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ACCRETING NEUTRON STARS ANDRADIOACTIVE BEAM EXPERIMENTS�H. ShatzDepartment of Physis and Astronomyand National Superonduting Cylotron LaboratoryMihigan State University, East Lansing MI48824, USA(Reeived Deember 11, 2001)The nulear proesses on areting neutron stars in X-ray binaries arerelated to a number of open astrophysial questions. I review these openquestions, their relation to the � p, rp and rust proesses, and the nu-lear data needed to solve the problems. Data on very unstable proton andneutron rih nulei are most ritial, and therefore radioative beam exper-iments together with progress in the theoretial understanding of nulei farfrom stability are needed.PACS numbers: 97.80.Jp, 97.60.Jd, 26.30.+k1. IntrodutionReent progress in astronomy had a strong impat on nulear astro-physis. New observations shed new light on some of the longstanding prob-lems, but also expanded the sope of the �eld onsiderably beyond the tradi-tional questions of the origin of the elements and energy generation in stars.Among the most interesting of these new observations is the detetion of amultitude of osillation phenomena in the X-ray �ux from areting neutronstars (X-ray binaries). These observations might shed light on the propertiesof neutron stars in an unique environment and might, therefore, lead to newinsights about the properties of matter under extreme densities.However, interpretation of the new observational data and �nding an-swers to the open questions requires similar advanes in our understandingof the underlying nulear physis. In this paper I review some of the openquestions onerning X-ray binaries, their relation to nulear physis, thenulear data needed to �nd the answers, and the future developments inexperimental and theoretial nulear physis needed to obtain these data.� Presented at the XXVII Mazurian Lakes Shool of Physis, Krzy»e, Poland,September 2�9, 2001. (227)



228 H. ShatzIn an X-ray binary system a neutron star (or in some ases a blak hole)orbits a regular ompanion star (see the reviews [1�3℄). The two stars are solose that mass �ows from the envelope of the ompanion star onto the sur-fae of the neutron star. The energy that gives rise to the observed, brightX-ray radiation is generated in two ways: (1) The gravitational energy re-leased during the infall of the areted matter onto the neutron star surfaegives rise to a bright, persistent X-ray �ux that is orrelated with the globalaretion rate. (2) The strong gravity on the neutron star surfae ompressesand heats the areted matter and as a onsequene thermonulear reationsset in and fuse hydrogen and helium into heavier elements. The energy perareted nuleon generated by the thermonulear proesses is about a fatorof 40 smaller than the gravitational energy. Nevertheless, if the thermonu-lear burning is unstable the thermonulear energy is released within a veryshort time and an be observed diretly as type I X-ray bursts. Suh burstsour for aretion rates roughly below the Eddington limit [4�6℄ (whih isthe aretion rate where the radiation pressure from the gravitational energyrelease balanes gravity). At suh lower aretion rates temperatures in theareted layer are initially not high enough to trigger helium burning viathe 3�!12C reation. A hydrogen and helium rih layer an then aumu-late on the neutron star surfae for hours to days. During aretion nulearreations are on�ned to the � limited CNO yles onverting some of theareted hydrogen into helium. Temperature and density at the bottom ofthe areted layer rise slowly until eventually the onset of the 3� reationtriggers a thermonulear runaway. In a thermonulear runaway, an inreasein temperature leads to a strong enhanement of the nulear energy genera-tion rate beause of the temperature sensitivity of harged partile reationrates. This in turn leads to a further rise in temperature. During the ther-monulear runaway, temperatures up to 2 GK are reahed and hydrogen andhelium are burned into heavier elements within 10�100 s. The heated layeremits bright X-ray radiation, whih is observed as a type I X-ray burst (inontrast to type II bursts that are reated by rapid hanges in the aretionrate due to aretion disk instabilities). One the burst is over, aretion ofa fresh layer ontinues and after a few hours or days the next burst ours.2. Signatures of nulear proesses in X-ray binariesIt is likely that the strong gravity on the neutron star surfae preventsejetion of the majority of freshly synthesized nulei during an X-ray burst.So far, no diret observational information on the elemental omposition ofthe ashes exist. Nevertheless, the nulear proesses on the surfae and inthe rust of the neutron star manifest themselves in a number of �indiret�observable signatures:



