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Vibrational levels of the low-lying 2 Σ + and 2 Π 1/2 states have been located in 58 NiD • Analysis validate predictions from a multi-isotope supermultiplet fit • A new electronic Ω' = 0.5 state has been identified, with T' v ~ 16724.5 cm -1 above the first rotational level of the ground state.
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Introduction

This investigation of dispersed fluorescence in NiD was motivated by attempts to use isotopic substitution to improve a 'global' description of the three low-lying electronic states ( 2 Δ, 2 Π, 2 Σ + ) of Ni 1,2 H, either through 'supermultiplet' models [1], or potential energy curve fits [START_REF] Havalyova | 25th International Conference on High Resolution Molecular Spectroscopy[END_REF].

The three lowest-lying electronic states of NiH show strong effects of spin-orbit interactions, resulting in irregular vibrational spacings in all but the 2 Δ 5/2 ground state. The upper states accessible to visible laser excitation are associated with f-d excitation on Ni atoms, the strongest transitions being to upper states with significant 2 Δ 5/2 or 2 Φ 7/2 character.

Resolved laser-induced fluorescence from Ω' = 3/2, 5/2 and 7/2 excited states [START_REF] Abbasi | [END_REF] has recently located vibrational levels of 2 Δ 5/2 , 2 Δ 3/2 and 2 Π 3/2 in NiD, (corresponding quite closely to the three low-lying electronic states of NiCN reported by Kingston, Merer and Varberg [4]) but provided no information about the Ω" = ½ states. The low-lying 2 Π 1/2 and 2 Σ + states of NiH were observed via collisional energy transfer between close-lying excited states, in particular to an Ω'=1/2 upper state [5], but there was no evidence of an equivalent process in the NiD spectra discussed in ref. [START_REF] Abbasi | [END_REF].

Survey spectra.

The analysis of ref. [START_REF] Abbasi | [END_REF] was severely hampered by lack of information on the two Ω=1/2 components of the Ni + (3d 9 )-D -supermultiplet, so the objective here was to determine as many rovibrational term values as possible for the low-lying 2 Σ + and 2 Π 1/2 states. The hybrid Hund's case (a) -Hund's case (b) Hamiltonian proposed by Abbasi in [START_REF] Abbasi | [END_REF] predicted their first rotational levels (v=0) to be respectively ~2073 and 3507 cm -1 above the lowest level of the electronic ground state, but the predictive powers of this model were so far untested. We reasoned that whilst ΔΩ = ΔΛ (and particularly ΔΛ=0) transitions are the strongest in the visible systems of NiH and NiD, some ΔΩ = ± 1 systems are observed. A (weak) 2 Π 3/2 ← 2 Δ 5/2 pump transition could conceivably yield (even weaker) 2 Π 3/2 → 2 Σ + fluorescence. We surveyed the excitation spectrum of NiD in an experiment similar to those performed by Guo et al. on NiH [6]. NiD was produced in the collision-free environment of a molecular-jet laser-ablation source at University of New Brunswick, using CD 4 as a precursor. A pulsed dye laser (YAG-pumped Hyperdye HD-500, repetition rate 10 Hz, resolution approximately 0.1 cm -1 ) was scanned from 16000 to 18580 cm -1 , detecting through a 0.25 m monochromator (zero order) and using λ > 610 or 640 nm filters to reduce laser scatter, since the signals of primary interest -to excited electronic states -were expected to occur more than 1500 cm -1 below the laser line. Dispersed fluorescence from each resonance was then recorded at low resolution with a 0.5 m monochromator and red-sensitive Hamamatsu R-928 photomultiplier tube, to see whether there were any features likely to correspond to emission to Ω" = ½ states. The only excitations to show any promise were those exciting the first rotational levels of E [17.5]1.5 (v=1), using [T v ' in 1000 cm -1 ]Ω notation. This upper state had already been identified in ref. [START_REF] Abbasi | [END_REF] from collisionally-induced emission to 2 Π 3/2 , but no E→ 2 Σ + transitions had been found. Direct excitation of E[17.5]1.5 (and D[17.2]1.5) had also been attempted, but gave emission signals too weak to record in Fourier transform resolved fluorescence. In the collision-free ablation source environment, with all population concentrated in the lowest rotational levels, the strong feature around 15450 cm -1 (see Figure 1) was readily assigned as E → 2 Σ + (v=0) emission, since it falls, as predicted, in the gap between transitions to v=1 of the ground state and to v=0 of the 2 Π 3/2 state. The peaks around 14100 cm -1 were not immediately assignable; on energetic grounds, they could plausibly come from transitions either to v=1 of 2 Σ + , or to v=0 of the 2 Π 1/2 state. 

