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Resolved laser induced fluorescence spectra of 58 NiD, recorded at Doppler resolution between 11000 and 18000 cm -1 have established more than 200 term energies in two of the three strongly interacting, low-lying states ( 2 Δ, 2 Π, 2 Σ + ) of NiD, associated with an Ni + (3d 9 )D -configuration. Our observations span v= 0-5 in the lowest spin-orbit component of the ground state, X 2 Δ5/2, v = 0-3 in X 2 Δ3/2 and v = 0-1 in the lower component of the W 2 Π3/2 state. Collisional processes populate several neighbouring excited states, allowing us also to locate the first rotational levels of

and E(Ω = 3/2) v = 1 at 16664.8, 17367.3 and 17508.1 cm -1 respectively. Spin-orbit and rotation-electronic interactions are strong in NiD (as in NiH), and with no direct observation of either of the Ω" =1/2 states, meaningful representations of the low-lying energy levels is difficult. We have therefore attempted a global, multi-isotope fit to reproduce the term energies of the known term energies of NiD and 58,60,62 NiH (where some Ω" =1/2 levels are known). Dunham-type parameters have been used to represent the unperturbed 2 Δ, 2 Π and 2 Σ + states, with off-diagonal matrix elements (treating spin-orbit, L-and S-uncoupling effects) based on Ni + atomic properties. Born-Oppenheimer breakdown terms were included in the model. The equilibrium bond lengths for 58 NiH/ 58 NiD are 1.4545(1)/1.4559(1) Å for the X 2 Δ state and 1.5094(2)/1.5083(2) Å for the W 2 Π state.

I INTRODUCTION

One of the main motivations for high-resolution spectroscopic investigations of diatomic radicals such as NiD or NiH is to provide benchmark measurements for species whose electronic structure is challenging, but computationally tractable. In their review of transition metal species [1] Langhoff and Bauschlicher underlined the incentive to "develop methods capable not only of accurately describing small systems, but also for modeling larger systems". They illustrated this notion with the Ni atom, because of the problems posed by its near-degenerate low-lying states.

Spectroscopy and quantum chemistry have advanced together, striving to understand and reproduce the effects of electron correlation in the bonds formed by transition metals, particularly in a context of materials of catalytic interest. Diatomic molecules such as NiH are the smallest building blocks of such systems. High level ab initio methods have become increasingly successful in reproducing molecular energy levels determined from gas-phase spectroscopy as basis set sizes (and computational resources) have grown [2][3][4][5][6][7][8][9][10][11]; the calculations on NiH by Marian [11,12], and by Zou and Liu [13], have proven particularly valuable in guiding assignments in our fluorescence spectra. Experimental determinations of the permanent electric dipole moment the B 2 Δ 5/2 and X 2 Δ 5/2 states in NiH [14], have also provided stringent tests for theory [15][16][17]. NiH was chosen (Mayhall, ref. [5]) to highlight issues arising in coupled cluster calculations; it has also been used as a benchmark to test the performance of different density functionals, [18,19] with a view to implementing less costly calculations allowing progression from diatomics to larger species.

Reliable reference data are therefore important, and gas-phase spectroscopy, in its various forms, provides essential elements for quality control. In this context, we have studied some vibrationally excited levels of the three lowest-lying electronic states ( 2 Σ + , 2 Π and 2 Δ) of NiD.