Areting Neutron Stars and Radioative Beam Experiments 229(1) Solar abundanes: It has been proposed that small amounts of matteresaping into the interstellar medium during partiularly violent X-raybursts ould be the origin of the light p-nulei 92;94Mo and 96;98Ru inthe solar system [7℄. The origin of the unusually large abundanes ofthese isotopes is a longstanding nuleosynthesis problem [8℄ (but see [9℄for an alternative solution).(2) Burst pro�les: The energy release from the thermonulear reationsduring X-ray bursts is diretly related to the observed rise and deaytimesales of the X-ray bursts [10, 11℄. These timesales show largevariations between di�erent soures, but also among bursts from thesame soure, ranging from 10 s to several minutes. A better under-standing of the nulear physis proesses is needed to disentangle nu-lear physis e�ets from other e�ets like burning front propagationaross the neutron star surfae, that an also a�et burst timesales.(3) X-ray �ux osillations: Nearly Coherent Osillations (NCO's) with fre-quenies between 250 and 600 Hz have been disovered by the RXTEobservatory in the X-ray �ux from some type I X-ray bursts (see [12,13℄for reent disussions). While NCO's most likely re�et the spin fre-queny of the burning surfae layer, their behavior is strongly relatedto the nulear proesses during the burst. An expansion of the burn-ing layer powered by nulear energy ould for example explain the1�5 Hz drop observed in NCO frequenies during X-ray bursts. In thispiture, the expanding burning layer deouples from the neutron starrotation and rotates slower during the burst due to angular momen-tum onservation. An improved understanding of the nulear physisproesses is needed to better understand these frequeny hanges andto relate them to the neutron stars gravity (and mass-radius relation)and surfae properties in a quantitative way [14, 15℄.(4) Seondary burning proesses: A longstanding question onerning the�nal omposition of the X-ray burst ashes is whether any potential fuel(hydrogen, helium, arbon) survives the burst and would be availablefor seondary burning proesses in deeper layers. Many possible sig-natures have been assoiated with suh seondary burning proesses:thermonulear reignition of unburned hydrogen ould explain oa-sionally observed very short burst intervals [3℄; eletron apture onunburned hydrogen at greater depths ould lead to very long bursts or�ares (�deep hydrogen burning�) [16℄; more reently it has been sug-gested that relatively small amounts of arbon (of the order of 10%)in the X-ray burst ashes ould ignite at greater depth and explainreently observed superbursts [17℄, bursts that are 1000 times more



230 H. Shatzenergeti and 1000 times longer than ordinary type I X-ray bursts andhave been observed oasionally in a number of soures. In onnetionwith deep arbon burning it has been pointed out, that the ignitiondepth depends sensitively on the overall omposition of the ashes (theaverage Z2=A) beause of its e�et on the opaity. In fat, deep ar-bon �ashes an only explain observed superbursts if one assumes asheswith heavy nulei, for example a 104Ru rust as predited by reentrp-proess (rapid proton apture proess) alulations ( [10℄ and seebelow). If this explanation is true then the mere existene of super-bursts ould be regarded as a signature of the heavy nulei synthesizedin the rp-proess.(5) Crust properties: The nulei synthesized in thermonulear reationson the neutron star surfae are buried by the ontinuously aretedmatter and beome part of the neutron star rust. The original at-alyzed matter rust of the neutron star is replaed after the aretionof only about 10�4M� of material. Thus all neutron stars in lowmass X-ray binaries (for example X-ray bursters) should have an a-reted outer rust. The omposition of the rust is determined by thethermonulear proesses on the neutron star surfae as well as ele-tron aptures and pynonulear fusion reations deeper in the rust.This omposition determines the mehanial, thermal, and eletrialproperties whih are related to a number of observational signatures.These inlude X-ray radiation observed from transient X-ray binariesduring the o� state when the aretion proess shuts o� [18�20℄. Thiso� state radiation has been interpreted as thermal radiation from theneutron star freshly heated during the preeding aretion phase. Suhobservations ould lead to onstraints on neutrino ooling, and there-fore on the relevant pairing gaps for neutrons or, depending on theinterior struture of the neutron star, for hyperons, or quarks [20℄.As suh rust e�ets should be absent in X-ray binaries that ontainblak holes, better riteria for the identi�ation of blak hole systemsould also be derived [21℄. However, this requires reliable models forthe thermal struture of the rust, whih depend ritially on its om-position and the loation and rates of heat generating reations andtherefore on the underlying nulear physis. This problem is also rel-evant for X-ray bursts as ignition onditions depend on the heat �uxfrom the neutron star surfae [14, 22℄.Another long standing problem related to rust properties is the ques-tion of the evolution of magneti �elds. This is related to the fundamentalquestion of why there are two lasses of systems � bursters (with low mag-neti �elds; h� 1012G) and pulsars (with high magneti �elds; i � 1012G).