Dispersed fluorescence at higher resolution

The low-resolution dispersed fluorescence spectrum gave convincing evidence of transitions at least to v=0 of the 2 Σ + state, but with insufficient precision to test or refine existing predictions. Given earlier failure to record laser-induced fluorescence following E!X excitation with the Lyon experiment, we attempted a two-laser experiment with the ablation source, counter-propagating output from two pulsed dye lasers (rhodamine 6G to pump E!X, and DCM to dump E" 2 Σ + ), and looking for depletion while monitoring fluorescence with the monochromator set 2800 cm -1 below the laser, i.e. at the strongest band in Figure 1. This was unsuccessful, because issues with electrical noise from the lasers made it impossible to find the signals needed to adjust timing of the laser pulses. Not having cw laser resources to perform a high-resolution depletion experiment with the collision-free source at UNB, we were forced to revert to the Lyon experiment to take this further, using the sputter source described in detail in ref. [7].

We needed an approximately three-fold increase in signal/noise ratio compared with spectra reported in [START_REF] Abbasi | [END_REF], to produce workable interferograms. To achieve this, we worked with a higher enrichment (15%) of D 2 in argon ("Mélange Crystal" from Air Liquide). We also passed the laser beam as close as possible to the annular anode, where the concentration of NiD radicals is highest. There are disadvantages to doing this: background scatter is higher, collisions transfer excited state population to other electronic states very efficiently, and the molecular fluorescence at the longer-wavelength end of the spectrum is dwarfed by argon atomic emission (see Figure 2).

Even with maximum amplification from the Si-avalanche detector and (Bomem DA3) interferometer's amplifier, the maximum signal at zero-path difference rarely exceeded 3% of the analog-digital converter's ± 10 V full-scale input. Nevertheless, by averaging typically 50 scans (recording time roughly 1 hour) at close to Doppler resolution (instrumental resolution 0.04 cm -1 in most cases), we could identify direct fluorescence to v=0 levels of the 2 Σ + quite easily -and made use of the argon lines to verify wavenumber calibration from the Fourier transform spectrometer.

Figure 2 illustrates fluorescence from v'=1 of the E state, with the ring dye laser tuned to excite just one of the parity components (J'= 1.5,f) accessed with the pulsed laser in Figure 1. We recorded 16 spectra following excitation of a selection of rotational levels (1.5 ≤ J' e,f ≤ 11.5 ) of E [17.5]1.5 (v=1). The R and Q branches were relatively strong in transitions to v=0 of 2 Σ + ; the P branches were stronger in transitions to v=0 2 Π 1/2 , with the R branches dying out quickly with increasing J (see Table 1). The transitions to v=0 of 2 Π 1/2 were convincingly identified and assigned by subtracting spectra of different upper-state parity at given J, as illustrated in Figure 3.

