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A calculation of radiative lifetimes of electronically excited rovibronic levels of CuF

Radiative lifetimes for rovibronic levels of the excited valence states of CuF are calculated using a model including both spin orbit and Coriolis interactions. According to a discussion concerning their decay mechanisms, the spin-orbit components are classified into three classes with lifetimes differing by several orders of magnitude. Electronic transition intensity patterns are calculated and compared with spectroscopic observations.

Introduction

In a previous paper [ I J electronic transition di pole moments coupling the spin-orbit components of the valence states of CuF of Cu+ (3 d94s)F-(2p6) structure with the X 1 l: + ground state and -typically one order of magnitude smaller -electronic transi tion moments inter-coupling these excited spin-orbit components have been calculated and tabulated (ta ble 6 of ref.

[ 1 J ) . Radiative lifetimes of the valence excited states have been deduced from these transi tion moments. However this work was restricted to the spin-orbit coupling approximation, i.e. only spin orbit interaction was taken into account in perturb ing the Born-Oppenheimer electronic states. Under these conditions, it was shown that radiative decay of all the D= l ( e, f) components essentially took place towards the X 11: + ground state while the other components (D=O(f) , 2(e, f) and 3(e, f)) decayed much more slowly towards lower-lying excited va lence states. But these last components could also ra diate towards the ground state if Coriolis coupling, that mixes rovibronic levels of different �ompo nents through rotation-electronic and spin-rotation interactions, is added to the model. Indeed these ra diative channels are expected to play a significant part in the lifetimes of several of these states and Coriolis coupling need be taken into account. New wavefunc-tions were therefore determined by diagonalizing the total Hamiltonian matrix including the Coriolis part of the rotation Hamiltonian. Their reliability was successfully tested by calculating A-splitting magni tudes in the excited states [ 2] . 'Fhe very good agree ment with spectroscopic data prompted us to use these wavefunctions in further refined calculations of CuF excited state lifetimes.

Lifetime calculations

In comparison with the spin-orbit case treated in ref.

[ l ] , in which only one transition moment is in volved for each state, the mixing of several basis functions with different Q values in the new spin-or bit-Coriolis wavefunctions makes it necessary to modify formula ( 2) of ref. [ I ] . In view of this, the perturbed wavefunctions are developed in terms of the unperturbed Born-Oppenheimer basis functions: ln($All); v,WMe) = L C;in ln(SAQ);v,WME). n Here, the tildes over the S, A, Q symbols [START_REF] Herzberg | Spectra of Diatomic Molecules[END_REF] express the fact that, after matrix diagonalization, these sym bols do not designate rigorously good quantum num bers but only .. predominant" ones; n (and Ii) is an 1 integer number (or even a letter in spectroscopy) to distinguish between different states having same S, A, Q numbers; E is an index to distinguish between e ( E = + I ) and f ( E = -I ) levels. As explained in ref. [2], the C;i,, coefficients are obtained from diagon alization of the energy matrix so as to best fit the lo• cation of the as yet spectroscopically observed states.

Within the electronic dipole approximation (the only one used in this paper except otherwise stated) the transition probability, A (in s-1 ), for a sponta neous radiative transition from an excited state (ft' Q' v' J' E' ) of energy E' towards a lower-lying state (ii" Q" v" J" E") of energy E" is written [ 4-7]:
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where v is the frequency and Si s the line strength of the rovibronic transition [START_REF] Herzberg | Spectra of Diatomic Molecules[END_REF], i.e. the sum of the squared modulae of the dipole moment matrix ele ments over all the M' and M" sublevels of the upper and lower states expressed in the Kronig-symme trized basis set (table 2 of ref. [2] ). Some manipu lation leads to:
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The lifetime of a rovibronic (ii' Q' v' J' t') state is:

= ( L A wi'J'v'J'<';il"!J"v"J"E" ) -I w•tJ•v"J"•"
To carry out the calculations, the C;i,, coefficients were taken from table 3 of ref. [ 2]. For the dipole-mo ment transition elements the ab initio values given in tables 4 and 5 of ref.