Areting Neutron Stars and Radioative Beam Experiments 231Knowledge of the rust omposition is a prerequisite for alulations of ohmidi�usion timesales, whih play a ritial role in all models that plae the�eld generating urrents in the neutron star rust (see [23℄ and referenestherein).Crust properties ould also by a key in understanding the surprisinglynarrow spin frequenies range (250�600 Hz) of neutron stars in X-ray burstersinferred from NCO observations. A possible explanation for this puzzlingobservation is a balaning of the neutron star spin up from the aretiontorque by gravitational wave emission [24℄ (but see [25℄ for another expla-nation of this observation based on a quark matter to normal matter phasetransition in the enter of the neutron star). One possible soure of suhgravitational wave emission would be a deformation of the rust indued bydeep eletron apture reations resulting in a misaligned mass quadrupolemoment of the neutron star. Areting neutron stars are therefore promisingtargets for gravitational wave observatories like LIGO.While (1)�(3) are observables only for X-ray bursters, (4)�(5) are observ-ables for any areting X-ray binary inluding X-ray pulsars, where high loalaretion rates lead to ontinuous, stable burning of helium and hydrogenduring the aretion proess (steady state burning) [26, 27℄. This typiallyhappens in systems with strong magneti �elds (>� 1012 G), where the a-retion �ow is funneled on a small surfae area around the magneti poles.The resulting hot spot rotates and gives rise to the observed pulsations.In the following two setions I disuss �rst the thermonulear reationsfusing hydrogen and helium into heavier elements within the areted, sur-fae layer, and then the reations deeper in the rust of the neutron star.2.1. Nulear physis during thermonulear burningFig. 1 shows the full sequene of nulear reations powering type I X-raybursts alulated with a one zone model oupled self-onsistently to a om-plete reation network [10℄. X-ray bursts are typially triggered by unstablehelium ignition via the 3�-reation, but it is the breakout of the CNO ylesinto the �p-proess and the subsequent hydrogen burning via the rapid pro-ton apture proess (rp-proess) that is the major soure of the burst energy.This has �rst been realized by Wallae and Woosley 1981 [28℄. During igni-tion, the important nulear physis parameters are the rates of the breakoutreations (see [29℄ for a reent review) 15O(�,)19Ne, and 18Ne(�; p)21Na inonnetion with 14O(�; p)17F as well as other reations on small amounts ofheavier seed nulei present in the areted matter. Bottleneks for the latterproesses are proton aptures on 27Si, 31S, 35Ar, and 39Ca [30℄. These rea-tions determine the initial rise of the X-ray luminosity [31℄. Following thebreakout of the CNO yle helium burns via the �p proess, a sequene of
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Fig. 1. Reation �ow time integrated over a omplete X-ray burst. The inset showsthe Sn�Sb�Te yle in detail.proton aptures and (�; p) reations at temperatures up to 2 GK. Hydrogenis needed as a atalyst for this proess that ends at about Z � 21 beause ofthe inreasing Coulomb barrier for � indued reations. In the �p proessthe ompetition of (�; p) reations and (p; ) reations, espeially at even�even Tz = �1 nulei is ritial, as the extent of the �p proess determinesthe hydrogen to seed ratio for the rp-proess [32℄.The �p proess provides seed nulei for the hydrogen burning via therapid proton apture proess (rp-proess). In the rp-proess a sequene ofproton aptures ends at the proton drip line, when (; p) photodisintegrationof a weakly proton bound isotone, or proton deay of a proton unboundisotone prevent further proton aptures. The proess then waits for theslower �+ deay until it resumes proton aptures bak to the drip line. Therp-proess reahes 56Ni during the burst rise and ontinues during the oolingphase towards heavier elements.



