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(Re
eived August 7, 1998)We review proposed produ
tion me
hanisms of 180Ta during the nu
leo-synthesis pro
ess. In this nu
leus, an ele
tromagneti
 
oupling between theground state and the 9� isomeri
 state may strongly a�e
t the produ
edabundan
es. Possible theoreti
al ele
tromagneti
 paths between the groundstate and the isomeri
 state are dis
ussed in the framework of the two-quasiparti
le-plus-phonon model and the standard axially-symmetri
 rotormodel in
luding Coriolis mixing.PACS numbers: 23.20.�g, 23.20.Js, 23.20.Rv, 95.30.�k1. Introdu
tion180Ta is the heaviest among the only nine odd-odd nu
lei present innature (2H, 6Li, 10B, 14N, 40K, 50V, 138La, 176Lu and 180Ta). Five of theodd-odd nu
lei are stable (2H, 6Li, 10B, 14N, 50V), three unstable, but long-lived (40K, 138La, 176Lu) with half-lives 109 � 1011 y.� Presented at the International Conferen
e �Nu
lear Physi
s Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.(1323)



1324 P. Alexa, I. H°ivná£ová, J. Kvasil180Ta does not o

ur naturally in its 1+ ground state, sin
e it de
ays to180Hf and 180W (half-life 8.15 h). It is the only nu
leus present in nature inan isomeri
 state (9�) at an energy of 75.3 keV. For its half-life an experi-mental lower limit of 1:2 � 1015 y was obtained [1℄. Gamma transitions fromthe isomer to the ground-state band are hindered by their high multipolar-ity. One 
an estimate the theoreti
al half-life for gamma transitions to be1027 y [2℄. 180mTa has a very small abundan
e. Only 0:012% of naturalTa 
onsists of 180mTa, the rest is 181Ta. The short-lived ground state wasidenti�ed in 1930's, the isomer remained undis
overed until 1954 [3℄, whileits spin and pla
ement were un
ertain until about 1979 [4℄.2. Origin of 180mTaIt is of astrophysi
al interest to reprodu
e the solar abundan
e of 180mTa(3 units relative to 1012 units for Si, whi
h is far smaller than the solarabundan
es of the neighboring nu
lei � see Fig. 2 in [5℄). It is 
lear fromFig. 2 in [5℄ that 180mTa is bypassed by the main s-pro
ess sin
e 180Hf isstable. 180mTa produ
tion in the r-pro
ess and the p-pro
ess is shielded bystable 180Hf and 180W, respe
tively. This implies that the explanation ofthe 180mTa abundan
e presents a �ne test for nu
leo-synthesis models.Sometimes one reads that the produ
tion me
hanisms of 180mTa are un-known and its abundan
e remains unexplained. This is not exa
tly true.180mTa 
an be produ
ed in the following pro
esses [6℄ (updated, see alsoFig. 1):1. main s-pro
ess: in the s-pro
ess via 179Hf(n,
), 8� isomer in 180Hfat 1:142 MeV with 0:31% bran
hing to 180mTa [7℄, about 5% of theobserved 180mTa 
an be a

ounted for;2. side s-pro
ess: in the s-pro
ess via179Hf� de
aying to179Ta,179Ta(n; 
),15�80% of 180mTa 
an be produ
ed depending on the unmeasuredbran
hing ratio of the 
apture state in 180Ta at 6:645 MeV to theisomer and to the ground state, on the e�e
tive ele
tron density atthe s-pro
ess site and on the s-pro
ess temperature (an e�e
tive s-pro
ess temperature assumed in the interval (2:9 � 3:3) � 108 K [6℄,experimental limits from bran
hing of the mediating level in 176Lu are(2:4� 4:4)� 108 K [8℄; stellar models predi
t sizeable 180mTa produ
-tion during helium burning in the se
ond neutron burst (duration 3y): 75% of 180mTa for T � 3:2 � 108 K [6℄);3. r-pro
ess: the r-pro
ess leading to 180Lu de
aying to the 8� isomerin 180Hf yields only a small amount of 180mTa sin
e the experimentalbran
hing to the 8� isomer in 180Hf is 
ompatible with zero;
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 State... 13254. for other proposed me
hanisms, namely �-pro
ess 181Ta(�; n) and � -pro
ess 181Ta(
; n), no reasonable estimates exist.

