeandlength scaleto survive until nucleosynthesis,and can alter the
abundancesof the elements.

Applegateand Hogan [1985],Bonomettoet al. [1985],and Saleand Mathews [1986]realizedthat
the inhomogeneitiescould havedramaticconsequencesfor primordial nucleosynthesis.Applegateand
Hogan[1985]describeda rich set of scenariosfor inhomogeneousnucleosynthesis.The most interesting
effect theyconsideredis the differentialdiffusion of neutronsandprotons.The neutron,beingneutral,
hasa meanfree pathroughly 106 timesthat of the proton, becauseof smallerscatteringcrosssections
with chargedparticles.Once the weak interactions— transformingneutronsinto protonsandvice versa
via positron and electron captures— fall out of equilibrium, neutronscan diffuse to uniformity over
much longer length scales than protons. This has the effect of converting density variations into
variationsin the local ratio of neutronsto protons. If the densityvariations are large enough, the
neutrons,diffusing into an underdenseregion,can outnumberthenucleonsinitially there,producingan
environmentin which neutronslocally outnumberprotons.Nucleosynthesisunderneutron-richcondi-
tions can give dramaticallydifferent results than the standard,proton-richmodels. (For an in-depth
treatmentof this and otherpossible scenarios,leading to density inhomogeneitiesduring nucleosyn-
thesis,see Malaney and Mathews[1991].)

5.3.2. Theformation of heavyelementsanda primordial r-process
A most fascinatingaspectof the inhomogeneousscenariosis that thereappears,for the first time, to

be an openwindow allowing the formationof nuclei beyondmassA = 8, in the neutron-richregions.
Reactionsstarting with neutron captureson protons ‘H(n, -y)2H(n, ‘y)3H(d, n)4He(t,-y)7Li lead to the
productionof 7Li and the sequence7Li(n,-y)8Li(a,n)’1B(n,-y)’2BQ3)’2C (n,-y)13C(n,-y)14Cproduces
carbon[Malaneyand Fowler 1987; Applegateet al. 1988]. An alternatebranchingis 7Li(a, -y)”B.
Additional alternative reactions such as 7Li(t, n)9Be(t,n)”B, 8Li(n, -y)9Li(ft)9Be, 8Li(d, p)9Li,
8Li(d, n)9Be, and 8Li(d, t)7Li might alsobecomeimportant [Boyd and Kajino 1989; Kajino andBoyd
1990]. At threepositions(7Li, 9Be and “B), proton-inducedreactionswould preventthe build-up of
heaviernuclei in a standardbig bang scenarioandlead to the destructionof heavynuclei insteadvia
7Li(p, a)4He,9Be(p,a)6Li, or “B(p, 2a)4He.Thereare considerableuncertaintiesassociatedwith the
nuclearphysics as many of thesereactionsinvolve unstablenuclei, and also most of the reactionson
stabletargetsin this region of the nuclearchartarenot well determinedat present[MalaneyandFowler
1989a]. Wiescher et al. [1989] remeasuredthe 7Li(n, -y)8Li reaction rate and found a substantial
reductionin this rate and the flow to heaviernuclei with respectto previousdeterminations.
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Applegateet a!. [1988]were able to showthat therearepossiblepathwaysto heaviernuclei,starting
from ‘4C: e.g., ‘4C(a, -y)’80(n, -y)’90(t3 )‘9F(n, -y)20F(13 )20Ne(n,-y)21Ne(n,-y)22Ne,etc. (Thereaction
ratefor ‘4C(a,-y)’80 was recentlyredeterminedby FunckandLanganke[19891.)Wiescheret al. [1990]
demonstrated,however,that the (p, -y) and (n, -y) reactionson ‘4C are of greaterimportancefor the
build-up of heavyelements.This reactionsequenceincludesonly reactionsfor which thereexistssome
information in the literature, involving primarily neutron captureson stable nuclei. With the over-
whelming abundanceof neutronsin the low-densityneutron-richregionsit is, however,quite feasible
that neutroncaptureson unstablenuclei can bypasstheserelativelyslow beta decays.For this reason,
ThielemannandWiescher[1990]haveinvestigatedneutroncapturereactionson Li, Be,B, C, N, 0, F
and Ne isotopes,from stability to the neutron-dripline, including the effects of direct captureand all
availableresonanceinformationfrom nuclearspectroscopy.

The build-up of heavy nuclei might not stop even at Ne. Nuclei in the neutron-rich low-density
region remain embeddedin a neutronbath, and Applegate[1988]specu!atedthat a rapid neutron-
captureprocesscould form heavy nuclei. For high neutron densities,neutron capturescan be faster
thanbetadecaysfor unstablenuclei, andvery neutron-richisotopescan thusbe produced.Forneutron
densitiesin excessof 1019_1020cm3, the line in the nuclearchartbeyondwhich betadecaydominates
over neutron capture would be located 15—20 mass units away from stability. Typical beta-decay
half-lives of 102_103s are then encountered,with a few exceptionson the order 10’ s. Along an
r-processpathat this distancefrom stability, Fe nuclei can be transformedto U within a few seconds.
The transformationfrom Ne to Fe can takelonger,however.The actualneutronnumberdensityfound
in the calculationsby Thielemannet al. [1991]is shown in fig. 5.4. The massfractions of neutrons,
protonsand alphaparticlesare displayedin fig. 5.5.

Fissionin the r-processpathcan havea stronginfluenceon the total abundancesof heavynuclei as a
consequenceof “fission cycling”, wherebyeachof the fission fragmentscan captureneutronsandfinally
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Fig. 5.4. Neutronnumberdensity in low density (neutron-rich)zonesof aninhomogeneousbig bangwith ~h = 1 and R = 6 (seeApplegate[1988]).
For the first SIlOs thenumberdensitiesare closeto r-processconditions(from Thielemannet al. [1991]).
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Fig. 5.5. Light-nuclei productionfor the sameconditionsshownin fig. 5.4. Only neutrons,protons and‘He aredisplayed.Comparewith fig. 2 in
Applegate[1988].

form heavy nuclei which fission again [Seegeret a!. 19651. This is of particular importance in
environmentswith a long durationof high neutrondensities,andwas thereforesuggestedas relevantto
primordial nucleosynthesisin neutron-richzonesof an inhomogeneousbig bang[Applegate1988]. In
contrastto the operationof the r-processin explosivestellarenvironments,confinedto a few seconds,
this possibleprocessin the neutron-richregionsassociatedwith an inhomogeneousbig bangis only
limited by the neutronhalf-life and can go on for anextendedperiod of time. Oneof the remarkable
featuresof an r-processwith fission cycling is that the productionof heavynuclei is not limited to the
r-processflow (neutroncapturesandbetadecays)comingfrom light nuclei, aslong as a smallamountof
fissionablenuclei is produced.

Applegate[19881suggestedthat neutroncapturesin the neutron-richregionswill actuallysupportan
r-processwhich producesintermediateandheavyelementsup to Th andU. Observationsof metal-poor
halo starsdemonstratesthe existenceof real star-to-starvariationsin the ratio of the r-processto iron
abundances[Gilroy et al. 19881. This nonuniformity in the mostmetal-deficientstarsclearly indicates
that a primordial r-processcannot account for the major contribution to presentsolar-systemr-
abundances.It could, however,providea baselevel of r-processabundanceslessthan,but closeto, the
lower limit of the observedabundancesin starswith metallicitiesof about~ x solar. For that
reason,theseproposednucleosynthesisconditionswere exploredin detail.

The total massfraction of heavynuclei is doubledwith each fission cycle andcan thus be written as
Xr = 2~Xseed.Here, n is the numberof fission cyclesand the seednuclei include all nuclei abovethe
lightest nucleusthat participatesin the neutron-captureand beta-decaysequencesthat characterizethe
abundanceflow. The main parameterthat determinesthe numberof fission cycles is the rate of the
r-processflow, which is a function of the locationof the r-processpathwith respectto thestability line,
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andthus dictatesthe typical beta-decayhalf-lives. Figure 5.6 showsthe resultof a calculationin the
low-density(neutron-rich)region of aninhomogeneousbig bangwith ~h = 1 [ThielemannandWiescher
1990; Thielemannet a!. 19911.This calculationuseda network of 655nuclei from neutronsandprotons
up to krypton. Nuclei from the stability line to the neutron-dripline are included. Neutron-capture
crosssectionsfrom statisticalmodelcalculations[Thielemannet a!. 1987, 19881 areutilized beyondNe.
Neutron diffusion out of neutron-rich zones was not taken into account in this calculation. This
calculation also does not include nuclei beyond krypton, thus neglectingthe fission cyc!ing effect
discussedabove;the total massfraction of r-processnuclei is thereforeunderpredicted.The timescate
for the build-up of nuclei up to krypton,shown in fig. 5.6, is governedby small neutron-capturecross
sectionsand long beta-decayhalf-lives of lighter nuclei.The total massfraction of 10 13 without fission
cycling is very closeto the predictionby Applegate[19881in his eq. (3.13). Mathewset a!. [1988]and
Kajino et al. [19891,utilizing a network up to silicon, obtainedsimilar resultsbut with somewhatlarger
abundances.This could reflect the use of larger neutron-capturerates, in particular when they
employedstatisticalmodel ratesfor neutron-richlight specieswith small Q-values.

When performingcalculationswith a full r-processnetwork beyond Kr, Thielemannet al. 11991]
obtainedthe resultspresentedin fig. 5.7. Onenoticesthatfission cycling wasindeedeffective, because
the final massfraction of heavynuclei is 1.5 x 10 II; this is a factor of 150largerthanthe massfraction
producedwithout the r-processnetwork and fission. The resultsof thesecalculationsdiffer, however,
from the initial predictionsof Applegate,in that the r-processabundancesare about 2 orders of
magnitudesmaller. This is partly due to the fact that, for the first time, the reactionsfor nuclei above
Ne andSi areincluded;in previousstudies,their effectwas only estimated(seethe resultsfor nucleiup
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Fig. 5.6. Heavy-nuclei production in a low-density (neutron-rich) zone of aninhomogeneousbig bang.The calculation includesonly nuclei up to Kr
and does not allow for anyfurtherprocessing(from Thielemannet al. [1991]).The shift in thetwo curves,which containnucleiheavierthanNeand
Kr (the endof thenetwork), indicatesthat about.50s are neededto processnuclei from Ne to Kr via neutroncapturesand betadecay.In total, a
mass fractionof i~’~is produced.
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Fig. 5.7. Full r-processcalculationcoupledto thelight andintermediatenuclei networkusedin figs. 5.5 and 5.6. The effect of fission cycling is that a

total mass fraction of 1.5 x lO~~is producedfrom the seed massfractionof iO~°displayedin fig. 5.6, i.e. a multiplication by ISO or approximately
7 cycles. This is, however,not sufficient to explainther-processabundancesin theoldest,mostmetal-deficientstars.In addition, the low neutron
number densities at the end of an inhomogeneous big bang lead to a path very close to stability and therefore to shiftedpeaksthat almostcoincide
with s-process peaks (from Thielemann et al. [1991]).

to Kr, in Thielemannand Wiescher[1990]).In addition, the amount of fission cycling was overesti-
mated in earlier work. For an initial neutron density of 10’9gcm3, the r-processpath closely
approximatesapath reproducingthe solar r-processabundancepattern.Such a pathhasa cycle time
dueto fastbeta-decayhalf-lives of about4—5 s. However,duringthe subsequentexpansionthe neutron
densitydecreasesas well, resulting in an r-processpath closerto stability. When an averageis taken
over the total durationof big bangnucleosynthesis,oneobtainsa cycle time of 50—70 s ratherthanthe
muchshorterinitial estimates.Sincethe abundancesareproportionalto 2~,with n denotingthe number
of fission cycles, the changeto longer cycle times leadsto much smallerabundancepredictions.

The calculationdescribedhererepresentsthe mostoptimistic casewith ~‘~b= 1 andneutrondiffusion
neglected.Basedon that calculation, it thus appearsquestionablewhetheran r-processabundance
level, that would be observationallydetectable,was producedin an inhomogeneousbig bang. In
addition, it is clear from fig. 5.7 that thesecalculatedprimordial abundancesdo not evenfollow an
r-processpattern. The small neutrondensitiesat late time led to a pathvery close to stability and
abundancemaxima close to the s-process,ratherthanthe r-process,peaks.

6. Chemical evolution of r-processabundances

The general featuresof the neutron-captureprocesses,which are primarily responsiblefor the
formation of the heavy-elementA > 60 abundancepatternsobservedin galactic matter, were estab-
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lished in the importantearlypapersby Burbidgeet al. [19571andCameron[19571.Nevertheless,there
remainmanyunansweredquestionsconcerningboth the specific stellaror supernovaenvironments,in
which theyoccur, andthe timesca!esandhistoriesof their enrichmentof the Galaxy.In this regard,our
rapidly increasingknowledge of the heavy-elementabundancepatternsin starsas a function of their
ages(metallicities,population,etc.) is servingto provide critical constraintson the chemicalevolution
of r-processand s-processabundancesover the course of galactic history. A general review of
abundanceratiosas a function of metallicity hasrecentlybeenpresentedby Wheeleret a!. [1989];see
also SpiteandSpite [19851andGehren[19881.We will first reexaminespecifically the abundancetrends
involving the products of s-processand r-processnucleosynthesisin section6.1 and explore their
implications both for galactic chemicalevolution and for the rangesof stellar masswith which these
processesareto be associated.In section6.2, we explorechemicaltrendsfor specific r-processsites. We
then, in section6.3, formulatea simplified chemicalevolutionmodel thatwill be utilized in section7 to
determinethe durationof galactic r-processnucleosynthesis,making use of different chronometric
pairs.

6.1. Observationaloverview

The fact that thereexist real andsystematicdepletionsin the abundancesof many heavy elements
re!ative to iron, in starsof low [Fe/H], hasbeen recognizedfor many years[Wallersteinet a!. 1963;
Page!1965; Danziger1966;Pagel1968]. More recentobservationalinvestigationsof these“anomalous”
abundancepatternshavebeen provided by a numberof researchers[Peterson1976; Spite and Spite
1978; SnedenandParthasarathy1983; Luck andBond1985; SnedenandPilachowski1985; Gilroy et al.
1988; Magain 1989]. The anomalousheavy-elementabundancepatternsfound to characterizethe
most iron-deficient stars include both [Sr—Y—Zr/Fe]—— —0.5 and [Ba/Fel— —1.0 ([x/yl denotesthe
log,0(xIy)~15i-— 1og111(x/y)0).

Interpretationof these trends in the context of nucleosynthesistheory can at first seemquite
straightforward.The bulk (‘—90%) of the nuclei in both the Sr—Y—Zr andthe barium abundancepeaks
in solar-systemmatterarecertainlyattributableto s-processnucleosynthesis.Since the s-processnuclei
representsecondarynucleosynthesisproducts,in the sensethat their productionin a star demandsthe
presenceof concentrationsof seed(iron peak)elementsformedin prior generationsof stars,it is to be
expectedthat their abundancelevelsin the earliestgenerationsof starsformedin our Galaxyshouldlag
behind that of the seed iron nuclei. The most straightforwardinterpretationwould be that stars
containings-processnuclei representat least third generationobjects: first-generation(pure hydrogen
and helium) stars formed the elementscarbon-to-ironby charged-particlereactionmechanisms,while
second-generationprocessingyielded s-processelementswhich in turn were incorporatedinto the
presentlyobservedmetal-poorstars.TruranandIben [1977](seealsoTruran [1980])pointedout that
the relative depletionfactors quotedabove, showing a deficiency in barium relative to strontium—
yttrium—zirconium, are consistentwith their having beenproducedduring core helium burning in
massivestars [Lamb et a!. 1977; Prantzoset a!. 1990]. This environmentproducessmaller neutron
fluxes than are found in helium shell flashes of less massivestars.This “weak” componentof the
s-processproducesnuclei on!y up to massesA — 90—100. The shorterlifetimes of thesemore massive
starsmade this an attractivealternative.

While this zeroth-orderagreementof observationand theory at first seemedencouraging,Tinsley
[1979] voiced concernwith the fact that the time-dependenttrends in [Y/Fe] and [Ba/Fe] were
apparentlyinconsistentwith the generic“theoretical” behaviorfor the evolutionof secondaryelements.
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[Fe/H]

Fig. 6.1. Observedtrends in the variations of IY/Fel and [Ba/Fe] with [Fe/H] are illustrated (from Truran (19801). ([Fe/H] = log
10(Fe/H)~,,,/

log111(Fe/H)0).The theoreticalrelation[s/Fe]= [Fe/H], where s designatessomearbitrary s-processnucleus is shown for comparison.

This apparentdiscrepancyis illustratedin fig. 6.1. Here the trendsin [Y/Fe] and[Ba/Fe] with [Fe/HI,
as reflected in the observationsof Spite and Spite [1978]of a sample of metal-deficientstars, are
comparedwith the “expected”evolutionof secondaryelementsdefinedby the relation[s/Fe]= [Fe/H].

The critical clue to the natureof theseabundancepatternswas thatprovidedby the resultof Spite
and Spite [1978]that europium,an elementwhoseabundancein natureis dominatedby its r-process
component,is presentin roughly solar proportionsrelative to iron evenin the most metal-deficient
stars.This aloneconfirmedthat r-processnucleosynthesishadoccurredin the very earlieststagesof our
Galaxy’sevolution. Sincethenuclearspeciesmostcrucial to the determinationof the ageof our Galaxy
by nuclearcosmochronology(

235U, 238U and232Th) areproductsof r-processsynthesis,it is extremely
important to have such evidence that their synthesisdatesback to the very earliest stagesof the
Galaxy’s evolution. It was alsorecognized[Truran 1981] that the low levelsof nuclei in the strontium
and barium“s-process”peakscouldbe explainedin this context; that is, the heavy-elementabundance
patternscharacteristicof the mostiron-deficientstars([Eu/Fe] ——0; [Y/Fe] -~ —0.5; [Ba/Fe]-——1.0) are
entirely compatiblewith their having a pure r-processorigin in that early stageof galactic evolution.

The view that the abundancesof theseelements(collectively) in extremehalo populationstarsare
exclusively r-processproductshasbeenstrongly supportedby recentdetailedabundanceanalysesfor
many metal-poorstars [Snedenand Parthasarathy1983; Snedenand Pilachowski1985; Gilroy et al.
1988]. The abundancepatternobtainedby SnedenandPilachowski[1985]for the famousmetal-poor
starHD 110184is shown in fig. 6.2. Forpurposesof comparison,thisfigure also illustratesthe (scaled)
solar-systemr-processdistributionfrom Cameron[1982b]and a theoreticals-processdistribution from
Cowley and Downs [1980].A compositeabundancediagram, showing the abundancedistribution
characteristicof stars in the metallicity range—2.5< [Fe/H] < —2.0, is shownin fig. 6.3 (from Wheeler
et al. [1989]).Thesedatareflect averagesfor five starsstudiedby Gilroy et a!. [1988].Figure6.3 also
illustratesthe solar-systemr-processabundancepatternsas inferredby Cameron[1982b].A theoretical
s-processcurve from Malaney [1987]and a theoreticalr-processcurve, basedon the calculationsof
Cowan et al. [1985],is also shownin this figure.

Recentimprovementshavebeenmadein the laboratorymeasurementsof transitionprobabilitiesfor
severalof the rareearthelements.Usingthesenew oscillatorvalues,Sneden[1990]hasreevaluatedthe
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Fig. 6.2. The heavy-element abundances of the metal-poor star HD 110184 andabundancedistributioncurvesof thes- and r-process(from Sneden
andPilachowski[1985]),Filled circles aretheobservedabundances.The dotted line illustratesa theoreticals-processabundancedistribution, the
dashedline is a scaled,solar-systemr-processdistribution(from Cameron[1982b]),andthesolidline illustratesthesamer-processdistributionwith
a small addition of somes-processingto increasetheabundancesof Sr and Zr.

abundancesin six stars,with metallicity —2.5< [Fe/H] < —2.0, from the data of Gilroy et a!. [1988].
Figure 6.4 illustratesthe data for thesestars along with a theoreticals-processcurve from Malaney
[1987].Sneden[1990]notesthat this is one of the betters-processfits to the rare-earthdata, but the
samecalculationdoesnot fit the Sr—Y—Zr data. Also shownin fig. 6.4 is a theoreticalr-processcurve,

where the elementalabundanceshavebeendeterminedfrom the calculationsof Cowanet at. [1987].
Thesesamecalculationsarealso shownin fig. 5.2. It is interestingto note thatthe theoreticalcurvethat
gives a good fit to the total, observedsolar-systemr-processabundancedistribution, also gives an
excellentfit to the averageabundancesof the rare-earthelementsin six metal-poorhalo stars.

Two features of these comparisons,illustrated in figs. 6.2—6.4, are particularly important to
emphasizewith respectto the history of r-processnucleosynthesis.In the first place,it is immediately
apparentthat the observedabundancepatternsare much more consistentwith an r-processthan an
s-processorigin, confirming that contributions from the r-processdominatedat the earlieststagesof
Galactichistory. Perhapsmoresignificant is the fact that thesolar-systemr-processmassfractionsfit the
dataextremelywell, suggestingthat the basicmechanismof r-processnucleosynthesishasnot changed
significantly over the history of the Galaxy.
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Fig. 6.3. Average abundancesof five metal-poorhalostars taken from the dataof Gilroy et al. [1988](as shown in Wheeleret al. [1989]).Also
shownfor comparisonis theobservedsolar-systemf-processabundancedistribution(dashedline) from Cameron[1982b],anda theoreticals- and
r-processdistribution (seetext for details).
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Fig. 6.4. Averagesof the rare-earthelementsfor six metal-poorhalostarstakenfrom thedataof Gilroy et al. [1988](asshown in Sneden[1990]).

Also shown for comparisonis a theoreticals-processcurve from Malaney [1987],and a theoreticalr-processcurve basedon thecalculationsof
Cowan et al. [1987].

The timescalesof the variationsof theseheavy-elementabundanceratioswith respectto iron can
potentially be utilized to extract further information concerningboth the stageat which significant
s-processcontributionsfirst appearand(more important for our presentpurposes)the rangein stellar
massof the dominantcontributorsto the r-process.The variationsin [Sr/Fe], [Ba!Fe] and [Eu/Fe] with
respectto [Fe/HI areillustratedin figs. 6.5,6.6 and6.7, respectively.Thesedata seemto suggestthat,
in the most extremelymetal-poorstars ([Fe/H] < —2.5), all of the heavyelementsmaybe significantly
depletedwith respectto iron. This trendseemssomewhatmoreapparentfor bothstrontiumandbarium
than it does for europium. (This may be due to the larger scatterin the Eu data.)The observed
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Fig. 6.6. Variation in [Ba/Fe] as a function of metallicity [Fe/H] (from Mathewset at. ]1991]). The solid trianglesaredisk stars with near-solar
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to the scatterin thedata.
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variationsin the ratios[Sr/Eu] and[Ba/Eu] indicatethat the onsetof significant contributionsfrom the
s-processoccurs at approximately[Fe/H]-——2.0 (see, e.g., Gilroy et a!. [1988]), from which point
onwardin time (or [Fe/H]) it becomesnecessaryto considerboth s-processandr-processcontamina-
tions.

It also seemsappropriate,in our presentdiscussionof galacticchemicalevolutionaryeffects, to ca!l
attentionto the potentially importantrecentstudiesof the evolutionof the thoriumto neodymiumratio
in the Galacticdisk [Butcher1987,1988]. The useof suchvariationsto provide anindependentmeasure
of the age of the disk is complicatedby the fact that the abundanceof Nd in the Galaxy includes
contributionsfrom both the s-processandthe r-process.We will return to this issue in our subsequent
discussionof nucleocosmochronology.

6.2. R-processsites and their abundancehistories

As we haveseenin the previoussection,observationsof metal-poorhalostarsindicatethe presence
of r-processnucleosynthesisearlyin thehistory of the Galaxy.In particular,abundancesof Eu,which is
consideredto bean r-procesSelement,havebeendeterminedin starswith metallicitiesof [Fe/ H] < —2,
as shownin fig. 6.7. Furthermore,the r-processabundancedistributionin thesemetal-poorhalostarsis
very similar to the solar-systemabundances,as shown in figs. 6.2—6.4 and discussedabove. This
suggeststhat the solar-systemr-processabundancescould not be the averageof r-processproductsfrom
a numberof different environments.Instead,it implies that thereis only oner-processsite.

RecentlyMathewsandCowan [1990]haveattemptedto identify the site of the r-processbasedon a
comparisonbetweengalactic, chemical evolution models and abundanceobservationsof the very
metal-poorstars.They usedthe observationsof Butcher[1975],Luck andBond[1985]andGilroy et a!.
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Fig. 6.8. Comparisonsof galactic chemicalevolution predictionsfrom proposedr-processsites with observationsof [Eu/Fe] as a function of
metallicity [Fe/H] (from Mathewsand Cowan[19901).The dataarefrom Butcher[19751,Luck andBond [1985]andGilroy et al. [1988].Thecurve
labeled ‘Primordial” correspondsto anr-processoccurringbeforethe galacticproductionof iron. Thecurveslabeled:“All SN II” correspondingto
a primary r-processoccurringin all type II supernovae,“Low-massSN II” correspondingto thecasefor aprimary r-processoccurring in starsof
10—11 M0, “SN II ~ Z” correspondsto asecondaryr-processwith yieldsproportionalto thestar’s initial metallicity, and“SN II ~ Z/(a + Z)” is for
a secondaryr-processwhichdependsuponthe initial metallicitybuthasa primaryneutronsource.Theotherthreecurvesarefor a core-helium-flash
r-processin low-massstars,an r-processoccurringin neutron-starbinary coalescence,and neutron-staraccretiondisks. (Seetext for discussion.)

[1988].Figure6.8 showsthe resultsof MathewsandCowan[1990].Evolution mode!swhich assumethat
the r-processoccurs in (1) the helium cores of low-mass stars, (2) primordial synthesis, or (3)
neutron-starbinary coalescencedo not give a good fit to the time dependence([Fe/H]) of the data.It is
also seenin fIg. 6.8 that the evolution model assumingneutron-staraccretiondisks, suggestedas an
r-processsite by Hogan and Applegate[1987],does not fit the data. Purely primordial contributions
would leadto a declinein [r/Fe] with time, as the iron fraction increasesdueto typeII and,later, type
I supernovae,while the r-componentwould remainat its primordial value. Helium core flashesof
low-mass stars would take too long, due to their long evolutionary times, to match the observed
productionof r-procesSmaterial early in the galactichistory.

Similar argumentscan be madeaboutneutron-starbinariesas an r-processsite. The formation of
neutronstarsby Type II supernovaeexplosionswill occuron short timescales,but the coalescenceof
the binary systemas a resultof gravitationalwaveradiationis expectedto takeapproximately10~y or
[Fe/H] —1 (see also Eichler et a]. [1989]).However, if the binary is formed in a high eccentricity
orbit (perhapsby captureratherthanby acommonenvelopephase),the orbitaldecaylifetime couldbe
morethanan orderof magnitudeless[FajardoandLattimer1990]. Thebinary pulsar1913+ 16 doesin
fact have a highly eccentricorbit, and gravitational dampingis not expectedto circularize the orbits
until nearthe final merging.As shownin fig. 6.8, the bestfits to the dataareachievedwith modelsthat
assumea supernovaorigin for the r-process.(Assuminga rapid merging timescaleas a resultof high
eccentricity, neutron-starbinary systemscould also give a consistentfit to the observationaldata as
shown by Mathewset a!. [1991].)
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On the otherhand, if all typeII supernovaeproduceda similar ratio of r-processelementsto iron,
Mathewsand Cowan[1990]find that [Eu/Fe] would be relativelyconstantwith time. As shownin fig.
6.8 (labeled “All SN II”) such an assumptiondoes not fit the data, particularly at low metallicity.
Mathews and Cowan [1990]also arguethat the apparentdecline in [Eu!Fe] at very low metalticity,
illustratedin fig. 6.7, can be explainedby a delayin the productionof r-processelements.Sinceiron
presumablywas formedfirst in the mostmassiveprogenitors,Mathewsand Cowan [1990]suggestthat
thesedata imply a lower massrangefor stars responsiblefor the productionof the r-processelements.
They, therefore,concludethatthe coresof low-masstypeII supernovaearethe most likely sitefor the
r-process.MathewsandCowan [1990]note,however, that the actualmassrangeis uncertain.