Areting Neutron Stars and Radioative Beam Experiments 233The endpoint of the rp-proess depends on the amount of hydrogen avail-able at ignition, whih is determined by the hydrogen ontents of the aretedmatter and the amount of hydrogen burning via the CNO yles during thearetion phase that depends on the astrophysial parameters. The relationbetween the initial hydrogen abundane and the endpoint of the rp-proessis not straight forward, as on one hand a larger hydrogen abundane ansustain a longer sequene of apture reations but on the other hand thesmaller amount of helium tends to derease peak temperatures, whih anlead to lighter seed nulei and therefore redues the hydrogen to seed ratiofor the rp-proess.A longstanding problem in nulear astrophysis was the question of theendpoint of the rp-proess under favorable onditions (large amounts of hy-drogen available). Earlier rp-proess simulations for X-ray bursts were basedon reation networks that ended at Ni (for example [33℄), in the Kr�Y re-gion [11, 28, 34�36℄, and at Sn [7℄. All these studies found that signi�antamounts of nulei at the end of the respetive networks were produed.This problem has �nally been solved with the disovery of the Sn�Sb�Teyle [10℄, that terminates the rp-proess for initial hydrogen abundanesof more than �0.4. Fig. 1 shows the reation sequenes in the yle. TheSn�Sb�Te yle ours when the rp-proess reahes the very � unbound,proton rih tellurium isotopes around 107Te. These isotopes have substan-tial branhings for ground state � emission and at the high temperaturesduring the rp-proess undergo rapid (,�) photodisintegration, whih ylesthe reation �ow bak to Sn. The Sn�Sb�Te yle(s) are an e�etive bar-rier for the rp-proess under essentially all onditions. This inludes steadystate burning in areting X-ray pulsars, where hydrogen is burned via therp-proess as well [10, 27℄. For mass aretion rates in exess of about 10times the Eddington limit the rp-proess in X-ray pulsars is again limitedby the Sn�Sb�Te yle.The Sn�Sb�Te yle prevents the synthesis of nulei more massive thanA � 106 in the rp-proess. This limitation ould only be overome in a multi-burst rp-proess where the freshly synthesized nulei deay bak to stabilityand are then again bombarded with protons in a seond burst (the rp2 pro-ess [37℄). However, no realisti astrophysial senario presently exists forsuh a repetitive multiburst rp-proess.The ritial nulear physis data for rp-proess alulations are the nu-lear masses around the proton drip line, � deay half-lives along the path(inluding deay from exited states), and proton apture rates within soalled 2p apture sequenes [7℄. See the reviews [7, 38�40℄ for a more de-tailed disussion. A speial role play the slowest �+ deays along the rea-tion path (waiting points). Waiting points determine the �nal abundanepattern and the rp-proess timesale. The latter is related to the observed



234 H. Shatzburst timesale, hydrogen onsumption, and the amount of 12C in the ashesbeause 12C prodution requires rapid depletion of hydrogen, whih other-wise would destroy 12C via proton aptures.2.1.1. Data needs for the rp-proess � masses and half-livesOver the last years radioative beam experiments at a large number ofdi�erent failities have provided a wealth of new data on the loation of theproton drip line between Ni and Te. These inlude experiments at LBL [41℄,GANIL [42�44℄, GSI [45�48℄, ISOLDE [49, 50℄, MSU/NSCL [51�53℄, andORNL [54℄. These experiments foused on the determination of the tran-sition from � to proton deay as one moves away from stability, either bymeasuring � deay rates or by obtaining lifetime limits from the nonobser-vation of isotopes with known prodution rates. Proton emitters have inmost ases been identi�ed on the basis of suh lifetime limits � with the ex-eption of 105Sb [41,46℄ no diret proton emission has been observed in thiselement range. Owing to these experimental e�orts and theoretial progressin mass preditions [40,55�57℄, the loation of the proton drip line for odd Zelements is to a large extent established. This allows relatively reliable alu-lations of the loation of the rp-proess path and the identi�ation of waitingpoints, whih turn out to be the even�even N = Z nulei [7℄. In fat, theinterpretation of long X-ray burst tails as signatures of the rp-proess [58℄is largely based on the results of radioative beam experiments at GANIL,ISOLDE, and MSU/NSCL. These experiments demonstrated that 69Br and73Rb are proton unbound on�rming that the relatively long-lived isotopes68Se and 72Kr are indeed rp-proess waiting points. Most of the relevant �deay rates along the rp-proess path, with the exeption of 74Sr and 96Cd,are experimentally known as well. The existene of the Sn�Sb�Te yle alsofollows from experimental data, as the � separation