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ale survey of neutron(n)-
apture element abundan
es in planetary nebulae (PNe). This survey was motivatedby the fa
t that a PN may be enri
hed in n-
apture elements if its progenitor starexperien
ed s-pro
ess nu
leosynthesis during the thermally-pulsing asymptoti
 gi-ant bran
h (AGB) phase. We have measured emission from Se and Kr in over 100PNe, and use literature data to expand our sample to 120 obje
ts. [Kr III℄ 2.199and/or [Se IV℄ 2.287 µm were dete
ted in 81 PNe, for a dete
tion rate of nearly 70%.We derive Se and Kr abundan
es or upper limits using ionization 
orre
tion fa
torsderived from photoionization models. A signi�
ant range is found in the Se and Krabundan
es, from near solar (no enri
hment), to enri
hed by a fa
tor of ten. Over-all, 41 of the 94 PNe with derived Se and/or Kr abundan
es or meaningful upperlimits exhibit s-pro
ess enri
hments. Our survey has in
reased the number of PNewith known n-
apture element abundan
es by an order of magnitude, enabling usto explore 
orrelations between s-pro
ess enri
hments and other nebular and 
entralstar properties. In parti
ular, the Se and Kr enri
hments display a positive 
orrela-tion with nebular C/O ratios, as theoreti
ally expe
ted. Peimbert Type I PNe andbipolar PNe, whose progenitors are believed to be intermediate-mass stars (> 3�4 M⊙), exhibit little or no s-pro
ess enri
hment. Interestingly, PNe with H-de�
ient[WC℄ 
entral stars do not exhibit systemati
ally larger s-pro
ess enri
hments thanother PNe, despite the fa
t that their 
entral stars are enri
hed in C and probably n-
apture elements. Finally, the few PNe in our sample with known or probable binary
entral star systems exhibit little s-pro
ess enri
hment, whi
h may be explained ifbinary intera
tions trun
ated their AGB phases. We also brie�y dis
uss a new ob-servational program to dete
t opti
al emission lines of n-
apture elements, and newatomi
 data 
al
ulations that will greatly improve the a

ura
y of n-
apture elementabundan
e determinations in PNe.Key words: planetary nebulae: general�nu
leosynthesis, abundan
es�stars: AGBand post-AGB�stars: evolution�infrared: general
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tionPlanetary nebulae (PNe) are the des
endants of low- and intermediate-mass stars(M = 1�8 M⊙), the sour
e of approximately half of the neutron(n)-
apture ele-ment (atomi
 number Z > 30) nu
lei in the Universe. These elements are 
reatedby slow n-
apture nu
leosynthesis (the �s-pro
ess�) during the thermally-pulsingasymptoti
 giant bran
h (AGB) phase, and are 
onveyed to the stellar envelopeduring third dredge-up (TDU). Free neutrons are released during the interpulsephase by 13C(α, n)16O � or 22Ne(α, n)25Mg in more massive AGB stars � and are
aptured by iron-peak �seed� nu
lei, whi
h undergo subsequent n-
aptures and β-de
ays to transform into heavier elements [4, 10℄. The enri
hed material is dis
hargedinto the ambient interstellar medium (ISM) via stellar winds and, ultimately, PNeje
tion. At solar metalli
ity, TDU o

