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NUCLEAR PHYSICS AND SUPERNOVAE�K. LangankeInstitute for Physi
s and Astronomy, University of AarhusDK-8000 Aarhus C, Denmark(Re
eived November 20, 1999)The manus
ript reviews several nu
lear physi
s aspe
ts of relevan
efor supernova simulations. In parti
ular, it stresses the role played bystellar weak intera
tion rates in the presupernova 
ollapse and the re
entprogress a
hieved to 
al
ulate these rates based on large-s
ale shell model
al
ulations. It further dis
usses the `hot neutrino bubble' above a newlyformed neutron star in a type II supernova as the possible site of the nu
learr-pro
ess, pointing to several still open questions. Finally the possible roleof neutrinos in this r-pro
ess s
enario is investigated.PACS numbers: 26.50.+x1. The general pi
tureThe general ideas of the synthesis of elements in the universe has beenderived now more than 40 years ago by Burbidge, Burbidge, Fowler andHoyle [1℄ and, independently, by Cameron [2℄. Due to this pi
ture, the lightelements (mainly hydrogen and helium) have been made during the BigBang, while the breeding pla
es for most of the other elements are stars.The stars generate the energy, whi
h allows them to stabilize and shine formillions of years and longer, by transmuting nu
lear spe
ies, thus formingnew elements. These pro
esses o

ur inside the star, but are eventually re-leased if the star for example is massive enough and �nally explodes in atype II supernova. The freshly bred nu
lear material is mixed into the in-terstellar medium (ISM) and 
an thus be
ome part of the initial abundan
e
omposition for a new star to be formed. Thus the gala
ti
al 
hemi
al evo-lution represents a `
osmi
 
y
le', and the modellation of the observed solarabundan
es (e.g. [3℄) requires the simulations of the formation of a galaxyand of the stellar mass distribution, birth rates, evolution and lifetimes. Im-portantly one has to 
al
ulate the abundan
es produ
ed by a star of a given� Invited talk presented at the XXVI Mazurian Lakes S
hool of Physi
s, Krzy»e,Poland, September 1�11, 1999. (281)



282 K. Langankemass and the amount and 
omposition of matter eje
ted into the ISM bythe star's �nal type II supernova explosion. Finally 
ontributions of type Iasupernovae have to be added whi
h involve the formation and evolution ofbinary systems 
omposed of a giant star with a hydrogen envelope and ana

reting white dwarf.During their lifetime stars go through various burning stages ignitingnu
lear fuel with in
reasingly higher 
harge numbers at in
reasingly higherdensities and temperatures in the 
ore (hydrogen, helium, 
arbon, neon,oxygen, sili
on), while fuel with lower 
harge numbers are then burnt inshells in regions outside the 
ore. Stars with masses M < 10M0 (withthe solar mass M0) rea
h only 
onditions in the 
enter whi
h are su�
ientfor 
ore helium burning; these stars produ
e mainly 
arbon, nitrogen, andhalf of the nu
lei heavier than iron. More massive stars basi
ally make theelements between oxygen and zin
, and, likely during their type II supernovaexplosion, also the other half of the elements heavier than iron. Finally, typeIa supernovae produ
e roughly half of the fra
tion of nu
lei in the iron massregion, but also some portion of intermediate mass nu
lei.Despite its 
omplexity, rather 
onsistent studies of the gala
ti
al 
hemi-
al evolution have been performed by Woosley and 
ollaborators [4℄ and byNomoto, Thielemann and 
ollaborators [5℄. Although the simulations in-volve still a few model assumptions (from the nu
lear input, the rate of theimportant 12C(�; 
)16O rea
tion is still too un
ertain [6℄), ex
ellent agree-ment is obtained with solar abundan
es [7℄ for 76 isotopes from hydrogento zin
, when the 
al
ulation is sampled at a time 4:55 � 109 years ago at adistan
e of 8.5 kp
 from the galaxy 
enter (
orresponding to birth time and