6.3. Chemicalevolutionand age determinations

Thereexists an extensiveliterature regardinggalacticchemicalevolution (for a generalreview see
Tinsley [1980]).Age determinationswithin the frameworkof cosmochronology,utilizing the r-process
chronometerpairs 232Th/238U,235U/238Uand 244Pu/238Uhavebeenperformedby Fowler andHoyle
[1960],Schramm and Wasserburg[1970],Truran and Cameron[1971],Fowler [1972, 1977, 1987a],
Tinsley [1975,1977], HainebachandSchramm[1977],Reeves[1979],SymbalistyandSchramm[1981],
Thielemannet al. [1983b],Clayton [1985a,b],Thielemannand Truran [1986],Cowan et al. [1986b,
1987], Clayton [1988],and Page) [1989,1990]. Other age determinationshavebeen madeusing the
pairs 187Re/1870s, 87Rb/87Srand 207Pb/235Urather than the actinide chronometers[Woosley and
Fowler 1979; Yokoi et al. 1983; Arnould et al. 1984; Beer and Walter 1984; Beerand Mackim 1985;
Käppeleret al. 1989; Beer 1990].

All of thesecalculationsstartfrom the basic equationfor the gas massin the galactic disk,

dMG/dt~—‘I’+kW+f—o, (6.1)

whereMG denotesthe massof gasin the galacticdisk, 1JPis the star-formationrate(SFR),i.e., themass
of gasturned into starsper unit time, R is the fractionalmassejectedby starsduring andat the endof
their evolution (stel!ar winds, supernovae,etc.),f describesthe infalling gas into the disk from the
galactic halo, and o denotesa possibleoutflow into the galactic halo. The form used abovealready
includesthe instantaneousrecyclingapproximation.In principle,the reejectionR occursafter a period
of stellarevolution and ~Pshould not be evaluatedat the sametime for both termsin eq. (6.1). The
time delay of ejection IP(t — tev) is a function of the massof a star andgenerallydemandsthe useof a
moregeneralequation(seeTins!ey [1980]).Fortunate!y, for the purposesof our presentdiscussion,a
more general treatmentis not required. The elementsand isotopeswhich are of concernhere are
producedin the r-process,which, as we haveseen, is most likely associatedwith typeII supernovae,
andthey involve massivestarswith short evolutionarytimescales,where the instantaneousrecycling
approximationis well founded.

Basedon eq. (6.1), one can write an equationfor the rate of changeof the numberof nuclei of
speciesA which reads

dN 1—R f Zf
~, ~‘NA+~—-~NA—-~—NA—AANA. (6.2)

G G’—’ 110

The term including (1 — R)”I’ is the sameas in eq. (6.1). The infall term hasto be modified here
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becausethe contribution of the infalling gas to the abundanceof a heavy nucleusA is reduced
accordingto its lower metallicity Zf, in comparisonwith the disk metallicity Z; this is not the casefor
outflow. Besidesthe purereejectionof unprocessedgasin the outerenvelopeof starsR, thereis a term
(denoted by ~A ~P) which describesthe number of nuclei A being newly synthesizedin material
processedduring stellar evolution and explosive processing.This number is not dependentupon
metailicity for a primaryproduction mechanism,as we concludedin sections5, 6.1 and 6.2. We will
thereforeassumethat ~A is a constantin the following derivation.The term AA in eq. (6.1) is the decay
rate of radioactive nucleus A. A general solution to this equation, when abbreviated as NA =

~A !P — WNA — AANA, has beengiven for NA(t) by Tinsley [1975]as

I 1—R fZ ~
= J w(t’) dt’, °‘ M ~ — ~ -~ + ~— (6.3)

1) 0 0 G

NA(t) = NA(0)exp{—[AAt + v(t)]} + exp{ —1AAt + v(t)]} JP~~(t’) exp[AAt’ + v(t’)] dt’. (6.4)

This marksthepoint of departurefor thedifferentapproachesundertakenby differentauthors.They
all dependupon the relation betweenthe gas mass,M0, the star formation rate (SFR), II’, and the
amountand time dependenceof the infall f. The result is determinedby the time dependenceof the
function 1P(t) e~’in the integrand,also referredto as the “effective nucleosynthesisrate”. Schrammand
Wasserburg[1970]andMeyer and Schramm[1986]expandthe integral in termsof momentsof ~I’ev.

Otherapproachesassumea linear dependencebetweenthe star-formationrate and the total gas mass,
(1 — R)~P= aM0 (see,e.g.,Clayton [1985a,b]).Notethat, for vanishinginfall andoutflow, a equalsw,
andfor a = constant,eq. (6.1) would thenresult in an exponentialdecreasein time for the gasmassas
well as for the star-formationrate[Schmidt1963]. If a nonvanishinginfal! is takeninto account,realistic
assumptionsfor its amountandtime dependencearenecessaryandsolutionsto eqs. (6.1)and(6.2) can
be found numerically (e.g., Tinsley [1977],Yokoi et a!. [1983])or analytically for specialfunctional
forms of f(t) [Clayton 1985a,b,1988].

Here we want to perform as genera! a derivation as possible and to introduce assumptionsof
functionalforms only in the final result. Introducingthe abbreviationa(t) = (1 — R)W~/M0(notethata
canbe variable in time), eq. (6.1) maybe written as

dMG/dt —(a — f/M0 + o/MG)MG, (6.5)

andhasthe generalsolution

M0(t) = M00exp[_ J (a — ~— + ~—)dt’]. (6.6)
G G

Equation(6.1), togetherwith the definition of a, also leadsto

= —(a — ~- — ~- + ~_)w, ~I’(t) ~exp[_ .f (a —! — 4- + ~_) dt’].

(6.7)
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For a = constant,the star-formationrate is linearly proportionalto the gasmass,by definition, and
thereforealsohasthe sametime behavior.Usingthis resultfor 1P(t) andthe definitionof v(t) from eq.
(6.3), the effectivenucleosynthesisrate ~Pe’~becomes

~ (6.8)

Thus the generalresult for the abundanceof nuclei of speciesA becomes

NA(t) = NA(0) exp{—[AAt + v(t)]}

+ exp{ —[AAt + ~(t)]) JP~~exp(_ J A~dT) exp(AAt’) dt’. (6.9)

We want to describe the initial enrichmentNA(O) in such a way that its contributionto the total
abundanceof a stablenucleusA at time t = A is equalto a given value S0(<1). This leadsto

NA(0) 1~°s0PA~Jexp(—JARdT)dt’. (6.10)

For the ratio of the abundancesof two nuclei A and B at the time of the formation of the solar
system,i.e., after a nucleosynthesisepochof durationt = A, we find from eqs. (6.9) and (6.10),

NA(A)/NB(zl)= (PA/PB)f(AA,AB, S0~AR, A). (6.11)

The ratio of the two radioactivenucleiNA/NB is thena functionof the unknownsAR, S0 and4, as
ande- ~t) cancelout. Givenknowledgeof the productionratio ~A’ ~B in a nucleosynthesisprocessand
the abundanceratio NA/NB at the time of the formation of meteoritesin the solar system, i.e.,
4.6 x i0

9 y prior to today, thesethree unknownscan be determined,if for threechronometricpairs
A/ B, the productionratiosandmeteoriticratiosareknown.This is, however,only the caseif wetreat
AR, to first approximation,as a constant.Suchan approximationcorrespondsto the exponentialmodel
for ~Pe~,which wasinitially introducedby Fowler [1972].This approximationturns the simplemodelof
galacticchemicalevolutioninto a “Mickey Mousemodel” [Page!1990], andoneshouldbe awareof the
resultinguncertaintiesin using sucha model. In this simplified case,eqs. (6.9) and (6.10) become

NA(A) ~ e”~PA(A AA (e~ — e~~)+ S~f(i—S~)(1 — e~~)e~), (6.12)

with S
0 indicating the fraction of stabler-processmaterial presentat solar-systemformation resulting

from the initial enrichment.
It is possible to argueagainst this simple exponential model (i.e., AR = constant),but alt more

elaboratemodels also introduce assumptionsabout the relation between the gas mass, the star
formation rate,andthe amountandtime dependenceof infall. Thus, new uncertaintiesareintroduced
which could againaffect the model in termsof the galacticage. Thus,we still employ the exponential
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model, but examine in detail how the resultsfor AR, S0 and t0 are compatiblewith observational
information and the generalmodel derivedin eqs. (6.1) through (6.10).

One should be awareof the most importantshortcomingof the simple exponentialmodel— forcing
f/M0 to be constantin time. This assumptionis true for a closedmodel with f= 0 [Schmidt1963]. In
orderto satisfythe observationalconstraintsfor the metallicity distributionof stars[PagelandPatchett
1975] and the age metallicity relation [Twarog 1980] whenf= 0, it is necessaryto assumean initial
enrichmentin metalsat the beginning of the galactic disk evolution of the order Z0!Z~01= 0.1—0.3
[Lynden-Bell1975; Tinsley 1980] (seealsoYokoi et a]. [1983]).This will bethe samevalueas S0, if the
initial r-processenrichmentis the same as the initial metalenrichment.

An initial enrichmentcan be avoided and the metallicity distribution can be naturally explainedif
oneallows for infall. In the earlystagesof disk evolution,the gasmassis thendominatedby infall from
the collapsing galactic halo and the gas mass,as well as the star-formationrate, reacha maximum
before they start to decline in time. This first rise andburst of starformation is able to reproduceall
observedquantities.While the decliningphase of f and M0 with comparabletimescalesmight be
approximatedby a constantratio, the first rise andburst of starformationcan be includedas a separate
term in eq. (6.8) by performing the integral over two intervalsin time. Technically, such a term
correspondsto aninitial enrichment.When treating theproblem in thisway oneshouldbe awareof the
fact that the resultsgive lower limits to the ageof the Galaxy, becausethe durationof the initial burst
of starformation is not included.While this durationtime mightbe asshort as —2 x i0

8 y, it could be as
long as (2—3) X i0~y (see,e.g.,Clayton [1985a,b,1988]).

7. Nuclear chronometers, production ratios and ages

Nucleochronology,employingradioactivenuclei with very long half-lives, can be usedto determine
the ageof the Galaxy andhenceprovidea lower limit uponthe ageof the universe.Particularlyuseful
for theseage determinationsare the long-lived r-processnuclearchronometers(seetable7.1): ‘87Re,
232Th, 238U and 235U. Nuclei with shorterhalf-lives, such as 244Pu and t29

1 can be used to provide a
measureof the rate of galacticnucleosynthesisclose to the time of the formationof the solarsystem.
This chapterreviews the various r-processchronometersand their associatedproductionratios. Using
theseratios, togetherwith a knowledge(from meteoriticabundances)of the isotopicabundancesat the
time of the formationof the solarsystemandthe historyof chemicalevolutiondiscussedabove,galactic
agedeterminationscan be made.

White therearea numberof nuclearspeciesthat canbe utilized to estimatethe galacticage,thereis
clearly an advantageto be gainedby restrictingoneselfonly to nuclearspeciesproducedin a single
astrophysicalprocess(environment).This approachcan helpto reducesomeof the uncertaintiesin the
calculations.The emphasisin this paperis on the r-process,and we thus confine our attentionhere

Table 7.1
Nuclearchronometers

Nucleus Decay product Half-life (y) Nucleus Decayproduct Half-life (y)

‘
47Sm 43Nd 1.06x lOu 1°~Pb 4.47 x 10~

~7Sr 4.89 x 10I~ 2117Pb 7.04x 1O~
IS7Os 4.5 x 1O’° 214Pu 208Pb 8.2 X i0~
208Pb 1.40x 1011 I29j ‘~Xe 1.6 X i0~
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primarily to F-processchronometers.A forthcoming discussionof age determinations,which includes
various s-processchronometers,will appearin Cowan et al. [1991].

7.1. Th, U and Pu chronology

7.1.1. Productionratios
The r-processis entirely responsiblefor the synthesisof ‘87Re, 232Th, 235U, 238U and244Pu.Thereis

no s-processcontributionto the productionof any of thesenuclei, with the possibleexceptionof Re
(seesection7.2.1). In the r-process,the final abundancesof all theselong-lived isotopes,except~7Re,
involve summationsover the abundancesof a numberof short-livedprogenitorsin alpha-decaychains,
viz,

232Th: 232Th, 236U, 24t)p~~244Pu,248Cm,252Cf
235U: 235U, 239Pu,243Am, 247Cm, 251Cf, 255Fm
238U: ~35U,~ 246Cm, 250Cf
244 244 248 252Pu: Pu, Cm, Cf.

Performingthe indicated summationsallows the calculation of the production ratiosof the actinide
pairs232Th/238U,235U/238Uand244Pu/238U.(The ‘87Re chronometeris discussedbelow in section7.2.)
Particularly useful are the first two pairs. The very short half-life of 244Pu, which can only provide
informationnearthe time of the formationof the solarsystem,makesthe ratio of 244Pu!238Urelatively
uselessfor age determinations.It should also be noted that the summationover the short-lived
progenitorsreducesthe uncertaintiesassociatedwith the productionof any individual isotope.

In eachof thesesummations,the numberof progenitors is constrainedby a line, beyondwhich
spontaneousfission dominatesall other modesof decay. On this basis alone,we seethat the isotopes
232Th,235U, 238U and244Puhave6, 6, 4 and3 progenitors,respectively.It is alsonecessaryto take into
accountthe fission lossesexperiencedby the listedprogenitors,which reducesthe “effective” number
of progenitors.For 232Th, the six identifiedprogenitorsbecome5.9; for 235U, the six progenitorsremain
six; for 238U, the four progenitorsare reducedto 3.35 effectiveprogenitors;and for 244Pu, the three
become2.85. Thesenumbersmaybe useddirectly to providea zeroth-orderestimateof the production
ratios of theseisotopes,basedon the assumptionthat the variousprogenitorsare producedin equal
abundancesin the r-process.In this case,the correspondingproductionratios are

232Th/238U= 1.73, 235U/238U= 1.79, 244Pu/238U= 0.82.

The assumptionthat the progenitorsof theselong-lived isotopesare formedin equalabundanceis
not consistentwith the results of detailedcalculationsof r-processnucleosynthesis.For purposesof
illustration,we list in table7.2thevaluesobtainedby variousauthors,utilizing both differentsourcesof
input nuclearphysics (e.g., massformulae) and quite different assumptionsconcerningthe r-process
nucleosynthesisconditions (see section 5). The critical piece of information to be drawn from this
compilationis the breadthof the rangeof predictedvaluesfor the productionratios. Note specifically
that the predictedproductionratios for 232Th/238Utake values in the range 1.40 to 1.90; thosefor
235U/238Uhaveallowedvaluesof 0.89 to 1.89; andthosefor 244Pu/238Urangefrom 0.12to 0.96. These
rangesclearly reflect the substantialuncertaintiesassociatedboth with the nuclearphysicsandwith the
astrophysicalconditions. They also clearly introduce a significant uncertainty into calculations of
nucleocosmochrono]ogy.
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Table 7.2
Productionratiosfrom r-processcalculations

~
32Th/~ u5U/ 2s~U 244Pu/23~U Reference

1.65 1.42 0.90 Seegeret al. [1965],Fowler [19721
1.90 1.89 0.96 SeegerandSchramm11970]
1.70 0.89 0.53 WeneandJohansson[1976]
1.80 1.42 0.90 Fowler[1977]
1.90 1.50 0.90 SymbalistyandSchramm[1981]
1.50 1.10 0.40 Krumlindeet al. [1981]
1.40 1.24 0.12 Thielemannetal. [1983a,b]
1.71 1.34 0.66 FowlerandMeisl [1986],Fowler[1987aJ
1.60 1.16 0.40 Cowanet al. f1987Jwith 3-delayedfission
1.53 1.26 0.49 Thielemannetal. [19891without 3-delayedfission
1.73 1.79 0.82 equalabundancesassumed

The variations in productionratios are a consequenceof the fact that the identified neutron-rich
progenitorsof 232Th, 235U, 238U and244Pu arenot formedin equalconcentrations.Therearetwo basic
reasonsfor this behavior:

(1) The nuclear-reactionpropertiesof individual nuclei in theseregions— the (n, -y) crosssections
and 3~decaylifetimes— introducea significantamountof local structurealong the F-processcapture
path.The levels of productionare thus expectedboth to differ from equality and to be a functionof
specific choicesof the nuclearphysicsparameters.For example,all calculationsbasedupon the use of
the Klapdor et at. [1984]beta-decayrates show structurein the abundancedistribution aroundthe
A = 238 massregion (seefig. 7.1), in contrastto the caseof constantprogenitorabundances.The
influence of thesevarious nuclearpropertieson the production ratios is also dependentupon the
detailedtemperatureand densityhistory of matter at the F-processsite, hencewe might expect to
obtaindifferent resultsfor differentenvironmentsevenwhenwe usethe samemass-formulapredictions
andneutron-captureandbeta-decayproperties.

—5

Iii
U

230 250 270

MASS NUMBER
Fig. 7.1. Calculated r-process abundancesof heavynuclei in therange220~ A~ 280 from Cowanet al. [1987].(Thetotalabundancecurveis shown
in fig. 5.2.) The dottedline showsthe calculatedabundancesfor thesame astrophysicalconditions,but without theeffects of fission.
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(2) An additional featureis the fact that the abundancesof the neutron-richprogenitorscan be
furtherdepletedby beta-delayedfission, as indicatedin the extremeby calculationsof Thielemannet
al. [1983a,b].As wehavediscussedin section3, however,the useof a moreconsistentdata setlargely
eliminatesthis strongdependenceon beta-delayedfission [Thielemannet al. 1989].

Our personalview in this matter hasbeenguidedby the philosophythat we can expectto obtain
more reliable estimatesof these critical production ratios for cosmochronologyin the context of
calculationswhich, independentlyof the astrophysicalsite, tendto bestreproducethe grossfeaturesof
thesolar-systemF-processdistributions.Thielemannet al. [1983a,b],for example,performeda number
of detailed r-processcalculationsthat included the effects of beta-delayedneutron emission and
beta-delayedfission. Their calculatedabundancecurve showed good agreementwith the observed
solar-systemr-processabundancecurve [Cameron 1982a; Kãppeler et a!. 1989]. Using the same
calculated abundances,Thielemann et a!. [1983a,b] found the production ratios to be 232Th/

= 1.40, 235U/238U 1.24, and 244Pu/238U= 0.12. Although their calculationsassumedconditions
typical of explosivehelium burning, theynotedthat “this abundancedistributionin the r-processpath
hasto be producedby any eventwhich can reproducethe solar r-abundances”.In otherwords, the
productionratiosthey determineshouldbe substantiallyindependentof the assumedsite,as long as the
conditionsin that site reproducethe solar-systemabundances.

Cowan et at. [1987]similarly usedcalculationswhich provided a good a fit to the solar systemto
determinethe productionratios. Their calculationswere different in a number of importantways,
however,which resultedin very differentvaluesof the chronometricproductionratios (seetable 7.2).
Different neutron-capturecrosssections,basedon different nuclearmassformulae,were usedby the
two groups.Furthermore,their estimatesof the beta-delayedfission andbeta-delayedneutron-emission
rateswerevery different; the valuesusedby Cowanetat. [1987]were lower thanthoseof Thielemann
et al. [1983a,b].Finally, Thielemannet at. [1983a,b]assumedequilibrium conditionsfor their F-process
calculations, while Cowan et a!. [1987]performed dynamic r-processcalculations. (The different
assumptionsmadein thesetypes of calculationsaredescribedin detail in section4.) Using their best
calculatedfit to the solar r-processcurve, Cowanet at. [1987]determinedthe productionratios to be
232Th/238U= 1.60, 235U/238U= 1.16, and 244Pu1238U= 0.40. They also attempted to estimate the
uncertaintiesassociatedwith theseratios. Uncertaintiesin the nucleardata yielded a spreadof 0.1 in
the 232Th/238Uratio and 0.05 in thatfor 244Pu/238U.(Theseauthorsdid not find anydifferencein the
235U/ 238U ratio basedon the two setsof calculationsthey performed.)

Cowan et at. [1987] and Thielemannet at. [1983a,b]both used conditions for their r-process
calculationsthatwere typicalof explosivehelium-burningenvironments.As notedabovein section5,
this doesnot seem,atthis time, to be a plausiblesite for the F-process.Cowanet at. [1987],however,
reiteratedthe point madeby Thielemannet at. [1983a,b]that, if the calculationscan reproducethe
solar-systemr-processcurve, thenthe F-processpathin the N—Z planemust be in approximatelythe
right position. It should follow that, under thesecircumstances,the different mass numberswill be
producedin the correctproportions.This argumentis equivalentto the statementthat the r-processis a
unique event, which always producesan abundancedistribution similar to that found in the solar
system.As notedin section6, observationsof extremelymetal-poorstars,whichshowa solarF-process
distribution,supportthis argument[MathewsandCowan1990]. It was estimatedthat the uncertaintyin
the productionratiosresultingfrom the fit to the solarcurvewas of the samemagnitudeas producedby
nuclearuncertainties,or 0.1 in 232Th/238U[Cowanet a!. 1987].

The fact that Thielemannet a!. [1983a]andCowanet a]. [1987]got differentproductionratios,even
thoughtheyboth fit the observedsolar-systemcurve, is attributableto the uncertaintiesin the nuclear
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physics,particularly earlierestimatesof the ratesof beta-delayedfission in the massrangeof A = 240.
Theinfluenceof fission on the determinationof the r-processproductionratiosis beginningto be better
understood.Someearly estimatesof theseratiosignoredthe effects of beta-delayedfission [Seegeret
a!. 1965; Fowler 1972; Seegerand Schramm1970]. Other authors attemptedto include fission by
assumingconstantnuclear abundancesas a function of mass number [Wene and Johansson1976;
Krumlinde et a]. 1981; Meyer et al. 1985]. This tatter approachignoredthe detailsof the abundance
distribution along the r-processpath.

Thielemannet al. [1983a,b]explicitly includedthe effectsof beta-delayedfission in their calculations,
basedon the fission barrier height determinationsof Howard and Möller [1980].These calculated
fission probabilities strongly affectedthe predictedvalues of the productionratios. Thereare indica-
tions, however,that Thielemannet a!. [1983a,b]overestimatedthe fission rates,dueto the fact that the
fission barrier heightsare largerthan theyhad assumed[Meyeret at. 1989b]. Smaller percentagesof
beta-delayedfission were foundwhenusinga moreconsistentnucleardataset (seediscussionin section
3), but onethat still relied on the HowardandMötler [1980]fission barrierheights[Cowanet at. 1987].
Since thesepredictedbarrier heightsare also too low (see section3.2), the calculatedbeta-delayed
fission ratesmaystill be too large.

Thielemannet al. [1989]repeatedthe dynamiccalculationsof Cowan et at. [1987]in an attempt to
examinethe effect of the fission resultson the productionratios. In thesenewcalculations,Thielemann
et a!. [1989]set the fission probabilitiesequalto zero, correspondingto infinitely high fission barrier
heights.This clearlyrepresentsa limiting case.Their calculatedproductionratiosarelistedin table7.2;
as can be seen,they arelittle different from thosefound by Cowan et al. [1987].It appears,therefore,
thatbeta-delayedfission haslittle influenceon the actinidechronometerratios.

The valuespresentedin table 7.2 makeclear that thereis a wide range of possiblevalues of the
r-processproductionratios. Morework will be neededto constraintheseratios.Particularly important
will be calculationsthat use consistentnuclear data bases,for which all of the relevanttheoretical
parameterswill be calculatedusing the same(presumablyreliable)nuclear massformula.

7.1.2. Meteoriticabundances
The calculatedproduction ratios can then be comparedwith the measuredisotopic ratios in

solar-systemmaterial, to obtain the durationof nucleosynthesisfrom the time of formation of the
Galaxyuntil the time of formationof the solar system.The 232Th/238Uratio is difficult to determine,
becauseof the chemicaldifferencesbetweenthe two different elements.Fowler [1977]noted that the
ratio varies in terrestrialmaterial,possiblyas a resultof chemicalfractionation.For thisreason,Fowler
[1977]adopted232Th/238U= 4.0±0.2 basedon aweightedaverageof meteoritesandmoon rocks, with
heavyemphasison the “expensive”Apollo results.Thisnumbercorrespondsto the valuefor thisratio
at the current time. Using the relative lifetimes for decay, Fowler [1977]then determined232Th/

= 2.50±0.2 at the time of the formation of the solar system.Anders andEbihara[1982]and
AndersandGrevesse[1989],usingvariousmeteoritesamples,found the presentdayvalue of Th/U to
be 3.6, which translatesinto 232Th/238U= 2.32at the time of the formationof the solar system.They
notethat their abundancesaretypically accurateto between5% and10%; in particular,Th andU are
uncertainby 5% and11% respectively.Cameron[1982a]alsolists thecurrentvalueof Th/U as 3.6, but
finds a slightly different valueof the isotopic ratio 232Th!238U= 2.22.

Thereis good agreementon the 235U/238Uratio. Fowler[1977]lists a ratio 7.25 ±0.01 X i0~for the
currentvaluewhichtranslatesinto 0.313±0.001 atthe formationof the solarsystem.The samevalueis
usedby Symbalistyand Schramm[1981].Andersand Ebihara[1982]andAndersand Grevesse[1989]
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find 235U/238U= 0.317when the solarsystemformed. Cameron[1982a]finds a similar valueof 0.315,
while Fowler [1987a]uses a somewhathigher value of 0.330. Note that the uncertaintiesin the
elementalabundancesof (5—10%),as a resultof chemicalfractionationeffects, do not enterinto the
isotopicratios.

7.1.3. Galacticages
Using the calculatedproductionratiosin section7.1.1, the meteoriticabundanceratiosfrom section

7.1.2anda modelfor galacticchemicalevolution(section6.3),chronometricagedeterminationscan be
made. Dependingupon the various choicesfor theseparameters,a variety of age estimateshave
resulted. One can adopt the simple exponential model for determining the duration of galactic
nuc!eosynthesis(A) before the formation of the meteoritesand the solarsystem,4.6 x i09 y ago, by
utilizing eq. (6.11). The neededquantitiesfor eachchronometerpair are the productionratios ~A’~B

and the meteoriticabundanceratiosNA(A)INB(A).As long as the simple chemicalevolution model is
definedby threeparameters,the initial enrichmentS~,the time changeof r-processnucleosynthesisAR
and its durationA, threechronometerpairsare neededas well. When makinguseonly of 232Th/238U
and 235U/238U, one parameterhas to be fixed. In the following, we discussvarious age estimates
appearingin the literaturefor differentchoicesof productionratiosandchemicalevolutionmodels.As
notedin sections7.1.1 and7.1.2,the uncertaintiesin the meteoriticratiosandthe productionratiosare
comparable.

Fowler and Meisl [1986]andFowler [1987a]assumeda constanteffective nucleosynthesisrate, i.e.,
AR = 0. With the productionratios (232Th/238U= 1.71, 235U/238U= 1.34) and meteoriticratios(232Th/
238U = 2.305, 235U/238U= 0.330). Fowler finds a galactic age of t~= 10.0 ±1.6Gy.