Fig. 1. Possible produ
tion pro
esses of 180mTa (energies are given in MeV) [6℄(updated).In the s-pro
ess site thermal photons may ex
ite higher-lying levels whi
hthen de
ay ba
k either to the ground state or to the isomer. This photon
oupling between the isomer and the ground state via intermediate levels be-low � 1:5 MeV (whi
h 
an be rea
hed at typi
al s-pro
ess temperatures) [6℄
ould substantially redu
e the predi
ted s-pro
ess abundan
e of 180mTa. Ifit were possible for 180mTa and 180Ta to 
ome into thermal equilibrium thee�e
tive half-life of 180mTa at the s-pro
ess site would be mu
h shorter thanits laboratory value (in fa
t 
omparable with the half-life of 180Ta, in
reasingup to � 30 hr under stellar 
onditions due to the low probability for ele
-tron 
apture, sin
e the number of bound atomi
 ele
trons is substantiallyredu
ed). Be
ause of its importan
e 
on
erning the s-pro
ess explanationof the 180mTa origin e�orts are underway to �nd su
h a low lying mediatinglevel. This sear
h has been performed both experimentally and theoreti
ally.3. Experimental sear
h for a mediating level in 180TaHere we present a short list of two experimental approa
hes:1. photoex
itation, 180mTa(
; 
0 ):(a) Norman et al. (1983) [9℄ used intense 60Co and 137Cs sour
es anda natural Ta target (negative result);



1326 P. Alexa, I. H°ivná£ová, J. Kvasil(b) Yoshihara et al. (1986) [10℄ used a 60Co sour
e and an enri
hed(0:26%) Ta target (negative result);(
) Collins et al. (1990) [11℄ used the bremsstrahlung fa
ility at DA-LINAC and a natural Ta target: Mediating levels at 2.8 and 3.6MeV were identi�ed. These lie too high to be populated in thestellar photon bath at typi
al s-pro
ess temperatures.(d) Kneissl et al. (1997,1998) [12℄ used the Stuttgart DYNAMITRONfa
ility with both enri
hed (5:6%) and natural Ta targets. Ground-state de
ays as a sign of mediating level were observed down toE
 = 1:7 MeV and 1:05 MeV [13℄ for natural and enri
hed tar-gets, respe
tively. Only preliminary results are published, dataanalysis is in progress.2. Coulomb ex
itation of 180mTa (a
tivation experiments):(a) S
hlegel et al. (1994) [14℄ used 32S and 36S beams bombarding athi
k natural Ta target: Results are 
onsistent with a mediatinglevel lying between 0.1 and 1 MeV. Nevertheless, the analysis ofthe experimental data is dependent on un
ertain transfer 
ross-se
tions be
ause the e�e
t of 181Ta(32S,33S) and 181Ta(36S,37S)must be subtra
ted.(b) Loewe et al. (1997,1998) [5℄ used 36S and 64Ni beams bombardingenri
hed Ta targets: A mediating level was found at � 1:3 MeV.4. Theoreti
al sear
h for a mediating level in 180Ta4.1. Model des
riptionFor a theoreti
al des
ription of 180Ta the standard axially symmetri
rotor model in
luding Coriolis mixing is used [15℄. The intrinsi
 degrees offreedom are des
ribed in the framework of the two-quasiparti
le-plus-phononmodel (TQPM) [16℄. The model Hamiltonian is given by a deformed axi-ally symmetri
 average �eld (Nilsson potential with parameters from [17℄),monopole pairing intera
tion (proton and neutron gaps from [17℄) and along-range residual multipole-multipole intera
tion:Ĥmm = �12 X�=2;3;� �(��)0 Q̂��Q̂��� : (1)The strength 
onstants, �(��)0 , are �tted to experimental energies of the���vibrational states of the even-even 
ore or from systemati
s.
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 State... 1327The model Hamiltonian is treated in the BCS approximation. One-phonon even-even 
ore ex
itations are obtained using the standard RPA [17℄.All terms of the two quasiparti
le intera
tion in the model Hamiltonian
orresponding to the neutron-proton multipole-multipole intera
tion are re-pla
ed by a diagonal Gaussian for
e with 
entral, spin-spin, Majorana andMajorana spin-spin 
omponents with parameters from [18℄.The intrinsi
 model wave-fun
tions are 
omposed of one-neutron-quasi-parti
le plus one-proton-quasiparti
le and one-neutron-quasiparti
le plusone-proton-quasiparti
le plus phonon 
omponents:j  Ki = (Xnp CnpK�yn�yp +Xnpg DnpgK�yn�ypQyg) ji; (2)where the parameters CnpK and DnpgK are determined using the variationalprin
iple.In the model, vibrational admixtures in neutron-proton wave fun
tions
an be 
al
ulated. This provides information about a possibility of Coulombex
itation of the 
orresponding state. Taking into a