720 8 16 24 32 40 48 56 64Fig. 1. Ratio of the 
al
ulated and observed solar abundan
es for stable isotopesfrom hydrogen to zin
. The dotted lines mark deviations by a fa
tor of 2 between
al
ulation and observation (from [4℄).
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s and Supernovae 283position of our sun in the Milky Way). As 
an be seen in Fig. 1, most of theabundan
es agree within a fa
tor of 2.It should be mentioned that spe
i�
 nu
lei appear to be almost entirely(e.g. 11B, 19F) or in a large fra
tion (e.g. 10B, 15N) made by neutrinonu
leosynthesis [8℄. These nu
lei are the produ
t of rea
tion sequen
es in-du
ed by neutral 
urrent (�; � 0) rea
tions on very abundant nu
lei like 12C,16O and 20Ne, when the �ux of neutrinos generated by 
ooling of the neu-tron star passes through the overlying shells of heavy elements. Further,rea
tions between nu
lei in the interstellar medium and high-energy 
osmi
rays 
ontribute to the produ
tion of light elements (in parti
ular Be and Bisotopes). 2. Nu
lear physi
s input in supernovaeAstrophysi
al environments 
an rea
h very high densities and temper-atures. Under these 
onditions (temperatures T larger than a few 109 K),rea
tions mediated by the strong and ele
tromagneti
 for
e are in 
hemi-
al equilibrium and the matter 
omposition is given by nu
lear statisti
alequilibrium, i.e. it is determined mainly due to the nu
lear binding energiessubje
t to the 
onstraint that the total number of protons in the 
ompositionbalan
es the number of ele
trons present in the environment. The param-eter de�ning this 
onstrain is the ele
tron-to-baryon ratio Ye. Importantly,in these astrophysi
al environments the relevant density and time s
ales areoften su
h that the neutrinos are radiated away, so that rea
tions mediatedby the weak intera
tion are not in equilibrium. Thus, weak intera
tion ratesplay a de
isive role in these environments 
hanging Ye and hen
e the 
om-position of the matter. Among these astrophysi
al environments are the twomajor distributors to the element produ
tion in the universe: supernovae oftype Ia and type II (e.g. [9℄).2.1. Stellar weak intera
tion rates and type II supernovaeAt the end of hydrostati
 burning, a massive star 
onsists of 
on
entri
shells that are the remnants of its previous burning phases (hydrogen, he-lium, 
arbon, neon, oxygen, sili
on). Iron is the �nal stage of nu
lear fusionin hydrostati
 burning, as the synthesis of any heavier element from lighterelements does not release energy; rather, energy must be used up. If the iron
ore, formed in the 
enter of the massive star, ex
eeds the Chandrasekharmass limit of about 1.44 solar masses, ele
tron degenera
y pressure 
annotlonger stabilize the 
ore and it 
ollapses starting what is 
alled a type IIsupernova. In its aftermath the star explodes and parts of the iron 
oreand the outer shells are eje
ted into the Interstellar Medium. Although this



284 K. Langankegeneral pi
ture has been 
on�rmed by the various observations from super-nova SN1987a, simulations of the 
ore 
ollapse and the explosion are still farfrom being 
ompletely understood and robustly modelled. To improve theinput whi
h goes into the simulation of type II supernovae and to improvethe models and their numeri
al simulations is a very a
tive resear
h �eld atvarious institutions worldwide.As pointed out by Bethe et al. [10, 11℄ the 
ollapse is very sensitive tothe entropy and to the number of leptons per baryon, Ye. In turn thesetwo quantities are mainly determined by weak intera
tion pro
esses, ele
-tron 
apture and � de
ay. First, in the early stage of the 
ollapse Ye isredu
ed as it is energeti
ally favorable to 
apture ele
trons, whi
h at thedensities involved have Fermi energies of a few MeV, by (Fe-peak) nu
lei.This redu
es the ele
tron pressure, thus a

elerating the 
ollapse, and shiftsthe distribution of nu
lei present in the 
ore to more neutron-ri
h material.Se
ond, many of the nu
lei present 
an also � de
ay. While this pro
ess isquite unimportant 
ompared to ele
tron 
apture for initial Ye values around0.5, it be
omes in
reasingly 
ompetitive for neutron-ri
h nu
lei due to anin
rease in phase spa
e related to larger Q� values.Under the stellar 
onditions dis
ussed above, the weak intera
tion ratesare dominated by Gamow�Teller and, if appli
able, by Fermi transitions.Bethe et al. [10℄ re
ognized the importan
e of the 
olle
tive Gamow�Tellerresonan
e for stellar ele
tron 
apture. Shortly after, Fowler and Fuller out-lined the theory for stellar weak-intera
tion rates. But as it then was im-possible to solve the many-nu
leon problem involved, these authors had tointuitively and empiri
ally estimate the stellar ele
tron 
apture and beta-de
ay rates (usually abbreviated as FFN, [12�15℄. These FFN rates havebeen used by the astrophysi
s 
ommunity until now.It has been 
lear that the intera
ting shell model is the method of 
hoi
eto solve the many-nu
leon problem ne
essary to 
al
ulate the stellar weak-intera
tion rates. But only a 
ouple of years ago, su
h a 
al
ulation appearedto be nearly impossible due to the extremely large model spa
e dimensionsto be 
onsidered (a few 10 millions or more). Impressive progress in bothhardware te
hnology and shell model diagonalization programming, how-ever, allow now to treat these large shell model dimensions. Furthermore,relevant experimental data be
ame available whi
h 
an 
he
k the qualityof the theoreti
al model. Within the last year it has been demonstratedthat state-of-the-art shell model studies are indeed up to the job to reliably
al
ulate the stellar weak-intera
tion rates as they reprodu
e all relevant in-gredients very satisfying [16℄ (see Fig. 2). Having established the predi
tivepower of the model, it has been used to 
al
ulate the weak-intera
tion rates(ele
tron 
apture, �� de
ay, but also positron 
apture and �+ de
ay) for awide range of astrophysi
al environment (temperatures up to 3 � 1010 K and
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s and Supernovae 285densities up to 1010 g/
m3) and for nu
lei in the mass range A = 45�65. Anele
troni
 �le of these shell model rates has been produ
ed, using the sameformat in whi
h the FFN rates are stored.
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Fig. 2. Comparison of the shell model GT strength distribution (histogram) withdata [18�22℄ for sele
ted even�even (right) and odd-A nu
lei (left). For the 
om-parison the 
al
ulated dis
rete spe
trum has been folded with the experimentalresolution. The positions of the GT 
entroid assumed in the FFN parametrizationare shown by arrows.It is important to stress two important aspe
ts of the shell model rates(see Fig. 3):� The ele
tron 
apture rates are signi�
antly smaller than estimated byFFN (on average by more than an order of magnitude) along a stellartraje
tory.� The � de
ay rate ex
eeds the ele
tron 
apture for values of Ye =0.42�0.46. This is also true for the FFN rates, but has not been ex-plored yet, as older, statisti
al-model based �-de
ay rates have beenused in 
ollapse simulations.