Cowan et a!. [1987]also adoptedthe simple model. They varied the initial r-elementenrichmentS~
between0.1 and 0.3. This correspondsto the initial metal enrichmentneededin evolution models
without infall, and results in values for AR and A. With meteoritic abundanceratios of 0.317 for
235U/238Uand2.32 for 232Th/238U(seediscussionabovein section7.1.2),andtheir productionratiosof
1.16 and 1.60, Cowan et a!. [1987] found values ranging from 7.8 x i09 y to 10.1 x i09 y for A,
dependinguponS

0. Thesevaluestranslateinto agesof the Galaxyof 12.4 x i0
9 y to 14.7 x iO~y, after

addingthe ageof the solarsystem(i.e.,4.6 x i09 y). Theseagesdid not includethe durationof galactic
evolution which producedthe initial enrichment. As discussedpreviously, more complex evolution
models,which startwith a smallgas massin the disk andhaveanincreasingstar-formationrateduring
the early infal! period,can result in a durationof galactic nucleosynthesiswhich is largerby as muchas
(2—3) x i09 y. Cowanet at. [1987]also estimatedthe effectsof uncertaintiesin nucleardata. Variations
within the range of 0.10 for the Th/U production ratio led to an increasedage uncertainty of
approximately2 x i09 y.

Earlier evaluationswithin the exponentialmodel also included the short-livedchronometers244Pu/
238U and 1291/ t27

1 and additional parameterslike a last nucleosynthesisspike before the formation of
the solar system. Such a parametrizationmight be somewhatquestionableandcan lead to artificial
results. Thielemannet al. [1983a,b]were the first to include explicitly the beta-delayedneutron
emissionand fission in their r-processcalculations.They madeuse,however,of an inconsistentsetof
massformulaandfissionbarrier heights(seediscussionin section3) which maximizedthe beta-delayed
fission rate andled to very smallThIU productionratios:

232Th/238U= 1.39 and235U/238U= 1.24. The
resulting galactic age was 20.8i~Gy.

Fow!er [1977]useda four-parameterexponentialmodel for the galacticchemicalevolutionwith an
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early spike in nucleosynthesis.Using 232Th/238U= 1.80, 235U/238U= 1.42 and 244Pu/238U= 0.90 he
found the galactic age to be t

0 = 12i~Gy and the durationof nucleosynthesis,A = 6.1 ±2.3Gy.
The use of the simple exponentialmodel is probably only meaningful if its time behaviorobeys

observationalconstraintsandthe uncertaintiesin short-livedchronometersdo not force the parameters
into purely mathematical,but physically questionable,solutions.ThietemannandTruran[1986]noted
thata reduced

235U/238Uproductionratio forcesthe value of AR to be slightly negative,in contrastto
earlier studies[Fowler1972, 1977]. They argued,on the basis of observationalevidencefor the rateof
the declineof the star-formationrate andthe value of the gas-depletiontimescale,that AR had to be
equalto or less than zero. From the definition of AR in eq. (6.8), we can see that for the caseof
nonvanishinginfall, AR has to be negative, if a = constant (i.e., when the star-formationrate is
proportionalto the gasmass).In a closedmodelAR wouldbezero andthe effectivenucleosynthesisrate
constant.A negativeAR, resulting in a time dependenceof the effective nucleosynthesisrate which
agreeswith observationalconstraints,can only be achievedwith atow 235U/238Uproductionratio. This
is illustratedin fig. 7.2. Note alsothe largevariation in A with the changein the Th/U productionratio.

Clayton[1988],insteadof makinguseof thesimplest,analytically solvablemodelwith AR = constant,
parametrizedthe infall to gas mass ratio in two different ways: f(t)/MG(t) = k/(t + A) or f(t) =

e~’.Such a parametrizationalso leadsto analyticalsolutions,but with the appropriatechoice
of k andA or and w’, can mimic the morecomplexbehaviorof infall modelsat early times. Figure
7.3 showsthe allowedrangeof galacticages,deducedfrom the Th/U chronometerpair with a ratio of
1.71, for a family of parameters[Clayton 19881. For that ratio, Clayton’s [1988] results indicate
8< T

0 <13Gy for closed (i.e., no infalt) models, but much larger agesmay be possiblewith infalt.
Smallerproductionratioswould alsolead to largerages.

Yokoi et al. [1983]performeda very general galactic chemical evolution calculation,without any
simplificationswhich might leadto analyticalsolutions.Theirmain emphasiswasto try to reproducethe

232Th/235U and 23sTh/238U 1.50

2- 2 - 235U/2380
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Fig. 7.2. Usingthetwo chronometricpairs,
232Th/ 23~Uand 235U/‘38U, thevaluesof i~1(durationof galacticnucleosynthesisbefore theformationof

thesolar system) arepresentedasa function of A
5, which governsthetime dependenceof the effectivenucleosynthesisrate [=‘I~exp(—A5t)=

~P(t)exp(wt)]. The absolutevalue of A5 is also displayedon a logarithmic scale.(a) Two caseswith productionratios of ~
2Th/238U= 1.40 and

= 1.24or 1.80 and 1.42,respectively.The latter ratiosdo not allowsolutionswith A
5 sOfor S1 sO.3.Largervaluesof S~result in shorter

galacticages.(b) The resultsfor
232Th/238U = 1.50 and 235U/ 238U= 1.24 or 1.30. In comparisonwith a, it is seenthat theshift of SO(AR) is due

mostly to the235U/238U ratio.
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Galactic Age 1~tGyi-)

Fig. 7.3. The allowedrangeof galacticagesfor a family of evolutionparameters(includinginitial metallicity, a, gasconsumptionrate,w, andrateof
infalt) from Clayton [1988].All of the models assumean c-processproductionratio for

232Th/238Uof 1.71.

availableastronomicalconstraints.Figure7.4 displaysthe resultsof their numericalintegrations,based
upon thesemodelsfor calculatingthe time evolutionof the chronometerpairs. Fromthe figure, it can
be seenthatproductionratiosbetween1.1 and 1.3 areneededfor the U-pair andthat ratioslargerthan
1.7 are requiredfor the Th/T.J pair, to obtaingalactic agestower than 15 X ~ y.

Meyerand Schramm[1986]madeuseof the so-called“model independent”approach[Schrammand
Wasserburg1970], by expandingthe integral in eq. (6.4) in momentsof ~Pe~.For small valuesof the
Th/U production ratio, one has to expand to higher moments and the result becomesrather
model-dependent.Meyerand Schramm[1986]give arangefor the ageof the Galaxyof 9—27 X i09 y.
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Fig. 7.4(a). Abundance ratio
255U/238Uat T + ~ for threechoicesof thec-processproductionratio (from Yokoi et al. 11983]). The observedratio

with its uncertainty(shadedarea)and thea-decayratesarefrom SymbalistyandSchramm[1981].(b) Sameasafor 232Th/238U(from Yokoi et al.
[1983]).
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Malaney et a!. [1989] recently found that high-energyphotons, from CNO reactionsin stellar
hydrogenburning,can leadto photofissionof actinides.Becauseof a lower fission barrier,238U is more
sensitiveto this effect than 232Th. This would causea furthercomplicationin the evolutionarymodels
discussedabove, but in a simplified model, photofissionwould enhancethe Th/U productionratio
relative to the pure F-processpredictions.This effect might also alter the conclusionof Yokoi et a!.
[1983],thatTh/U ratioslargerthan 1.7 arerequiredto fit astronomicalconstraintsof galacticevolution
models,and allow their result to be in accord with smaller production ratios (<1.6) found in most
r-processpredictions,basedon more recentnucleardata.

7.2. Mixed r- and s-processchronologies

The chronometersdiscussedin section 7.1 are the only pure r-processchronometerswhere both
componentsare made in the r-process. Our emphasis,therefore,in this review hasbeen on these
chronometers.There exist a number of other chronometers,however, where at least one of the
componentshasan r-processcontribution.Thesewill be discussedherein a morecursoryway. For a
deeper discussionand analysis of pure s-processchronometerssee Clayton [1988], Arnould and
Takahashi[1990]and our forthcomingreview [Cowanet a!. 1991].

The mixed chronometersincludethe 187Re/l87Os pair.“87Re is producedin the f-process,and ‘87Os
results from both the long-term decay of the r-processnucleus 187Re and an intrinsic s-process
contribution. It is important to subtractthis s-processcomponentin order to utilize the remaining
cosmoradiogenicosmium, ‘87Os~,alongwith the ‘87Re for agedeterminations.The caseof 87Rb/87Sris
similar, except that t7Rb might also havean s-processcontribution. Other pairs like 206Pb/238Uor
207Pb/235Uhavestill athird component.For example,206Pbis producedin the s-process.It alsohasan
r-processcomponent,including the decay of all short-lived nuclei betweenPb and Th, which are
producedin the F-processbut decayto 206Pb. And finally, thereis the r-processcomponentof 238U,
which decayson long timescatesto 206Pb, leading againto a cosmoradiogeniccomponent.The same
argumentholds for the 207PbI235U pair. In both of thesecases,it is important to determinethe
cosmoradiogeniccomponent.

In addition to the pairs mentionedabove, which were first introducedinto cosmochronologyby
Clayton[1964],the elementalpair Th/Ndhasrecentlybeensuggestedasa chronometer[Butcher1987].
In the following subsectionswe discussall of thesechronometerpairs in more detail.

7.2.1. Re/Os
Thereare a numberof uncertaintiesinvolved in usingthis chronometer.The stellarbeta-decayrate

of 187Remaybe affectedby a numberof factors,whichmakeit verydifferent from the laboratorydecay
rate.Clayton[1969]notedthat thermaleffectsin thestarshouldexcite andionize the 187Re.Betadecay
wouldthenbe enhanced(i.e. the lifetime greatlydecreasedwith respectto thevaluelistedin table7.1),
as shown by TakahashiandYokoi [1983].Betadecayof excitedboundstatesin 187Reto the 9.75keV
state in 187Oswill occur[Arnould et a!. 1984], and more low-lying nuclearstateswill be populatedat
higher temperatures.The inverseprocess,electroncaptureon can also occur,however.The net
result of thesefactorswill significantly increasethe rate of beta decayof 187Re [Cosnerand Truran
1981].

Another uncertaintywith this chronometerinvolves the s-processcontribution to ‘t7Os. This is
norma!!y determinedby using the local approximationfor the s-process,
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n5(’
870s)(uv)

187= n5(
186Os)(o~v)

186,

wheren~is the s-processabundanceand (uv) is the thermallyaveragedneutron-capturecrosssection
for the indicatednucleus.In usingthis approximationto determinethe s-processcontributionto

1870s
production,the neutroncrosssectionsneedto be well determined.In addition,Arnould et a!. [1984]
suggestedthat this local approximationis not valid dueto s-processbranchingin this massregion.Both
of theselatterproblemsseemto be resolvednow (seeKäppeleret al. [1990]andreferencestherein),
allowing the determinationof the cosmoradiogenicratio, r = t87Os~/t87Re, at the time of the formation
of the meteorites.The remainingtask is to include the temperature-dependenthalf-life correctly in
galacticevolution calculations.

Thie!emann and Truran [1986] tried to treat the Re/Os chronometerpair as a third equation
togetherwith the Th/U and U/U pairs in the simpleexponentialmode! of galacticchemicalevolution.
The equivalentequationto (6.11) for cosmoradiogenicpairs leadsto a different functionf on the
right-handside andcancellationof the productionratio ~A’~A• In suchacase,all threefree parameters
of the exponentialmodelwith initial spikecan be determined.Assuminga long half-life for the ground
stateof ‘87Re however,resultedin solutionsrequiringsmallTh/ U productionratios(andlargegalactic
ages)for the uncertaintyranger definedabove. On the otherhand,onecan againmakeanassumption
for S

0 and askwhat averagehalf-life (in starsandthe interstellarmedium)is requiredto makeall three
chronometersconsistent.The results for both casesare displayed in fig. 7.5. With a value of
Th/U = 1.5, an effectivehalf-life of 2.5—4X i0

9 y is requiredfor such consistency.
Yokoi et a!. [1983]also found that only the proper inclusion of a decreasedhalf-life into their

numericalevolution modelcould makethis chronometerconcordantwith astronomicalconstraintsof
the evolution model, suggestinga galactic age range of 11 Gy < t

0 <15 Gy. Clayton [1988]did not
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Fig. 7.5. The variation in theduration of nucleosynthesisbeforetheformationof thesolarsystem,~,andA

5,which governsthetimedependenceof
the effective nucleosynthesisrate, as a function of initial disk metallicity, S0 (from Thielemano and Truran [1986]). The upper partof the figure
illustrates the effective ‘

87Re half-life that is required, as a function of ‘870s/‘87Re, to make the ‘~7Os/‘87Re consistent with such a solution.
Assume a production ratio of (a) 232Th/238U= 1.40; (b) 232Th/238U= 1.50, illustrating that a larger production ratio requires shorter effective ‘87Re
half-lives (and also results in smaller galactic ages).
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Fig. 7.6. The
87Re remainder at t = t~for a rangeof galacticevolution model parameters,asafunction of galacticageT

0 (from Clayton11988]).
The results show that increased infall yields an increasedgalactic age.The horizontal bandindicatesthe valueof the remainderrequiredby the
abundances. The dottedline at r(187) = 0.90, basedon the terrestrialdecayrate A5(187), suggestsan ageof T0 = 16—18Gy for closedmodels, but
much largerages for modelswith infall.

include this effect in his family of analytic models,andfinds, therefore,longer ages(seefig. 7.6). He
statesthat only in evolutionmodelswithout inf all can galacticagesbeastow as 10—12Gy. With galactic
infall (which he stronglyarguesfor), he suggestsa rangeof 14 Gy < t0 <20Gy, with a mostprobable
valueof 16 Gy. Ultimately, to determinethe effectivebeta-decayrateof this chronometerwill requirea
detailedknowledgeof the thermalhistory of

187Re in stars.

7.2.2. Rb and Sm chronology
The long half-life of the isotope87Rb (seetable7.1) would seemto makeit a goodchronometerfor

estimatingthe ageof the Galaxy. Unfortunately,this nucleusis producedby a combinationof the s-
andthe r-processwhich makesit more difficult to useasa chronometer[BeerandWalter 1984]. Beer
andWalterdevelopeda formalismto separatethe two differentcontributionsto theproductionof 87Rb,
but uncertaintiesin thecurrentdatapreventa reliabledecompositionof 87Rb into thes- andr-process
components.Improved cross sections and solar-abundancemeasurementswill be neededbefore
accurateagedeterminationscan be made.In addition, Kappeleret al. [19891notethat the problemis
furthercomplicatedby the likely enhancementof thestellar beta-decayrate for this isotope,asshown
by TakahashiandYokoi [1987].

147Sm hasthe sameproblemsasa chronometerthat 87Rb has. That is, ~‘47Sm,despiteits very long
half-life, is madeby a combinationof the s- and the r-processes.Furthermore,it is not possibleat the
presenttime to separatethosecontributions [Beer and Walter 1984].

7.2.3. 207PbI235Uand 206Pb/238Uchronologies
The principle of thesechronologieshasbeenexplainedin section7.2. The essenceagain lies in the

extractionof the cosmoradiogeniccomponents206’207Pb~by subtractingthe s- and F-processcontribu-
tions. This is not an easytask. The s-processis rathercomplicatedin this nuclearmassrangewhere it
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terminates,so that its analysis requires rather accuratedeterminationsof neutron-capturecross
sections.At presentthesechronometersdo not appearto give very reliable results. Using these
chronometers,Clayton [1988]finds only ageslargerthan20 Gy for the Galaxy. Beer[1990],however,
with a new analysisof thes-processcomponent,finds agesof T0> 12 Gy to be acceptable.

7.2.4. Th/Ndchronology
Butcher [1987]hasmeasuredthe strengthof the Th and Nd lines in a sampleof nearby(mostly

dwarf) stars. He finds that the abundanceratio of Th/Nd is virtually the samein all of the stars
regardlessof age.Basedon theseresults,he thenarguesthat the tackof noticeabledecayin Th with
respectto Nd reflectsa very young agefor theGalaxy, andsuggestsan upperlimit of 9.6 Gy. Mathews
and Schramm[1988]arguethat Butcher’s ageresult is model-dependentand pointed out that Th is
typically an r-processelementwhile Nd is principally producedin the s-process.Using Butcher’sdata,
MathewsandSchramm[1988]find a rangeof galacticagesfor variouschemicalevolutionmodels,with
an upper limit of 20 Gy.

Clayton [1987]also suggeststhat an upper limit of 20Gy for the Galaxy is not inconsistentwith
Butcher’sdata,andstressesthe importanceof properlytreatingthe time rateof changeof the s- and
r-processesin determiningthe galactic age. In particular, thereis the possibility that the s-processin
thermally pulsating AGB stars behaveslike a primary component.The sameneutronflux from the
‘
3C(oc, n) source,but with a smaller amountof heavyneutron poisonsin lower metallicity stars,wilt
result in a larger irradiationand thus a largerratio of s-processto r-processnuclei (i.e. Nd to Th) will
occurduring that periodof galacticevolution. Clayton [1988]showsthat theexplicit inclusion of these
s-processcontributionsin a mode!of chemicalevolution leadsto galacticagesolder than suggestedby
Butcher[1987],seealso fig. 7.7.

On the other hand,Fowler [1987b]and Malaneyand Fowler [1989b],using a simple exponential

Age (Gyr)

Fig. 7.7. Model fits from Clayton 11988] to theTh/Nd stellardataobtainedby Butcher[1987].The top curve(a= 0), aclosedmodel from Clayton

11987], assumesa secondarys-processproductionfor Nd. The dashedline is for the samegalacticevolution model but without a secondary
contributionto Nd. The middle curve assumesmoderateinfall.
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mode! that assumesan early spike in galactic nucleosynthesis,find an upper limit of 12 Gy usingthe
Th/Nd data.They arguethat the Butcher[1987]data,wheninterpretedwithin their cosmochronologi-
cal model, confirm the relatively young galacticageof 10 Gy previouslyderivedby FowlerandMeisl
[19861and Fowler [1987a].

Butcher[1988]also respondsthat themodelsof Clayton [1987]and MathewsandSchramm[1988],
while adequatelyreproducingthe Th/ Nd data,are inconsistentwith the Eu/ Ba abundances[Butcher
1975] for someof the samestars.The Eu/Ba ratiois constantfor all starsmeasuredby Butcher[1975],
which have metallicities in excessof 3% solar. Page! [1989]usestheseEu/Ba ratios to derive the
r-processratio ThfEu, and finds this ratioto be constantin all (11) of the starsfor which both Th/Nd
and Eu/Ba ratios, have been measured.Paget[1989]argues therefore that including the relative
s-processcontribution to Nd in the Th/Nd ratios, as suggestedby Clayton [1987]and Mathewsand
Schramm[1988],will not leadto agessignificantly longerthan suggestedby Butcher[1987].In contrast,
recentwork by Malaney et al. [1989]Suggeststhat the resultsof photofissionof the actinidesduring
normalstellar evolutionwill affect the abundanceof Th. They argue,therefore,that the Th/Nd ratio
will predict longer ages(up to 13 Gy) for the Galaxy than found by Butcher[1987].

Therearestill questionsthat needto be resolvedin usingthe Th/Nd ratio as achronometer.Butcher
[1988]haspointed out the problemof identifying theTh line, noting thepossibility of contamination
with CoIl. Butchernotesthat a contaminationof more thanapproximately10% would makethe Th
line unusableas a chronometer.There is also still the question of how the galactic s-processand
F-processnucleosynthesishistorieswill affect the age determination.Observationsof very metal-poor
halo stars (clearly very old starswith metallicities less than 3% solar) do show wide variations in the
Eu/Baratio [SnedenandParthasarathy1983; SnedenandPitachowski1985; Gitroy etat. 1988]. These
data indicatethat the r-processoccurredprior to the s-process(at leastin the halo) early in the history
of the Galaxy.Thesedataalsoindicatethat elementsnormally thoughtto be producedin the s-process,
suchas Ba andNd, were first synthesizedin the halo by theF-process[Truran 1981;Gilroy et a!. 1988].
It is stilt not clear, however,how thesemetal-poorhalo starsand their ages relate to the resultsof
Butcher[1987]for disk stars.Observationsof Th with respectto Eu or Nd in thehalo starswould help
greatly in determiningthe age of the Galaxy.

8. Summary and conclusions

The r-processis responsiblefor theproductionof roughly onehalf of all heavyelementsbeyondFe.
Its principal mechanism,as a fast neutron-captureprocess,running throughhighly unstablenuclei on
thevery neutron-richsideof thevalley of stability, is well understood.The abundancepeaksdetermine
at which chargenumber, Z, the neutronmagic numbersN = 50, 82 and 126 are encountered,as the
long beta-decayhalf-lives (andcorrespondinglysmallneutron-capturecrosssections)causea bottleneck
at theselocations.While experimentaldata for nuclei actually in the F-processpath are very scarce
(essentially80Zn,81’83Ga, 130Cd and 131”331n),an increasingnumberof neutron-richunstablenucleiare
being producedat a variety of laboratories(CERN, GANIL, GSI, ILL, BNL, Studsvik).Thesenew
experimentaldatawill providemore realisticextrapolationsinto unstableregions. Theoreticalpredic-
tions of atomicmasses,beta-decayhalf-lives,and fission barrierheightshavealso improvedandseemto
be giving consistentlyreliable results.
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While constantimprovementshavebeen evident in nuclearphysics, the astrophysicalsite of the
r-processis still not clearly established.Thereare at least four possibler-processenvironments. :

(1) A recently hypothesizedprimordial r-processin neutron-richzonesof inhomogeneousbig bang
scenarios.The most recentcalculationsshowthat, evenif suchscenariosexist, theywould only produce
a negligible contributionto the presentsolar-systemr-processabundances.

(2) The outershellsof supernovae(He or C) or He-coreflashesin tow massstars.In thesecases,the
neutronsare producedby (a,n)-reactionsduring the suddentemperatureincreaseresulting from the
supernovashocksor the helium core flashes. All presentcalculationsshow that for realistic stellar
models, not enoughneutronsare producedin theseenvironmentsto allow an F-processwhich can
reproducethe observedsolar-systemabundancepattern.

(3) Neutron-starcollisions, wherebinary systemsof neutronstarscoalesceandcausethe ejectionof
neutron-richmatter,which can then form r-processnuclei during the decompressionphase.Detailed
nucleosynthesiscalculationsof this scenariohave not beenperformedas yet, and it is still not clear
whether thesecollisions would occuroften enoughto providefor the total galactic F-processabund-
ances.

(4) Ejection of highly neutronizedmatter from collapsedstellar coresduring a type II supernova
explosion.This could occureither in a sphericalring or in jets, if rotation (or magneticfields) play an
importantpart in the supernovamechanism.Observationaland theoreticalevidenceindicatesthat this
is a most promisingsite. Onesuchpieceof theoreticalevidencethat supernovaecoresare a likely site
comesfrom individual isotopic ratiosin the observedF-processabundancecurve. Usingthe most recent
nuclear data, these features are most easily explained as the result of a freeze-out from an
(n, -y) ~± (-y, n) equilibrium. This equilibrium only occursin siteswherehigh temperatures(>10~K) and
neutron densities(>1020 cm~3)are encountered,such as in the coresof exploding supernovae.We
note, however, that while this is a most promising site, a thorough understandingof the type II
supernovaexplosionmechanismhasnot yet been achieved.

The observationsof the heavy-elementabundancesin low-metallicity stars,as a functionof [Fe/ H]
[=1og

10(Fe/H)~1~i-/log10(Fe/H)®],can be explainedby constantlyimprovingmodelsof the chemical
evolution of our Galaxy. Within the uncertainties,it seemspossible to transform [Fe/H] into a
timescateof galacticevolution. Severaltrendscanbe detectedin the data.Theobservationsof themost
metal-poorhalostars, [Fe/H] = —2, indicatethat the heavyelementsin thesestarswereformedsolely
by the F-processvery early in the history of the Galaxy. The stellar abundancesfurther indicatethat a
changein [x/Fe] (x being0, Mg, Si, S, Ca) from —.0.3—0.5to 0.0 (i.e., solar) occursatapproximately
[Fe/ H] = —1. Thischangecanbe interpretedasthe resultof the increasediron productionfrom typeIa
supernovae,which form from intermediate-massbinary systemsand thereforebeginto appearonly
after a long time delay. The trendsin the data, when integratedwithin a framework of chemical
evolution, can be usedto constrainthe site for the r-process.For example,the data seemto exclude
single intermediate-massstarsas r-processproductionsites dueto thelong evolutionarydelay. In other
words, thesestars could not contribute to F-processnucleosynthesisat very low metallicities, and
presumablyvery early timesin the history of the Galaxy.

Within the uncertaintiesof modelsof chemicalevolution, coalescing~neutronstarsin binary systems
also do not appearto fit the time-dependentbehaviorof the heavy-elementdata. The formation time
for the neutronstarandthe long period requiredfor gravitationalradiationto shrink the binary orbit,
bothof which haveto precedea neutron-starcollision, seemto requiretoo long a delayin the onsetof
r-processnucleosynthesis,althoughneutron-starpairs formed in highly eccentricorbits could shorten
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this delaytime drastically. Siteslike the outershells of typeII supernovae,wherethe neutroncaptures
occuron heavynuclei (producedin earliergenerationsof stars)alreadyin thesezones(i.e., secondary
sites),wouldshowa functionaldependenceof [r/Fe] increasingwith the metallicity [Fe/H]. The rather
constantbehaviorin the stellardata down to [Fe/H] = —2.5 also seemsto excludethesesites. (Other
arguments,including a lack of sufficient neutronsin realisticstellarmodels,hadearlier suggestedthese
werenot the site of the r-process.)ModelsassumingtypeII supernovasites (primary sites)do seemto
fit the data, andthe evidencepointsto the inner neutronizedcores.It is hopedthat the final emergence
of a type II supernovamechanismwill thus also provide an identification of this r-processsite.

There is one further complication. Observationsseem to show a downturn in [riFe] at about
[Fe/H] = —2.7. If additionalhigh-qualityobservationscontinueto show thistrend,it would supportthe
contentionthat a delayis also requiredfor the r-processproduction in galacticevolution. This would
excludethe mostmassivetypeII supernovae,as r-processsites, andonly starslessmassivethanabout
11 M® would seemto be likely contributors.If therereally exists some minimum lower level in the
heavy elementabundancesfor starswith very low metatlicities ([Fe/H] ~ —3), a primordial r-process
contribution(inhomogeneousbig bang) is not excluded.

The r-processalso producesvery long-lived nuclei like ‘87Re, 232Th, 238U and 235U, with half-lives
rangingfrom severaltimesiO’°y to 10~y, and a few other nucleiwith half-lives longerthan i07 y. The
longestof thesearecomparableto the age of the Galaxy andcan be utilized as galacticchronometers,
i.e., to measurethe durationof F-processnucleosynthesisin the Galaxy and thereforealso providea
lower limit to the age of the universe.A knowledgeof the production ratios of theseisotopesin an
F-processevent,the time dependenceof r-processnucleosynthesisin galacticevolution,andthe isotopic
ratios found in primitive meteorites(which do not show elementalfractionation)going back to the
formation of the solarsystem,can be utilized to determinethe time durationof nucleosynthesisin our
Galaxy. This age determinationhas been performed mostly using very simple models of galactic
evolution.

Recentgalacticevolutionmodels,however,havetakenaccountof the observationsof thetight- and
medium-masselements.Thesemodels can also be utilized in age determinationsemploying the
r-processchronometers,with the addedbenefitof automaticallyincluding astronomicalconstraintson
the calculations. The calculated chronometricages reflect the still remaining uncertaintiesin the
predictionsof production ratios from the r-proceSsand our knowledgeof galactic evolution. When
beta-delayedfission was first introduced into r-processcalculations,it causeda large changein the
actinideproductionratios. The improvementin massformulaeandfission barrierpredictionsmakesits
influencerathernegligible now for the chronometerproductionratios,but not for othereffects suchas
fission cycling. Presentchronometricagepredictionsfor the Galaxyseemto lie mostly in the rangeof
12—15x i09 y. Including all nuclear and galactic evolution uncertaintiesin the chronometric age
determinations,the Galaxycould be as youngas 10 Gy or as old as 20 Gy. Theseestimatesfall in the
samerangeas globular cluster agesor agesdeterminedfrom cosmology.