[ 1 ] were used. Moreover, the Franck-Condon factors are assumed to be either 0

(if v' # v" ) or l (if v' = v"
) . This is justified because the potential curves in CuF are very nearly parallel (similar re and We) and because we are merely inter-ested in overall electronic lifetimes. However one should be aware that the model basically attributes zero intensity to Av# 0 bands. Furthermore it is un able to account for possible though unlikely pertur bations that might accidentally occur between inter acting high vibrational levels of different electronic states. Anyway the locations of these perturbations are indeterminable in the present status of vibra tional data accuracy in CuF. Moreover, on the small range sampled by the vibration, the electronic wave function does not change noticeably, thus it was deemed justified to neglect the dependence of the di pole moment operator on the internuclear separa tion; this would have been an illusionary refinement anyhow as far as even an approximate value of the weak transition dipole moment itself at a given sep aration is so difficult to obtain in the present case [ l ] . Under such conditions, the lifetime of a given n' Q' component does not depend on v' at all.

The ab initio lifetimes thus obtained are given in table l for three different values of Jnamely J= 5, 25 and 50. In principle, these lifetimes, considered as a function of J, should tend towards a rotationless limit equal to the values given in table 7 of ref.

[ l ] in which rotational effects had not been included into the model. However one should notice some deviations due to the use here of new revised wavefunctions [ 2] following upon the recent discovery of the A 3Il 2 component by Brazier, Brown and Steimle [START_REF] Brazier | [END_REF]. This made it possible to add the energy of this state as a new fitting constraint in the determination of the C;i,, coefficients.

In order to understand the origin of the calculated lifetimes quantitatively, spontaneous emission Ein stein coefficients participating in the lifetime values were calculated for each value of the rotational quan tum number J. An example of such coefficients is given for J"" 50 in table 2. The set of similar tables for all J values below I 00 has been used to calculate rovibronic line intensities within the branches of the 0-0 bands of the electronic transitions towards the X •:t+ ground state. This was carried out as follows. Regarding rovibronic frequencies as constant over a given vibronic transition, the intensity of a line is roughly proportional [START_REF] Herzberg | Spectra of Diatomic Molecules[END_REF] to the appropriate A (ii', Q', v ' , J', t'; ii", Q", v", J", t") Einstein coefficient (such as those given as examples in table 2 for J' = 50) and to a Boltzmann exponential factor exp [ -hcF( J) I kT] where F(J) is the rotational term value (J' for emissions J" for absorption) and Tis the absolute temperature taken equal to 300 K as as sumed by Ahmed et al. [ 9] for their hollow-cathode emission spectra. Inspection of tables 1 and 2 shows that all transition probabilities between states both of which belong to the Cu+ ( 3d9 4s) manifold are ex ceedingly small in comparison with most transition probabilities between these states and the ground state. Therefore, as for their lifetimes, it is conve nient to consider three classes of states: the short-lived states (B 1:t+ and C 1Il) with lifetimes shorter than or around l µs, the mean-lived states (Q=Oe and °'2= 1 components) with lifetimes in the 5-500 µs range, and the long-lived states (Q=Of and Q�2) with lifetimes above 1 ms. These three classes will be successively discussed in the next sections.

Short-lived states

The B 1I:+ and C 1Il states are the only ones to be able to radiate towards the X 11:: + gro�nd state within the purely electronic approximation. Although they are somewhat longer than usually found when elec tronic transitions are allowed, the lifetimes of these essentially singlet states are nevertheless at least one order of magnitude shorter than those of the other states of the cu+ (3d94s) structure. The part of Cor iolis interactions in the B 1:t+ and C 1Il wavefunc tions brings no significant relative contribution to the lifetime values which are therefore nearly constant whatever J. Accordingly the discussion about the ra diative decay mechanisms of the B and C states as given in ref.

[ l ] still remains valid: the observed val ues of the lifetimes are due to a subtle conjugation of orbital-polarization, dynamic-rearrangement and configuration-interaction effects. The look of a typi cal spectroscopic band (0-0 band) for of the C-X and B-X systems is given in figs. 1 and 2. The inten sity distributions do not exhibit marked anomalies except that the R branch appears to be a little less intense than the P branch in the B-X transition, due to interference effects involving the 3Il contamina tion in B 11: +. It is interesting to notice that these sys tems are the most intense observed ones in CuF. Nevertheless their electronic oscillator strengths are only 0.01 for C-X and 0.004 for B-X. This means that other intense electronic transitions should exist, for instance 4s-.4p ones, but these transitions have not yet been observed.