286 K. LangankeThe se
ond �nding allows for the ex
iting possibility to 
ool the 
ore byemission of neutrinos without lowering Ye. Taking both �ndings together,one expe
ts that the Ye value during the 
ollapse is larger than 
urrentlyassumed with interesting 
onsequen
es for the a
tual 
ollapse and supernovame
hanism. This ex
iting possibility must be explored and it is hoped forthat one might, for the �rst time, su

eed to reliably 
al
ulate the entropyalong the 
ollapse traje
tory.
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Fig. 3. Change in the total ele
tron 
apture and � de
ay rates, _Y e
e and _Y �e , respe
-tively. The shell model results are 
ompared with the FFN results [12�15℄ alongthe same stellar traje
tory as in Fig. 14 of Ref. [26℄.Ele
tron 
apture, � de
ay and photodisintegration 
ost the 
ore energyand redu
e its ele
tron density. As a 
onsequen
e, the 
ollapse is a

elerated.An important 
hange in the physi
s of the 
ollapse o

urs, if the densityrea
hes �trap � 4 � 1011 g/
m3. Then neutrinos are essentially trapped inthe 
ore, as their di�usion time (due to 
oherent elasti
 s
attering on nu
lei)be
omes larger than the 
ollapse time. After neutrino trapping, the 
ollapsepro
eeds homologously [17℄, until nu
lear densities (�N � 1014 g/
m3) arerea
hed. As nu
lear matter has a �nite 
ompressibility, the homologous
ore de
elerates and boun
es in response to the in
reased nu
lear matterpressure; this eventually drives an outgoing sho
k wave into the outer 
ore;i.e. the envelope of the iron 
ore outside the homologous 
ore, whi
h inthe meantime has 
ontinued to fall inwards at supersoni
 speed. The 
oreboun
e with the formation of a sho
k wave is believed to be the me
hanismthat triggers a supernova explosion, but several ingredients of this physi
ally
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ture and the a
tual me
hanism of a supernova explosion arestill un
ertain and 
ontroversial. If the sho
k wave is strong enough not onlyto stop the 
ollapse, but also to explode the outer burning shells of the star,one speaks about the `prompt me
hanism'. However, it appears as if theenergy available to the sho
k is not su�
ient, and the sho
k will store itsenergy in the outer 
ore, for example, by ex
itation of nu
lei.After the supernova has exploded, a 
ompa
t remnant is left behind.The remnant is very lepton-ri
h (ele
trons and neutrinos), the latter beingtrapped as their mean free paths in the dense matter is signi�
antly shorterthan the radius of the neutron star. It takes a fra
tion of a se
ond [23℄ for thetrapped neutrinos to di�use out, giving most of their energy to the neutronstar during that pro
ess and heating it up. The 
ooling of the protoneutronstar then pro
eeds by pair produ
tion of neutrinos of all three generationswhi
h di�use out. After several tens of se
onds the star be
omes transpar-ent to neutrinos and the neutrino luminosity drops signi�
antly [24℄. In the`delayed me
hanism', the sho
k wave 
an be revived by these outward dif-fusing neutrinos, whi
h 
arry most of the energy set free in the gravitational
ollapse of the 
ore [25℄.It is generally a

epted that there is a temperature hierar
hy between thevarious neutrino types introdu
ed by the 
harged 
urrent rea
tions with thesurrounding neutron-ri
h matter. Thus, � and � neutrinos and their antipar-ti
les (usually 
ombiningly referred to as �x neutrinos) have the distributionwith the highest temperature (T = 8 MeV if one a

epts a Fermi-Dira
distribution with zero 
hemi
al potential [8℄). As the �e and ��e neutrinos in-tera
t with the neutron-ri
h matter via �e+n! p+e� and ��e+p! n+e+,the ��e neutrinos have a higher temperature (T � 5:6 MeV) than the �e neu-trinos (T = 4 MeV). It is useful for the following dis
ussions to note thatthese temperatures 
orrespond to average neutrino energies of �E� = 25 MeVfor �x neutrinos, while �E� = 16 MeV and 11 MeV for ��e and �e neutrinos.In the delayed supernova me
hanism, neutrinos deposit energy in thelayers between the nas
ent neutron star and the stalled prompt sho
k. Thislasts for a few 100 ms, and requires about 1% of the neutrino energy tobe 
onverted into nu
lear kineti
 energy. The energy deposition in
reasesthe pressure behind the sho
k and the respe
tive layers begin to expand,leaving between sho
k front and neutron star surfa
e a region of low density,but rather high temperature. This region is 
alled the `hot neutrino bubble'and, as we will dis
uss below, might be the site of the nu
lear r-pro
ess.The persistent energy input by neutrinos keeps the pressure high in this re-gion and drives the sho
k outwards again, eventually leading to a supernovaexplosion.It has been found that the delayed supernova me
hanism is quite sen-sitive to physi
s details de
iding about su