Electronic transitions in NiH and NiD, formed in flames, vacuum furnace or in hollow cathode discharges, were first studied by photographic techniques [20][21][22][23]. The early work was reviewed by Scullman and co-workers in 1982, who photographed emission spectra of NiH [24] and NiD [25] to resolve some earlier discrepancies, and mapped out the pattern of vibrational levels in some 2 Δ and 2 Φ electronic states. Laser spectroscopy became increasingly important in the1980's. The Field group at MIT -often in collaboration with the Stockholm group -pursued investigations of the electronic states of NiH and NiD with a variety of laser excitation and fluorescence techniques [26,27], observing the W 2 Π and V 2 Σ + low-lying electronic states of NiH in dispersed fluorescence and depletion spectroscopy, and charting excited-state levels on NiH and NiD with 1.5 ≤ Ω' ≤ 3.5, in the energy region 15500 -19000 cm -1 . In parallel, Brown and Urban and their collaborators studied the microwave and infrared transitions within the X 2 Δ ground electronic state of NiH/D using laser magnetic resonance (LMR) techniques [28][29][30][31][32]; these measurements remain the best available to describe the parity splittings in the lowest electronic states of NiD and NiH. Line-lists and combination differences from the electronic spectra reported in the 1980's and early 1990s enabled us to assign many of the bands in our resolved fluorescence spectra of NiD.

The unusual energy level patterns in NiH (and NiD) are the consequence of strong spin-orbit interactions between close-lying electronic states. Zeeman spectra, extensively studied by the Field group [27,[33][34][35], and later in Lyon [36], offer considerable insight into this mixing for the lower electronic states associated with ground state Ni + ion, confirming that Λ and Σ become ill-defined quantum numbers as molecular rotation increases. The so-called supermultiplet model, proposed by Gray et al. [26,37] and adopted by Marian in her theoretical work [11], was remarkably successful in explaining both the energy level structures and the rotational dependence of g J Landé factors in v ≤ 2 vibrational levels of the lowest 2 Σ + , 2 Π and 2 Δ states of NiH. It gave a physically meaningful model for the electronic structure of the Ni + (3d 9 ) H -states by taking atomic orbital and spin angular momenta L and S of the Ni + ( 2 D, d 9 ) to generate the off-diagonal matrix elements of a molecular Hamiltonian, where spin-orbit and rotational L-and S-uncoupling terms introduce mixing between levels of the 2 Δ, 2 Π and 2 Σ + states. The supermultiplet description explained the difficulties encountered in fitting infrared and far-infrared transitions in the X 1 2 Δ 5/2 and X 2 2 Δ 3/2 states of NiH and NiD with an effective Hamiltonian. Lipus et al. [32] reported that attempts to fit x NiH or x NiD (x = 58, 60, 61, 62) data with mass-scaled parameters had given unacceptably large standard deviations, and unphysically large Born-Oppenheimer breakdown corrections for H/D substitution;

the authors attributed the limitations of their effective Hamiltonain to the influence of unobserved neighbouring levels.

Our purpose was to map out a larger set of energy levels for the low-lying states of NiD, using Fourier transform spectroscopy to resolve laser-induced fluorescence, and to assess the performance of the supermultiplet model when extended to higher energies, and/or with mixed isotopomer input. The original work by Gray et al [37] adjusted the parameters of a 15 × 15 energy matrix to represent ro-vibrational energies up to v=2 in each of the low-lying states of 58 NiH, with uncertainties in the input energies varying from 0.05 to 1.5 cm -1 . The model incorporated offdiagonal contributions between levels with Δv =0 and 1. Subsequent experimental work on NiH [38,39] has provided an extended set of energy levels for 58,60,62 NiH, (up to v=4 for 2 Δ 5/2 ) with ~0.01 cm -1 uncertainty, covering approximately the same energy range as our current work on NiD. This information provides a more stringent test for an expanded supermultiplet description of the lowlying energy levels. The supermultiplet energy matrix has been expanded (to 40 × 40), and now includes off-diagonal terms with Δv ≤ 2, with some additional empirical parameters intended to compensate effects of more remote levels. This approach is successful for NiH in the region where all the vibronic states are observed. After that, fits converge with difficulty, and return increasingly unphysical values for some of the off-diagonal terms. By restricting the number of free parameters in the model (and accepting a larger root-mean-square error in the fit) we reproduce the ensemble of low-lying rovibronic energies in NiH and NiD reasonably well, although the Ω = 3/2 levels of NiD contribute significantly to the pool of 'outliers' in a multi-isotope fit. These are expected to be strongly affected by spin-orbit mixing with (unobserved) 2 Π 1/2 and 2 Σ + , whose unperturbed positions are 'best estimate extrapolations' derived from NiH data.