urs in stars with initial masses M > 1.5M⊙;in less massive stars, stellar winds redu
e the mass of the stellar envelope below the
riti
al mass for TDU (0.3�0.5 M⊙; [23℄) before dredge-up 
an take pla
e. Hen
e,stars less massive than 1.5 M⊙ (and their PNe) are not expe
ted to exhibit s-pro
essenri
hments.Studying s-pro
ess enri
hments in PNe provides unique information that 
annotbe obtained from spe
tros
opy of AGB stars. For example, the lightest n-
aptureelements (Z = 30�36) and noble gases generally 
annot be dete
ted in AGB stars,sin
e strong lines of their neutrals and �rst ions reside in the UV where 
ool giantstars emit little �ux. In addition, intermediate-mass stars (M > 3.5 M⊙, hereafterIMS) are di�
ult to study during the AGB, due to heavy extin
tion from their dusty,opti
ally thi
k 
ir
umstellar envelopes. However, these obje
ts are readily observableas Type I PNe [16℄.In this 
ontribution, we present results from the �rst large-s
ale survey of n-
apture elements in Gala
ti
 PNe. We have determined the elemental abundan
es(or upper limits) of the n-
apture elements Se (Z = 34) and Kr (Z = 36) in 120PNe, and examine 
orrelations between s-pro
ess enri
hments and other nebularand stellar properties for the �rst time. Se and Kr are valuable tra
ers of s-pro
essenri
hments in PNe, sin
e they are not expe
ted to be depleted into dust; Kr is anoble gas, and Se has not been found to be depleted in the di�use ISM [5℄. A moredetailed dis
ussion of the results from our survey 
an be found in [21℄ and [22℄.2 Observations and Abundan
e DeterminationsWe have observed 103 Gala
ti
 PNe in the K band (2.14�2.30 µm) with the CoolSpe
spe
trometer [15℄ on the 2.7-m Harlan J. Smith teles
ope at M
Donald Observatory.In
luding additional K band spe
tra from the literature, our sample is 
omprisedof 120 obje
ts. We dete
ted [Kr III℄ 2.199 and/or [Se IV℄ 2.287 µm in 81 of theseobje
ts, a remarkable dete
tion rate 
onsidering the low 
osmi
 abundan
es of Seand Kr (∼ 2×10−9 relative to H in the Solar System; [1℄). These lines, �rst identi�edby [7℄, are resolved from other nebular features at our survey resolution of R = 500,with the ex
eption of H2 v = 3�2 lines in H2-emitting PNe (∼30% of our targets). Weremoved the 
ontaminating �ux from these H2 lines with the aid of high-resolution(R = 4400) observations and the measured �uxes of other observed H2 lines [22℄.Kr++ and Se3+ ioni
 abundan
es were derived for ea
h obje
t, using a 5-leveland 2-level model atom, respe
tively. To determine elemental Se and Kr abundan
es,
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orre
tion fa
tors (ICFs) of [21℄, whi
h were derived fromCloudy [8℄ and XSTAR [12℄ photoionization models. The derived Se and Kr abun-dan
es are a

urate to within a fa
tor of 2�3 for most obje
ts in our sample, takinginto a

ount un
ertainties in the line �uxes, Te, ne, and the fra
tional ioni
 abun-dan
es O++/O, Ar++/Ar, and S++/S (taken from the literature) that are in
orpo-rated into the ICFs.The 
hoi
e of a referen
e element, for a metalli
ity-independent determinationof s-pro
ess enri
hments, is parti
ularly important. For most obje
ts in our sample,we used O as a referen
e element sin
e its abundan
e is generally more reliablydetermined than those of other elements. However, in Type I PNe, we found that[Ar/O℄ is larger by a fa
tor of two relative to non-Type I PNe. Sin
e Ar is notpro
essed by PN progenitor stars, this implies that O was destroyed in these obje
ts.O destru
tion 
an o