We endby notingthat therehasbeenmuchrecentprogressin understandingthe r-process,including
recentobservationalandtheoreticalevidencethat stronglyreaffirmsan associationof ther-processwith
type II supernovaecores. An understandingof the F-process~S, however, linked to many other
subfields,including nuclearphysics,stellar physics,stellar observationsand the chemica!evolutionof
galaxies. While progresshas been significant in alt of these fields, further improvement in our
understandingof the F-processwill require that our colleaguessolve the type II supernovaexplosion
problemand discover the mechanismthat will then also lead to the ejection of this neutron-rich
materia!into the interstellarmedium.
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Appendix. Neutron-capture cross sections

This appendixincludesthermonuclearreactionrates(uv ~i, in cm3 s I, for neutroncaptureson nuclei
included in the F-processnetwork. These reaction rates were calculatedwith the code SMOKER
[Thie!emannet a!. 1987, 1988]. The propertiesand parametersof this codehavebeendiscussedat
lengthin sections3.4 and 3.5. The ratesgiven herecan be regardedas independentof temperature,as
long as s-wavesdominateand the crosssection,0~,behaveslike 1/v. In such a case,the resulting
reactionrate is equalto the productu(E)v(E)at anybombardingenergyand, therefore,independent
of the energyat which it is evaluated.The calculationsweremadeassumingan energyof 30 keV. The
correspondingcrosssectionis disp!ayedin column 4 for nucleiof chargeZ, massnumberA andneutron
numberN.

It should be noted,however, that since the reactionrateswere calculatedat only one bombarding
energy, they are thereforeapproximationsto the actual rate values. This simplification, however,
allowed us to perform cross-sectioncalculationsfor severalthousandnuclei, andthe calculatedvalues
are reasonablyaccuratewith an approximateuncertaintyof only a factorof several.The massformula
used in thesecalculationsis the one of Hilf et a!. [1976],which predictsthe neutronseparationenergy
for caseswhereno experimentalvaluesexist. (Seesection3.1 for furtherdiscussionregardingthis mass
formula.)

We addone additionalword of caution. The crosssectionsin this table resultfrom statisticalmodel
calculations,i.e., theyreflect the contributionfrom resonances.For very neutron-richnuclei,with small
neutronseparationenergies,the contributionfrom resonancescanbesmallerthan thecrosssectiondue
to direct capture,particularly nearclosedshells. In thosecases,the valuegiven hereis only a lower
limit to the total crosssection,andthe direct capturecontributionhasto beaddedto obtainthe correct
rate (see, e.g.,Mathewset al. [1983].)

We will make the following table availablein electronicform to any interestedparties. The code
SMOKERhasalsobeenutilized to calculatecharged-particlereactionratesfor targetsfrom Z = 20 to
36, for isotopesfrom the proton to neutron-dripline. A tableof theseratesis also available(from the
secondauthor) in electronicform.
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Table A.1

Z A N ~o-v)(cm
3s~1) Z A N ~gv)(cm3s~) Z A N Kov)(cm3s1)

10 20 10 4.0142E—19 14 29 15 1.8686E—18 17 44 27 4.7523E—19
10 21 11 1.0718E—18 14 30 16 4.5688E—19 17 45 28 7.4782E—21
10 22 12 1.1241F—19 14 31 17 5.5140E—19 17 46 29 6.9682E—20
10 23 13 2.2470E—19 14 32 18 9.2638E—20 17 47 30 1.8240E—21
10 24 14 6.4091E—20 14 33 19 1.5819E— 19 17 48 31 2.7237E—20
10 25 15 2.2067E—20 14 34 20 1.7306E—20 17 49 32 1.3560E—22
10 26 16 4.1490E—21 14 35 21 9.4943E—20 17 50 33 8.9486E—21
10 27 17 2.3413E—20 14 36 22 1.0320E—20
10 28 18 1.0296E—23 14 37 23 5.5445E—20 18 36 18 3.6984E—18
10 29 19 5.5460E—21 14 38 24 8.5238E—21 18 37 19 2.7549E—18

14 39 25 5.3672E—20 18 38 20 6.4356E—19
11 23 12 5.8481E— 19 14 40 26 3.0633E—21 18 39 21 2.3499E— 18
11 24 13 4.5853E—19 14 41 27 1.7837E—20 18 40 22 7.7738E—19
11 25 14 1.5965E—19 18 41 23 1.8339E—18
11 26 15 1.8417E—19 15 31 16 1.9942E—18 18 42 24 5.4911E—19
11 27 16 3.0161E—20 15 32 17 3.8273E—18 18 43 25 1.0353E—18
11 28 17 2.2389E—20 15 33 18 5.7470E—19 18 44 26 1.9307E—19
11 29 18 8.0200E—21 15 34 19 t.6053E—18 18 45 27 2.1784E—19
11 30 19 2.4561E—20 15 35 20 7.5454E—20 18 46 28 1.9234E—20
11 31 20 2.5891E—20 15 36 21 2.9052E—19 18 47 29 9.2197E—20
11 32 21 6.8657E—21 15 37 22 5.4688E—20 18 48 30 7.1173E—21
11 33 22 1.5399E—20 15 38 23 1.7369E—19 18 49 31 3.7698E—20
11 34 23 4.9580E—21 15 39 24 3.8527E—20 18 50 32 1.2089E—21

15 40 25 2.5090E—19 18 51 33 1.4786E—20
12 24 12 7.8413E—19 15 41 26 1.8901E—20 18 52 34 3.1136E—23
12 25 13 1.8623E— 18 15 42 27 8.2908E—20 18 53 35 4.5601E—21
12 26 14 3.6911E—19 15 43 28 9.3295E—23
12 27 15 4.6932E— 19 15 44 29 6.4516E—21 19 39 20 3.6158E— 18
12 28 16 4.6947E—20 19 40 21 7.6447E—18
12 29 17 6.8598E—20 16 32 16 2.6095E—18 19 41 22 5.1413E—18
12 30 18 1.4640E—20 16 33 17 3.4268E— 18 19 42 23 1.2677E— 17
12 31 19 4.9330E—20 16 34 18 7.8743E—19 19 43 24 3.8263E—18
12 32 20 i.0340E—20 16 35 19 1.0983E—18 19 44 25 5.7047E—18
12 33 21 2.7262E—20 16 36 20 8.8214E—20 19 45 26 1.2873E—18
12 34 22 2.4696F—21 16 37 21 4.5026E— 19 19 46 27 1.9469E— 18
12 35 23. 1.4383E—20 16 38 22 1.1506E— 19 19 47 28 1.6759E— 19
12 36 24 1.2254E—23 16 39 23 4.3231E—19 19 48 29 1.0097E—18
12 37 25 6.7343E—21 16 40 24 4.6594E—20 19 49 30 4.1223E—20

16 41 25 1.6273E—19 19 50 31 2.2899E—19
13 27 14 1.1650E—18 16 42 26 3.8188E—20 19 51 32 1.2310E—20
13 28 15 1.6579E— 18 16 43 27 1.0752E— 19 19 52 33 l.0472E— 19
13 29 16 2.2784E— 19 16 44 28 8.4766E—22 19 53 34 2.3183E—21
13 30 17 3.5836E—19 16 45 29 1.1640E—20 19 54 35 4.0332E—20
13 31 18 6.0373E—20 16 46 30 1.0077E—23 19 55 36 1.8363E—22
13 32 19 1.4746E—19 16 47 31 3.6843E—21 19 56 37 1.1276E—20
13 33 20 2.2184E—20 19 57 38 4.0892E—26
13 34 21 8.1852E—20 17 35 18 3.7467E—18 19 58 39 4.6413E—21
13 35 22 1.4641E—20 17 36 19 6.7283E—18
13 36 23 6.7689F—20 17 37 20 6.2592E—19 20 40 20 3.6939E—18
13 37 24 2.9670E—21 17 38 21 2.6165E—18 20 41 21 1.0943E—17
13 38 25 3.3185E—20 17 39 22 7.8755E— 19 20 42 22 4.3608E— 18
13 39 26 6.8578E—22 17 40 23 2.3457E—18 20 43 23 1.2089E—17
13 40 27 1.0446E—20 17 41 24 3.5487E—19 20 44 24 2.2025E—18

17 42 25 6.0382E— 19 20 45 25 5.2608E— 18
14 28 14 1.3055E—18 17 43 26 1.8734E—19 20 46 26 9.4339E—19
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Table A.1 (cont.)

Z A N (uv~(cm
3s’) Z A N (rv~(cm~s’) Z A N (~v~(cm3s’)

20 47 27 8.1202E—19 22 66 44 2.0417E—23 25 55 30 6.7716E—18
20 48 28 1.6587E—19 22 67 45 5.5588E—21 25 56 31 9.0925E—18
20 49 29 2.2907E— 19 22 68 46 l.6737E —23 25 57 32 4.1654E— 18
20 50 30 2.3764E— 19 22 69 47 4.6478E—21 25 58 33 6.6327E— 18
20 51 31 2.8935E—19 22 70 48 9.2l88E—26 25 59 34 2.3869E—18
20 52 32 2.9800E—2() 22 71 49 1.6747E—21 25 60 35 8.4280E—18
20 53 33 t.33l5E—19 25 61 36 1.4850E—t8
20 54 34 8.5088E—21 23 50 27 7.9695E— 18 25 62 37 5.2719E— 18
20 55 35 5.3901E—20 23 51 28 3.3439E—18 25 63 38 6.8941E—t9
20 56 36 1.4265E—21 23 52 29 4.9116E—18 25 64 39 3.1671E—18
20 57 37 1 .9522E—20 23 53 30 1 .8456E— 18 25 65 40 2.6772E— 19
20 58 38 9.4473E—23 23 54 31 3.3590E—l8 25 66 41 1.6030E—18
20 59 39 9.4l26E—2l 23 55 32 8.0443E—19 25 67 42 1.4717E—19

23 56 33 3.9702E— 18 25 68 43 9.9503E— 19
21 45 24 1.4218E—17 23 57 34 5.9333E—19 25 69 44 8.0542E—20
21 46 25 2.0291E— 17 23 58 35 2.4l2lE — 18 25 70 45 6.9400E— 19
21 47 26 5.1453E—l8 23 59 36 2.5085E—19 25 71 46 4.2233E—20
21 48 27 1.9868E— 18 23 60 37 1.3400E— 18 25 72 47 3.0818E— 19
21 49 28 7.0086E— 19 23 61 38 9.4139E—20 25 73 48 1 .0953E—2))
21 50 29 5.3635E—19 23 62 39 6.1392E—19 25 74 49 7.4597E—20
21 51 30 4.l243E—19 23 63 40 2.7162E—20
21 52 31 1.4556E—18 23 64 41 2.8834E—19 26 54 28 8.5909E—18
21 53 32 l.6413E—19 23 65 42 8.2895E—21 26 55 29 t.9220E—17
21 54 33 7.7107E—19 23 66 43 l.2368E— 19 26 56 30 5.8537E—18
21 55 34 6.3512E—20 23 67 44 2.1346E—21 26 57 31 6.9966E—18
21 56 35 3.4106E—l9 23 68 45 7.3171E—20 26 58 32 3.3265E—18
21 57 36 1.7590E—20 23 69 46 1.8916E—21 26 59 33 6.1292E—18
21 58 37 1.6787E—19 23 70 47 4.9075E—20 26 60 34 1.5621E—18
21 59 38 4.5443E—21 23 71 48 4.377lE—22 26 61 35 4.1025E— 18
21 60 39 8.3739E—20 23 72 49 9.6436E—21 26 62 36 5.2583E—19
21 61 40 7.0257E—22 26 63 37 3.9567E—18
21 62 41 3.3733E—20 24 50 26 7.6007E—18 26 64 38 6.2312E—19
21 63 42 4.5890E—23 24 51 27 1.5756E—17 26 65 39 2.2861E—18
21 64 43 l.1871E—20 24 52 28 3.4333E— 18 26 66 40 2.4528E— 19

24 53 29 6.7674E— 18 26 67 41 1.4529E— 18
22 46 24 8.3277E—18 24 54 30 2.1128E—18 26 68 42 1.7607E—19
22 47 25 2.2252E— 17 24 55 31 2.9897E— 18 26 69 43 9.2427E— 19
22 48 26 3.1102E—18 24 56 32 1.2087E—18 26 70 44 l.l086E—19
22 49 27 5.4050E—18 24 57 33 1.8371E—18 26 71 45 5.8345E—l9
22 50 28 8.2993E— 19 24 58 34 6.4778E—19 26 72 46 5.7000E—20
22 51 29 1.4212E— 18 24 59 35 2.3001E— 18 26 73 47 2.4894E— 19
22 52 30 7.6615E— 19 24 60 36 3.0283E— 19 26 74 48 2.1357E—20
22 53 31 5.2569E—19 24 61 37 l.l959E—18 26 75 49 5.5573E—20
22 54 32 2.4799E—19 24 62 38 1.1761E—19
22 55 33 8.9470E— 19 24 63 39 5.5774E— 19 27 59 32 8.8388E— 18
22 56 34 1.0824E—19 24 64 40 4.0582E—20 27 60 33 1.2950E—17
22 57 35 4.4649E—19 24 65 41 2.9210E—19 27 61 34 5.l602E—18
22 58 36 3.5376E—20 24 66 42 1.7831E—20 27 62 35 1.2695E—17
22 59 37 1.9420E—19 24 67 43 1.4012E— 19 27 63 36 3.5234E—18
22 60 38 1.1176E—20 24 68 44 6.9587E—21 27 64 37 7.5455E—18
22 61 39 1.0050E— 19 24 69 45 8.5060E—20 27 65 38 2.4824E— 18
22 62 40 2.8670E—21 24 70 46 5.4776E—21 27 66 39 8.2851E—18
22 63 41 4.3180E—20 24 71 47 5.2105E—20 27 67 40 1.2513E—18
22 64 42 5.4868E—22 24 72 48 1.9198E—21 27 68 41 5.7785E—18
22 65 43 1.6157E—20 24 73 49 1.1180F—20 27 69 42 9.7677E—19
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Table A.1 (cont.)

Z A N (o~)(cm
3s~) Z A N (o-v)(cm3s’) Z A N (ffv)(cm~s’)

27 70 43 4.3451—18 29 83 54 l.6lOSE—22 31 88 57 2.2108E— 19
27 71 44 5.8839E—19 29 84 55 2.l392E—20 31 89 58 4.3618E—21
27 72 45 2.4575E— 18 29 85 56 l.6670E —22 31 90 59 8.7019E—20
27 73 46 2.8137E— 19 29 86 57 2.44t4E—20 31 91 6(1 7.1275E—22
27 74 47 1.2089E—18 29 87 58 2.6528E—23 31 92 61 3.0307E—20
27 75 48 7.8167E—20 29 88 59 1.0330E—20 31 93 62 3.5406E—23
27 76 49 2.7273E—19 31 94 63 9.)974E—21
27 77 50 6.5938E—24 30 64 34 1.1926E— 17
27 78 5) 6.1725E—21 30 65 35 5.3772E—17 32 70 38 1.5125f~— 17

30 66 36 7.0742E—18 32 7) 39 8.8431E—17

28 58 30 1.0421E—17 30 67 37 4.2082E— 17 32 72 40 1.0872E— 17
28 59 31 2.2353E—17 30 68 38 5.3230F—18 32 73 41 7.5796E—17
28 60 32 6.3597E—18 30 69 39 2.1498E—17 32 74 42 8.4927E—18
28 61 33 1.8512E—17 30 70 4)) 3.8944F—18 32 75 43 4.6027E—17
28 62 34 3.9420E—18 30 71 41 2.1062E—17 32 76 44 6.6710E—18
28 63 35 1.0730E — 17 3)) 72 42 2.3282E—18 32 77 45 2.6081E — 17
28 64 36 2.3879E— 18 30 73 43 1.4189E— 17 32 78 46 3.0140E— 18
28 65 37 7.7916E — 18 30 74 44 1.5881E — 18 32 79 47 7.1236E— 18
28 66 38 2.0501E — 18 30 75 45 6.9616E— 18 32 80 48 6.7343E— 19
28 67 39 4.1078E— 18 30 76 46 �.4710E—19 32 81 49 1.0099E—18
28 68 40 1.2030E— 18 30 77 47 2.3189E— 18 32 82 50 1.9703E— 19
28 69 41 3.8285E— 18 30 78 48 4.2577E— 19 32 83 51 3.1418E—19
28 70 42 6.8917E — 19 30 79 49 8.7420E— 19 32 84 52 3.48t8E —20
28 71 43 2.7720E — 18 30 80 50 4.9642E—21 32 85 53 2.8257E— 19
28 72 44 4.4341E — 19 30 81 5) 5.4260E—20 32 86 54 2.6969E—20
28 73 45 ).6757E—18 30 82 52 2.8402E—21 32 87 55 3.6536E—19
28 74 46 2.5360E—19 30 83 53 3.8580E—20 32 88 56 3.1970E—20
28 75 47 8.2t12E—19 30 84 54 9.4210E—22 32 89 57 2.0536E—19
28 76 48 1.OO3lE— 19 30 85 55 3.6308E—20 32 90 58 1.4577E—20
28 77 49 1.2061E— 19 30 86 56 1.7328E—21 32 91 59 8.4262E—20
28 78 50 1.3771E—22 30 87 57 3.5366E--20 32 92 60 4.4447E—21
28 79 5) 5.2371E—21 30 88 58 S.4889E—22 32 93 61 3.0911E—20
28 80 52 6.4027E—24 30 89 59 1.3954E—20 32 94 62 6.8921E—22
28 81 53 3.5614E—2l 30 90 60 1.6808E—23 32 95 63 1.0988E—20

30 91 61 4.8589E—21 32 96 64 1.4155E—23
29 63 34 1.8021E—17 32 97 65 3.7546E—2)
29 64 35 3.4908E— 17 31 69 38 3.5190E — 17
29 65 36 l.tOS9E—17 31 70 39 6.8791E—17 33 75 42 4.7732E—17
29 66 37 2.9300E—17 31 71 40 1.7475E—17 33 76 43 ).5052E—16
29 67 38 7.2277E —18 31 72 41 7.6983E — 17 33 77 44 4.2831E — 17
29 68 39 1.9448E—17 31 73 42 1.8281E —17 33 78 45 8.6357E —17

29 69 40 3.4687E — 18 31 74 43 5.6084E — 17 33 79 46 1.9014E — 17
29 70 41 1.8488E— 17 31 75 44 1.1587E— 17 33 80 47 3.2405E— 17
29 71 42 4.0738E—18 31 76 45 3.0996E—17 33 81 48 2.6310E—18
29 72 43 1.4886E—17 31 77 46 2.9173E—18 33 82 49 8.3525E—18
29 73 44 2.5972E — 18 31 78 47 1.Ot8OE — 17 33 83 50 4.6409E — 19
29 74 45 8.6396E— 18 31 79 48 6.9092E— 19 33 84 51 2.4084E— 18
29 75 46 1.3340E—18 31 80 49 1.8506E—18 33 85 52 2.4309E—19
29 76 47 4.3891E — 18 31 81 50 2.3476E —20 33 86 53 1.9864E — 18
29 77 48 4.0057E— 19 31 82 5) 3.9344E— 19 33 87 54 2.4346E— 19
29 78 49 1.0420E— 18 31 83 52 2.3784E—20 33 88 55 2.2956E— 18
29 79 50 1.7712E —21 31 84 53 3.2557E —19 33 89 56 1.7095E —19
29 80 51 5,5719E—20 31 85 54 1.4962E—20 33 90 57 1.2091E—l8
29 81 52 7.6239E—22 31 86 55 3.7352E — 19 33 91 58 S.7879E—20
29 82 53 3.5662E—20 31 87 56 1.6087E—20 33 92 59 5.0683E— 19
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Table A.1 (cont.)

Z A N (uv)(cm
3s~) Z A N (rru)(cm3s’) Z A N (o-v)(cm~s~)

33 93 60 1.5398E—20 35 94 59 2.4548E—18 37 93 56 1.38t0E— 18
33 94 61 1.9656E—19 35 95 60 1.4860E—19 37 94 57 3.4532E—18
33 95 62 3.3056E—21 35 96 61 1.0422E—18 37 95 58 4.3056E—19
33 96 63 7.2910E—20 35 97 62 4.7257E—20 37 96 59 2.5488E—18
33 97 64 4.9017E—22 35 98 63 4.3245E— 19 37 97 60 8.7805E— 19
33 98 65 2.5589E—20 35 99 64 1.3006E—20 37 98 61 1.5452E— 18
33 99 66 2.2285E—23 35 100 65 1.7132E—19 37 99 62 3.5232E—19
33 100 67 8.0474E—21 35 101 66 2.8323E—21 37 100 63 2.1088E—18

35 102 67 6.5083E—20 37 101 64 1.2914E—19
34 74 40 3.5511E—17 35 103 68 4.5745E—22 37 102 65 9.2559E—19
34 75 41 1.7794E—16 35 104 69 2.3184E—20 37 103 66 4.1252E—20
34 76 42 2.3465E—17 35 105 70 1.3511E—23 37 104 67 3.9829E—19
34 77 43 1.1825E—16 35 106 71 7.4571E—21 37 105 68 1.1229E—20
34 78 44 1.9560E—17 37 106 69 1.6324E—19
34 79 45 1.0180E—16 36 78 42 6.8786E—17 37 107 70 2.3993E—21
34 80 46 1.0014E—17 36 79 43 2.4580E—16 37 108 71 6.4079E—20
34 81 47 2.9946E—17 36 80 44 5.6568E—17 37 109 72 3.8459E—22
34 82 48 1.5839E—18 36 81 45 2.2836E—16 37 110 73 2.3910E—20
34 83 49 6.2786E—18 36 82 46 2.4500E—17 37 111 74 l.2331E—23
34 84 50 4.0023E—19 36 83 47 9.3481E—17 37 112 75 8.6406E—21
34 85 51 1.6941E—18 36 84 48 7.3095E— 18
34 86 52 7.2760E— 19 36 85 49 2.4829E— 17 38 84 46 6.1222E— 17
34 87 53 1.5930E— 18 36 86 50 1.5642E — 18 38 85 47 2.0887E— 16
34 88 54 2.0729E— 19 36 87 51 5.6847E— 18 38 86 48 2.6537E— 17
34 89 55 1.6981E—18 36 88 52 2.3111E—18 38 87 49 7.7457E—17
34 90 56 1.7834E—19 36 89 53 4.1452E—18 38 88 50 3.4310E—t8
34 91 57 9.1260E—19 36 90 54 1.2424E—18 38 89 51 1.4160E—17
34 92 58 9.4004E—20 36 91 55 9.6593E— 19 38 90 52 6.0904E— 18
34 93 59 3.9905E —19 36 92 56 3.0839E—19 38 91 53 1.8666E—17
34 94 60 4.1172E—20 36 93 57 3.5411E—18 38 92 54 4.4350E—18
34 95 61 1.6911E— 19 36 94 58 3.7452E— 19 38 93 55 9.0649E— 18
34 96 62 1.4511E—20 36 95 59 1.7517E—18 38 94 56 1.0499E—18
34 97 63 6.9756E—20 36 96 60 1.7772E— 19 38 95 57 2.2315E— 18
34 98 64 3.6166E—21 36 97 61 7.8092E—19 38 96 58 5.9827E—19
34 99 65 2.6597E—20 36 98 62 7.9050E—20 38 97 59 2.0951E—18
34 100 66 4.7833E—22 36 99 63 3.4703E—19 38 98 60 4.1815E—19
34 101 67 9.6319E—21 36 100 64 3.1496E—20 38 99 61 2.0225E—18
34 102 68 6.1032E—24 36 101 65 1.5156E—19 38 100 62 3.0984E—19
34 103 69 3.2858E—21 36 102 66 1.0530E—20 38 101 63 1.4789E—18

36 103 67 6.2323E—20 38 102 64 1.4267E—19
35 79 44 1.1285E—16 36 104 68 2.6089E—21 38 103 65 6.8457E—19
35 80 45 2.O100E—16 36 105 69 2.4150E—20 38 104 66 6.3058E—20
35 81 46 5.6893E—17 36 106 70 3.2802E—22 38 105 67 3.1601E—19
35 82 47 1.0154E— 16 36 107 71 8.7766E—21 38 106 68 2.5152E—20
35 83 48 1.2129E—17 36 108 72 2.8784E—24 38 107 69 1.4189E—19
35 84 49 2.6436E—17 36 109 73 3.0747E—21 38 108 70 8.4470E—21
35 85 50 1.7714E—18 38 109 71 6.0321E—20
35 86 51 7.1579E—18 37 85 48 7.4813E—17 38 110 72 2.1774E—21
35 87 52 4.3723E—18 37 86 49 6.7621E—17 38 111 73 2.4375E—20
35 88 53 6.8296E— 18 37 87 50 7.0414E— 18 38 112 74 3.2460E—22
35 89 54 1.2697E—18 37 88 51 1.9987E—17 38 113 75 9.7877E—21
35 90 55 1.0500E—17 37 89 52 1.3407E—17 38 114 76 1.1981E—23
35 91 56 1.0076E—18 37 90 53 1.8609E—17 38 115 77 4.5160E—21
35 92 57 5.5499E—18 37 91 54 9.5997E—18 38 116 78 2.7397E—25
35 93 58 4122SF—19 37 92 55 9.6635E— 18 38 117 79 2.9283E—21
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Table A.l (cont.)

Z A N ~u~(cm~s ‘) Z A N ~u)(cm~s’) Z A N ~v~(cm~s ‘)

39 89 50 1.2158E— 17 40 112 72 2.4293E—20 42 105 63 2.3938E — 17
39 9)) 5) 4.4914E— 17 40 1)3 73 1.6147E— 19 42 106 64 9.5677E—19
39 91 52 3.1 )63E — 17 40 114 74 9.4{)03E —2I 42 107 65 1.1 424E — 17
39 92 53 5.9583E — 17 40 115 75 8.0057E —20 42 108 66 1.0889E — 18

39 93 54 4.5251E—17 40 1)6 76 3.9068E—21 42 109 67 5.8785E—18
39 94 55 4.8400E — 17 40 117 77 4.9856E —20 42 110 68 5.4l79E — 19

39 95 56 8.4723E— 18 40 1l8 78 3.4341E—21 42 Ill 69 3.0159E— 18
39 96 57 l.1720E—17 40 1)9 79 2.1716E—2)) 42 112 7)) 2.7114E—19

39 97 58 1.8994E— 18 40 120 80 5.8914E —22 42 113 71 1,603SF— 18
39 98 59 6.6854E—18 40 121 81 S.1650E—21 42 114 72 1.3708E— 19
39 99 60 3.3600E—18 42 115 73 8.8260E— 19
39 100 6) 6.9200E—18 41 93 52 7.9t80E—17 42 116 74 7.2572E—20

39 101 62 I.8440E—18 41 94 53 l.3682E— 16 42 1)7 75 5.34S4E—19
39 102 63 9.2036E— 18 41 95 54 1. 10]4E — 16 42 118 76 5.1032E—20
39 103 64 7.7639E—19 4) 96 55 1.8198E—16 42 119 77 4.0018E—19
39 104 65 4.3470E— 18 41 97 56 4.8618E— 17 42 120 78 2.8080E—20
39 105 66 3.1694E—19 41 98 57 4.l630E— 17 42 121 79 1.1090E—19
39 106 67 2.0365E— 18 4) 99 58 2.7000E— 17 42 122 80 7.1607E—21
39 107 68 1.2082E— 19 41 100 59 4.9845E— 17 42 123 8) 2.5015E —20
39 108 69 9.4189E— 19 4) 101 60 ).7717E— 17
39 109 70 4.0035E—20 4) 102 61 3.9969E— 17 43 97 54 1.5259E —16
39 110 71 4.285lE— 19 41 103 62 6.299)E— 18 43 98 55 3.4987E—16
39 Ill 72 1.1562E—20 4) 104 63 2.3106E—17 43 99 56 I.6907E—16
39 112 73 l.8931E —19 41 105 64 3.7768E —18 43 100 57 2.5364E—16
39 113 74 2.8963E—21 41 106 65 1 .7753E— 17 43 101 58 5.8578E — 17
39 114 75 8.6237E—20 4) 107 66 1.7l07E— 18 43 102 59 l.4531E— 16

39 115 76 8.2363E—22 41 108 67 9.0968E—18 43 103 60 4.4068E—17
39 116 77 4.6982E—20 41 109 68 7.6745E— 19 43 104 6) 1.1812E— 16
39 117 78 6.1422E—22 41 110 69 4.6665E—18 43 105 62 2.1893E—17

39 1)8 79 2.834lE—20 41 111 70 3.359lE—19 43 106 63 8.4185E—17
39 119 80 7.45l3E—23 41 112 71 2.38l7E—18 43 107 64 1.1631E—17
39 120 81 S.2376E—21 41 113 72 1.4083E— 19 43 108 65 5.7360E— 17

41 114 73 I.2443E— 18 43 109 66 7.9505E—18

4)) 90 50 8.)998F—18 41 115 74 5.7265E—20 43 110 67 3.4213E—17
40 91 5) 3.6453E—17 4) 116 75 7.1764E—19 43 111 68 3.9667E—18
40 92 52 l.7922E— 17 41 117 76 3.2617E—20 43 112 69 1.9965E— 17
40 93 53 4.7273E—17 41 118 77 5.83)1E—l9 43 113 70 1.9959E—18
40 94 54 2.3292E—17 41 119 78 2.2508E—20 43 114 71 1.1518E—l7
40 95 55 5.1221E—17 41 120 79 1.6375E—19 43 115 72 1,044SF—IS
40 96 56 6.9t60E—18 41 121 80 2.7408E—21 43 116 73 7.3630E—18
40 97 57 S.3773E—18 41 122 81 3.3456E—20 43 117 74 6.4155E— 19
40 98 58 l.6282E— 18 43 118 75 6.2587E— 18
40 99 59 1.0918E — 17 42 92 50 2.3040E — 17 43 119 76 4.8497E — 19
40 100 60 1.4810E—18 42 93 51 l.0096E—16 43 120 77 2.9478E—18
40 101 61 9.0356E —18 42 94 52 3.6548E —17 43 121 78 l.6256E — 19
40 102 62 5.8931E — 19 42 95 53 t.2859E — 16 43 122 79 7.1563E — 19
40 103 63 6.1018E—18 42 96 54 3.9095E—17 43 123 80 2.3453E—20
40 104 64 5.7078E — 19 42 97 55 1.4833E — 16 43 124 81 1.4572E — 19
40 105 65 2.9136E — 18 42 98 56 1.9792E — 17 43 125 82 3.5942E —24
40 106 66 2.7t54E — 19 42 99 57 8.0409E — 17 43 126 83 4.8554E —21
40 107 67 l.4l24E—l8 42 100 58 6.8441E—18
40 108 68 1.2766E— 19 42 101 59 3.5)06E— 17 44 96 52 6.4236E— 17
40 109 69 6.8800E — 19 42 102 60 4.0848E — 18 44 97 53 2.6449E — 16
40 110 70 S.7856E—20 42 103 61 4.9121E—17 44 98 54 6.5720E—17
40 111 71 3.3476E—19 42 104 62 2.2038E—18 44 99 55 3.2l24E—16
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Table A.1 (cont.)