energies of 106�110Te areaurately known from the detetion of ground state � emission [59℄.However, a major remaining unertainty in rp-proess alulations isthe lak of su�iently preise proton separation energies (auray � kT =80 keV needed) along the proton drip line between Ni and Te. Proton separa-tion energies determine together with the � deay half-life the total lifetimeof a waiting point nuleus in the rp-proess (and whether a nuleus is a sig-ni�ant waiting point at all) [7℄. As a onsequene, unertainties in nulearmasses an lead to order of magnitude unertainties in the total lifetime ofa waiting point [40℄. This is a severe problem, as the dominant rp-proesswaiting points that determine the timesale for hydrogen burning are mostlikely some of the even�even N = Z nulei between Ni and Te. Similarly,unertainties in the proton separation energies of Sb isotopes prevent a reli-able alulation of the loation of the Sn�Sb�Te yle. This is ritial, as forexample lower proton binding energies of the Sb isotopes would move the



Areting Neutron Stars and Radioative Beam Experiments 235yle loser to stability thereby inreasing the time it takes the rp-proessto reah the yle and reduing its importane for energy generation. Theproton separation energy of 105Sb is in priniple known from the observationof proton emission. However, there is a disrepany in the measured protonenergy between the two di�erent experiments [41, 46℄. The proton separa-tion energy of 106Sb, is experimentally known as well. However, the massof 106Sb has been determined relative to the mass of 113I via an observed �deay hain and a Q-value measurement of the � delayed proton emission of114Cs [45, 60℄. Though this result is used in present rp-proess alulations,there are potential systemati unertainties and it and has not been adoptedin the 1995 mass evaluation [61℄.To summarize, the most ritial data needed for rp-proess alulationsare nulear masses along the proton drip line between Ni and Te. Espe-ially important would be mass measurements of the even N = Z nulei,and for the proton rih Sb isotopes (whih are on the neutron rih sideof the N = Z line) as in those ases masses annot be determined frommirror nulei and Coulomb shifts. Promising �rst steps have been madewith reent ISOLTRAP measurements of the masses of proton rih Rb andSr isotopes at ISOLDE [62℄ (inluding the rp-proess waiting point 76Srand 74Rb with a half-life of 64 ms), and the reent mass measurements ofrp-proess nulei in the V�Mn range in the ESR storage ring at GSI [63℄.The latter method allows in priniple mass measurements of exoti nuleiwith half-lives as low as 10 �s. Among the most ritial data are masses ofnulei that have been shown to be proton unbound, suh as 69Br and 73Rb.Mass measurements for these nulei ould be done using neutron transferreations or neutron stripping reations with intense radioative beams of70Br and 74Sr as they will for example be available at MSU/NSCL. To ex-tend suh measurements on proton unbound nulei towards heavier nuleirequires the higher radioative beam intensities at next generation failitieslike RIA. Half-life measurements of 74Sr and 96Cd would also be important.2.1.2. Data needs for the rp-proess � reation ratesIn the rp-proess proton-apture rates are only important when they aton low equilibrium abundanes (for example in 2p apture reations [7℄),when they ompete with � indued reations (in the �p proess), at burstignition, or during freeze-out when temperatures and proton abundanesdrop and proton aptures ompete with � deays. In priniple, statistialmodel alulations like NON-SMOKER [64℄ or MOST [65℄ allow rate al-ulations with auraies of about a fator of two. This has been shownfor a number of stable Sr, Y, Zr, Nb, Ru, Pd, and Sn isotopes (see for ex-ample [66�68℄). However, the statistial model an only be applied if thelevel density at the Gamow window in the ompound nuleus is su�iently



236 H. Shatzhigh [69℄. In some ases along the rp-proess path this is not the ase. Ex-amples inlude the CNO breakout reations as well as the 56Ni(p; )57Cuand 64Ge(p; )65As bottle neks. In those ases, experimental informationfrom radioative beam experiments omplemented with aurate theoreti-al alulations on resonane energies and spetrosopi fators are needed.There has been signi�ant progress in a few ases, for example in the ase of56Ni(p; ), where radioative beam experiments at TAMU [70℄ and ANL [71℄have shed light on the properties of low lying resonanes and together withshell model alulations [73,74℄ redued the unertainties in the proton ap-ture rate dramatially. See [72℄ for a reent ompilation of reation rates onunstable nulei in the A = 20�40 range.Overall, however, for the vast majority of the low level density rea-tion rates along the rp-proess path experimental information