ess or failure in the simulation



288 K. Langankeof the explosion. Very re
ently, two quite distin
t improvements have beenproposed (
onve
tive energy transport [27,28℄ and in-medium modi�
ationsof the neutrino opa
ities [29, 30℄ ) whi
h should make the explosion me
ha-nism more robust, as they in
rease the e�
ien
y of the energy transport tothe stalled sho
k.2.2. Stellar weak intera
tion rates and type Ia supernovaeA type Ia supernova is usually asso
iated with a thermonu
lear explosionon a white dwarf, whi
h a

retes mass from a 
ompanion star in a binarysystem. This mass �ow in
reases the density and temperature in the 
oreso that �nally 
arbon is ignited in the 
enter of the star. Note that in ahighly degenerate obje
t like a white dwarf the energy release of the nu
learburning is used to in
rease the temperature (rather than for expansion asduring hydrostati
 stellar burning), whi
h in turn drasti
ally in
reases thenu
lear rea
tion rates. Finally a thermonu
lear runaway is triggered anda burning front then moves outwards through the star at subsoni
 speed,�nally leading to a detonation whi
h explodes the star. It appears wellestablished that ele
tron 
apture will o

ur in the burning front driving thematter to larger neutron ex
ess and thus strongly in�uen
es the 
ompositionof the eje
ted matter and the dynami
s of the explosion.Although the general pi
ture of a type Ia supernova might be devel-oped, spe
ial issues are 
urrently still under debate [31℄. This in
ludes themasses of the stars in the binary system, the mass a

retion history and
omposition, the matter transport during the explosion, and the speed ofthe burning front. These quantities have to be modelled and the resultingoutput (elemental abundan
es and their velo
ity distributions) is 
omparedto observation allowing to 
he
k the models. However, the results are alsostrongly a�e
ted by the weak-intera
tion rates and the shell model ratespromise to remove this additional un
ertainty from the models. Preliminarystudies, performed with Thielemann's group, look very promising as the newrates apparently remove the overprodu
tion of very neutron-ri
h isotopes,en
ountered in previous 
al
ulations with the FFN rates [32℄.2.3. Future work on stellar weak intera
tion ratesAlthough the availability of the shell model rates for the mass rangeA = 45�65 is 
onsidered de
isive progress in the 
ommunity of supernovamodellers, it is not su�
ient. Ele
tron 
apture already o

urs during oxygenand sili
on burning, implying the need to extend the rates to lighter nu
lei(A < 45). Further a 
ore 
ollapse supernova might redu
e the Ye value beforeneutrino trapping to su
h low values (Ye � 0:44) that nu
lei with A > 65
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ome abundant in the matter 
omposition, and hen
e weak-intera
tionrates for these heavier nu
lei are also needed.To extend the shell model studies to lighter or heavier nu
lei than 
on-sidered by us so far, brings in new physi
s and new 
hallenges. In both 
ases
al
ulations within model spa
es spanned by one major shell, whi
h is ade-quate for the nu
lei with A = 45�65, is not su�
ient. For the lighter nu
leione has to in
lude the orbitals from the lower sd shell, while for heaviernu
lei the g9=2 orbital has to be 
onsidered. This enlargement to two majorshells 
an ex
ite unphysi
al 
enter-of-mass degrees of freedom. However,the ma
hinery to avoid su
h spurious ex
itations is at hand. Se
ondly, novele�e
tive intera
tions among the valen
e parti
les have to be developed andtested.The 
al
ulation of the ele
tron 
apture rates for heavier nu
lei with neu-tron numbers larger than N > 40 involves also an interesting physi
s as-pe
t. Note that the Gamow�Teller operator ~�� , whi
h mediates the ele
-tron 
apture transitions under stellar 
onditions, only a
ts on the spin andisospin degrees of freedom, but not on the spatial wave fun
tion. Thus,the Gamow�Teller operator 
an only move nu
leons between orbitals in thesame major shell. This means that for nu
lei with proton number Z < 40and neutron number N > 40, Gamow�Teller transitions are identi
al zero(`Pauli blo
ked') in ele
tron 
apture, as N = 40 
orresponds to the 
losedshell 
on�guration. It is argued that ele
tron 
apture during a supernova
ollapse shifts from 
apture on nu
lei to 
apture on free protons, if nu
leidominate the matter 
omposition for whi
h the Gamow�Teller transition isPauli-blo
ked. As dis
ussed by Bethe [11℄ this situation 
an be over
ome bythermal ex
itation moving protons into orbitals of the next higher shell or byremoving neutrons of the otherwise blo
ked shell [33℄. But, the `thermal un-blo
king' requires rather high temperatures (T > 1010K). However, there isanother unblo
king me
hanism, so far overlooked. The residual intera
tion,in parti
ular the pairing for
e among nu
leons, also s
atters protons and neu-trons into the unblo
ked shell, thus having the same e�e
t as the thermalunblo
king. Importantly, this e�e
t happens already at lower temperaturesand thus we expe
t that the Gamow�Teller transitions are a
tually neverblo
ked in the stellar ele
tron 
apture, in 
ontrast to the 
urrent believe.3. The r-pro
essAbout half of the elements heavier than mass number A = 60 are madein the astrophysi
al r-pro
ess, a sequen
e of neutron 
apture and beta de-
ay pro
esses. The r-pro
ess is asso
iated with environment of relativelyhigh temperatures (T � 109 K) and very high neutron densities (> 1020neutrons/
m3) su
h that the intervals between neutron 
aptures are gener-