Mean-lived states

The D 3Ah A 3Ili. a 3I:t and A 3Il0e states consti tute the second class. Their transition probabilities towards the ground state result from spin-orbit inter actions with C 1Il for the first three states or with B 1 I:+ for the 3Il0e state. It should be noticed that, al though it is small, the 3Iloe character of the X 1I:+ ground state also contributes for about 10% in the A 3Il0e-X 1I:+ transition probability as a result of the large value of the diagonal 3Il dipole moment [ l ] . ) . For the transitions between non-! states (i.e. A� 0 ), the sill Einstein coefficients are arranged on two lines {the upper one for the case of an e upper level, the lower one for that of an f upper level) following the pattern:

AJ+i,e;J •• (R .. ) A1-1.e;J,e(P .. ) AJ,e;J,r(Qa-) AJ+1,r;J,r(R1J) A1-1,r;J,r(P1J) A1.r;J .• (Qre)

(Letters between parentheses refer to conventional spectroscopic branch names [START_REF] Herzberg | Spectra of Diatomic Molecules[END_REF]. Blanks mean that corresponding coefficients are smaller than 5 s • . Note also that because of their accidental quasi-de generacy the A 3Iloe and A 3Il1e states mix through ro tational spin-uncoupling so that their lifetimes, no-ticeably different at low J, get closer to each other as J increases and should tend to a common value at much higher J. On the other hand, the 3Il1r compo nent, which is much farther (at least ten times) in energy from the 3�one than 3II1e is from 3Iloe, keeps a lifetime that does not depend on J. It would be in teresting to carry out rotationally resolved lifetime measurements so as to try and observe these effects .

- 1 or even non-existent) l 3d1) l3d2) l3d 3 ) 11n1> I 
Similar comments apply to the case of the a 31: + state:

since there is no e component for a 3I:t state, the a 3I: � component has a lifetime that does not depend on J whereas the progressively enhanced rotational mixing between the A 3I:(f and A 3I:c1f components leads to /-dependent lifetimes for these f components and makes spectroscopic observation of the 3.It component possible [ 10] . Lastly note that the pres ent calculations gratifyingly account for the intensity anomalies (with respect to the standard -"'3PU. .42 perimentally observed feature namely the fact that intensity maximum in the R-branch occurs at lower J value (about ten units less) than in the P and Q branches of the A 3Il 1 -X 1!:+ subband, is correctly reproduced by the calculations. Similar calculated in tensity patterns for the a 3!:+-x 1I:+ and D 3A 1 -X 1!:+ transitions are given in figs. 5 and 6 respectively. As far as they can be compared with the spectrum pho tographic reproduction given by Ahmed et al. [ 9], the relative branch intensities in fig. 5 are in good agreement with experiment.

Long-lived states

The a 3!:6 , A 3Ilorcomponents and all the !2= 2 and !2=3 components, i.e. A 3Il2, D3A2, D3A 3 and 11'.\2 constitute the third class. In the non-rotating approx imation, these states cannot radiate towards the X 1 !: + ground state but only towards other excited states with transition probabilities smaller by several orders of magnitude [ 1 ] than those transition probabilities considered above for the D=Oe and !2= I compo nents. This constitutes a first radiative decay mechanism.

Taking into account rotational motion brings some 1Il 1 character into the wavefunctions of these meta stable states and therefore leads to a second radiative decay mechanism that takes place towards the ground state and accordingly makes the corresponding life time a decreasing function of J.

For so weak electric-dipolar transition probabili ties it was deemed necessary to ascertain that a third mechanism, namely electric quadrupolar radiation, could still be neglected. This is all the more impor tant as the observed molecular transitions in CuF have been shown [ l 0] to be connected with electric dipole-forbidden but electric-quadrupole-allowed 3d-4s transitions in the cu+ atomic limit. The as yet unobserved 1.-i-X 1I+ bands which are due to a spin allowed dipolar-electronically forbidden transition are particularly concerned. Using previously deter mined orbital wavefunctions [ l ) an ab initio calcu lation of the associated quadrupole -electronic-tran sition moment was carried out. The obtained value was small, about 0.5 (in aij e units), from which it can be deduced [START_REF] Shore | Principles of Atomic Spectra[END_REF] a quadrupolar spontaneous emission probability of only 0.033 s-1• This means that quadrupolar radiation can be neglected com pared to the two first mechanisms quoted above, namely dipole-allowed electronic transitions be tween close-lying excited states competing with Cor iolis-induced transitions towards the ground state.