Z A N (ov)(cm
3s~) Z A N ~o-v)(cm3s~) Z A N (rv)(cm~s’)

44 100 56 5.6199E —17 45 127 82 8.4757E —22 47 112 65 2.7118E—16
44 101 57 3.5139E—l6 45 128 83 3.4325E—20 47 113 66 6.4682E—17
44 102 58 3.4492E—17 45 129 84 2.4479E—22 47 114 67 l.9772E—16
44 103 59 1.2667E—16 45 130 85 1.8266E—20 47 115 68 5.76()6E—17
44 104 60 1.687lE—17 45 131 86 4.0793E—23 47 116 69 I.9786E—16

44 105 61 8.7015E—17 45 132 87 1.3069E—20 47 117 70 3.2361E—17
44 106 62 7.7575E—18 45 133 88 3.2196E—23 47 118 71 1.2001E—16
44 107 63 6.6891E—17 45 134 89 1.8003E—20 47 119 72 2.7355E—17
44 108 64 5.3344E—18 45 135 90 7.5794E—24 47 120 73 7.8451E—17
44 109 65 3.9993E—17 45 136 91 8.6781E—21 47 121 74 1.l846E—17
44 110 66 2.5544E—18 47 122 75 4.2643E—)7
44 111 67 2.3431E—17 46 102 56 1.0378E—16 47 123 76 4.8139E—18
44 112 68 2.3123E— 18 46 103 57 4.3769E—16 47 124 77 l.8913E— 17
44 113 69 1.3237E—17 46 104 58 8.7217E—17 47 125 78 2.0059E—18
44 114 70 1.2478E—18 46 105 59 4.1184E—16 47 126 79 5.3588E—18
44 115 71 7.9261E — 18 46 106 60 5.6891E — 17 47 127 80 3.4278E — 19
44 116 72 7.1508E—19 46 107 61 2.6131E—16 47 128 81 1.2161E—18
44 117 73 5.2716E—18 46 108 62 2.9293E—17 47 129 82 7.6978E—21
44 118 74 5.2469E—19 46 109 63 1.8329E—16 47 130 83 l.4701E—19
44 119 75 3.8426E—18 46 110 64 1.6224E—17 47 131 84 S.2689E—21
44 120 76 2.8008E—19 46 111 65 1.3398E—16 47 132 85 9.2071E—20

44 121 77 1.4556E— 18 46 112 66 1.0451E— 17 47 133 86 3.0086E—21
44 122 78 1.1967E—19 46 113 67 9.4616E— 17 47 134 87 8.2627E—20
44 123 79 4.0821E—19 46 114 68 6.4952E—18 47 135 88 1.0354E—2l
44 124 80 3.4152E—20 46 115 69 7.4628E—17 47 136 89 4.8576E—20
44 125 81 9.0478E—20 46 116 70 6.8749E—18 47 137 90 5.0146E—22
44 126 82 7.3555E—23 46 117 71 4.2057E—17 47 138 91 4.6556E—20
44 127 83 4.6946E—21 46 118 72 4.3653E—18 47 139 92 2.0235E—22

44 128 84 3.3508E—24 46 119 73 2.4360E—17 47 140 93 2.1660E—20
44 129 85 2.0973E—21 46 120 74 1.9862E—18 47 141 94 9.7541E—24

46 121 75 1.0184E—17 47 142 95 8.2212E—21
45 103 58 1.9185E—16 46 122 76 8.4752E—19
45 104 59 3.5776E— 16 46 123 77 4.0328E—18 48 106 58 1.2229E— 16
45 105 60 1.2078E—16 46 124 78 3.8831E—19 48 107 59 4.3055E—16
45 106 61 2.2098E — 16 46 125 79 1.1382E — 18 48 108 60 9.5334E — 17
45 107 62 8.3760E—17 46 126 80 1.IOSOE—19 48 109 61 3.9394E—16
45 108 63 1.7147E—16 46 127 81 2.5413E—t9 48 110 62 7.9306E—17
45 109 64 6.0256E— 17 46 128 82 2.1993E—21 48 111 63 2.6485E— 16
45 110 65 l.1333E— 16 46 129 83 2.2616E—20 48 112 64 5.5145E— 17
45 111 66 2.7425E—17 46 130 84 1.1465E—21 48 113 65 2.1788E—16
45 112 67 9.3355E— 17 46 131 85 1.2472E—20 48 114 66 3.7783E— 17
45 113 68 1.8412E—17 46 132 86 3.5746E—22 48 115 67 1.6961E—16
45 114 69 7.0294E — 17 46 133 87 8.7972E —21 48 116 68 2.2073E — 17
45 115 70 1.1ISOE—17 46 134 88 5.1422E—23 48 117 69 1.2335E—16

45 116 71 5.1364E—17 46 135 89 1.0918E—20 48 118 70 1.0131E—17
45 117 72 7.8052E—18 46 136 90 8.0589E—23 48 119 71 7.8053E—17
45 118 73 4.6050E—17 46 137 91 7.0650E—21 48 120 72 5.5188E—18
45 119 74 4.9296E—18 46 138 92 3.2006E—24 48 121 73 5.5291E—17
45 120 75 2.2342E—17 46 139 93 3.1261E—21 48 122 74 3.0930E—18
45 121 76 1.8250E—18 48 123 75 1.9508E—17
45 122 77 8.7754E—18 47 107 60 2.0034E—16 48 124 76 2.0549E—18
45 123 78 6.8501E — 19 47 108 61 4.4426E— 16 48 125 77 8.3877E— 18
45 124 79 2.2922E— 18 47 109 62 1.6436E— 16 48 126 78 1.0056E— 18
45 125 80 1.1228E —19 47 110 63 2.8547E— 16 48 127 79 2.4373E — 18
45 126 81 4.8972E—19 47 lii 64 1.0014E—16 48 128 80 2.8411E—19
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Z A N ~ou)(cm~s’) Z A N (ov)(crns ‘) Z A N ~ru)(cm~s ‘)

48 129 81 5.8357E— 19 50 112 62 7.9554E— 17 51 135 84 1.2913E— 19

48 130 82 I.2998E —20 50 113 63 2.5756E — 16 5! 136 85 8.5404E — 19

48 131 83 7.9038E— 21) 50 1)4 64 7.1958E — 17 51 137 86 1.3232E — 19
48 132 84 9.7007E—21 50 115 65 I.7585E— 16 51 138 87 1.1435E—18
48 133 1)5 5.6324E—20 50 116 66 4.1797E— 17 51 139 88 9.4663E—20

48 134 86 5.5455E—21 50 117 67 l.4983E— 16 51 140 89 8.9824E— 19

48 135 87 4.8068E —20 50 118 68 2.5449E— 17 51 141 90 5.9736E —20
48 136 88 2,5013E—21 50 119 69 l.0751E— 16 51 142 91 6,187SF— 19
48 137 89 3.0108E —2)) 50 120 70 l.6099E — 17 51 143 92 3.2847E —20
48 138 9)) 9.0896E—22 50 121 71 1.0056E— 16 51 144 93 3.7291E— 19

48 139 91 l.5906E —20 50 122 72 1.0870E— 17 51 145 94 1,585SF— 20
48 140 92 4.8893E —22 50 123 73 7.4566E— 17 5! 146 95 2.2938E — 19
48 141 93 l.6009E —20 50 124 74 6.2196E —18 51 147 96 6.2989E —2l
48 142 94 l.2486E—22 50 125 75 4.3589E—l7 51 148 97 l.0797E—19
48 143 95 7.0437E—2) 50 126 76 4.0444E— 18 51 149 98 1.2689E —21

48 144 96 l,9973E—24 50 127 77 2.2143E—17 51 ISO 99 4.0371E—20
48 145 97 2.7895E—21 50 128 78 2.8652E—18 51 151 100 2.1161E—22

50 129 79 6.5008E — 18 51 152 101 1,412SF —20
49 113 64 l.9098E — l6 50 130 80 l.1033E — 18 51 153 102 7.9377E —24

49 1)4 65 2,8914E — 16 50 131 81 9.2682E — 19 51 154 103 5.3052E —21
50 132 82 4.0644E—2149 115 66 1,3217E— 16
50 133 83 1.5723E — 19 52 121) 68 9.9978E — 1749 116 67 2.4487E— 16
50 134 84 3.2997E—2)) 52 121 69 2.8392F—1649 117 68 1.0539E—16
50 135 85 1.2134E—19 52 122 70 6.8359E—l749 118 69 1,781SF—lb
51) 136 86 2.2616E—20 52 123 71 2.1344E—1649 119 70 6.0862E— 17
50 137 87 I.1594E —19 52 124 72 4.l4SlE —17

49 120 71 1.6500E— 16
50 138 88 1.2983E —20 52 125 73 1.5406E— 16

49 121 72 3.4759E — 17
50 139 89 9.0824E—20 52 126 74 2.4961E—17

49 122 73 1.2130E—l6
50 140 90 6.9063E—21 52 127 75 1.2036E— 16

49 123 74 24276E — 17
50 141 91 5.1712E—20 52 128 76 ).4897E—l7

49 l24 75 6.3747E—17 50 142 92 3.0924E—21 52 129 77 6.7574E—17
49 125 76 1.2746E—l7

50 143 93 3.4827E —21) 52 130 78 1.0009E— 17
49 126 77 3.9671E—17 51) 144 94 1.2520E —21 52 13) 79 2.4183F — 17
49 127 78 5.5714E—18

50 145 95 l.7893E —20 52 132 81) 2.9729F — 18
49 128 79 l.4555E—17

50 146 96 3.4264E —22 52 133 81 5.2610F — 18
49 129 80 1.8341E —18 5)) 147 97 8.9643E —21 52 134 82 l.7955E —19
49 130 81 4.5842E — 18 50 148 98 6.2749E —23 52 135 83 2,909SF— 19

49 131 82 2.8412E—20 50 149 99 3.8214E—21 52 136 84 I.3029E—I9
49 132 83 3,1019E—19 50 150 100 1.4346F—24 52 137 85 8.4770E—19

49 133 84 2.8803E—20 50 15! 101 1.3132E—21 52 138 86 1.5724E— 19
49 134 85 2.3245E — 19 52 139 87 ).0219E — 18
49 135 86 23594E—20 51 121 70 1.1195E—16 52 14)) 88 1.1332E—19
49 136 87 25478E—19 51 122 71 2.5217E—16 52 141 89 8.3438F—19

49 137 88 1 .3519E—20 51 123 72 7.5999E — 17 52 142 91) 7.5098E —21)
49 138 89 1,735SF — 19 51 124 73 2.0053F — 16 52 143 91 6.0910E — 19

49 139 90 6.5423E —21 51 125 74 4.6704E — 17 52 144 92 4,373SF— 20
49 140 91 1.0667E —19 51 126 75 1.1562E —16 52 145 93 4.8242E —19
49 141 92 2.4922E—21 51 127 76 2.5349E—17 52 146 94 3.0014E—21)
49 142 93 5.9583E—20 51 128 77 6.988)E—]7 52 147 95 2.4665F—19
49 143 94 1.OSI1E—21 51 129 78 1.6750F—17 52 148 96 1.3075E—20
49 144 95 3.8744E —20 51 13)) 79 2.4991E — 17 52 149 97 1 .1080E — 19
49 145 96 I,6158E—22 51 131 8)) 5.0973E—18 52 150 98 4.3877E—21
49 146 97 1.5743F—20 51 132 8) 7.8640F—18 52 151 99 4.3964E—20
49 147 98 5,7716E—24 51 133 82 9.0631E—20 52 152 100 1.1903E—21
49 148 99 5.9023E—21 51 134 83 4.9943E — 19 52 153 101 1 .6994E —20
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Z A N (~v)(cm~s~) Z A N (o-v)(cm
3s) Z A N (~rv)(cm3s~)

52 154 102 1.5538E—22 54 137 83 3.0751E—18 55 158 103 2.3273E—19
52 155 103 S.8122E—21 54 138 84 S.0813E—19 55 159 104 6.1600E—21
52 156 104 2.9685E—24 54 139 85 2.4567E—18 55 160 105 1.0273E—19
52 157 105 2.1817E —21 54 140 86 5.7084E — 19 55 161 106 1.5663E—21

54 141 87 4.9378E—18 55 162 107 4.4481E—20

53 127 74 1.3770E—16 54 142 88 6.1522E—19 55 163 108 2.5467E—22
53 128 75 2.1958E—16 54 143 89 4.6566E—18 55 164 109 2.0027E—20

53 129 76 7.9770E—17 54 144 90 4.7829E—19 55 165 110 S.5125E—23
53 130 77 2.1512E—16 54 145 91 4.4258E—18 55 166 111 9.0349E—21
53 131 78 S.8837E—17 54 146 92 4.5577E—19 55 167 112 1.4397E—23
53 132 79 9.1572E—17 54 147 93 2.7155E—18 55 168 113 6.7437E—21
53 133 80 1.3670E—17 54 148 94 2.4088E—19 55 169 114 2.0820E—26
53 134 81 3.3880E—17 54 149 95 1.3372E—18 55 170 115 1.9112E—21
53 135 82 1.5989E—19 54 150 96 1.0106E—19
53 136 83 2.6701E—18 54 151 97 5.2633E—19 56 130 74 1.4600E—16
53 137 84 1.5792E—18 54 152 98 3.7835E—20 56 131 75 3.3622E—16
53 138 85 l.9233F— 18 54 153 99 2.5197E — 19 56 132 76 8.7681E— 17

53 139 86 1.1237E—18 54 154 100 1.2975E—20 56 133 77 2.0369E—16
53 140 87 8.5756E—18 54 155 101 1.1365E—19 56 134 78 5.5543E—17
53 141 88 9.4527E —19 54 156 102 3.5409E —21 56 135 79 1.3176E — 16
53 142 89 7.7875E—18 54 157 103 4.0341E—20 56 136 80 1.8525E—17

53 143 90 7.0742E—19 54 158 104 9.3929E—22 56 137 81 3.8749E—17
53 144 91 6.5045E—18 54 159 105 1.7376E—20 56 138 82 1.1358E—18
53 145 92 S.7750E—19 54 160 106 1.3628E—22 56 139 83 1.1551E—17
53 146 93 3.9431E—18 54 161 107 7.1722E—21 56 140 84 2.5296E—18
53 147 94 2.3478E—19 54 162 108 S.9147E—24 56 141 85 1.1385E—17

53 148 95 1.3630E—18 54 163 109 2.1744E—21 56 142 86 3.1712E—18
53 149 96 8.7415F—20 54 164 110 1.0226E—24 56 143 87 2.0628E—17
53 150 97 S.4838E—19 54 165 111 1.3463E—21 56 144 88 S.5478E—18
53 151 98 2.SSI8E—20 56 145 89 6.1453E—18
53 152 99 2.2725E—19 55 133 78 1.3915E—16 56 146 90 5.4009E—18
53 153 100 7.0265E—21 55 134 79 1.8564E—16 56 147 91 8.7420E—18
53 154 101 8.6036E—20 55 135 80 4.1542E—17 56 148 92 5.6450E—19
53 155 102 1.1304E—21 55 136 81 7.0249E—17 56 149 93 1.0343E—17
53 156 103 3.0345E—20 55 137 82 2.0075E—18 56 150 94 1.1801E—18
53 157 104 2.2296E—22 55 138 83 1.1037E—17 56 151 95 5.6724E—18
53 158 105 1.2114E—20 55 139 84 5.2118E—18 56 152 96 S.3483E—19
53 159 106 1.0584E—23 55 140 85 5.8962E—18 56 153 97 2.8722E—18
53 160 107 4.8992E—21 55 141 86 9.1522E—18 56 154 98 2.2016E—19
53 161 108 7.5304E —26 55 142 87 2.3203E — 17 56 155 99 1.3632E— 18
53 162 109 3.5860E—21 55 143 88 5.9945E—18 56 156 100 8.5505E—20

55 144 89 1.9391E— 17 56 157 101 6.1953E— 19
54 124 70 1.6109E—16 55 145 90 4.3560E—18 56 158 102 2.5989E—20
54 125 71 3.5854E—16 55 146 91 1.0227E—17 56 159 103 2.0349E—19
54 126 72 1.0815E— 16 55 147 92 2.4582E — 18 56 160 104 9.2730E —21
54 127 73 2.6985E—16 55 148 93 1.3880E—17 56 161 105 9.2326E—20
54 128 74 6.6076E—17 55 149 94 1.5573E—18 56 162 106 2.9950E—21
54 129 75 1.9093E—16 55 150 95 6.6769E—18 56 163 107 4.1033E—20
54 130 76 3.7878E — 17 55 151 96 5.9464E — 19 56 164 108 8.7179E —22
54 131 77 1.4999E—16 55 152 97 3.2422E—18 56 165 109 1.9439E—20
54 132 78 2.4478E—17 55 153 98 2.4057E—19 56 166 110 2.2766E—22
54 133 79 5.7387E—17 55 154 99 1.2134E—18 56 167 111 7.5887E—21
54 134 80 9.1259E—18 55 155 100 8.9589E—20 56 168 112 1.8689E—22
54 135 81 1.4617E—17 55 156 101 5.8721E—19 56 169 113 4.9122E—21
54 136 82 3.5347E—19 55 157 102 2.0569E—20 56 170 114 1.5096E—23
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Table A.1 (coOt.)

Z A N (ffu)(cm~s’) Z A N (crv)(cm~s
1) Z A N (clv) (cm~s’)

56 171 115 1.9386E—21 58 149 91 3.8500E—17 59 164 105 2.3824E—18
58 150 92 1.48l6E— 17 59 165 106 I.3990E—19

57 138 81 1.4937E— 16 58 151 93 2.9764E— 17 59 166 107 1.2138E — 18
57 139 82 9.2015E—18 58 152 94 4.3667E—18 59 167 108 5.5669E—20
57 140 83 5.6582E— 17 58 153 95 1.7783E— 17 59 168 109 5.4468E— 19
57 141 84 2.2426E— 17 58 154 96 2.2023E — 18 59 169 110 2.2368E—20
57 142 85 4.9935E—17 58 155 97 9.8657E—18 59 170 111 3.2406E—19
57 143 86 2.1346E— 17 58 156 98 1.0039E — 18 59 171 112 l.3049E—2))
57 144 87 1.1219E—16 58 157 99 5.0933E—18 59 172 113 4.6223E—19
57 145 88 2.4158E— 17 58 158 100 4.3239E — 19 59 173 114 l.3159E —20
57 146 89 5.1981E—17 58 159 101 2.4970F—18 59 174 115 l.1417E—19
57 147 90 4.8815E—17 58 160 102 1.3694E—19 59 175 116 3.0493E—21
57 148 91 3.1960F—17 58 161 103 8.3973E—19 59 176 117 4.5768E—20
57 149 92 3.3286E—17 58 162 104 5.6597E—20 59 177 118 6.4335E—22
57 150 93 4.5471E—17 58 163 105 4.0519E—19 59 178 119 2.2972F—20
57 151 94 6.9670E—18 58 164 106 2.2394E—20 59 179 120 9.4578E—23
57 152 95 2.5477E—17 58 165 107 1.8948E—19 59 180 121 8.5541E—21
57 153 96 3.3827E—18 58 166 108 8.5596F—21 59 181 122 6.9013E—24
57 154 97 1.3843E — 17 58 167 109 9.3872E—20 59 182 123 3.3462E—21
57 155 98 1.4934E— 18 58 168 110 3.2890E—21
57 156 99 7.1764E—18 58 169 1)1 5.1917E—20 60 142 82 1.2454E— 17
57 157 100 5.8125E—19 58 170 112 1.9342E—21 60 143 83 1,1131E—16
57 158 101 3.5359F—18 58 171 113 4.7087E—21) 60 144 84 2.0551E—17
57 159 102 1.5252E—19 58 172 114 l.3220E—21 60 145 85 1440SF—16
57 160 103 1.2565E—18 58 173 115 1.4723E—20 60 146 86 2.5917E—17
57 161 104 5.7957F—20 58 174 116 3.4192E—22 60 147 87 2.1334E—16
57 162 105 5.2758E—19 58 175 117 5.3467E—21 60 148 88 ).9732E—17
57 163 106 1.9376E—20 58 176 118 4.8256E—23 60 149 89 2.1438E— 16
57 164 107 2.5363E—19 58 177 119 2.198tE—21 60 150 90 6.0918E—17
57 165 108 5.9772E—21 58 178 120 7.2668E—25 60 151 91 1.0672E—16
57 166 109 1.2024F— 19 58 179 121 8,559SF—22 60 152 92 2.7708E— 17
57 167 110 1.8401E—21 60 153 93 4.9747E—17
57 168 111 6.8200E—20 59 141 82 2.6954E —17 60 154 94 1.1796E —17
57 169 112 1.5789E—21 59 142 83 9.9319F—17 60 155 95 4,0898E—17
57 170 113 4.5516E—20 59 143 84 6.7995E—17 60 156 96 6.6391E—18
57 171 114 4.5233E—22 59 144 85 8.2733E—17 60 157 97 2.4468E—17
57 172 115 1,778SF—20 59 145 86 6.6090E— 17 60 158 98 3.4816E— 18
57 173 116 4.8351E—23 59 146 87 2.2250F—16 60 159 99 1.4178E—17
57 174 117 6.6759E—21 59 147 88 6.9294E—17 60 160 100 1.7205E—18
57 175 118 1.3503E—24 59 148 89 1.4429E— 16 60 161 101 7.8974E — 18
57 176 119 2.5943E—21 59 149 90 1.4248E— 16 60 162 102 5.7990E— 19

59 150 91 2.0440E — 16 60 163 103 2.8771E— 18
58 136 78 1.1229E—16 59 151 92 8.4887E—17 60 164 104 2.6821E—19
58 137 79 2.6919E—16 59 152 93 1.1703E—16 60 165 105 1.4918E—18
58 138 80 3.8733F— 17 59 153 94 2.1222E— 17 60 166 106 1.2026E— 19
58 139 81 9.0398E—17 59 154 95 7.0319E — 17 60 167 107 7,9208E— 19
58 140 82 3.9568E—18 59 155 96 1.1618E—17 60 168 108 5.2805E—20
58 141 83 4.1278E— 17 59 156 97 4.1096E— 17 60 169 109 4.1824E— 19
58 142 84 7.7171E—18 59 157 98 5.8723E—18 60 170 110 2.3618E—20
58 143 85 3.6010E—17 59 158 99 2.3285E—17 60 171 111 2.4168E—19
58 144 86 9.8923E—18 59 159 100 2.7635E—18 60 172 112 t.2989E—20
58 145 87 8.4302E—17 59 160 101 1.2617E—17 60 173 113 2.6395E—19
58 146 88 8.1479E—18 59 161 102 7.9166E—19 60 174 114 1.3930E—20
58 147 89 4.2467E—17 59 162 103 4.6181E—18 60 175 115 1.l920E—19
58 148 90 1.6690E—17 59 163 104 3.5242E—19 60 176 116 4.7906E—21
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Table A.1 (cont.)