ount the Coriolis mix-ing enables us to predi
t possible K-allowed transitions between the groundstate and the isomer.An in�uen
e of vibrational admixtures on ele
tromagneti
 transitions 
anbe demonstrated by the following example: In 181W B(E3)exp = (7:5� 2:0)W.u. for a gamma transition from 5=2�(K = 5=2[512℄) to 11=2+(K =9=2[624℄) has been measured [19℄. If only a single-quasiparti
le transi-tion were assumed, the B(E3)exp-value would require an unphysi
al neu-tron e�e
tive 
harge jen;e�(E3)j = (10 � 2)e. On the other hand, in thequasiparti
le-plus-phonon model for 181W the intrinsi
 wave fun
tions ofthe states involved possess large Q3�2-o
tupole-phonon vibrational admix-tures: j5=2[512℄i � 0:89j5=2[512℄i + 0:30j9=2[624℄ 
Q3�2i and j9=2[624℄i �0:94j9=2[624℄i+0:17j5=2[512℄
Q32 i. Now the B(E3)exp-value 
an be repro-du
ed with jen;e�(E3)j = (0:3� 0:1)e not far from the value of jen;e�(E3)j =(0:05�0:03)e reprodu
ing the vibrational transition with B(E3,0+ ! 3�) =(27 � 5) W.u. [20℄ in even-even 178Hf. It should be noted that o
tupole vi-brational admixtures dominate in the intrinsi
 wave fun
tions espe
ially atthe end (A � 185, Q32 admixtures) and at the beginning (A � 155, Q30admixtures) of the quadrupole deformation region as it has been shownin [21℄. This 
orresponds to the well-known fa
t that o
tupole 
orrelationsare important at the beginning and at the end of the deformation region.For the 
al
ulation of ele
tromagneti
 transitions (and bran
hing ratiosof the 180Ta levels to the ground state and the isomer), ep;e�(E1) = 0:6e anden;e�(E1) = �0:4e, ep;e�(E2) = e and en;e�(E2) = 0:2e, ep;e�(E3) = e anden;e�(E3) = �0:2e, gs;red = 0:7 and gR = 0:3 were used. Theoreti
al energies



1328 P. Alexa, I. H°ivná£ová, J. Kvasilwere repla
ed by known experimental energies and internal 
onversion wastaken into a

ount. 4.2. Results for 180TaThe main results 
an be summarized as follows:1. In the intrinsi
 stru
ture of the 9� isomer band, o
tupole phononadmixtures play a dominant role: j9�i � 0:87j�9=2[514℄
�9=2[624℄i�0:45j�5=2[402℄
�9=2[624℄
Q32i�0:12j�9=2[514℄
�5=2[512℄
Q32i.As a 
onsequen
e, B(E3) transition probabilities to rotational statesbased on the bandheads j7+(�5=2[402℄ 
 �9=2[624℄)i (at 361 keV �observed experimentally) and j7+(�9=2[514℄
�5=2[512℄)i (at 550 keV �not observed experimentally) are large (0:1�10 W.u.). Unfortunately,all these states de
ay ba
k to the 9� isomer (
omputed bran
hings tothe 1+ ground state are negligible).2. There are no mediating levels at low energies (below 600 keV). Thisis demonstrated in Fig. 2 where theoreti
al energies vs. intrinsi
 spinproje
tion K and parity are plotted.
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Fig. 2. Theoreti
al energies vs. intrinsi
 spin proje
tion K and parity for 180Ta.3. Bran
hing ratios from the model states below 1.2 MeV, whi
h 
an berea
hed by a dire
t M1, E1, E2 or E3 ex
itation of the 9� isomer,to the 1+ ground state are all negligible. The previously proposed[22℄ K-allowed transition between the isomer and the ground statevia a hypotheti
al intermediate level 6+ at 940 keV with a dominant
omponent j6+(�9=2[514℄ 
 �3=2[512℄i has a negligible bran
hing tothe ground state.
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 State... 13295. Con
lusionsWe reviewed the proposed produ
tion me
hanisms of 180mTa during thenu
leo-synthesis pro
ess and dis
ussed a possible e�e
t of the ele
tromag-neti
 
oupling between the ground state and the isomer via mediating levels.Re
ent experiments [5,12℄ have found mediating levels below 1.5 MeV whi
hmake 180mTa survival un
ertain in the s-pro
ess site. The results indi
atemediating levels at � 1:2 MeV. It is important to determine the 
ross se
tion� of the 180Ta ground state produ
tion via these mediating levels, sin
e from� an e�e
tive half-life of 180mTa at the s-pro
ess site 
an be 
omputed.In our theoreti
al 
al
ulations using the TQPM and the standard axially-symmetri
 rotor model in
luding Coriolis mixing no mediating level hasbeen found. Nevertheless there is still room for improvement: First, inthe present model-spa
e only two-quasiparti
le intrinsi
 states with possi-ble two-quasiparti
le-plus-phonon admixtures were taken into a

ount. Inthe 1.2 MeV region, states with a dominant two-quasiparti
le-plus-phonon
omponent (vibrational states) o

ur and their mediating role should be ex-amined. Se
ond, for the model analysis of the bran
hing ratios of the 180Talevels to the ground state and the isomer, new experimental data from the176Yb(11B,�3n)180Ta and 176Yb(7Li,3n)180Ta rea
tions [23℄ might be used.This work is a theoreti
al part of the 180Ta 
ollaboration between Muni
hUniversity (M. Loewe, J. Besserer, J. de Boer, H.J. Maier, M. Würkner),Stuttgart University (D. Beli
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