Which of these two mechanisms dominates de pends on the state under consideration. For instance, the radiative decay of the A 3Ilor and D 3A 3 states is essentially due to the first mechanism (electronically allowed transitions): the A 3Ilor state decays toward a 3It and the D 3..i 3 state towards A 3Il2. It is worth while noting that the lifetimes of the A 3Ilorand D 3 .:i 3 states are nevertheless strongly J-dependent. This unexpected effect results from Coriolis contamina tion of the wavefunctions. Although the -J-depen dent -C;l'n coefficients due to this contamination are weak, they introduce terms involving large diagonal dipole-moment elements in the calculations of the line-strengths (see above the expression for S), so large that, in net quantitative magnitude, these terms outmatch the supposedly first-order J-independent contributions of the very weak 3Il-3I+ and 3.:i-3Il electronic transition moments. It is also because of the predominant part of these diagonal dipole-mo ment elements that the as yet unobserved A 3Il01a 3It and D 3.:irA 3Il2 transitions should be expected to exhibit completely anomalous branch in tensity patterns (see table 2) with a very strong asymmetry between P and R branches. In any case, the transition probabilities between both A 3Ilor and D 3A 3 upper states and the X 1I+ ground state are calculated to be exceedingly small and, contrary to Brazier's expectations for A 3Ilor [START_REF] Brazier | [END_REF], it is undoubt edly impossible to observe the corresponding transi-tions through even sophisticated usual spectroscopic methods. On the opposite, as already mentioned in section 4, radiative relaxation of the a 3It state is only due to spin-uncoupling mixing with the close lying a 3It state from which it borrows the 1Il 1 char acter necessary to radiate towards the ground state. Lastly, radiative relaxation of the three !2=2 com ponents takes place through both mechanisms: not only do they decay towards lower-lying states of the same cu+ (3d94s) structure ( 1 .:i2 towards D 3.:i2 and C 1Il 1 ; D 3.:i2towardsA 3Il 1

;A 3Il2towards a 3It) but as soon as J reaches sufficiently high values, these three !J= 2 components can also decay towards the x I I+ ground state, owing to their weak I n I charac ter borrowed through rotational uncoupling. Thus, at J = 50, this last mechanism participates for 40% in the 1 a2 lifetime, for 50% in the D 3 A2 one and for 75% in the A 3Il2 one.

Indeed this 3Il2 state has been observed via laser excitation spectroscopy [START_REF] Brazier | [END_REF], a now usual experimen tal method in which X 1I+ -+A 3Il2 absorption is de tected on looking at the overall light reemitted after more or less complex radiative and collision pro cesses. Fig. 7 represents the calculated intensity pat tern of the 0-0 band of this A 3Ili-X 1 I+ system. The ratio between the intensities of the Q and R branches is satisfactorily found to be the same as in Brazier et al. 's spectroscopic observations [START_REF] Brazier | [END_REF]. But there ap pears a drastic discrepancy as far as the P branch is considered. This raises an interesting point that de serves special discussion. Brazier et al. [START_REF] Brazier | [END_REF] report ob servation of some very faint P lines they estimate to be about five times less intense than corresponding R lines. On the contrary, present calculations predict P branch intensity to be nearly equal to and even slightly more intense than R-branch intensity. Besides this could only but be expected inasmuch as the A 3I l2-X 1:t+ transition mainly gets its intensity from the A 3Il 1 -X 1:t+ one through Coriolis interaction so that it should reflect the P-over-R intensity preponder ance both observed and calculated for this band sys tem (section 4, fig. 4). Admittedly this preponder ance is much attenuated in the A 302-X 1:t+ transition where interference effects are less marked than in the A 3Il 1 -X 1t+ one. But at any rate, from detailed analysis of the contributions to branch in tensities, P-R intensity inversion from one system to the other definitely cannot occur within the present model. On view of this one could indeed wonder whether a limit of this model has not been reached in this particularly delicate case. However extension of the model via admixture of the weak [ l ] configura tion interaction coming from structures other than ( 3d9 4s), for instance ( 3d9 4p), does not bring any significant change: as they stand, the results are re markably stable with respect to manageable im provement of the model. Therefore it is necessary to question about the possibility of an accidental arte fact that would arise from the use of so tricky a method as laser excitation spectroscopy and that would accordingly invalidate comparison between calculated and observed intensities. Indeed it should be noticed that it is odd to say the least that the P branch intensity is so low whereas that of the R branch is normal as compared to the Q-branch one. This ar tefact could not be asymmetric quenching depopula tion of the excited levels since both P and R lines, which necessarily originate from the same e rovi bronic levels, would be affected in exactly the same way. But it could be a selective radiative depopula tion effect: one could imagine for instance a two-step X 1I: +-A 302-+? process whose second step would be resonant when the laser pump is set at P-line wave lengths but off-resonant when it is at R-line wave lengths. For P-line pumping the probe fluorescence would then be mainly ultraviolet radiation (possibly out of the detector range) or even missing if higher states are dissociative or predissociated while it would be (well detected) visible radiation for R-line pump ing. The question of the A 3Ili-X 1:t+ intensity pat tern remains open and new experiments would be welcome.
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From our calculations, the X 1 I:+ -1 d2 and X 1 I:+ -D 3 a2 transition moments are predicted to be of sim ilar (weak) magnitude as that of the X 1:t+ -A 3Il2one (calculated values at J = 50: respectively 2, 3 and 4X 10-3au). Figs. 8 and9 show the calculated inten sity patterns for these two transitions that again ap pear to have standard appearance. Moreover due to their higher frequency they are expected to be respec tively four times and twice as intense as the A 3Ili X 1 I:+ transition. Therefore the present calculations should give an impetus to spectroscopists in order to try and detect the I a2 and D 3 a2 states by the same method as the one used to discover the A 3Il2 state [START_REF] Brazier | [END_REF], i.e. laser excitation spectroscopy from the ground state even though the predicted spectral regions [ 10] are experimentally less easy to reach.