290 K. Langankeally mu
h smaller than the � lifetimes, i.e. �n � �� in the r-pro
ess. Thus,nu
lei are qui
kly transmuted into neutron-ri
her isotopes, de
reasing theneutron separation energy Bn. This series of su

essive neutron 
aptures
omes to a stop when the (n; 
) 
apture rate for an isotope equals the rateof the destru
tive (
; n) photodisintegration rate. Then the r-pro
ess has towait for the most neutron-ri
h nu
lei to �-de
ay. Under the typi
al 
ondi-tions expe
ted for the r-pro
ess, the (n; 
)=(
; n) equilibrium is a
hieved atneutron separation energies, Bn = 2 � 3 MeV [37℄. This 
ondition mainlydetermines the r-pro
ess path, whi
h is lo
ated about 15-20 units away fromthe valley of stability. The r-pro
ess path rea
hes the neutron shell 
losuresat Nn = 50; 82, and 126 at su
h low Z-values that Bn is too small to al-low the formation of still more neutron-ri
h isotopes; the isotopes then haveto �-de
ay. To over
ome the shell gap at the magi
 neutron numbers andprodu
e heavier nu
lei, the material has to undergo a series of alternating�-de
ays and neutron 
aptures before it rea
hes a nu
leus 
lose enough tostability to have Bn large enough to allow for the 
ontinuation of the se-quen
e of neutron 
apture rea
tions. Noting that the �-de
ay half-lives arerelatively long at the magi
 neutron numbers, the r-pro
ess network waitslong enough at these neutron numbers to build up abundan
e peaks relatedto the mass numbers A � 80; 130, and 195. Simulations of the r-pro
essrequire a knowledge of nu
lear properties far from the valley of stability. Asthe relevant nu
lei are not experimentally a

essible, theoreti
al predi
tionsfor the relevant quantities (i.e. neutron separation energies and half-lives)are needed. 3.1. r-pro
ess in the hot neutrino bubbleWithin the last few years the neutrino-driven wind model has been widelydis
ussed as the possible site of r-pro
ess nu
leosynthesis [34, 35℄. Here itis assumed that the r-pro
ess o

urs in the layers heated by neutrino emis-sion and evaporating from the hot protoneutron star after 
ore 
ollapse. Inthis model (e.g. [36℄), a hot blob of matter with entropy per baryon Sb andele
tron-to-baryon ratio Ye, initially 
onsisting of neutrons, protons and �-parti
les in nu
lear statisti
al equilibrium (NSE), expands adiabati
ally and
ools. Nu
leons and nu
lei 
ombine to heavier nu
lei, with some neutronsand �-parti
les remaining. Depending on the value of Sb, the nu
lei pro-du
ed are in the iron group or, at higher entropies, 
an have mass numbersA = 80�100. These nu
lei then be
ome the seeds and, together with theremaining neutrons, undergo an r-pro
ess [37℄. In this model a su

essfulr-pro
ess depends mainly on four parameters: the entropy per baryon Sb,the dynami
al times
ale, the mass loss rate and the ele
tron-to-baryon ratioYe. All parameters depend on the neutrino luminosity and are determined
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s and Supernovae 291mostly by �e and ��e absorption on free nu
leons. During a supernova ex-plosion these parameters vary and the r-pro
ess in the hot neutrino bubblebe
omes a dynami
al and time-dependent s
enario. Woosley et al. [34℄ have
al
ulated the r-pro
ess abundan
e for this site, adopting the parametersas given by Wilson's su

essful supernova model. The �nal abundan
esobtained after integration over the duration of the r-pro
ess in the hot neu-trino bubble (several se
onds) are shown in Fig. 4, showing quite satisfyingagreement between 
al
ulation and observation.