Z A N (uv)(cm
3s’1) Z A N (o-v)(cm3s’) Z A N (uv)(cm3s’)

60 177 117 4.1348E—20 62 146 84 4.6639E— 17 63 163 100 2.2428E — 17

60 178 118 l.6614E—21 62 147 85 3.3664E—16 63 164 101 7.9296E— 17
60 179 119 1.4184E—20 62 148 86 6.2426E—17 63 165 102 8.7554E—18
60 180 120 5.0646E—22 62 149 87 5.5408E—16 63 166 103 3.4503E—17
60 181 121 5.0996E—21 62 150 88 1.7792E—16 63 167 104 5.1034E—18

60 182 122 1.0333E—22 62 151 89 5.6106E—16 63 168 105 2.2060E—17
60 183 123 2.3511E—21 62 152 90 5.5502E—17 63 169 106 2.8687E—18
60 184 124 6.0079E—24 62 153 91 2.5039E—16 63 170 107 l.3913E—17
60 185 125 8.7698E—22 62 154 92 4.9216E—17 63 171 108 1.5326E—18

62 155 93 1.3188E — 16 63 172 109 8.6386E— 18
61 145 84 1.3632E— 16 62 156 94 3.6097E— 17 63 173 110 8.7476E — 19
61 146 85 3.8458E—16 62 157 95 4.4719E—17 63 174 111 5.9461E—18
61 147 86 2.7711F—16 62 158 96 1.4970E—17 63 175 112 5.8741E—19
61 148 87 4.1436E— 16 62 159 97 5.1916E— 17 63 176 113 9.4155E — 18
61 149 88 1.6741E— 16 62 160 98 8.7776E—18 63 177 114 1.0857E—18
61 150 89 1.0076E—15 62 161 99 3.1892E—17 63 178 115 5.8172E—18
61 151 90 2.0834E—16 62 162 100 4.9683E—18 63 179 116 3.5246E—19
61 152 91 3.8911E—16 62 163 101 1.9518E—17 63 180 117 2.1953E—18
61 153 92 1.7423E—16 62 164 102 1.9268E—18 63 181 118 1.0481E—19
61 154 93 2.0842E — 16 62 165 103 7.9599E— 18 63 182 119 7.9607E — 19
61 155 94 8.O1OIE—17 62 166 104 1.0164E—18 63 183 120 2.9841E—20
61 156 95 1.5727E—16 62 167 105 4.7140E—18 63 184 121 2.5835E—19
61 157 96 2.8344E—17 62 168 106 5.1832E—19 63 185 122 9.2676E—21
61 158 97 9.3351E—17 62 169 107 2.7154E—18 63 186 123 1.1296E—19
61 159 98 1.6289E—17 62 170 108 2.5732E—19 63 187 124 1.0932E—21
61 160 99 5.7174F—17 62 171 109 1.5972E—18 63 188 125 1.2283E—20
61 161 100 8.9566E—18 62 172 110 1.2932E—19
61 162 101 3.4667E—17 62 173 111 9.9944E—19 64 152 88 9.3178E—17
61 163 102 3.0287E—18 62 174 112 7.6000E—20 64 153 89 9.3755E—16
61 164 103 1.3853E—l7 62 175 113 1.3205E—18 64 154 90 1.0416E—16
61 165 104 1.5457E—18 62 176 114 1.0414E—19 64 155 91 5.8247E—16
61 166 105 7.9838E—18 62 177 115 7.9708E—19 64 156 92 8.7553E—17
61 167 106 7.4315E—19 62 178 116 3.5686E—20 64 157 93 2.9838E—16
61 168 107 4.2348E—18 62 179 117 2.6487E—19 64 158 94 5.3974E—17
61 169 108 3.4887F—19 62 180 118 1.3213E—20 64 159 95 1.6845E—16
61 170 109 2.5411E—18 62 181 119 8.6082E—20 64 160 96 3.7393E—17
61 171 110 1.6671E—19 62 182 120 5.1186E—21 64 161 97 9.2649E—17
61 172 111 1.5701E—18 62 183 121 3.0666E—20 64 162 98 1.8690E—17
61 173 112 9.6335E—20 62 184 122 2.0022E—21 64 163 99 6.9473E—17
61 174 113 2.1842E—18 62 185 123 1.2352E—20 64 164 100 1.1652E—17
61 175 114 1.5934E—19 62 186 124 5.5875E—22 64 165 101 4.4273E—17
61 176 115 8.3650E—19 62 187 125 3.1642E—21 64 166 102 4.9767E—18
61 177 116 4.3283E—20 64 167 103 1.8819E—17
61 178 117 3.4125E—19 63 151 88 3.1819E—16 64 168 104 2.9533E—18
61 179 118 1.1615E—20 63 152 89 1.5908E—15 64 169 105 1.2131E—17
61 180 119 1.3355E—19 63 153 90 3.8768E—16 64 170 106 1.7259E—18
61 181 120 2847SF—21 63 154 91 9.8726E—16 64 171 107 7.8087E—18
61 182 121 5.0995E—20 63 155 92 3.0471E—16 64 172 108 9.8873E—19
61 183 122 7.6207E—22 63 156 93 2.6475E— 16 64 173 109 5.0515E—18
61 184 123 2.1937E—20 63 157 94 1.6078E—16 64 174 110 5.7186E—19
61 185 124 8.6518E—23 63 158 95 1.7010E—16 64 175 111 3.4850E—18
61 186 125 3.2251E—21 63 159 96 9.6552E—17 64 176 112 3.7975E—19

63 160 97 1.1242E—16 64 177 113 5.1491E—18
62 144 82 2.9832E — 17 63 161 98 3.7069E— 17 64 178 114 5.9815E— 19
62 145 83 2.5380E—16 63 162 99 1.2668E—16 64 179 115 3.8639E—18
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Table A.! (cont.)

Z A N (clv)(cm~s~) Z A N (clv)(cm
3s~) Z A N (clv)(cnl3s1)

64 180 116 2.2086E— 19 66 167 101 7.6612E — 17 67 192 125 1.3852E— 19
64 181 117 1.3475E— 18 66 168 102 l.1347E— 17 67 193 126 3.6440E—23

64 182 118 7.8l59E—20 66 169 103 4.2537E—17 67 194 127 8.7818E—21
64 183 119 4,5024F—19 66 170 104 7.3222E—18 67 195 128 4.3781E—24
64 184 120 2.9726E—20 66 171 105 2.8844E—17 67 196 129 4.0299E—21

64 185 121 1.5087E—19 66 172 106 4.6551E—18
64 186 122 1.2802F—20 66 173 107 1.9764E— 17 68 162 94 1.6702E— 16
64 187 123 5.9733E—20 66 174 108 2.9553E—18 68 163 95 6.6784E—16
64 188 124 3.9797E—21 66 175 109 1.3847E—17 68 164 96 1.2513E—16
64 189 125 9.2968E—21 66 176 110 1.9472E— 18 68 165 97 5.1437E— 16

66 177 111 t.0516E—17 68 166 98 1.0157E—16
65 159 94 2.4960E—16 66 178 112 1.5078F— 18 68 167 99 3.2647E— 16
65 160 95 5.3486E—16 66 179 113 1.6991E—17 68 168 100 6.5906E—17
65 161 96 2.1278E—16 66 180 114 2.5507E—18 68 169 101 1.2937E—16

65 162 97 2.2804E—16 66 181 115 1.2440E—17 68 170 102 3.2581F—17
65 163 98 8.8679F—17 66 182 116 1.0705E—18 68 171 103 8.6636E—17
65 164 99 2.7057E — 16 66 183 117 5.0164E—18 68 172 104 2.3396E— l7

65 165 100 5.1523E— 17 66 184 118 3.8496F— 19 68 173 105 8.8052E—17
65 166 101 1.7205E—16 66 185 119 1.8528E—18 68 174 106 1.1344E—17
65 167 102 2.1283E— 17 66 186 120 1.4077E —19 68 175 107 4.7801E— 17
65 168 103 7.5948E— 17 66 187 121 6.3292E— 19 68 176 108 7.8386E — 18
65 169 104 1.3507E — 17 66 188 122 6.0083E —20 68 177 109 3.5564E — 17

65 170 105 5.3009E—17 66 189 123 2.5219E—19 68 178 110 5.6525E—18
65 171 106 8.5085E — 18 66 190 124 1.5809E—20 68 179 111 2.9112E— 17
65 172 107 3.6453E — 17 66 191 125 2.5593F —20 68 180 112 5.0440E — 18
65 173 108 5.3323E—18 66 192 126 1.2854E—25 68 181 113 4.5741E—17
65 174 109 2.5469F—17 66 193 127 8.5510E—22 68 182 114 8.1384E—18
65 175 110 3.4254E—18 68 183 115 2.8761F—17
65 176 111 1,8811E—17 67 165 98 2.8079E—16 68 184 116 3.5470E—18
65 177 112 2.6527E —18 67 166 99 2.2820E —16 68 185 117 l.3032E —17
65 178 113 3.1031E—17 67 167 100 2.3812E—16 68 186 1)8 1.4420E—18
65 179 114 4,8993E —18 67 168 101 2.0576E— 16 68 187 119 5.4681E— 18
65 180 115 2.1481F —17 67 169 102 9.2510E — 17 68 188 120 5.4872E — 19
65 181 116 1.9438E—18 67 170 103 t.5879E—16 68 189 121 2.0569E—18

65 182 117 8.7364E—18 67 171 104 3.2713E—17 68 190 122 2.3688E—19
65 183 118 6.3218E—19 67 172 105 1.1633E—16 68 191 123 8.8241E—19
65 184 119 3.2991E—18 67 173 106 2.2072E—17 68 192 124 4.8629E—20
65 185 120 1.9277E—19 67 174 107 8.5822F—17 68 193 125 7.1336E—20
65 186 121 1.1697E—18 67 175 108 1.5056E—17 68 194 126 2.5413E—22
65 187 122 6.5860E—20 67 176 109 6.4143E—17 68 195 127 4.4128E—21
65 188 123 4.8232E—19 67 177 110 1.0763E—17 68 196 128 6.9694E—23
65 189 124 6.4480E—21 67 178 111 5,246SF— 17 68 197 129 2.4851E—21
65 190 125 4.2360E—20 67 179 112 9.3728E— 18 68 198 130 5.2861E —24

67 180 113 9.4991E—17 68 199 131 1.2731E—21
66 156 90 1.9226E — 16 67 181 114 1.5999E — 17
66 157 91 8.2947E —16 67 182 115 5.4505E —17 69 169 100 2.0942E —16
66 158 92 1.5113E — 16 67 183 116 6.9276E — 18 69 170 101 3.5680E— 16
66 159 93 5.3034E — 16 67 184 117 2,4926E — 17 69 171 102 9.6834E — 17
66 160 94 9,6864E—17 67 185 1)8 2.6030E—18 69 172 103 2.0651E—16
66 161 95 4.1482E—16 67 186 119 1.0364E—17 69 173 104 5.3691E—17
66 162 96 7.7882E—17 67 187 120 8.7740E—19 69 174 105 1.7260E—16
66 163 97 2.5916E— 16 67 188 121 3.9109E— 18 69 175 106 6.1160E— 17
66 164 98 4.2822E—17 67 189 122 3.2957E—19 69 176 107 1.8523E—16
66 165 99 1.4958E—16 67 190 123 1.6865E—18 69 177 108 3.9203E—17
66 166 100 3.0757E—17 67 191 124 2.8373E—20 69 178 109 1.4400E—16
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Table A.1 (coat.)

Z A N (clv)(cm
3s~) Z A N (rv)(cni3s~) Z A N (clv)(cm3s’)

69 179 110 3.0408E—17 70 196 126 2.2810E—21 72 175 103 3.6414E—16
69 180 111 1.2933E—16 70 197 127 1.9418E—20 72 176 104 9.7804E—17

69 181 112 3.0673E—17 70 198 128 1.4848E—21 72 177 105 2.8421E—16
69 182 113 1.9740E—16 70 199 129 1.2269E—20 72 178 106 8.1119E—17
69 183 114 3.7457E— 17 70 200 130 6.1728E—22 72 179 107 2.6750E— 16
69 184 115 1.1831E—16 70 201 131 7.4220E—21 72 180 108 5.8704E—17
69 185 116 1.7085E—17 70 202 132 l.8574E—22 72 181 109 9.7040E—17

69 186 117 5.4846E—17 70 203 133 4.5361E—21 72 182 110 4.2348E—17
69 187 118 7.3407E—18 70 204 134 2.831tE—23 72 183 111 9.1550E—17

69 188 119 2.4480E—17 70 205 135 2.1526E—21 72 184 112 3.6128E—17
69 189 120 2.8362E — 18 70 206 136 4.8366E—25 72 185 113 2.2959E — 16
69 190 121 9.7817E—18 70 207 137 1.2035E—21 72 186 114 3.0905E—17
69 191 122 1.1942E—18 72 187 115 1.1399E—16

69 192 123 4.7129E—18 71 175 104 2.6273E—16 72 188 116 1.6281E—17
69 193 124 1.0577E—19 71 176 105 3.1078E—16 72 189 117 5.3583E—17
69 194 125 4.1391E—19 71 177 106 2.2651E—16 72 190 118 8.0179E—18
69 195 126 6.8581E—22 71 178 107 2.0883E—l6 72 191 119 2.4062E—17
69 196 127 4.4161E—20 71 179 108 1.7698E—16 72 192 120 3.6365E—18
69 197 128 5.3822E—22 71 180 109 2.7260E—16 72 193 121 1.0216E—17
69 198 129 2.4151E—20 71 181 110 1.0658E—16 72 194 122 1.8646E—18
69 199 130 1.5078E—22 71 182 111 2.7386E—16 72 195 123 5.1577E—18
69 200 131 1.5653E—20 71 183 112 7.9159E—l7 72 196 124 3.2478E—19
69 201 132 2.4219E—23 71 184 113 4.2969E—16 72 197 125 5.3742E—19
69 202 133 8.6234E—21 71 185 114 7.6450E— 17 72 198 126 9.7654E—21

69 203 134 7.5467E—25 71 186 115 2.2484E—16 72 199 127 7.3749E—20
69 204 135 4.2043E—21 71 187 116 3.5671E— 17 72 200 128 9.0164E—21

71 188 117 1.0746E—16 72 201 129 5.1533E—20
70 168 98 1.7462E—16 71 189 118 1.6102E—17 72 202 130 4.9981E—21
70 169 99 5.4864E—16 71 190 119 4.9008E—17 72 203 131 3.7374E—20
70 170 100 1.4086E—16 71 191 120 6.7748E—18 72 204 132 2.5768E—21
70 171 101 2.8212E—16 71 192 121 2.0971E—17 72 205 133 2.6128E—20
70 172 102 7.6808E—17 71 193 122 3.1859E—18 72 206 134 1.1485E—21

70 173 103 1.9089E—16 71 194 123 l.0444F—17 72 207 135 1.4668E—20
70 174 104 4.5775E—17 71 195 124 3.2693E—19 72 208 136 4.0914E—22
70 175 105 1.2551E—16 71 196 125 1.0672E—18 72 209 137 8.5517E—21
70 176 106 3.7616E—17 71 197 126 4.0017E—21 72 210 138 9.1033E—23

70 177 107 1.3379E—16 71 198 127 1.7535E—19 72 211 139 4.6034E—21
70 178 108 1.8898E—17 71 199 128 5.9387E—21 72 212 140 1.5096E—23
70 179 109 8.6058E—17 71 200 129 1.0363E—19 72 213 141 7.8478E—21
70 180 110 1.4988E—17 71 201 130 2.9699E—21 72 214 142 1.5614E—23

70 181 111 7.8241E—17 71 202 131 8.3917E—20 72 215 143 3.8694E—21
70 182 112 1.5902E—17 71 203 132 1.4131E—21
70 183 113 1.1827E—16 71 204 133 5.5322E—20 73 180 107 4.7786E—16
70 184 114 1.7092E—17 71 205 134 4.7844E—22 73 181 108 2.7658E—16
70 185 115 5.9793E—17 71 206 135 3.2564E—20 73 182 109 3.5989E—16
70 186 116 8.3740E—18 71 207 136 9.9910E—23 73 183 110 2.3666E—16
70 187 117 2.7660E—17 71 208 137 1.7171E—20 73 184 111 3.3258E—16
70 188 118 3806SF—18 71 209 138 7.8524E —24 73 185 112 1.5572E — 16
70 189 119 1.2318E—17 71 210 139 8.6457E—21 73 186 113 5.7751E—16
70 190 120 1.6186E—18 71 211 140 4.3562E—24 73 187 114 1.4067E—16
70 191 121 5.0723E—18 71 212 141 1.1540E—20 73 188 115 3.4444E—16
70 192 122 7.5631E—19 71 213 142 2.9433E—25 73 189 116 6.7985E—17
70 193 123 2.3845E—18 71 214 143 5.0054E—21 73 190 117 1.8474E—16
70 194 124 1.3120E—19 73 191 118 3.1039E—17
70 195 125 2.1848E — 19 72 174 102 1.2638F— 16 73 192 119 8.8202E— 17
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Table A.1 (coOt.)

Z A N (clv)(cm
3s~) Z A N (o~v)(cm3s’) Z A N (crv)(cm3S’)

73 193 120 1.3397E—17 74 206 132 1.4966E—20 75 223 148 3.0990E—23
73 194 121 3.7928E—17 74 207 133 1.2049E—19 75 224 149 1.2218E—2))
73 195 122 6.7582E—18 74 208 134 8.5700E—21 75 225 150 7.9112E—26
73 196 123 1.9977E—17 74 209 135 S.4809E—20 75 226 151 3.8570E—21
73 197 124 8.5289E—19 74 210 136 4.4521E—21
73 198 125 2.3468E—18 74 211 137 5.2969E—20 76 184 108 2,240SF—16
73 199 126 1,5905F—20 74 212 138 2.0487F—21 76 185 109 4.2710E—16
73 200 127 5.4639E—19 74 213 139 3.0962E—20 76 186 110 1.3760E—l6
73 201 128 3.5869E—20 74 214 140 8.0017E—22 76 187 111 2.8512F—16
73 202 129 3.7679E—19 74 215 141 1.5133E—20 76 188 112 6.7696E—17
73 203 130 2.2788E —20 74 216 142 4.9260E —22 76 189 113 4.0990E— 16
73 204 131 3.2875E—19 74 217 143 2.0574F—20 76 190 114 6.5170E—17
73 205 132 1.4667E—20 74 218 144 2.5913E—22 76 191 lIS 3.3672E—16
73 206 133 2.6497E—19 74 219 145 9.6944E—21 76 192 116 3.8701F— 17
73 207 134 7.9267E—21 74 220 146 2.2486E—23 76 193 117 1. 1056E— 16

73 208 135 1.8039F—19 74 221 147 3.5885F—21 76 194 118 1.9l53E—17
73 209 136 3.5557E—21 76 195 119 4.147tE—17
73 210 137 1.1042E—19 75 185 110 3.4406E—16 76 196 120 1.1521E—17
73 211 138 1.2934E—21 75 186 111 4.5234E—16 76 197 121 2927SF—I?
73 212 139 6.3918E—20 75 187 112 2.3074E—16 76 198 122 6.6332E—18
73 213 140 3.1860E—22 75 188 113 3.780lE— 16 76 199 123 1.6032E—17
73 214 141 5.0109E—20 75 189 114 1.9979E—16 76 200 124 1.4156E—18
73 215 142 3.0482E—22 75 190 115 3.0462F—16 76 201 125 2.1309F—18
73 216 143 3.3586E—20 75 191 116 1.0049E—16 76 202 126 7.8113E—20
73 217 144 4.lt7lE—23 75 192 117 2.6609E—16 76 203 127 5.8401E— 19

73 218 145 1.3741F—20 75 193 118 5.4186E—17 76 204 128 1.1914E—19
73 219 146 3.6136E—25 75 194 119 l.3746F— 16 76 205 129 5.0806E— 19
73 22)) 147 4.5773E—21 75 195 120 2.3547F— 17 76 206 130 8.3853E—20

75 196 121 6.1808E—17 76 207 131 5.03721?—19
74 180 106 1.7115E—16 75 197 122 1.2418E— 17 76 208 132 6,1922F—20
74 181 107 4,61471?—16 75 198 123 3,392SF—17 76 209 133 4.3609E— 19
74 182 108 1.2142E—16 75 199 124 1.8270E—18 76 210 134 4.1809E—20
74 183 109 2.2842E—16 75 200 125 4.4538E—18 76 211 135 3.4584F—19
74 184 110 9.2269E—17 75 201 126 5.0859F—20 76 212 136 2.5731E—20
74 185 111 2.1596E—16 75 202 127 1.3642E— 18 76 213 137 2.43481?— 19
74 186 112 4.5868E—17 75 203 128 1.4821E—19 76 214 138 1.4522E—2))
74 187 113 1,905SF—lb 75 204 129 1.0977E—18 76 215 139 1.63301?— 19
74 188 114 2.43341?— 17 75 205 130 1.05861? — 19 76 2l6 140 7.39871?—21
74 189 115 1.38301?— 16 75 206 131 1.08461?— 18 76 217 141 9.5713E—20
74 190 116 2.7961F—17 75 207 132 8.3513E—20 76 218 142 3.4825E—21
74 191 117 9.38991?—17 75 208 133 9.3475E— 19 76 219 143 5.0166E —20
74 192 118 l.4438E—17 75 209 134 5.86091?—20 76 220 144 1.7041E—21
74 193 119 4,2737F—17 75 210 135 7.1251F—19 76 221 145 4.8515E—2))
74 194 120 6.9203E—18 75 211 136 3.5317E—20 76 222 146 1.2422F—21
74 195 121 1.8197E—17 75 212 137 4.8585E—19 76 223 147 2.1332E—2))
74 196 122 3.7542E—18 75 213 138 t.7832E—20 76 224 148 2.4970E—22
74 197 123 9.5970E—18 75 214 139 3.39111?— 19 76 225 149 8.6253E—21
74 198 124 7.2545E—19 75 215 140 8.0333E—21 76 226 150 1.4095E—23
74 199 125 l.1460E—18 75 216 141 1.9421E— 19 76 227 151 3.0440E —21
74 200 126 3.0212E—20 75 217 142 2.8208E—21
74 201 127 2.3141E—19 75 218 143 l.4860E—19 77 191 114 2.5862E—16
74 202 128 3.6768E—20 75 219 144 2.0263E—21 77 192 115 5.58461?— 16 :
74 203 129 1.8087E—t9 75 220 145 8.2661F—20 77 193 116 l.6241E— 16
74 204 130 2.3519E—20 75 221 146 4.3351E—22 77 194 117 2.0391E—!6
74 205 131 l.5401E — 19 75 222 147 3.38711? —2)) 77 195 118 8,222SF— 17
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3 —I 3 —I 3 —IZ A N (clv) (ens s ) Z A N (clv) (cR1 s ) Z A N ~~v) (cm s

77 196 119 7.9l06E—17 78 207 129 1.1250E—18 79 222 143 1.9575E—18
77 197 120 4.2907E—17 78 208 130 2.3918E—19 79 223 144 1.1095E—19
77 198 121 8.8975E—17 78 209 131 l.2266E— 18 79 224 145 1.1931E—18
77 199 122 2.0519E—17 78 210 132 2.0071E—19 79 225 146 4.9990E—20
77 200 123 5.1506E—17 78 211 133 1.1942E—18 79 226 147 6.3366E—19
77 201 124 3.2952E—18 78 212 134 l.5466E—19 79 227 148 2.0157E—20
77 202 125 7.4489E—18 78 213 135 1.0579E—18 79 228 149 6.5300E—19
77 203 126 1.3633E—19 78 214 136 1.0924E—19 79 229 150 3.2522E—21
77 204 127 2.84851?— 18 78 215 137 8.4315E— 19 79 230 151 3.8736E— 19
77 205 128 4.4531E—19 78 216 138 7.0307E—20 79 231 152 4.0507E—22
77 206 129 2.5311E—18 78 217 139 6.l686E—19 79 232 153 l.7555E—19
77 207 130 3.5049E—19 78 218 140 4.1246E—20 79 233 154 l.0903E—22
77 208 131 2.8112E—18 78 219 141 4.0983E—19 79 234 155 1.3348E—19

77 209 132 3.2123E—19 78 220 142 2.2712E—20 79 235 156 6.4722E—24
77 210 133 2.7067E—18 78 221 143 2.5990E—19 79 236 157 5.9046E—20
77 211 134 2.6136E—19 78 222 144 1.1408E—20 79 237 158 6.5410E—25
77 212 135 2.3593E— 18 78 223 145 l.4305E— 19 79 238 159 2.6187E—20
77 213 136 1.8810E—19 78 224 146 5.2506E—21
77 214 137 l.8304E—18 78 225 147 7.1820E—20 80 196 116 9.9247F—17
77 215 138 1.2223E—19 78 226 148 2.0037E—21 80 197 117 2.1336E—16
77 216 139 l.2909E—18 78 227 149 4.1336E—20 80 198 118 5.7003E—17
77 217 140 6.9581E—20 78 228 150 9.6632E—22 80 199 119 1.2145E—16
77 218 141 8.4063E—19 78 229 151 l.8924E—20 80 200 120 2.6267E—17
77 219 142 3.2930E—20 78 230 152 1.8889E—22 80 201 121 4.4028E—17
77 220 143 5.5725E—19 78 231 153 7.1132E—21 80 202 122 l.6576E—17
77 221 144 l.4613F—20 78 232 154 l.4488E—23 80 203 123 3.9432E—17
77 222 145 2.7747E—19 78 233 155 2.1022E—21 80 204 124 3.7257E—18
77 223 146 6.6109E—21 78 234 156 8.7426E—26 80 205 125 3.7166E—18
77 224 147 1.8939E—19 78 235 157 9.7458E—22 80 206 126 3.5655E—20
77 225 148 2.l302E—21 80 207 127 2.9146E—18
77 226 149 8.0739E—20 79 197 118 1.4280E—16 80 208 128 6.7193E—19
77 227 150 3.4465E—22 79 198 119 1.8929E—16 80 209 129 2.0430E—18
77 228 151 3.1018E—20 79 199 120 6.6837F—17 80 210 130 5.4450E—19
77 229 152 1.9434E—23 79 200 121 6.3169E—17 80 211 131 2.4140E—18
77 230 153 1.1118E—20 79 201 122 3.9172E—17 80 212 132 5.0572E—19
77 23l 154 1.0318E—26 79 202 123 3.4536E— 17 80 213 [33 2.5666E — 18
77 232 155 3.6486E—21 79 203 124 2.9725E—18 80 214 134 4.3561E—19

79 204 125 1.0379E—17 80 215 135 2.4845E—18
78 190 112 1.0374E—l6 79 205 126 3.0666E—19 80 216 136 3.4623E—l9
78 191 113 5.7006E—16 79 206 127 5.1250E—l8 80 217 137 2.1812E—18
78 192 114 9.5808E—17 79 207 128 1.0161E—18 80 218 138 2.5311E—19
78 193 115 2.7631E—16 79 208 129 4.7229E—18 80 219 139 1.7664E—18
78 194 116 5.9209E—17 79 209 130 8.5770E—19 80 220 140 l.6951E—19
78 195 117 l.6405E—16 79 210 131 5.7668E—18 80 221 141 1.3101E—18
78 196 118 3.1763E—17 79 211 132 8.8199E—19 80 222 142 l.0489E—19
78 197 119 7.7758E—17 79 212 133 6.1994E—18 80 223 143 8.9513E—19
78 198 120 1.3169E—17 79 213 134 8.1189E—19 80 224 144 5.9043E—20
78 199 121 4.9490E—17 79 214 135 6.0106E—18 80 225 145 5.6056E—19
78 200 122 6.8858E—18 79 215 136 6.7376E—19 80 226 146 3.1487E—20
78 201 123 2.9442E — 17 79 216 137 5.2752E — 18 80 227 147 3.3253E — 19
78 202 124 2.4257E—18 79 217 138 4.9897E—19 80 228 148 1.5366E—20
78 203 125 3.5100E—18 79 218 139 4.1545E—18 80 229 149 l.6986E—19
78 204 126 1.7806E—19 79 219 140 3.3532E—19 80 230 150 7.0989E—21
78 205 127 1.2156E— 18 79 220 141 2.9809E — 18 80 231 151 8.27901?—20

78 206 128 3.1374E—19 79 221 142 2.0526E—19 80 232 152 2.9939E—21
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Z A N (clv)(cm
3s’) Z A N (clv)(cm3s~) Z A N (uv)(cm3s’)

80 233 153 3.72621?—20 82 204 122 2.4081E— 17 83 219 136 4.7579E — 18
80 234 154 1.0724E—21 82 205 123 4.7406E— 17 83 220 137 3.17591?— 17

80 235 155 1.4706E—20 82 206 124 7.7252E—18 83 22! 138 4.1714E—18
80 236 156 2.92351?—22 82 207 125 3.04451?—18 83 222 139 2.9327F— 17
80 237 157 6.2450E—21 82 208 126 8.40401?—2)) 83 223 14)) 3.35911?— 18
80 238 158 4.6364E—23 82 209 127 1.29l4E— 18 83 224 141 2.46831?— 17
80 239 159 2.2730E—21 82 210 128 2.5423E— 19 83 225 142 2.4880E — 18
80 240 160 1.8820E—24 82 211 129 1.50071?-’-18 83 226 143 1.94691?—17
80 241 161 1.0502E—21 82 212 130 6.7208E—19 83 227 144 1.7104E—18

82 213 131 1.7617E—18 83 228 145 l.4233E—17
81 203 122 4.2169E—17 82 214 132 7.6l38E— 19 83 229 146 1,091SF—IS
81 204 123 6.2377E— 17 82 215 133 3.24641?— 18 83 230 147 9.49821?— IS
81 205 124 1.4023E—17 82 216 134 6.8814E—19 83 231 148 6.4220E—19
81 206 125 7.2650E—18 82 217 135 3.3081E— 18 83 232 149 5.85051? — 18
81 207 126 2.52021? —19 82 218 136 5.7810E — 19 83 233 150 3.49601? — 19
81 208 127 2.9088E— 18 82 219 137 3.0719E — 18 83 234 151 3.2616E— 18
81 209 128 7.0387E — 19 82 220 138 4.5348E— 19 83 235 152 1.70061? — 19
81 210 129 6.54881?—18 82 221 139 2.61641?— 18 83 236 153 1.6650E— 18
81 211 130 1.1872E—18 82 222 140 3.2784F—19 83 237 154 7.5672E—2O
81 212 131 7.5031E — 18 82 223 141 2.0403E— 18 83 238 155 7.78821?— 19