is very sparseand the rates are therefore highly unertain. For these reations radioativebeam experiments o�er the unique opportunity to measure rates diretly ininverse kinematis at the relevant low energies of the order of 0.1�1 MeV/u.For a few important reation rates �rst diret measurements with radioativebeams have been performed in pioneering experiments, mainly at Louvain-la-Neuve (for example [75℄) and ANL (for example [76℄). With these ex-periments important information on the reation rates was obtained, butlow beam intensities prevented measurements over the whole relevant tem-perature range between 0.05 and 0.4 GK. Many orders of magnitude morebeam intensity will be neessary to obtain reliable data for the importantreation rates at all relevant temperatures. Suh beam intensities will beavailable to some extent at the new ISAC faility and for example at theplanned RIA aelerator. For the foreseeable future, diret low energy mea-surements of reation rates will have to be omplemented with more sen-sitive indiret tehniques like proton sattering [77℄, transfer reations andCoulomb breakup [78℄ whih to a large extent involve radioative beams aswell. This requires a omplementary approah with di�erent experimentsat various types of radioative beam failities. For example, for CoulombBreakup and some transfer reation studies fast beam fragmentation typefailities like GSI or the new MSU/NSCL Coupled Cylotron Faility areneeded. In addition a number of lighter radioative nulei in the rp- and�p-proess path an be studied via transfer reations from stable nulei(see for example [79℄). This omplementary approah, therefore, also has toinlude stable beam experiments.2.1.3. Data needs for the rp-proess � level strutureFinally, rp-proess models are also a�eted by the existene of isomersor the thermal population of exited states hanging e�etive � deay andproton apture rates. Knowledge of suh states is also ruial for the orret



Areting Neutron Stars and Radioative Beam Experiments 237interpretation of � and proton deay lifetime measurements. Preliminarystudies seem to indiate that the diret e�ets on rp-proess alulations arerather small [7, 80℄ but learly more theoretial work needs to be done tostudy the sensitivities in all the relevant ases.2.2. Nulear physis of rust proessesMost of the areted matter remains on the surfae of the neutron starone the thermonulear burning is over. The subsequent fate of the rp-proess ashes is haraterized by a steady inrease in pressure from theongoing aretion of material onto upper layers. While the rp-proess ashesgradually replaes material in the neutron star rust, the steady inreasein pressure leads to non-equilibrium nulear proesses driving the matterneutron rih. Haensel and Zdunik 1990 [81℄ provided a �rst alulation ofthe sequene of nulear proesses assuming a old neutron star and purehelium �ashes on the surfae produing solely 56Ni as an initial ompo-sition. They found that the rising eletron Fermi energy stepwise triggerseletron apture reations until after typially 100 yr (for an aretion rate of108 M�/yr) neutron drip density is reahed. At this point the omposition ofthe rust is 56Ar. Deeper in the rust, beyond neutron drip, further eletronaptures are assoiated with the emission of typially 6 neutrons per apturereation. This leads to the formation of lighter nulei along the neutron dripline until pynonulear fusion reations (fusion reations indued by largedensity, not temperature � for example the fusion of 34Ne into 68Cr) againsynthesize heavier nulei (see Fig. 2).However, reent rp-proess alulations with extended nulear reationnetworks show that on most areting neutron stars, inluding X-ray pulsars,ombined hydrogen and helium burning via the �p and rp-proesses ours.In this ase, the rp-proess ashes has been found to be a mixture of variousnulei in the A = 64�106 range with only small amounts of 56Ni. Therefore,in most systems the ommon desription of the rust of an areting neutronstar as a single speies (at a given depth) lattie with small impurities breaksdown. One of the onsequenes is that the thermal ondutivity of therust is drastially redued and temperatures in the rust are signi�antlyhigher than previously assumed [82℄. Likewise, the eletrial ondutivityof the rust is redued, thereby inreasing ohmi di�usion timesales for theurrents responsible for rust magneti �elds [23℄.While these pioneering studies represent an important �rst step, they sofar have been based on very simpli�ed treatments of the underlying nulearphysis. In order to link neutron star models with astronomial observables,improvements in the relevant nulear data and their implementation in neu-tron star rust models are needed. The most ritial nulear physis data are
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