Fig. 4. r-pro
ess abundan
es in the hot neutrino bubble model 
ompared to obser-vation (from [34℄)The open question 
urrently is what kind of superpositions of entropiesthe supernova neutrino-driven wind environment really provides. In thesupernova model used by Woosley et al [34℄ entropies up to Sb = 300 havebeen rea
hed, but other models suggest that Sb is a fa
tor of 3�5 smaller(e.g. [35℄). To understand the importan
e of the entropy, one has to 
onsiderthat the produ
tion of seed nu
lei has to go through the bottlene
k of the3-body rea
tion �+�+n! 9Be at the start. Due to the low Q-value of thisrea
tion (Q = 1:57 MeV), a large entropy (or high photon number) drivesthis rea
tion in equilibrium to the left, ensuring a rather small amount of 9Be.Sin
e all 9Be is basi
ally transformed into seed nu
lei, a high entropy resultsin a small amount of seed nu
lei and a large neutron-to-seed ratio n=s [38℄.Systemati
 studies by Ho�mann and 
ollaborators [39℄ and Freiburghaus etal. [36℄ have shown that a su

essful r-pro
ess requires either large entropiesat the Ye values 
urrently obtained in supernova models, or smaller valuesfor Ye.Furthermore the duration of the r-pro
ess, i.e. the minimal time re-quired to transmute, at one site, seed nu
lei into nu
lei around A � 200,
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ess nu
lei atthe three magi
 neutron numbers. It appears as if the required minimaltime is longer than the duration of the favorable r-pro
ess 
onditions in theneutrino-driven wind model. However, this problem might be over
ome asre
ent 
al
ulations indi
ate the hal�ives of nu
lei along the r-pro
ess pathmight be noti
eably shorter than assumed so far.3.2. Hal�ives of waiting point nu
leiThe hal�ives of nu
lei along the r-pro
ess path are determined by theweak low-energy tails of the Gamow�Teller strength distribution, mediatedby the operator ���, and provide quite a 
hallenge to theoreti
al modellingas they are not 
onstrained by sum rules. Previous estimates have been basedon semi-empiri
al global models, quasiparti
le random phase approximation,or very re
ently, the Hartree�Fo
k�Bogoliubov method [40�42℄. But themethod of 
hoi
e to 
al
ulate Gamow�Teller transitions is the intera
tingnu
lear shell model, and the de
isive progress in programming and hardwaremake reliable shell model 
al
ulations of the hal�ives r-pro
ess nu
lei nowfeasible.In fa
t, the �rst series of shell model 
al
ulations, performed for ther-pro
ess waiting point nu
lei with neutron number N = 82, has just been�nished [43℄. Experimental information is only available for 129Ag and 130Cd[44℄, and the shell model hal�ives agree well with the data, while the modelpredi
tions previously used in r-pro
ess simulations overestimate the dataappre
iably (see Fig. 5).The shell model results might imply two important 
on
lusions:1) The time spent at the N = 82 waiting point is shorter than previouslyassumed (also supported by the re
ent HFB 
al
ulations [42℄). Thisis highly wel
ome, as in the neutrino-driven wind model the longertheoreti
al hal�ive predi
tions made it very hard to transport matterfrom the light nu
lei up to uranium during the dynami
al times
ale inwhi
h the neutron supply is high enough to allow a su

essful r-pro
ess.2) Applying the approximate pi
ture of a steady �ow to the r-pro
essnetwork, observed elemental abundan
es should be proportional tothe hal�ives. This is well ful�lled for the shell model hal�ives for thelighter waiting point nu
lei with N = 82, but not in
luding 130Cd.As the systemati
s of neutron separation energies put this nu
leuson the r-pro
ess path, our result suggests that the favorable r-pro
ess
onditions do not last long enough to pro
eed to the N = 126 r-pro
esspeak under the same 
onditions at whi
h the N = 82 peak is produ
ed.This result is 
onsistent with very re
ent meteoreti
 and astronomi
al
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s and Supernovae 293�ndings suggesting that the N = 82 and N = 126 r-pro
ess peaks arepossibly made at two distin
t sites.
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Fig. 5. Comparison of the shell model (SM) hal�ives for the N = 82 waiting pointnu
lei with data [44℄ and other model predi
tions [40�42℄Although these �rst shell model results are useful, 
onsistent and �rm
on
lusions 
an only be rea
hed if shell model hal�ives are also availableat least for the other two sets of waiting point nu
lei related to the magi
neutron numbers N = 50 and N = 126. These 
al
ulations are not straight-forward, as the required model spa
es rea
h the limits of what is 
urrentlypossible on parallel 
omputers.3.3. Neutrino-indu
ed rea
tions and the r-pro
essNeutrino-indu
ed rea
tions 
an be important during and even after ther-pro
ess. In the 
onventional pi
ture [37℄ the nu
lei are basi
ally in(n; 
)/(
; n) equilibrium during the r-pro
ess. The r-pro
ess path is mainlydetermined by neutron separation energies and the times
ale is essentiallyset by the �-de
ays of the waiting-point nu
lei at the magi
 neutron numbersN = 50; 82 and 126. However, in the presen
e of a strong neutrino �ux, �e-indu
ed 
harged-
urrent rea
tions on the waiting-point nu
lei might a
tually
ompete with �-de
ays and speed-up the passage through the bottle-ne
ksat the magi
 neutron numbers [45℄. It is found [45℄ that, for typi
al neutrinoluminosities and spe
tra, �e-
apture rates are of order 5 s�1 and thus 
anbe faster than 
ompeting �-de
ays for the slowest waiting-point nu
lei. Of
ourse, quantitative 
on
lusions 
an only be drawn from detailed numeri
alsimulations of the r-pro
ess. A �rst step towards this goal has re
ently beenmade by Meyer et al. [46℄.