This approach removed all the 'common to both' collisionally induced emission, and greatly reduced the atomic argon lines, so that some very weak features 12600-12650 cm -1 were tentatively assigned (and later confirmed) as P f transitions to 2 Π 1/2 , v=1, with no hint of any branch to levels of the other parity. The strongest features in the lower part of Figure 2 are rotationally relaxed E[17.5]1.5 → 2 Π 3/2 (1-0) and (1-1) bands. The (1-2) band of this system, near 12000 cm -1 , is hardly perceptible in Fig 2, but it locates previously unobserved rotational levels of 2 Π 3/2 , some 5500 cm -1 above the electronic ground state. Other bands have been identified as E[17.5]1.5 → 2 Δ 3/2 (v"= 0,1,3) and E[17.5]1.5 → 2 Δ 5/2 (1-0). These bring no new information on the energy level patterns in NiD, but establish upper state energies with respect to the known low-lying 2 Δ Ω states. Table 1 lists assigned transitions from the E[17.5]1.5 state. These transitions were included in the multistate term-energy fit of ref. [START_REF] Abbasi | [END_REF] to generate T v,J parity energies for the low-lying Ω" = ½ levels. The supermultiplet model of Gray et al. established that the low-lying Ω = ½ levels are almost 50:50 mixtures of the 2 Σ + and 2 Π 1/2 states of NiH. This is true for NiD, too, and although the expression for energy levels of a 2 Σ + state (eq. 1) can be used to reproduce term energies of both states, it returns un-physical parameter values. As expected, though, the parity splittings at J=0.5 are opposite in sign for the two states: E(v=0,f) -E(v=0,e) = 19.77 cm -1 in 2 Σ + , and -9.07 cm -1 for

2 Π 1/2 . T v,F 1 N ( ) = T v + B v N N + 1 ( ) -D v N N + 1 ( ) ⎡ ⎣ ⎤ ⎦ 2 + ... + 1 2 γ 1 N + 1 2 γ 2 N 2 + ... T v,F 2 N ( ) = T v + B v N N + 1 ( ) -D v N N + 1 ( ) ⎡ ⎣ ⎤ ⎦ 2 + ... - 1 2 γ 1 N + 1 ( ) + 1 2 γ 2 N + 1 ( ) 2 + ... ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ (1)
The information on the hitherto unobserved levels in NiD provide a stringent test on the predictions made by Abbasi et al. [START_REF] Abbasi | [END_REF] from a multi-isotope fit of term energies to a modified version of the supermultiplet model originally proposed by Gray and Field [1]. Retaining spin-orbit interaction terms derived from a Ni + 3d 9 configuration, ref. [START_REF] Abbasi | [END_REF] imposed simple mass-dependence of rotational and vibrational terms so that a single (though extensive) set of parameters could be used to represent vibronic energies of the spin-orbit coupled 2 Σ + , 2 Π and 2 Δ states of 58,60,62 NiH and 58 NiD up to 6000 cm -1 above the electronic ground state. This non-standard model was not able to reproduce experimental precision for the observed term values, but was intended to guide future experimental work, indicating to within a few cm -1 where transitions should be expected. It served extremely well! The f parity term values determined for the v=0 level of the 2 Σ + state from our spectra are within 1 cm -1 of predictions from the multi-isotope deperturbation fit, likewise for levels of e symmetry in the v=0 level of the 2 Π 1/2 state (f parity overestimated by 6-8 cm -1 ). The predictions placed T J ,e and T J+1 f 7 cm -1 apart for J=6.5, 2 Π 1/2 v=1, initially making it hard to decide whether the weak features now labelled P f (J) in the lower part of Figure 2 were truly P f (J) lines, or Q fe (J+1). The assignments given in Table 1 were confirmed by re-recording fluorescence from the B 2 Δ 5/2 state v=1 with the 15% D 2 in argon mixture, and examining collisionally-induced fluorescence carefully.