81 213 132 1.2976E—18 82 224 142 2.2156E—19 83 239 156 2.9703E—20
82 225 143 1.4814E—18 83 240 157 3.6657F—1981 214 133 8.6026E—18
82 226 144 1.3847E— 19 83 241 158 1.1133E—20

81 215 134 1.2786E—18
82 227 145 9,9284E—19 83 242 159 1.54791?—1981 216 135 8.94661? — 18
82 228 146 8.1213E—20 83 243 160 3,7145E—21

81 217 136 1.1459E—18
82 229 147 6.2457E— 19 83 244 161 6.27031?— 2))81 218 137 8.4798E—18
82 230 148 4.4310E—20 83 245 162 1.0324E—2181 219 138 9.3499E—19
82 231 149 3.6366E — 19 83 246 163 2.3891E—2081 220 139 7.3000E—18
82 232 150 2.36371?—20 83 247 164 2.13341?—22

81 221 140 6.99711?— 19 82 233 151 1.9947E—19 83 248 165 9.5143E—21
81 222 141 5.7759E—18

82 234 152 1.2089E—20 83 249 166 2.5573E—23
81 223 142 4.8032E — 19 82 235 153 1.03381?— 19 83 250 167 3.7687E—21
81 224 143 4.l667E—18

82 236 154 5.6255E —21 83 251 168 7.5554E —25
81 225 144 3.OISIE—19 82 237 155 4.9516E—20 83 252 169 1.3787E—21
81 226 145 2.7613E—18 82 238 156 2.6053F—21
81 227 146 1.7223E—19 82 239 157 2.3883E—2)) 84 210 126 8.52891?— 1981 228 147 1.68531?—18 82 240 158 9.5813E—22 84 211 127 1.62161?— 17

81 229 148 8.8621E—20 82 241 159 1.0707E—20 84 212 128 2.8733E—18
81 23)) 149 9.5064E—19 82 242 160 3.2966E—22 84 213 129 1.8767E—17
81 231 150 4.1697E—20 82 243 161 5.1897E—21 84 214 130 2.6184E—t8
81 232 151 5.1545E—19 82 244 162 7.5855E—23 84 215 131 2.9921E—17
81 233 152 1.7277E—20 82 245 163 2.2231E—2t 84 216 132 3.8169E—18

81 234 153 2.4789E— 19 82 246 164 7.2092E—24 84 217 133 2.3799E — 17
81 235 154 6.6860E—21 82 247 165 l.1228E—21 84 218 134 4.6948E—18
81 236 155 1.1046E—19 84 219 135 2.90451?—17
81 237 156 2.16181? —21 83 209 126 2.38061?— 18 84 220 136 4.32001?— 18
81 238 157 4.7441E—20 83 210 127 3.5188E—18 84 221 137 2.8585E—17
81 239 158 6.0787E—22 83 211 128 5.4740E—18 84 222 138 3.6818E—18
81 240 159 1.9529E—20 83 212 129 5.0850F—18 84 223 139 2.6206E—17
81 241 160 1.1088E—22 83 213 130 4.2688E—18 84 224 140 2.9240E— 18
81 242 161 7.6198E—21 83 214 131 9.3233E—18 84 225 141 2.2508E—17
81 243 162 9693SF—24 83 215 132 3.5531E— 18 84 226 142 2.20671?— 18
81 244 163 3.04111?—21 83 216 133 2.91031?— 17 84 227 143 1.81131?— 17
81 245 164 2.8340E—26 83 217 134 4.9619E—18 84 228 144 I.5093E—18
81 246 165 1.0998E —21 83 218 135 3.15431?—17 84 229 145 1.48641?— 17
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Z A N (ov)(cm
3s’) Z A N (ov)(cm3s’) Z A N (clv)(cm3s)

84 230 146 1.1495E—18 85 239 154 3.6301E—19 86 251 165 5.6159E—20
84 231 147 l.0107E —17 85 240 155 3.7314E —18 86 252 166 3.8131E—21
84 232 148 6.7867E— 19 85 241 156 1.3966E— 19 86 253 167 3.2710E—20
84 233 149 5.0444E—18 85 242 157 l.7220E—18 86 254 168 1.1861E—21
84 234 150 3.6932E—19 85 243 158 5.0756E—20 86 255 169 1.2169E—20

84 235 151 2.3332E—18 85 244 159 8.0867E—19 86 256 170 3.0855E—22
84 236 152 l.9070E—19 85 245 160 1.8453E—20 86 257 171 4.8442E—21
84 237 153 t.0514E—l8 85 246 161 4.5113E—19 86 258 172 5.2471E—23
84 238 154 9.1184E—20 85 247 162 1.2438E—20 86 259 173 1.7828E—21
84 239 155 4.8838E—19 85 248 163 3.9075E—19 86 260 174 2.9639E—24
84 240 156 4.0876E—20 85 249 164 7.3016E—2l 86 261 175 8.8593E—22
84 241 157 2.3509E — 19 85 250 165 1.4266E — 19
84 242 158 1.7162E—20 85 251 166 1.7480E—21 87 221 134 2.1474E—16
84 243 159 1.6277E—19 85 252 167 5.3264E—20 87 222 135 3.8287E—16

84 244 160 6.5530E —21 85 253 168 3.4869E —22 87 223 136 2.4808E — 16
84 245 161 6.47l7E—20 85 254 169 1.9481E—20 87 224 137 4.4531E—16
84 246 162 2.3397E—21 85 255 170 4.8795E—23 87 225 138 3.1119E—16
84 247 163 2.2961E—20 85 256 171 7.0954E—21 87 226 139 6.0786E—16
84 248 164 7.5998E—22 85 257 172 2.8479E—24 87 227 140 2.5569E—16
84 249 165 9.1827E—21 85 258 173 2.7468E—21 87 228 141 7.0885E—16
84 250 166 1.7855E—22 87 229 142 1.3013E—16
84 251 167 4.7107E—21 86 217 131 l.7111E—16 87 230 143 5.0903E—16
84 252 168 2.3547E—23 86 218 132 1.7789E—17 87 231 144 6.7310E—17
84 253 169 1.4787E—21 86 219 133 1.2954E—16 87 232 145 3.1545E—16
84 254 170 3.9445E—25 86 220 134 1.8003E— 17 87 233 146 3.2541E — 17
84 255 171 7.2391E—22 86 221 135 2.0811E—16 87 234 147 1.7810E—16

86 222 136 2.2769E — 17 87 235 148 l.5331E — 17

85 211 126 7.8713E—18 86 223 137 1.3272E—16 87 236 149 9.4220E—17
85 212 127 3.838lE — 17 86 224 138 2.3761E — 17 87 237 150 7.1263E — 18
85 213 128 4.0140E—17 86 225 139 1.7024E—16 87 238 151 4.7336E—17
85 214 129 7.2972E — 17 86 226 140 2.8640E— 17 87 239 152 3.2320E — 18
85 215 130 3.6706E—17 86 227 141 l.8378E—16 87 240 153 2.3996E—17
85 216 131 8.4703E—17 86 228 142 1.6544E—17 87 241 154 1.4297E—18
85 217 132 4.3737E—17 86 229 143 1.1667E—16 87 242 155 1.1721E—17
85 218 133 1.2896E—16 86 230 144 8.2517E—l8 87 243 156 6.0887E—19
85 219 134 4.2549E—17 86 231 145 6.2093E—17 87 244 157 5.7250E—18
85 220 135 l.6267E—16 86 232 146 4.0818E—18 87 245 158 2.5500E—19
85 221 136 3.8617E — 17 86 233 147 3.0737E — 17 87 246 159 2.6899E — 18
85 222 137 1.6648E—16 86 234 148 2.0910E—18 87 247 160 9.8090E—20
85 223 138 3.6814E—17 86 235 149 l.4712E—17 87 248 161 1.2590E—18
85 224 139 l.65l3E—16 86 236 150 l.1055E—18 87 249 162 3.4480E—20
85 225 140 3.27161? — 17 86 237 151 6.9461E — 18 87 250 163 5.9420E — 19
85 226 141 l.6793E—16 86 238 152 5.9658E—19 87 251 164 1.1419E—20
85 227 142 3.7205E—17 86 239 153 3.2332E—18 87 252 165 2.8987E—19
85 228 143 2.0003E—16 86 240 154 3.1286E—19 87 253 166 4.5156E—21
85 229 144 2.3447E—17 86 241 155 1.4886E—18 87 254 167 2.9009E—19
85 230 145 1.3415E—16 86 242 156 1.5366E—l9 87 255 168 1.0924E—20
85 231 146 1.1473E—l7 86 243 157 6.9912E—19 87 256 169 l.8599E—19
85 232 147 7.3135E—17 86 244 158 7.0361E—20 87 257 170 2.5227E—21
85 233 148 5.1401E—18 86 245 159 3.1761E—19 87 258 171 6.5891E—20
85 234 149 3.6472E — 17 86 246 160 2.87141? —20 87 259 172 5.4260E —22
85 235 150 2.2116E—18 86 247 161 l.4378E—19 87 260 173 2.3225E—20
85 236 151 1.7332E—l7 86 248 162 1.0559E—20 87 261 174 8.7654E—23
85 237 152 9.0757E—19 86 249 163 7.0566E—20 87 262 175 8.3430E—2l
85 238 153 8.0802E—18 86 250 164 4.4296E—21 87 263 176 7.6431E—24
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351) Z .4 N (crv)(cns3s’) Z A N (uv)(cm3s’)

87 264 177 3.1917E —21 89 229 140 3.6967E — 16 90 236 146 2.6248E— 17
87 265 178 6.4990F—26 89 230 141 6.6998E—16 90 237 147 1.5193F—16
87 266 179 1.2339E—21 89 231 142 2.7123E— 16 90 238 148 1.32621?— 17

89 232 143 8. 15431?—16 90 239 149 8.5731E— 17
88 222 134 1.39381?— 16 89 233 144 1.47361?— 16 90 240 150 6.87431?— 18
88 223 135 2.99831?— 16 89 234 145 5.41271?— 16 90 241 151 4.65961?— 17
88 224 136 1.5657F—16 89 235 146 7.7981E—17 90 242 152 3.6557E—18
88 225 137 5.7828E— 16 89 236 147 3.3806E— 16 90 243 153 2.4987E — 17
88 226 138 8.7854E — 17 89 237 148 3.96121? — 17 90 244 154 1.9900E— t8

88 227 139 5.87901? — 16 89 238 149 2.0089E— 16 90 245 155 1.3213E — 17
88 228 140 7.6476E —17 89 239 150 1.9807E — 17 90 246 156 1.10031?— 18
88 229 141 4.40281?— 16 89 240 151 1.14771?— 16 90 247 157 6.9151E— 18
88 230 142 4.5470E—17 89 241 152 9.7703E—!8 90 248 158 6.1456E—19
88 231 143 2.5160E—16 89 242 153 6.2846E—17 90 249 159 3.5336E—18
88 232 144 2. 18621?— 17 89 243 154 4,749SF— 18 90 250 [60 3.3630E — 19
88 233 145 1.4019E—t6 89 244 155 3.2849E—t7 90 251 161 l.6787E—18
88 234 146 1.06411? — 17 89 245 156 2.26221?— 18 90 252 162 1.7536E — 19
88 235 147 7.38201? — 17 89 246 157 1.72661? — 17 90 253 163 7.14211? — 19
88 236 148 5.32561?—18 89 247 158 1.04591?— 18 90 254 164 8.4499E—20
88 237 149 3.79231?—!? 89 248 159 8.7679E—18 90 255 165 3.1471F—19
88 238 150 2.77001?— 18 89 249 160 4.5559E — 19 90 256 166 3.79921?—20
88 239 151 1.90761? — 17 89 250 161 4.39001?— 18 90 257 167 2.1344E — 19
88 240 152 1.4749E—18 89 251 162 1.97031?—19 90 258 168 1.5443E—20
88 241 153 9.5488E — 18 89 252 163 2.1952E— 18 90 259 169 1.03241? — 19
88 242 154 8.06301?— 19 89 253 164 7.6388E—20 90 260 170 5.94931?—21
88 243 155 4.7135E—18 89 254 165 1.0381F—18 90 261 171 6.2975E—20
88 244 156 4.3727E — 19 89 255 166 2.6826E—20 90 262 172 1.5834E—20
88 245 157 2.3080E — 18 89 256 167 4.9405E — 19 90 263 173 t.1394E— 19
88 246 158 2.2852E—19 89 257 168 8.9351E—21 90 264 174 6.5752E—21
88 247 159 1.11671?— 18 89 258 169 2.6313E— 19 90 265 175 3.9943E—20

88 248 160 1.1076E—19 89 259 170 6.5723E—21 90 266 176 2.1759E—21
88 249 161 5.45011? — 19 89 260 171 6.0079E — 19 90 267 177 1.2902F—20
88 250 162 5.0076E —20 89 261 172 1.25991? —20 90 268 178 6.73691? —22

88 251 163 2.51571? —19 89 262 173 1.9903E — 19 90 269 179 5.45721?—21
88 252 164 2.0270E —20 89 263 174 3.09301? —21 90 270 180 l.6256E —22
88 253 165 t.1637E—19 89 264 175 6.8884E—20 90 271 181 3.1677E—21
88 254 166 7.2487E—21 89 265 176 6.SOIIE—22 90 272 182 2.0709E—23
88 255 167 5.6190E—20 89 266 177 2.4181F—20 90 273 183 l.0110E—21
88 256 168 3.2280F—21 89 267 178 1.2503E—22
88 257 169 6.4660E—20 89 268 179 8.5814E—21 91 231 140 7.5188E—16
88 258 170 5.3123E—21 89 269 180 l.5774E—23 91 232 141 9.6401E—17
88 259 171 4.1559E—20 89 270 181 3.6652E—21 91 233 142 4.5589E— 16
88 260 172 1.6773E—21 89 271 182 4.5994F—25 91 234 143 5.5663E— 16
88 261 173 l.3765E —20 89 272 183 9.42151? —22 91 235 144 2.3783E — 16
88 262 174 4.7732E—22 91 236 145 3.7442E—16
88 263 175 5.4240E—21 90 226 136 3.9931E—16 91 237 146 1.1800E—16
88 264 176 9.78291? —23 90 227 137 l.2521E — 15 91 238 147 5.0355E— 16
88 265 177 2.02881?—21 90 228 138 2.75831?— 16 91 239 148 8.8968E — 17
88 266 178 9.73361?—24 90 229 139 4.5044E—16 91 240 149 3.42341?— 16
88 267 179 1.0281E—21 90 230 140 2.1041E—16 91 241 150 4.8645E—17

90 231 141 3.04031?— 16 91 242 151 2.21721?— 16
89 225 136 7.5448E—16 90 232 142 1.0400E—16 91 243 152 2.5887E—17
89 226 137 1.14311? —15 90 233 143 2.07301? — 16 91 244 153 1.3672E— 16
89 227 138 S.0870E — 16 90 234 144 4.47141? — 17 91 245 154 1.3548E — 17
89 228 139 l.1679E—15 90 235 145 2.2161E—16 91 246 155 7.6134E—17
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Z A N (clv)(cm
3s’) Z A N (uv)(cm3s’) Z A N (ov)(cm3s’)

91 247 156 7.0902E— 18 92 258 166 1.4200E— 19 93 273 180 l.1868E—20
91 248 157 2.0896E—17 92 259 167 3.7546E—19 93 274 181 l.5641E—19
91 249 158 3.5667E—18 92 260 168 6.8696E—20 93 275 182 7.3215E—22
91 250 159 2.2928E—18 92 261 169 3.1349E—19 93 276 183 9.8730E—21
91 251 160 1.7580E—18 92 262 170 3.0550E—20
91 252 161 l.4851E—19 92 263 171 l.3102E—19 94 238 144 2.5242E—16
91 253 162 8.3282E—19 92 264 172 1.3385E—20 94 239 145 2.7917E—18
91 254 163 2.0587E—20 92 265 173 1.1892E— 19 94 240 146 1.49491? — 16
91 255 164 3.9232E—19 92 266 174 3.2054E—20 94 241 147 3.6574E—18
91 256 165 3.2134E—19 92 267 175 2.6423E—19 94 242 148 1.0708E—l6
91 257 166 1.6367E—19 92 268 176 2.0235E—20 94 243 149 3.4141E—18
91 258 167 1.7771E—18 92 269 177 9.6743E—20 94 244 150 5.7424E—17
91 259 168 6.3765E—20 92 270 178 7.4006E—21 94 245 151 2.97241?— 18
91 260 169 9.2442E—19 92 271 179 3.4221E—20 94 246 152 2.2132E—17
91 261 170 2.28541?—20 92 272 180 2.7142E—21 94 247 153 6.0512E — 19
91 262 171 4.7149E—19 92 273 181 1.3245E—20 94 248 154 1.1787E—17
91 263 172 1.0778E—20 92 274 182 6.7676E—22 94 249 155 1.2829E— 19
9) 264 173 9.7386E—19 92 275 183 3.0830E—21 94 250 156 3.3975E—18
91 265 174 4.4617E—20 94 251 157 3.4634E—20
91 266 175 5.3402E—19 93 237 144 6.1633E—16 94 252 158 8.0873E—19
91 267 176 1.1985E—20 93 238 145 2.4586E—17 94 253 159 1.3l18E—20
91 268 177 1.7809E—19 93 239 146 4.2308E—16 94 254 160 2.4670E—19
91 269 178 3.0853E—21 93 240 147 2.0966E—17 94 255 161 5.2677E—21
91 270 179 5.9778E—20 93 241 148 2.9882E— 16 94 256 162 5.l448E—20
91 271 180 7.6460E—22 93 242 149 5.1802E—17 94 257 163 l.3913E—21
91 272 181 2.4449E—20 93 243 150 l.0311E—16 94 258 164 6.5205E—20
91 273 182 7.3897F—23 93 244 151 l.1462E—17 94 259 165 4.6024E—21
91 274 183 3.4240E—21 93 245 152 6.0596E—17 94 260 166 2.6091E—19

93 246 153 3.0382E—18 94 261 167 1.5796E—20
92 232 140 1.0806E— 16 93 247 154 3.4656E— 17 94 262 168 2.3233E — 19
92 233 141 7.2546E — 18 93 248 155 4.7145E — 19 94 263 169 6.3598E—20
92 234 142 2.1827E—16 93 249 156 1.9053E—17 94 264 170 5.9971E—20
92 235 143 1.1409E—17 93 250 157 8.6179E—20 94 265 171 4.7229E—20
92 236 144 l.5651E—16 93 251 158 7.9804E—18 94 266 172 5.9315E—20

92 237 145 3.1163E— 17 93 252 159 2.3757E—20 94 267 173 1.9607E— 19
92 238 146 8.44491?— 17 93 253 160 1.9424E — 18 94 268 174 2.90031?—20
92 239 147 4.1667E—17 93 254 161 8.8692E—21 94 269 175 2.1102E—19
92 240 148 3.1876E—17 93 255 162 2.5863E—19 94 270 176 l.3198E—19
92 241 149 1.3515E—16 93 256 163 2.1404E—21 94 271 177 5.0492E—19
92 242 150 1.6917E—17 93 257 164 1.0438E—18 94 272 178 5.1222E—20
92 243 151 8.6089E—17 93 258 165 1.2957E—20 94 273 179 1.7516E—19
92 244 152 9.1251E—18 93 259 166 7.2168E—19 94 274 180 2.0379E—20
92 245 153 4.54961? —17 93 260 167 8.1352E —20 94 275 181 6.5597E —20
92 246 154 4.9853E — 18 93 261 168 3.3053E— 19 94 276 182 4.5683E —21
92 247 155 l.5437E—17 93 262 169 6.9171E—19 94 277 183 7.8013E—21
92 248 156 2.7833E—18 93 263 170 1.4554E—19
92 249 157 1.5738E—18 93 264 171 6.1698E—)9 95 241 146 5.3828E—16
92 250 158 l.5655E— 18 93 265 172 5.7399E—20 95 242 147 l.5760E— 17
92 251 159 1.6477E—19 93 266 173 9.0403E—19 95 243 148 4.4458E—16
92 252 160 8.8729E — 19 93 267 174 3.1557E —20 95 244 149 1.7410E— 16
92 253 161 3M985E —20 93 268 175 2.6119E — 18 95 245 150 1.5709E— 16
92 254 162 5.0060E—19 93 269 176 l.3374E—19 95 246 151 6.7136F—17
92 255 163 5.1135E—21 93 270 177 1.2342E—18 95 247 152 1.3078E—17
92 256 164 2.0444E—19 93 271 178 3.84131?—20 95 248 153 2.0121E— 19
92 257 165 3.4680E—20 93 272 179 4.0794E—19 95 249 154 8.4168E—19
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Table A.1 (coat.)

Z A N (crv)(cm
3s~) Z A N (clv)(cm3s’) Z A N (clv)(cm3s)

95 250 155 4.9875E—20 96 267 171 3.4902E—21 98 248 150 3.8879E—18
95 251 156 3.3154E— 19 96 268 172 1.02851?— 19 98 249 151 1.52001?—18
95 252 IS? 2.0380E —20 96 269 173 2.95621? —20 98 250 152 2.32701? — 18
95 253 158 2.8135E — 19 96 270 174 9.75421? —20 98 251 153 1.90581? — 19
95 254 159 9.954711—21 96 271 175 1.3175E—19 98 252 154 2.1657E—17

95 255 160 t.9330E—19 96 272 176 7.122211—20 98 253 155 1.71981?— 19
95 256 161 4.26951? — 21 96 273 177 1.99551? — 19 98 254 156 3.43601? — 18
95 257 162 2.165811—20 96 274 178 1.8006E— 19 98 255 157 1.066411—19
95 258 163 1.0448E—21 96 275 179 3.158311—19 98 256 158 4.4909E—18
95 259 164 1 .5292E —20 96 276 180 9.0554E —20 98 257 159 8.36921? —2))
95 260 165 4.003611—21 96 277 181 1.185711—19 98 258 160 3.2861E—18
95 261 166 1.5042E—18 96 278 182 1.581711—20 98 259 161 3.7462E—20
95 262 167 9.2604E—21 96 279 183 1.4507E—20 98 260 162 5.4626E—19
95 263 168 I.3772E—18 96 280 184 2.494211—24 98 261 163 8.3089E—21
95 264 169 l.6321E—20 96 281 185 1.1441E—21 98 262 164 1.6996E—20
95 265 170 4.5674E — 19 98 263 165 1 .0679E —21
95 266 171 1.615811—20 97 247 150 1.8242E—17 98 264 166 9.0590E—22
95 267 172 3.2666E —19 97 248 151 4.43031? —17 98 265 167 1.7957E —22
95 268 173 3.89731? — 19 97 249 152 2.7774E — 16 98 266 168 2.45281? —21
95 269 174 1.4608F — 19 97 250 153 1.68151? — 19 98 267 169 3.579411—22
95 270 175 1.6513E—18 98 268 170 3.1988E—2197 251 154 1.348011—18
95 271 176 2.563311—19 98 269 171 l.0187E—2197 252 155 9.1548E—20
95 272 177 2.42221? — 18 98 270 172 6.21021? —20

97 253 156 2.9575E — 18
95 273 178 3.2652E—19 98 271 173 2.9911E—2197 254 157 6.4832E—20
95 274 179 l.4786E — 18 98 272 174 1.22161? — 1997 255 158 5.2598E — 18
95 275 18)) 1.1t43E—19 98 273 175 7.4638E—21

97 256 159 4,6682E—20
95 276 181 5.618611—19 98 274 176 1.063111—19

97 257 160 3.2184E — 1895 277 11)2 3.5734E—21 98 275 177 7.409511—20
97 258 161 1.9483E—2095 278 183 1.9996E —20 98 276 178 I.9602E — 19
97 259 162 3.0965E — 19 98 277 179 l.2332E—20
97 260 163 4.4314E—21

96 242 146 1.72891? — 17 98 278 180 1.l531E — 19
97 261 164 7.1862E—2196 243 147 1.04381?— 18 98 279 181 4.28401? —21
97 262 165 S.8065E—2296 244 148 l.8138E —17 98 280 182 2.l759E —20
97 263 166 7.2092E—21

96 245 149 1.0110E—18 98 281 183 1.824111—20
97 264 167 2.2029E—2l

96 246 150 1.8815E—17 98 282 184 2.9046F—22
97 265 168 4.4794E—20 98 283 185 1.029511—20

96 247 151 6.062911—19
96 248 152 4.430511—18 97 266 169 2.4380E—21 98 284 186 7.279911—23
96 249 153 1.149411—19 97 267 170 1.8819E—20 98 285 187 2.51)0111—21
96 250 154 3.235711—17 97 268 171 2.1697E—21 98 286 188 4.730711—24

96 251 155 1.5308E—17 97 269 172 7.2628E—19 98 287 189 1.352711—21
96 252 156 1.7612E — 17 97 270 173 8.86541? —21
96 253 157 2.9878E — 17 97 271 174 6.7578F — 19 99 253 154 2.23471? — 17
96 254 158 1.0361E— 17 97 272 175 4.0779E—20 99 254 155 9.23991?— 19
96 255 159 3.15741? — 17 97 273 176 3.8412E — 19 99 255 156 1.46051?— 17
96 256 160 6.0838E— 18 97 274 177 2.691211—20 99 256 157 2.14001?—19
96 257 161 3.5359E —17 97 275 178 1.5578E — 18 99 257 [58 4.67511? — 17
96 258 162 3.5883E — 18 97 276 179 2.8233E —20 99 258 159 2.10451? — 19
96 259 163 l.5567E— 17 97 277 180 5.085311—19 99 259 160 3.36701?— 17
96 260 164 4.083311—21 97 278 181 9.5192E—21 99 260 161 9.739711—20
96 261 165 1.676611—21 97 279 182 l.1750E—20 99 261 162 4.782811—18
96 262 166 3.200611—20 97 280 183 6.8273E —21 99 262 163 2. 10091?—20
96 263 167 3.4010F—21 97 281 184 4.3182E—23 99 263 164 4.8514E—20
96 264 168 2.1519E—19 97 282 185 2.4227E—20 99 264 165 2.755611—2!
96 265 169 3.8096E—21 97 283 186 6.1396E—24 99 265 166 1.569611—21
96 266 170 4.1932E—20 97 284 187 4.915811—21 99 266 167 5.0530E—22
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Table A.1 (cont.)
3 —I 3 —I 3Z A N (clv) (cm s ) Z A N (clv) (cm s ) Z A N (clv) (cm s