294 K. LangankeIt is usually assumed that the r-pro
ess drops out of (n; 
)/(
; n) equilib-rium in a sharp freeze-out. The very neutron-ri
h matter, assembled duringthe r-pro
ess, then de
ays ba
k to the valley of stability by a sequen
e of �-de
ays. However, in the neutrino-driven wind s
enario the r-pro
ess matterwill still be exposed to rather strong neutrino �uxes, even after freeze-out.By both �e-indu
ed 
harged-
urrent and �x-indu
ed neutral-
urrent rea
-tions, neutrinos 
an inelasti
ally intera
t with r-pro
ess nu
lei. In thesepro
esses the �nal nu
leus will be in an ex
ited state and most likely de
ayby the emission of one or several neutrons. Thus, this post-pro
essing ofr-pro
ess matter after freeze-out might e�e
t the �nal r-pro
ess abundan
e.The neutrino post-pro
essing e�e
ts depend on the neutrino-indu
ed neutronkno
k-out 
ross se
tions, whi
h Qian et al. [45℄ have 
al
ulated based on the
ontinuum random phase approximation and the statisti
al model, and onthe total neutrino �uen
e through the r-pro
ess eje
ta following freeze-out.The dominant features of the observed r-pro
ess abundan
e distributionare the peaks at A � 130 and 195, 
orresponding to the progenitor nu
leiwith N = 82 and 126 
losed neutron shells. Haxton et al. �nd that 8 nu
lei,lying in the window A = 124�126 and 183�187, are unusually sensitive to

Fig. 6. E�e
t of postpro
essing by neutrino-indu
ed rea
tions on the r-pro
essabundan
e. The unpro
essed distribution (solid line) is 
ompared with the distri-bution after postpro
essing (dashed line). A 
onstant �uen
e of F = 0:015 hasbeen assumed whi
h provides a best �t to the observed abundan
es for A = 183�87(see inset). The observed abundan
es are plotted as �lled 
ir
les with error bars.(from [45℄)
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s and Supernovae 295neutrino post-pro
essing [47℄. These nu
lei sit in the valleys immediatelybelow the abundan
e peaks whi
h 
an be readily �lled by spallation of theabundant isotopes in the peaks. To avoid overprodu
tion of the nu
lei inthese abundan
e windows one is able to pla
e upper bounds on the �uen
e(F � 0:045 at A � 130 and � 0:030 at A � 195, respe
tively). Furthermore,it turns out that the observed abundan
e of the nu
lei in the two abundan
ewindows 
an be 
onsistently reprodu
ed by the same �uen
e parameter (forexample see Fig. 6). This might be taken as eviden
e suggesting that the r-pro
ess does o

ur in an intense neutrino �uen
e, and thus that the interiorregion of a type II supernova is the site of the r-pro
ess.We like to stress that the neutrino-indu
ed kno
k-out liberates about 3�5neutrons from nu
lei in the abundan
e peaks around A = 130 and 195. Thusthis pro
ess 
annot be able to �ll the well-developed abundan
e trough atA � 115 [48℄ where r-pro
ess simulations with 
onventional mass formulaestrongly underestimate the observed abundan
es. This dis
repan
y mightpoint to interesting nu
lear stru
ture e�e
ts in very neutron-ri
h nu
lei, re-lated to shell quen
hing far from stability [49℄.It is a pleasure to thank G. Martinez-Pinedo whose 
ollaboration hasde
isively 
ontributed to the results presented in this manus
ript. Manyfruitful dis
ussions with F.-K. Thielemann are gratefully a
knowledged. Theresear
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h Coun-
il. REFERENCES[1℄ E.M. Burbidge, G.R. Burbidge, W.A. Fowler, F. Hoyle, Rev. Mod. Phys. 29,547 (1957).[2℄ A.G.W. Cameron, Chalk River Report CRL-41 (1957).[3℄ B.E.J. Pagel, G. Trautvaisiene, Mon. Not. R. Astron. So
. 276, 505 (1995);288, 108 (1997).[4℄ F. Timmes, S.E. Woosley, T.A. Weaver, Astrophys. J. Suppl. 98, 617 (1995).[5℄ T. Tsujimoto, K. Nomoto, Y. Yoshii, M. Hashimoto, F.-K. Thielemann, Math.Notes 277, 945 (1995).[6℄ L. Bu
hmann, R.E. Azuma, C.A. Barnes, J. Humblet, K. Langanke, Phys.Rev. C54, 393 (1996) and referen
es therein.[7℄ E. Anders, N. Grevesse, Geo
him. Cosmo
him. A
ta 53, 197 (1989).[8℄ S.E. Woosley, D. Hartmann, R.D. Ho�man, W.C. Haxton, Astrophys. J. 356,272 (1990).[9℄ D. Arnett, Supernovae and Nu
lei, Prin
eton University Press, 1996.