Collisional energy transfer from the B 2 Δ 5/2 state v=1 populates another Ω'=1.5 state, D[17.6] 1.5. Some of the weakest features in the spectrum could now be assigned as R f lines in the (1-0) and (1-1) D[17.6] 1.5→ 2 Π 1/2 bands. Better still, the secure lower-state combination differences from the E[17.5]1.5 → 2 Σ + (1-0) spectra provided J and parity assignments for R e , P f , Q ef and Q fe branches from a 'new' excited Ω' = ½ state with T' v ~16700 cm -1 (hereafter labelled [16.7]0.5), terminating on v" = 0 of the low-lying 2 Σ + state. These transitions are illustrated in Figure 4. The 'unassigned' feature mentioned in ref. [START_REF] Abbasi | [END_REF] was the [16.7]0.5 -2 Σ + v"-0 R e branch of this system (filled circles in Figure 4), easily spotted because it happens to fall between emission lines from stronger systems. The widely-spaced (~30 cm -1 ) P f transitions were nearly twice as strong, but less noticeable because they are interspersed with direct B-X 1 (1-2) fluorescence (the strongest lines of the P and Q branches of B-X 1 (1-2) go off the scale of Figure 4 by a factor ~8). and Q fe transitions to 2 Σ + v"=1, but only P f lines were seen to 2 Σ + , v"=2. Conversely, the R f and P e branches were strong in emission to v"=0 of the W 2 2 Π 1/2 state. R f lines are assigned with confidence (via an upper-state perturbation producing line -extra-line pairs) to v"=1, while the P e assignments are based on some features barely emerging from noise that happen to match predictions for R e transitions remarkably well; these are less secure. Given that Q branches appear in the [16.7]0.5 → 2 Σ + bands, and not in [16.7]0.5 → 2 Π 1/2 , it seems reasonable to suggest that this new upper state has some 2 Π 1/2 character. It is too low in energy to be the NiD analogue of the [17.9]0.5 state observed [5] in NiH. Figure 4 indicates an upper state vibrational assignment v'=0; this comes from the isotope shift < 0.1 cm -1 for the first rotational lines of the R and P branches in 58 NiD and 60 NiD. The isotope splitting is expected to be ~ 0.3 cm -1 for Δv = ± 1. The missing, or very weak, branches in the [16.7]0.5 → 2 Σ + and the [16.7]0.5 → 2 Π bands are explained by destructive interference between parallel µ ! and perpendicular µ ⊥ transition moments to the spin-orbit-mixed lower states ( 2 Π 1/2 and 2 Σ + respectively). The strong branches are enhanced by constructive interference. These effects result from ΔΛ = ± 1 mixings produce opposing intensity changes for Δ J = +1 and Δ J = -1 lines, because transition amplitude phases are of opposite sign for the P and R lines of ΔΛ = ± 1 'perpendicular' transitions [START_REF] Lefebvre-Brion | The spectra and dynamics of diatomic molecules[END_REF]. The situation in NiD is illustrated schematically in Figure 5. Unexpectedly strong or weak P and R branches result from combinations of µ ⊥ and µ || transition moments, for example,

for P J ( ) : c 1 µ ! - 1 2 c 2 µ ⊥ ⎡ ⎣ ⎢ ⎢ ⎤ ⎦ ⎥ ⎥ 2 and for R J ( ) : c 1 µ ! + 1 2 c 2 µ ⊥ ⎡ ⎣ ⎢ ⎢ ⎤ ⎦ ⎥ ⎥ 2 ,
where signed eigenvector 'parentage' coefficients c 1 and c 2 multiply µ ⊥ and µ || to determine the relative intensities of P(J) and R(J) lines. Similar patterns were seen in NiH from a higher-lying Ω' = 0.5 state, and the phenomenon was discussed in some detail in ref. [5.] Figure 5 also shows that the parity splittings in the 16.7]0.5 state are even larger than in the lower 2 Σ + state.

Figure 5 (in colour online). Heavy lines indicate the stronger branches (arising from constructive interference between transition dipole moments) observed in emission from the [16.7]0.5 excited state to 2 Π 1/2 and 2 Σ + lower states. The Q branches to 2 Σ + are weaker (broken lines). Rotational stacks are drawn to scale within each state, indicating J and parity for e and f symmetry levels.

All assigned transitions from [16.7]0.5 (listed in table 2) were included in the multi-state termvalue fit for 58 NiD, currently comprising ~2250 transitions and returning an unweighted root mean square deviation of 0.0056 cm -1 . Term energies for the 2 Σ + state were reduced to effective band parameters (Table 3) using expression (1); the new data come from optical transitions shown schematically in Figure 6. A more restricted fit to eq (1) was used for [16.7]0.5 terms, eliminating f-parity data with J ≥ 9.5 (clearly affected by a local perturbation); the resulting parameters are shown in the last column of Table 3.