ur during hot bottom burning, if the temperature at the baseof the 
onve
tive envelope is high enough for the ON-
y
le to be a
tivated [13℄.Therefore, we utilize Ar as a referen
e element for Type I obje
ts, and use thenotation [Se/(O, Ar)℄ and [Kr/(O, Ar)℄ to unders
ore our 
hoi
e of di�erent referen
eelements for these two sub
lasses of PNe.Overall, we �nd a wide range of Se and Kr enri
hment fa
tors. The average[Kr/(O, Ar)℄ = 0.98, with values for individual PNe ranging from −0.05 to 1.89,while the mean [Se/(O, Ar)℄ = 0.31, with extrema at −0.56 and 0.90 dex. In 18 PNeexhibiting both [Kr III℄ and [Se IV℄ emission, we �nd that [Kr/Se℄ = 0.5±0.2, ingood agreement with theoreti
al predi
tions [3℄. In 41 of the 94 PNe with derivedabundan
es or meaningful upper limits, Se and/or Kr are enri
hed by more thana fa
tor of two (the dispersion of light n-
apture element abundan
es in unevolvedsolar-metalli
ity stars; [24℄). We interpret the Se and Kr enri
hments as eviden
e forin situ s-pro
ess nu
leosynthesis and TDU in PN progenitor stars.3 CorrelationsOur survey has in
reased the number of PNe with determined n-
apture elementabundan
es by nearly a fa
tor of ten. This enables us to sear
h for 
orrelationsbetween s-pro
ess enri
hments and other nebular and stellar properties for the �rsttime. In Table 1, we show the mean values of [Se/(O, Ar)℄ and [Kr/(O, Ar)℄ fordi�erent sub
lasses of PNe.Theoreti
ally, it is expe
ted that s-pro
ess enri
hments will be 
orrelated withthe C/O ratio, sin
e 12C is transported to the stellar envelope along with n-
aptureelements during TDU [4℄. Strong empiri
al eviden
e has been found for su
h a 
orre-lation in AGB [20℄ and post-AGB stars [25℄. Indeed, [Se/(O, Ar)℄ and [Kr/(O, Ar)℄are positively 
orrelated with the gaseous C/O ratio (Figure 1), with 
orrelation
oe�
ients r = 0.45 and 0.64, respe
tively. Interestingly, Se and Kr enri
hments donot in
rease with C/O as rapidly as Sr, Y, and Zr (observed in AGB stars). This islikely an e�e
t of the smaller s-pro
ess yields of Se and Kr relative to these threeelements [3℄.We also �nd that Type I PNe, whi
h are des
endants of IMS, exhibit little s-pro
ess enri
hment 
ompared to non-Type I PNe (Table 1, Figure 2). Bipolar PNealso show smaller s-pro
ess enri
hments than ellipti
al PNe, although the dis
rep-an
y is not as pronoun
ed in this 
ase. This has been veri�ed with Kolmogorov-Smirnov (KS) tests, whi
h show that the probabilities that the Se and Kr enri
h-
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es in Di�erent Sub
lasses of PNeaMean Number of Mean Number ofProperty [Se/(O, Ar)℄ < σ >b Se Dete
tions [Kr/(O, Ar)℄ < σ >b Kr Dete
tionsProgenitor MassType I −0.03 0.27 12 0.09 0.14 3Non-Type I 0.36 0.26 55 1.02 0.27 30MorphologyBipolar 0.27 0.38 14 0.68 0.25 8Ellipti
al 0.28 0.22 28 1.09 0.38 15Central Star Type
[WC] 0.39 0.28 16 0.90 0.34 10Non-[WC℄ 0.29 0.28 39 1.05 0.32 20Binary −0.07 0.12 5 0.82 0.08 2Full Sample 0.31 0.27 67 0.98 0.31 33(a) Only PNe exhibiting Se and/or Kr emission and with determined O and Arabundan
es are 
onsidered.(b) The < σ > are mean absolute deviations in the Se and Kr abundan
es.

Fig. 1. [Se/(O, Ar)℄ (left) and [Kr/(O, Ar)℄ (right) plotted against the gaseousC/O ratio of PNe in our sample. The best linear �t to ea
h 
orrelation is shown as asolid line (with 
orrelation 
oe�
ient r and signi�
an
e pr=0 indi
ated). The dashedlines are �ts to [<Sr, Y, Zr>/Fe℄ as a fun
tion of C/O in AGB and post-AGB stars[19, 20, 18, 26℄.ments of Type I and non-Type I PNe are drawn from the same 
umulative distribu-tion fun
tions are pks = 0.02 and pks = 0.01, respe
tively; for bipolar and ellipti
alPNe, pks(Se) = 0.42 and pks(Kr) = 0.21. The low enri
hment fa
tors for Type I andbipolar PNe are likely due to the small masses of their progenitor stars' intershelllayers (relative to those of lower mass AGB stars), as well as the severe dilution thatthe enri
hed material experien
es when it is dredged-up into the massive envelopes
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Fig. 2. Histograms of Se and Kr abundan
es, separated into 0.1 dex bins, areshown for the full sample (top panels), Type I PNe (middle panels), and bipolarPNe (bottom panels).of these stars [14℄. This result is in agreement with the marginal Zr enri
hmentsfound by [9℄ in a sample of intermediate-mass AGB stars.[WC℄ PN 
entral stars are H-de�
ient obje
ts whose surfa
e 
ompositions areenri
hed in C and (likely) n-
apture elements [27℄. It may therefore be expe
tedthat their surrounding nebulae are also enri
hed in these nu
lei. However, we �nd
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 di�eren
e between the Se and Kr enri
hments of [WC℄PNe and nebulae with H-ri
h 
entral stars (Table 1): KS tests show that there isan 85% and 99% probability that the Se and Kr abundan
es (respe
tively) in thesetwo PN sub
lasses are drawn from the same 
umulative distribution fun
tions. Ithas previously been shown that the 
ompositions of [WC℄ PNe are similar to PNewith H-ri
h nu
lei for other elements [17℄, even C [6℄.Relatively few PNe in our sample exhibit dire
t eviden
e for binary 
entral starsystems. Izzard ([11℄, these pro
eedings) showed that binary intera
tions that takepla
e during the thermally-pulsing AGB 
an trun
ate this phase of evolution byenhan
ing the mass-loss of the AGB star. If this o