296 K. Langanke[10℄ H.A. Bethe, G.E. Brown, J. Applegate, J.M. Lattimer, Nu
l. Phys. A324, 487(1979).[11℄ H.A. Bethe, Rev. Mod. Phys. 62, 801 (1990).[12℄ G.M. Fuller, W.A. Fowler, M.J. Newman, Astrophys. J. Suppl. 42, 447 (1980).[13℄ G.M. Fuller, W.A. Fowler, M.J. Newman, Astrophys. J. Supplement 48, 279(1982).[14℄ G.M. Fuller, W.A. Fowler, M.J. Newman, Astrophys. J.252, 715 (1982).[15℄ G.M. Fuller, W.A. Fowler, M.J. Newman, Astrophys. J. 293, 1 (1985).[16℄ E. Caurier, K. Langanke, G. Martinez-Pinedo, F. Nowa
ki, Nu
l. Phys. A653,439 (1999).[17℄ P.Goldrei
h, S.V. Weber, Astrophys. J. 238, 991 (1980).[18℄ A.L. Williams et al., Phys. Rev. C51, 1144 (1995).[19℄ W.P. Alford et al., Nu
l. Phys. A514, 49 (1990).[20℄ M.C. Vetterli et al., Phys. Rev. C40, 559 (1989).[21℄ S. El-Kateb et al., Phys. Rev. C49, 3129 (1994).[22℄ T. Rönnquist et al., Nu
l. Phys. A563, 225 (1993).[23℄ A. Burrows, Ann. Rev. Nu
l. S
i. 40, 181 (1990).[24℄ A. Burrows, Astrophys. J. 334, 891 (1988).[25℄ J.R. Wilson, in Numeri
al Astrophysi
s, ed. by J.M. Centrella, J.M. LeBlan
and R.L. Bowers, Jones and Bartlett, Boston 1985, p.422.[26℄ M.B. Aufderheide, I. Fushiki, S.E. Woosley, D.H. Hartmann, Astrophys. J.Suppl. 91, 389 (1994).[27℄ A. Burrows, B.A. Fryxell, S
ien
e 258, 430 (1992).[28℄ E. Müller, H.-T. Janka, Astron. Astrophys. 317, 140 (1997).[29℄ S. Reddy, M. Prakash, J.M. Lattimer, Phys. Rev. D58, 3009 (1998).[30℄ A. Burrows, R.F. Sawyer, Phys. Rev. C58, 554 (1998).[31℄ P. Ruiz-Lapuente, R. Canal, J. Isern, Thermonu
lear Supernovae, KluwerA
ademi
 Publishers, Dordre
ht 1997.[32℄ F. Bra
hwitz et al., submitted to Astrophys. J.[33℄ J. Cooperstein, J. Wamba
h, Nu
l. Phys. A420, 591 (1984).[34℄ S.E. Woosley, J.R. Wilson, G.J. Mathews, R.D. Ho�mann, B.S. Meyer,Astrophys. J. 433, 229 (1994).[35℄ J. Witti, H.-Th. Janka, K. Takahashi, Astron. Astrophys. 286, 841; 857 (1994).[36℄ F.-K. Thielemann, T. Raus
her, C. Freiburghaus, K. Nomoto, M. Hashimoto,B. Pfei�er, K.-L. Kratz, to be published.[37℄ J.J. Cowan, F.-K. Thielemann, J.W. Truran, Phys. Rep. 208, 267 (1991).[38℄ Y.-Z. Qian, S.E. Woosley, Astrophys. J. 471, 331 (1996).[39℄ R.D. Hofmann, S.E. Woosley, Y.-Z. Qian, Astrophys. J. 482, 951 (1997).[40℄ I.N. Borsov, S. Goriely, J.M. Pearson, Nu
l. Phys. A621, 307
 (1997).[41℄ P. Möller, J.R. Nix, K.-L. Kratz, At. Data Nu
l. Data Tables 66, 131 (1997).



Nu
lear Physi
s and Supernovae 297[42℄ J. Engel, M. Bender, J. Doba
zewski, W. Nazarewi
z and R. Surman, Phys.Rev. C60, 014302 (1999).[43℄ G. Martinez-Pinedo, K. Langanke, Phys. Rev. Lett., 83, 4502 (1999).[44℄ K.-L. Kratz et al., in Pro
eedings of the International Conferen
e on Fissionand Properties of Neutron-Ri
h Nu
lei, ed. by J.H. Hamilton, World S
ienti�
Press, 1998.[45℄ Y.-Z. Qian, W.C. Haxton, K. Langanke, P. Vogel, Phys. Rev. C55, 1532(1997).[46℄ B.S. Meyer, G.C. M
Laughlin, G.M. Fuller, Phys. Rev. C58, 3696 (1998).[47℄ W.C. Haxton, K. Langanke, Y.-Z. Qian, P. Vogel, Phys. Rev. Lett. 78, 2694(1997).[48℄ K.-L. Kratz, J.-P. Bitouzet, F.-K. Thielemann, P. Möller, B. Pfei�er,Astrophys. J. 402, 216 (1993).[49℄ B. Chen, J. Doba
zewski, K.-L. Kratz, K. Langanke, B. Pfei�er, F.-K. Thiele-mann, Phys. Lett. B355, 37 (1995).