Figure 6 (in colour online). Schematic view of transitions defining previously unobserved levels of the low-lying supermultiplet states of 58 NiD. Upwards arrows indicate laser pump transitions, with the Ω'=0.5 state populated by collisional energy transfer. Black downwards arrows connect to previously observed levels of the supermultiplet states. Thick lines denote strong bands.

Table 4 lists previously unreported term energies for levels of the 'supermultiplet states' of NiD extracted from the term-value fit. This includes not only levels of the 2 Σ + and 2 Π 1/2 states, but also v=2 of 2 Π 3/2 . Comparisons with predictions from Abbasi's work are also given. The agreement for the Ω" = 0.5 v"=0 levels of 2 Σ + and 2 Π 1/2 is remarkable. The predictions furthest from experiment were for 2 Π 3/2 v=2, where the rotationless energy term was overestimated by 14

cm -1 .
The relative positions of the observed ligand-field state termvalues for NiH and NiD are illustrated in Figure 7. The plot emphasizes the modest difference in rotationless energies at v=0 for 2 Π 1/2 and for 2 Σ + , contrasting with a very large shift between NiH and NiD for the 2 Π 3/2 state. The proximity between v ≥ 1 of the 2 Δ 3/2 state and 2 Π 1/2 explains the abnormal parity splittings in the 2 Δ 3/2 state, noticed in [START_REF] Abbasi | [END_REF] to be greater than in the 2 Π 3/2 state. 

Conclusions

Finding the first rotational levels of the lowest Ω=1/2 state (v=0 2 Σ + ) of NiD within 1 cm -1 of predictions is a triumph for Abbasi's multi-isotope Dunham parameter-based fit, with its various constraints and assumptions (off-diagonal spin-orbit, L-and S-uncoupling matrix elements derived from Ni + atomic properties, Born-Oppenheimer breakdown effects neglected, save for calculated mass-dependent zero-point energy shifts). Looking at the columns of differences between model predictions and current observations, the model overestimated the rotationless energy of v=2 in the 2 Π 3/2 state, but reproduced the rotational structure quite well. On the contrary, the prediction for first rotational terms of v=0 and v=1 of the 2 Π 1/2 state were remarkably good, within 2 cm -1 , but the parity splittings increase more quickly with J than the model predicted. At J=7.5 the energy term for e symmetry was underestimated by 5 cm -1 , with the f parity term overestimated by around 7 cm -1 . Additional information from spectra recorded after selective excitation of the lower abundance 60 NiD will, we hope, provide sufficient information to make a potential-curve fit option viable. There remain some unassigned features in the spectra not (yet) connected to known states of NiD, or even compatible with predictions, for which we cannot even offer tentative assignments. The remarks of A. Merer and co-workers' on spectra of CaF [START_REF] Kay | [END_REF], " … Rigorous assignment is frustrated only when multiple rotational transitions to a common upper state are unobservable because of systematic intensity effects", are highly pertinent in this case, too, as mixing between states causes 'allowed' branches to vanish in the electronic spectra of NiD.

Table 1 Compilation of assigned fluorescence transitions (cm -1 ) from E[17.5] Ω =1.5. Estimated uncertainties 0.005 cm -1 for unblended lines. Comparison of experimentally determined term energies for levels of 2 Σ + (v=0) , 2 Π 1/2 (v=0,1) and 2 Π 3/2 (v=2) with predictions from the multi-isotope fit of ref. [START_REF] Abbasi | [END_REF]. 
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 1 Fig 1. (in colour online) Low-resolution dispersed fluorescence in NiD. The laser (17507.5 cm -1 ) excited P(2.5) E [17.5]1.5 ! X 1 2 Δ 5/2 (1-0). Boxes indicate the transitions of particular interest, to previously unobserved low-lying electronic states.

Figure 2 .

 2 Figure 2. (in colour online) Fourier-transform record (0.04 cm -1 resolution) of fluorescence from E [17.5] Ω =1.5, v=1, J=1.5f in 58 NiD, using a sputter source to produce NiD. The vertical arrows show enlargements of the regions with transitions to v=0 of 2 Π 1/2 and 2 Σ + states, where direct fluorescence from J'=1.5f can be distinguished from a baseline of many collisionally induced, (rotationally unselective) transitions.