urs, these systems will be lessenri
hed in TDU produ
ts than otherwise similar single stars. Interestingly, the 14obje
ts in our sample that display eviden
e of binary 
entral stars exhibit littleto no s-pro
ess enri
hment (Table 1). However, this is not ne
essarily due to thebinary 
ompanions, sin
e the level of enri
hment is also strongly dependent on thePN progenitor's initial mass.4 Con
lusions and Future WorkWe have highlighted the major results from our large-s
ale survey of near-infrared[Kr III℄ and [Se IV℄ emission lines in Gala
ti
 PNe. We dete
ted Se and/or Kremission in 81 out of 120 obje
ts in our sample, of whi
h 41 are signi�
antly enri
heddue to in situ s-pro
ess nu
leosynthesis and TDU in their progenitor stars. Se and Krabundan
es are 
orrelated with the gaseous C/O ratio, as predi
ted by theoreti
alnu
leosyntheti
 models. Type I and bipolar PNe, whose progenitors are IMS, exhibitlittle if any s-pro
ess enri
hment 
ompared to obje
ts with less massive progenitors.On the other hand, we �nd that [WC℄ PNe are not systemati
ally more s-pro
essenri
hed than obje
ts with H-ri
h nu
lei, whi
h stands in stark 
ontrast to the strongC and probable s-pro
ess enri
hments of [WC℄ 
entral stars. PNe with binary 
entralstar systems show little eviden
e of s-pro
ess enri
hments, as may be expe
ted ifbinary intera
tions trun
ated their thermally-pulsing AGB phase.The derived Se and Kr abundan
es are un
ertain by a fa
tor of 2�3 for mostobje
ts in our sample. We have shown that these un
ertainties arise primarily fromthe ICFs [21℄, for two reasons. First, we have dete
ted only one ion ea
h of Se andKr. Therefore, the ICFs 
an be large and the un
ertainties signi�
ant. Se
ondly, theatomi
 data 
ontrolling the ionization balan
e of Se and Kr � photoionization (PI)
ross-se
tions and rate 
oe�
ients for various re
ombination pro
esses � are poorlyif at all known (indeed, this is true of most n-
apture element ions). To derive the Seand Kr ICFs, we used approximations for these atomi
 data in Cloudy and XSTAR[21℄.We have re
ently instigated a new proje
t to improve the a

ura
y of n-
aptureelement abundan
e determinations in PNe. We are observing s-pro
ess enri
hed PNedrawn from our near-infrared sample in the opti
al, in order to sear
h for lines fromadditional ions of Kr and Se (as well as transitions of other n-
apture elements). Inthe opti
al spe
tra of �ve PNe, we have dete
ted [Kr IV℄ in four and [Kr V℄ in onethus far. The dete
tion of additional ions redu
es the magnitude and importan
eof un
ertainties in the ICFs. In addition, we are 
omputing new atomi
 data forthe �rst six ions of Se and Kr with the atomi
 stru
ture 
ode AUTOSTRUCTURE[2℄, in
luding PI 
ross-se
tions and rate 
oe�
ients for radiative and diele
troni
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ombination. These 
al
ulations are 
omplemented by experimental absolute PI
ross-se
tion measurements near the ionization threshold of these ions, performed atthe Advan
ed Light Sour
e syn
hrotron radiation fa
ility in Berkeley, CA. The newatomi
 data determinations will enable us to derive more a

urate and robust ICFswith photoionization models. Combined with the new observational data, this willsigni�
antly redu
e un
ertainties in Se and Kr abundan
e determinations in PNeand allow for a more rigorous investigation of s-pro
ess enri
hments.A
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