Conclusion

This calculation of rotationally resolved lifetimes ... states and they may appreciably depopulate these states long before they radiate. Calculation of non radiative state-to-state transfer rates would be quite useful for a complete assessment of the dynamical processes governing the behaviour of CuF excited states. However, for practical reasons this is out of the question for the time being.
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 1 Fig. 1. Calculated intensity distribution in brancltes of the 0-0 band ofC 1Il-X 11:+. T::::300 K; only every fifth rotational line is depicted. Intensity units are arbitrary but they are the same for all figures. Wavenumber scales are given for information only since the model does not include second-order corrections such as centrifugal distortion.

Fig. 2 .

 2 Fig. 2. Calculated intensity distribution in branches of the 0-0 band ofB 1I.+ -X 11:+ (see caption of fig. I).
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 3 Fig. 3. Calculated intensity distribution in branches of the 0-0 band of A 3fl-O.,-X 1 .t+ (see caption of fig. l ) .
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 2114 Fig. 4. Calculated intensity distribution in branches of the 0-0 band of A 3Il 1 -X 1:r+ (see caption of fig. 1 ).
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 5 Fig. 5. Calculated intensity distribution in branches of the 0-0 band ofa 3I+-x 1I+ (see caption of fi g. I).
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 6 Fig.6. Calculated intensity distribution in branches of the 0-0 band ofD 3.i,-X 1I+ (see caption of fi g. l ).
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 7 Fig. 7. Calculated intensity distribution in branches of the 0-0 band of A 3Il2-X 1l: + (see caption of fig. 1 ).

Fig. 8 .Fig. 9 .A

 89 Fig. 8. Calculated intensity distribution in branches of the 0-0 of 1.:1rX •:r+ (see caption of fig. 1).

Table 1

 1 Calculated radiative lifetimes (in µs) for selected rovibronic J

	levels of the valence states of CuF		
		J=5	J=25	J=50
	1A2e	2.79xl03	2.99Xl03	l.47X 103
	f	2.79x103	2.99xt03	l.47X 103
	3A1 e	6.01	5.97	5.87
	f	6.00	5.97	5.88
	3A2e	9.86X 103	6.50Xl03	3.l3X103
	f	9.86X 103	6.50x103	3.14X IG3
	e 3A 3 f	14.4x 103 14.4X 103	12.l x 103 12.l x 103	8.0x 1G3 8.0xl03
	c1ne	0.400	0.401	0.403
	f	0.399	0.400	0.401
	B 1:t+ e	1.23	l.22	1.21
	A 3 I loe	5.56	5.85	6.39
	f	733XI03	90.8x 103	24.7Xl03
	A 3 Il 1 e f	13.9 14.6	12.4 14.6	10.5 14.6
	A 3 I I2 e	417Xl03	17.5x103	4.39x103
	f	418Xl03	17.7x103	4.53x103
	a 31:6 f	4893	505	330
	a 3l:( e	99	99	98
	f	101	122	140

Table 2

 2 

	50 (their sums for each upper-state yield the inverses of the lifetimes	
	J' =	
	(in s-1) for rovibronic transitions of CuF at	
	Spontaneous emission Einstein coefficients	given in last column of table I