Figure 3 (

 3 Figure 3 (in colour online). Taking the difference between spectra differing only in upper state parity for the pump transition (E, v=1, J = 5.5e and 5.5f in this example) makes direct fluorescence easier to distinguish from collisionally-induced relaxation. View (a) shows transitions to 2 Σ + v=0, and view (b) illustrates weaker transitions to v=0 of 2 Π 1/2 , surrounded by P and R transitions to v=2 2 Δ 3/2 (denoted by Δ symbols), with much smaller parity splittings in the lower state.

Figure 4 (

 4 Figure 4 (in colour online). Collisionally-induced fluorescence in 58 NiD, following laser excitation of 58 NiD B 2 Δ 5/2 v=1, J' e,f =2.5, showing transitions from the [16.7]0.5 upper state to the low-lying 2 Σ + state, v"=0. Panel a) illustrates the distinctive, widely-spaced P f (▼) and slightly weaker R e (•) branches). Panel b) highlights the crowded Q-branches between them; Q ef with red line markers, Q fe in blue, with markers extending below the experimental spectrum for clarity.

Figure 7 (

 7 Figure 7 (in colour online) Term value plot for NiH and NiD in the region of the lowest vibrational levels of the 2 Π and 2 Σ + states, large labels denoting new observations for 2 Π 3/2 (squares), 2 Π 1/2 (diamonds) and 2 Σ + (triangles) in NiD. Open and filled symbols distinguish between e and f parity.

  

  

  

Table 2

 2 Compilation of assigned fluorescence transitions (cm -1 ) from [16.7] Ω' =0.5 to lower states 2 Δ 3/2 , 2 Σ + and 2 Π 1/2 . Estimated uncertainties 0.005 cm -1 for unblended lines, 0.015 cm -1 for particularly weak branches(#). Asterisks indicate extra-lines with J'=9.5, f.

	[16.7]0.5 → 2 Δ 3/2 v"=0					
	J"	R e	R f	P e	P f	Q ef	Q fe
	1.5						
	2.5					overlap /	15713.221
	3.5					HeNe	15698.278
	4.5						15682.353
	5.5						15665.503
	6.5						15647.794
	7.5						15629.288
	8.5						15610.056
	9.5						15590.405
	9.5						*15589.297
	10.5						15569.255
	11.5						15548.050
	[16.7]0.5 → 2 Δ 3/2 v"=1					
	J"	R e	R f	P e	P f	Q ef	Q fe
	1.5			14431.445			

Table 3 .

 3 Effective parameters for vibrational levels v = 0-2 of the low-lying 2 Σ + state of 58 NiD, fitting term values to eq. 1. Although these fitting parameters (quoted with 1 standard deviation in units of last digit in parenthesis) have little physical meaning, they reproduce the term energies with 0.014 cm - 1 unweighted root mean square deviation. The last column gives parameters fitting term values J ≤ 12.5 e and J ≤ 8.5 f of the hitherto unobserved [16.7] 0.5 upper state to eq. This fit returns an unweighted rms deviation of 0.02 cm -1 .

	Parameter (cm -1 )	2 Σ + , v=0	2 Σ + , v=1	2 Σ + , v=2	[16.7] 0.5
	T v	2073.333 (6)	3353.833 (8)	4606.791(23)	16724.53(1)
	B v	3.75575(36)	3.55749 (66)	3.4067 (10)	3.3800(3)
	D v	2.0486(52) × 10 -4 4.713(131) × 10 -4	1.7288(1280) × 10 -4	1.73(33)× 10 -5
	H v	1.612(195) × 10 -7 1.429 (73) × 10 -6	3.153(440) × 10 -7	
	γ v1	-12.289(3)	-9.182 (3)	-10.0	28.828(4)
	γ v2	8.372(56) × 10 -3	2.534 (12) × 10 -2		-0.01468(4)
	γ v3	-2.33(26) × 10 -6	-3.543(87) × 10 -5		

Table 4
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