99 267 168 9.9246E—22 100 282 182 2.4375E—20 101 299 198 3.5227E—22
99 268 169 7.521311—22 100 283 183 1.1795E—20 101 300 199 2.9826E—20
99 269 170 5.0399E—21 100 284 184 2.5650E—21 101 301 200 2.7358E—23
99 270 171 1.567511—21 100 285 185 4.6799E—20 101 302 201 1.0621E—20
99 271 172 3.8541E—20 100 286 186 l.6973E—21 101 303 202 2.6506E—25
99 272 173 l.8414E—21 100 287 187 1.8387E—20 101 304 203 3.5317E—21
99 273 174 1.5879E— 19 100 288 188 S.3005E —22
99 274 175 2.97l6E—21 100 289 189 l.1929E—20 102 258 156 1.8072E—l6
99 275 176 5.700211— 19 100 290 190 1.042511—22 102 259 157 4.95361?. — 16
99 276 177 7.589911—21 100 291 191 4.0063E—21 102 260 158 1.0997E— 16
99 277 178 6.1691E—20 100 292 192 7.6693E—24 102 261 159 3.3751E—16
99 278 179 2.0238E—21 100 293 193 1.7977E—21 102 262 160 7.8980E—17
99 279 180 2.276511—20 102 263 161 2.7646E—16
99 280 181 l.4270E—21 101 257 156 3.8593E—16 102 264 162 5.5482E—17
99 281 182 2.0292E—20 101 258 157 5.7877E—16 102 265 163 2.2175E—16
99 282 183 5.3050E—21 101 259 158 2.8865E—16 102 266 164 3.81451?—17
99 283 184 6.2259E—22 101 260 159 4.8263E—16 102 267 165 1.7429E—16
99 284 185 l.4198E—19 101 261 160 1.7251E—16 102 268 166 2.5562E—17
99 285 186 7.3681E—22 101 262 161 4.1814E—16 102 269 167 1.334311—16
99 286 187 3.881711—20 101 263 162 1.278511—16 102 270 168 1.670211—17
99 287 188 1.514411—22 101 264 163 3.5497E—16 [02 271 169 9.924211—17
99 288 189 2.1560E—20 101 265 164 9.219711—17 102 272 170 1.0714E—17
99 289 190 1.2973E—23 101 266 165 2.9409E—16 102 273 171 7.1579E—17
99 290 191 9.3522E—21 101 267 166 6.4410E— 17 102 274 172 6.7138E — 18
99 291 192 4.393111—26 101 268 167 2.394811—16 102 275 173 5.012211—17
99 292 193 3.5129E—21 101 269 168 4.368211—17 102 276 174 4.1715E—18

101 270 169 l.8900E—16 102 277 175 3.3706E—17
100 254 154 6.8008E—18 101 271 170 2.8582E—17 102 278 176 2.5845E—18
100 255 155 4.6163E—19 101 272 171 1.4438E— 16 102 279 177 2.2604E— 17
100 256 156 1.2326E—17 101 273 172 1.8138E—17 102 280 178 1.7727E—18
100 257 157 5.0566E—19 lOt 274 173 1.0595E—16 [02 281 179 9.0199E—17
100 258 158 2.0513E— 17 101 275 174 1.1097E — 17 102 282 180 4.9404E — 18
100 259 159 3.2479E—19 101 276 175 7.4717E—17 102 283 181 3.328611—17
100 260 160 1.61721?— 17 101 277 176 6.5162E— 18 102 284 182 2.4885E— 19
300 261 161 1.6705E—19 101 278 177 S.1769E—17 102 285 183 5.6037E—19
100 262 162 3.869211—18 101 279 178 6.3160E—18 102 286 184 9.8415E—21
100 263 163 3.6088E—20 101 280 179 1.8674E—16 102 287 185 2.2420E—19
100 264 164 1.0994E— 19 101 281 180 1.4097E— 17 102 288 186 1.3546E —20
100 265 165 4.556811—21 101 282 181 7.5966E — 17 102 289 187 1.1283E— 19
100 266 166 3.531711—21 101 283 182 2.4986E — 19 102 290 188 6.4428E—21
100 267 167 4.5293E—22 101 284 183 1.4211E—18 102 291 189 8.0438E—20
100 268 168 9.0002E—22 101 285 184 3.5349E—21 102 292 190 2.3221E—21
100 269 169 6.0339E —22 101 286 185 6.5226E — 19 102 293 191 3.5897E—20
100 270 170 3.4829E—21 101 287 186 l.2023E—20 102 294 192 7.0433E—22
100 271 171 1.261311—21 101 288 187 2.481111—19 102 295 193 1.8987E—20
100 272 172 1.385411—20 101 289 188 4.4259E—21 102 296 194 1.3844E—22
100 273 173 1.644211—21 101 290 189 1.5966E—19 102 297 195 6.3278E—16
100 274 174 l.6138E—20 101 291 190 1.4878E—21 102 298 196 5.0252E—2l
100 275 175 1.3981E—21 101 292 191 8.1318E—20 102 299 197 4.3751E—20
100 276 176 4.3718E—20 101 293 192 3.091111—22 102 300 198 1.404411—21
100 277 177 2.241511—21 101 294 193 3.6950E—20 102 301 199 1.8452E—20
100 278 178 2.280311—20 101 295 194 2.7163E—23 102 302 200 2.4243E—22
100 279 179 1.940111—21 101 296 195 6.6795E—16 102 303 201 6.8842E—21
100 280 180 2.041811—20 101 297 196 2.4468E—21 102 304 202 1.6960E—23
100 281 181 1.688011—21 101 298 197 8.124011—20 102 305 203 2.6597E—21
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Table A.) (coat.)
3 ‘I 3 —l 3 —IZ A N (clv) (cm s ) Z A N (uv) (cm s ) Z A N (a-u) (cm

103 259 156 4.793711—16 104 262 158 1.920511—16 105 267 162 3.585711—16
103 260 157 6.2852E — 16 104 263 159 4.652411— 16 105 268 163 6.006411— 16
103 261 158 3.47441?— 16 104 264 160 1.469911— 16 105 269 164 3.0231E — 16
103 262 159 5.8455E—16 104 265 161 4.0523E—16 105 270 165 5.6182E—16
103 263 160 2.847611— 16 104 266 162 1.104811 — 16 105 271 166 2.5015E— 16
103 264 161 5.3608E— 16 104 267 163 3.4737E— 16 105 272 167 5.183411— 16
103 265 162 2.287511—16 104 268 164 8.1737E—17 105 273 168 2.026211—16

103 266 163 4.8385E—16 104 269 165 2.927511—16 105 274 169 4.709511—16
103 267 164 1.796711— 16 104 270 166 5.9240E— 17 105 275 170 1.603711 — 16
103 268 165 4.293011—16 104 271 167 2.423111—16 105 276 171 4.226411—16
103 269 166 1.374211—16 104 272 168 4.207511—17 105 277 172 l.2256E—16

103 270 167 3.7399E— 16 104 273 169 1.961511— 16 105 278 173 3.673511— 16
103 27! 168 1.018611—16 104 274 170 2.905311—17 105 279 174 9.1943E—17
103 272 169 3.173711—16 104 275 171 1.549611—16 105 280 175 3.194911—16
103 273 170 7.3689E— 17 104 276 172 1.9601E — 17 105 281 176 6.72891? — 17
103 274 171 2.6670E—16 104 277 173 l.1942E—16 105 282 177 2.6779E—16
103 275 172 5.1517E—17 104 278 174 1.2845E—17 105 283 178 4.578111—17
103 276 173 2.1746E—16 104 279 175 8.9369E—17 105 284 179 5.9050E—16
103 277 174 3.48271? — 17 104 280 176 8.3503E— 18 105 285 180 1.2547E— 16
103 278 175 1.720011—16 104 281 177 6.522011—17 105 286 181 3.5928E—16
103 279 176 2.2994E—17 104 282 178 4.9052E—18 105 287 182 3.006511—18
103 280 177 1.321211—16 104 283 179 2.1414E—16 105 288 183 l.5748E—17
103 281 178 1.6992E—17 104 284 180 1.6511E—17 105 289 184 3.9350E—20
103 282 179 2.771311—16 104 285 181 9.3165E—17 105 290 185 9.342711—18
103 283 180 4.8770E— 17 104 286 182 6.1665E — 19 105 291 186 5.1399E— 19
103 284 18! 1.956411—16 104 287 183 1.7560E—18 105 292 187 5.5984E—18
103 285 182 9.1449E—19 104 288 184 2.6408E—20 105 293 188 3.4275E—19
103 286 183 4.9421E— 18 104 289 185 8.5768E— 19 105 294 189 4.5735E— 18
103 287 184 1.1452E—20 104 290 186 6.7268E—20 105 295 190 2.0990E— 19
103 288 185 2.6097E—18 104 291 187 5.7659E—19 105 296 191 3.013111—18
103 289 186 1.0291E—19 104 292 188 3.9591E—20 105 297 192 1.077311—19
103 290 187 1.2839E—18 104 293 189 4.0093E—19 105 298 193 1.7088E—18
103 291 188 5.417611—20 104 294 190 2.016711—20 105 299 194 4.7533E—20
103 292 189 9.1874E— 19 104 295 191 2.5522E— 19 105 300 195 9.7059E — 19
103 293 190 2.5476E—20 104 296 192 8.9141E—21 105 301 196 6.019711—16
103 294 191 5.3656E — 19 104 297 193 1.4285E— 19 105 302 197 1.8693E— 18
103 295 192 8.3155E—21 104 298 194 2.8661E—21 105 303 198 6.2925E—20
103 296 193 2.9160E— 19 104 299 195 6.1623E —20 105 304 199 7.42441?— 19
103 297 194 2.7208E—21 104 300 196 5.9055E—16 105 305 200 1.8859E—20
103 298 195 6.3914E — 16 104 301 197 2.2937E— 19 105 306 201 2.9477E — 19
103 299 196 2.6820E—20 104 302 198 l.1006E—20 105 307 202 5.2690E —21
103 300 197 4.0781E — 19 104 303 199 8.8978E—20 105 308 203 1.1730E — 19
103 301 198 7.0576E—21 104 304 200 3.831211—21 105 309 204 1.1747E—21
103 302 199 1.5683E — 19 104 305 201 3.594011—20 105 310 205 4.574611—20
103 303 200 1.6683E—21 104 306 202 1.0444E—21 105 311 206 1.646711—22
103 304 201 5.9693E—20 104 307 203 1.389511—20 105 312 207 1.761211—20
103 305 202 2.477511—22 104 308 204 l.7154E—22 105 313 208 9.230711—24
103 306 203 2.256411—20 104 309 205 5.576011—21 105 314 209 6.4050E—21
103 307 204 l.6054E—23 104 310 206 6.8850E—24 105 315 210 6.4113E—27
103 308 205 8.0770E—21 104 311 207 2.1981E—21 105 316 211 2.2127E—21
103 309 206 3.924811—26
103 310 207 2.771811—21 105 263 158 4.7969E — 16 106 264 158 3.0412E — 16

105 264 159 6.6425E— 16 106 265 159 5.8931E— 16
104 260 156 2.7949E— 16 105 265 160 4.1814E— 16 106 266 160 2.485711— 16
104 261 157 5.2539E—16 105 266 161 6.346911—16 106 267 161 5.4109E—16
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Table A.1 (cont.)

Z A N (o~v)(cm
3s’) Z A N (a-v)(cm3s’) Z A N (av)(cm3s’)

106 268 162 1.9935E—16 107 271 164 4.5291E—16 108 272 164 2.7162E—16
106 269 163 4.8979E — 16 107 272 165 6.7933E— 16 108 273 165 5.9672E— 16
106 270 164 1.5681E— 16 107 273 166 3.9838E— 16 108 274 166 2.2477E— 16
106 271 165 4.3706E—16 107 274 167 6.5962E—16 108 275 167 5.5621E—16
106 272 166 1.2101E—16 107 275 168 3.4650E—16 108 276 168 1.8183E—16
106 273 167 3.8440E—16 107 276 169 6.3057E— 16 108 277 169 5.0902E— 16
106 274 168 9.1842E—17 107 277 170 2.9527E—16 108 278 170 1.441511—16
106 275 169 3.3432E—16 107 278 171 5.9618E—16 108 279 171 4.6020E—16
106 276 170 6.8511E—17 107 279 172 2.4695E—16 108 280 172 1.1248E—16
106 277 171 2.8489E—16 107 280 173 5.5706E—16 108 281 173 4.1191E—16
106 278 172 5.0154E—17 107 281 174 2.0297E—16 108 282 174 8.7034E—17
106 279 173 2.3827E—16 107 282 175 5.1642E—16 108 283 175 3.6761E—16
106 280 174 3.593311—17 107 283 176 1.6261E—16 108 284 176 4.1013E—18
106 281 175 1.9612E—16 107 284 177 2.2594E—16 108 285 177 7.1177E—16
106 282 176 2.5399E—17 107 285 178 4.4073E—16 108 286 178 2.1811E—16
106 283 177 1.5605E—16 107 286 179 6.9304E—16 108 287 179 5.0548E—l6

106 284 178 l.9865E—17 107 287 180 2.3909E—16 108 288 180 1.0298E—16
106 285 179 3.6999E—16 107 288 181 5.0759E—16 108 289 181 3.1241E—16
106 286 180 4.714111—17 107 289 182 8.8904E—18 108 290 182 3.5593E—18
106 287 181 1.9331E—16 107 290 183 4.2094E—17 108 291 183 1.4124E—17
106 288 182 1.492711—18 107 291 184 1.3252E—19 108 292 184 1.3907E—19
106 289 183 5.2457E—18 107 292 185 2.825211—17 108 293 185 8.7995E—18
106 290 184 6.3523E—20 107 293 186 2.0030E—18 108 294 186 7.8414E—19
106 291 185 2.9177E—18 107 294 187 1.9675E—17 108 295 187 6.9759E—18
106 292 186 2.5813E—19 107 295 188 1.5014E—18 108 296 188 5.715711—19
106 293 187 2.1796E—18 107 296 189 1.7569E—17 108 297 189 6.2425E—18
106 294 188 1.7129E—19 107 297 190 1.1038E—18 108 298 190 4.2270E—19
106 295 189 1.7733E—18 107 298 191 1.2621E—l7 108 299 191 4.7564E—18

106 296 190 1.0722E—19 107 299 192 7.0507E—19 108 300 192 2.7133E—19
106 297 191 1.2367E—18 107 300 193 8.7866E—18 108 301 193 3.354411—18
106 298 192 5.8239E—20 107 301 194 4.0054E—19 108 302 194 1.5756E—19
106 299 193 7.708811—19 107 302 195 5.3722E—18 108 303 195 2.2160E—18
106 300 194 2.7940E—20 107 303 196 1.9010E—19 108 304 196 8.1761E—20
106 301 195 4.4045E—19 107 304 197 2.9831E—18 108 305 197 1.2993E—18
106 302 196 1.1842E—20 107 305 198 5.7351E—16 108 306 198 3.7342E—20
106 303 197 5.8643E— 16 107 306 199 3.3267E— 18 108 307 199 5.6475E— 16
106 304 198 5.9545E—20 107 307 200 1.4298E—19 108 308 200 1.1569E—19
106 305 199 4.227111— 19 107 308 201 1 .3405E— 18 108 309 201 8.0351E — 19
106 306 200 2.2628E—20 107 309 202 4.5847E —20 108 310 202 4.5772E —20
106 307 201 1.7150E—19 107 310 203 5.5067E—19 108 311 203 3.2731E—19
106 308 202 8.5660E—21 107 311 204 1.3966E—20 108 312 204 1.802311—20
106 309 203 6.9567E—20 107 312 205 2.2321E—19 108 313 205 1.3726E—19
106 310 204 3.025811—21 107 313 206 3.9516E—21 108 314 206 6.9464E—21
106 311 205 2.8873E—20 107 314 207 9.0658E—20 108 315 207 5.6910E—20
106 312 206 7.9759E—22 107 315 208 8.5222E—22 108 316 208 2.4592E—21
106 313 207 1.1395E—20 107 316 209 3.5939E—20 108 317 209 2.4088E—20
106 314 208 1.2317E—22 107 317 210 1.1181E—22 108 318 210 6.2461E—22
106 315 209 4.6575E—21 107 318 211 1.3995E—20 108 319 211 9.6494E—21
106 316 210 5.4071E—24 107 319 212 5.4069E—24 108 320 212 8.812011—23
106 317 211 1.6343E—21 107 320 213 5.1348E—21 108 321 213 3.9965E—21

108 322 214 2.8619E—24
107 267 160 5.601011—16 108 268 160 3.7882E—16 108 323 215 1.4164E—21
107 268 161 7.1555E—16 108 269 161 6.699811—16
107 269 162 5.074511—16 108 270 162 3.2331E—16 109 271 162 6.6146E—16
107 270 163 6.9912E — 16 108 271 163 6.3588E — 16 109 272 163 7.8642E— 16
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Table A.! (cont.)

Z A N (a-u)(cm
3s’) Z A N (a-u) (cm3s ) Z A N (a-u) (cm’s)

109 273 164 6.2l60E—16 110 272 162 4.8073E—16 110 327 217 3.533411—21
109 274 165 7.888911—16 110 273 163 7.7702E—16 110 328 218 l.3947E—24
109 275 166 5.800711—16 110 274 164 4.2689E—16 110 329 219 1.2599E—21
109 276 167 7.8409E—16 110 275 165 7.6020E—16

109 277 168 5.3112E—16 itO 276 166 3.7318E—16 111 275 164 7.9550E—16
109 278 169 7.774111—16 110 277 167 7.386311—16 111 276 165 8.934611—16
109 279 170 4.8036E—16 110 278 168 3.2219E—16 111 277 166 7.749711—16
109 280 171 7.6872E—16 110 279 169 7.123911—16 111 278 167 9.0591E— 16

1(19 281 172 4.301311—16 110 280 170 2.7455E—16 lit 279 168 7.4925E—16
109 282 173 7.5984E—16 110 281 171 6.8277E—16 111 280 169 9.209911—16
109 283 174 3.8568E—16 110 282 172 2.3167E— 16 111 281 170 7.2028E— 16
109 284 175 7.6852E—16 110 283 173 6.5804E—16 111 282 171 9.440811—16
109 285 176 5.7856E—17 110 284 174 2.0160E — 16 111 283 172 7.0028E—16
109 286 177 8.008611—16 110 285 175 7.714811—17 111 284 173 6.093311—17
109 287 178 5.5821E— 16 110 286 176 5.2263E— 16 111 285 174 8.0374E— 16
109 288 179 7.1811E—16 110 287 177 7.3188E—16 111 286 175 8.046011—16
109 289 180 3.6123E—16 110 288 178 3.174011—16 111 287 176 7.4O37E—16
109 290 181 5.9687E—16 110 289 179 5.8802E—16 111 288 177 7.6683E—16
109 291 182 2.3O17E— 17 110 290 180 l.7518E— 16 111 289 178 6.190111—16
109 292 183 8.9139E—17 110 291 181 4.1958E—16 111 290 179 7.1302E—16
109 293 184 4.16O6E—19 110 292 182 8.252211—18 111 291 180 4.6063E—16

110 293 183 3.2173E—17 111 292 181 6.3538E—16109 294 185 6.753811—17
110 294 184 3.1662E— 19 111 293 182 4.8877E— 17109 295 186 6.1382E—18
110 295 185 2.246811—17 111 294 183 1.509511—16

109 296 187 5.2517E—17
110 296 186 2.1134E—18 111 295 184 1.109611—18

109 297 188 4.85391?— 18
110 297 187 1.873711—17 111 296 185 1.2620E—16

109 298 189 5.0554E—17
110 298 188 1.6171E— 18 111 297 186 1.6080E — 17

109 299 190 4.0712E— 18
110 299 189 1.765111—17 111 298 187 1.0554E—16

109 300 191 4.3323E—17 110 300 190 1.327011—18 111 299 188 1.3240E— 17
109 301 192 2.973111— 18 110 301 191 1.5510E—17 111 300 189 1.076511—16
109 302 193 3.2948E— 17 110 302 192 9.487111—19 111 301 190 1.215111—17
109 303 194 1.9681E—18

110 303 193 1.2023E—17 111 302 191 1.0429E—16
109 304 195 2.2946E— 17 110 304 194 6.3305E—19 111 303 192 9.9834E—18
109 305 196 1.2044E— 18 110 305 195 8.602211—18 111 304 193 8.9138E—17
109 306 197 1.4535E—17

110 306 196 3.930411—19 111 305 194 7.3431E—18
109 307 198 6.6145E—19 110 307 197 5.6961E—18 111 306 195 7.0950E—17

109 308 199 7.6907E— 18 110 308 198 2.2053E— 19 111 307 196 5.0385E— 18
109 309 200 2.811611—19 110 309 199 3.554511—18 111 308 197 5.2015E—17

109 310 201 5.5354E—16 110 310 200 1.101911—19 111 309 198 3.1739E—18
109 311 202 3.1683E—19 110 311 201 2.0674E— 18 111 310 199 3.4823E— 17

109 312 203 2.4336E—18 110 312 202 4.7327E—20 111 311 200 1.8650E—18
109 313 204 1.08011?—19 110 313 203 5.4813E—16 111 312 201 2.112411—17
109 314 205 1.0108E—18 110 314 204 9.2947E—20 111 313 202 9.9181E—19
109 315 206 3.5410E—20 110 315 205 6.4705E—19 111 314 203 1.1703E—17
109 316 207 4.1915E—19 110 316 206 3.6753E—20 111 315 204 4.3198E—19
109 317 208 1.0808E—20 110 317 207 2.6946E—19 111 316 205 5.4812E—16
109 318 209 1.737411— 19 110 318 208 1.4966E—20 111 317 206 2.5607E — 19
109 319 210 3.0659E—21 110 319 209 1.1323E— 19 111 318 207 1.8833E — 18
109 320 211 7.1535E—20 110 320 210 5.8445E—21 111 319 208 8.8136E—20
109 321 212 6.368011—22 110 321 211 4.8565E—20 111 320 209 7.8459E—19
109 322 213 2.8657E—20 110 322 212 2.0476E—21 111 321 210 2.8781E—20
109 323 214 7.7590E—23 110 323 213 2.086411—20 111 322 211 3.3119E—19
109 324 215 1.123211—20 110 324 214 5.0057E—22 111 323 212 8.767911—21
109 325 216 3.169111—24 110 325 215 8.4511E—21 lit 324 213 1.3925E—19
109 326 217 4.1405E—21 110 326 216 6.2166E—23 111 325 214 2.4759E—21
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Table A.1 (coat.)

Z A N (a-v)(cm
3s~) Z A N (a-u)(cm3s’) Z A N (a-u)(cm3s’)

lii 326 215 5.7442E—20 112 323 211 2.391511—19 113 320 207 1.2128E—17
ill 327 216 4.9407E—22 112 324 212 1.299911—20 113 321 208 3.7101E—19
111 328 217 2.352911—20 112 325 213 1.0025E—19 113 322 209 4.194811—18
111 329 218 5.556711—23 112 326 214 5.1232E—21 113 323 210 5.628211—16
111 330 219 9.3238E—21 112 327 215 4.36O4E—20 113 324 211 1.592111—18
111 331 220 1.853211—24 112 328 216 1.740611—21 113 325 212 7.8696E—20
111 332 221 3.4786E—21 112 329 217 i.8958E—20 113 326 213 6.8030E—19

112 330 218 4.043511—22 113 327 214 2.5910E—2O
112 276 164 6.3304E—16 112 331 219 7.7450E—21 113 328 215 2.8631E—19
112 277 165 9.1159E—16 112 332 220 4.347911—23 113 329 216 7.730911—21
112 278 166 5.8063E—16 112 333 221 3.2583E—21 113 330 217 1.2169E—19
112 279 167 9.1881E—16 112 334 222 6.1122E—25 113 33! 218 2.!404E—21
112 280 168 5.2953E—16 112 335 223 1.1624E—21 113 332 219 5.1048E—20
112 28! 169 9.3116E—!6 113 333 220 4.0729E—22
112 282 170 4.8546E—16 113 279 166 9.7444E—16 113 334 221 2.1366E—20
112 283 171 9.5922E—16 113 280 167 1.055411—15 113 335 222 4.1879E—23
112 284 172 9.2677E—19 113 281 168 9.9462E—16 113 336 223 8.6808E—21
112 285 173 7.952411—16 113 282 169 1.109611—15 113 337 224 l.0853E—24
112 286 174 7.2204E—16 113 283 170 6.5710E—19 113 338 225 3.3263E—21
112 287 175 7.7614E—16 113 284 171 5.2953E—16
112 288 176 5.9396E—16 113 285 172 7.141111—16 114 280 166 8.8025E—16
112 289 177 7.2289E—[6 113 286 173 7.745911—16 114 281 167 1.1356E—15
112 290 178 4.0272E—16 113 287 174 7.721811—16 114 282 168 8.8576E—16
112 291 179 6.2596E—16 113 288 175 7.701811—16 114 283 169 1.8488E—18
112 292 180 2.5094E—16 113 289 176 7.292211—16 114 284 170 2.4807E—!6
112 293 181 4.9483E—16 113 290 177 7.4035E—16 114 285 171 5.163911—16
112 294 182 !.7354E—17 113 29! 178 6.4476E—16 114 286 172 6.8973E—16
112 295 183 6.0!70E—17 113 292 179 7.023411—16 114 287 173 7.5832E—16
112 296 184 6.8549E—19 113 293 180 5.254311—16 114 288 174 7.2311E—16
112 297 185 4.689511—17 113 294 181 6.4898E—16 114 289 175 7.517611—16
112 298 186 5.173911—18 113 295 182 8.479611—17 114 290 176 6.2070E—16
112 299 187 4.0772E—17 113 296 183 2.1440E—16 114 291 177 7.118511—16
112 300 188 4.i000E—18 113 297 184 2.5819E—18 114 292 178 4.6078E—16
112 301 189 4.049411—17 113 298 185 1.927511—16 114 293 179 6.4O53E—16
112 302 190 3.5229E—18 113 299 186 3.4490E—17 114 294 180 3.1653E—16

112 303 191 3.9669E—17 113 300 187 1.708811—16 114 295 181 5.397611—16
112 304 192 2.8759E—18 113 301 188 2.959711—17 114 296 182 3.1286E—17
112 305 193 3,3937E—17 113 302 189 1.798111—16 114 297 183 9.3694E—17
112 306 194 2.077611—18 113 303 190 2.8515E—17 114 298 184 1.3927E—18
112 307 195 2.6881E—17 113 304 191 i.7914E—16 114 299 185 8.0019E—17
112 308 196 1,4077E—18 113 305 192 2.6678E—17 114 300 186 1.I1I1E—17
112 309 197 1.992711—17 113 306 193 i.7373E—16 114 301 187 7.1512E—17
112 310 198 8.970911—19 113 307 194 2.1855E—17 114 302 188 9.0508E—18
112 311 199 1.378911—17 113 308 195 l.5355E—16 114 303 189 7.4781E—17
112 312 200 5,3389E — 19 113 309 196 1.659311— 17 114 304 190 8.2815E — 18
112 313 201 8.8099E—18 113 310 197 1.282511—16 114 305 191 7.4928E—17
112 314 202 2.92l6E—19 113 311 198 1.1680E—17 114 306 192 7.37O5E—18
112 315 203 5.2920E—18 113 312 199 1.0000E—16 114 307 193 7.3164E—17
112 316 204 1.4161E—19 113 313 200 7.679411—18 114 308 194 5.9292E—18
112 317 205 2.6731E—18 113 314 201 7.183611—17 114 309 195 6.3622E—17
112 318 206 3.3411E—20 113 315 202 4.6474E—18 114 310 196 4.3547E—18
112 319 207 5.5337E—16 113 316 203 4.6971E—17 114 311 197 5.2236E—17
112 320 208 7.899511—20 113 317 204 2.6346E—18 114 312 198 3.0109E—18
112 321 209 5.7223E—19 113 318 205 2.786111—17 114 313 199 4.0199E—17
112 322 210 3.1896E—20 113 319 206 1.3633E—18 114 314 200 1.955311—18



388 1.1. Cowan,F-K. Thielemannand J.W. Truran. The i--processand nucleochronology

Table A.i (coat.)

Z A N (o-v)(cm
3s’) Z A N (a-v)(cm3s~) Z A N (o-v)(cm3s’)

114 315 201 2.8888E—17 114 324 210 1.857111—20 114 333 219 4.4788E—20
114 316 202 1.1978E—18 114 325 211 4.3487E—19 114 334 220 1.551111—21
114 317 203 1.952611—17 114 326 212 4.300711—21 114 335 221 1.8484E—20
114 318 204 6.8685E—19 114 327 213 9.871611—20 114 336 222 3.359711—22
114 319 205 1.2156E—17 114 328 214 5.9437E—22 114 337 223 7.9120E—21
114 320 206 3.6539E—19 114 329 215 5.8605E—16 114 338 224 3.1300E—23
114 321 207 7.0803E—18 114 330 216 1.2087E—20 114 339 225 3.3334E—21

114 322 208 1.731211—19 114 331 217 1.0307E—19 114 340 226 2.2421E—25
114 323 209 1.6230E—18 114 332 218 4.7522E—21 114 341 227 1.187311—21
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