II EXPERIMENT

We produced 58 NiD in our DC sputter source [40] running with a 150 mA current between a copper loop anode and Ni cathode, with gas pressure around 1 Torr. Figure 2 illustrates one of the dispersed fluorescence spectra of 58 NiD, recorded at 0.04 cm -1 resolution (recording time ~2 hours). The laser excited the blend of Q ef (2.5) and Q fe (2.5)1-0 B-X transitions. Comparison with the spectrum pumped via the same transition in NiH (reproduced beneath) shows that collisions populate a quite different selection of excited states. The NiD spectrum is much weaker than NiH, so higher gain settings were used to record the upper spectrum in Fig. 2. Argon atomic lines were more prominent in the NiD spectrum, and scatter from both the pump laser and the spectrometer's internal HeNe laser had to be reduced with optical filters. The high-pass glass filter placed outside the interferometer to remove dye-laser scatter also attenuates the rotational relaxation in the (1-0) B-X band of NiD. Scatter from the HeNe laser was reduced with a notch filter (NF633, Thorlabs) placed in front of the Si-avalanche detector, inside the spectrometer. Most of the B-X (1-1) band was also rejected by the notch filter. In both spectra, emissions following rotationally unselective electronic energy transfer contribute more to the total fluorescence signal than direct emission from the level populated by the laser.

III Analysis

The direct fluorescence back to vibrational levels 0-5 of the X 1 2 Δ 5/2 state, with extensive rotational relaxation, was readily assigned on all the 58 NiD spectra. Some of the collisionallyinduced bands above 14000 cm -1 had already been observed and assigned by Adakkai Kadavathu and co-workers [26], and combination differences could be used to confirm most of the excited state assignments for the bands seen at longer wavelength. Loomis-Wood plots were used to make rotational assignments in the regions where several bands overlap. Combination differences allowed us to reference nearly all the observed transitions to the lowest level of the X 1 2 Δ 5/2 state (see Figure 1), in a simple term-value fit (given in supplementary data).

Vibrational intervals were very regular for fluorescence series to the X 1 2 Δ 5/2 state, but vibrational/electronic assignments were less obvious for the

Ω" = 3/2 states ( X 2 2 Δ 3/2 and W 1 2 Π 3/2 )
in NiD. Guided by mass-scaling the parameters of a 'supermultiplet' fit for 58 NiH, we identified the lower electronic states as depicted in Figure 3. The noteworthy features are the irregular vibrational separations, and unusually large e/f parity splittings in the v′′ > 0 levels of the X 2 2 Δ 3/2 state. The parity splittings in X 2 2 Δ 3/2 are sometimes larger than in the other nearby Ω " = 3/2 state, nominally

W 1 2 Π 3/2 .
We identified some bands from three previously unreported upper state levels, assigning Ω' on the basis of first lines in the branches observed. They are v = 1 of the A(Ω=5/2) state (with transitions seen only to X 1 2 Δ 5/2 ), v=0 of I (Ω=3/2) (P and R branches to W 1 2 Π 3/2 ) and v=1 of E(Ω=3/2) (P and R branches to only v=0 of X 2 2 Δ 3/2 ). Table 1 lists the effective band constants for these excited levels, obtained by fitting the output from the term energy fit to an empirical formula

𝑇 !,!,!,!/! = 𝑇 ! + 𝑌 !,! 𝐽 𝐽 + 1 -Ω ! ! ± ! ! 𝑞 ! 𝐽 𝐽 + 1 ! + 𝑞 ! 𝐽 𝐽 + 1 !" !!!,! . (1) 
Levels with e parity take the positive splitting q v [(J(J+1)] Ω + … terms in eq (1) , and f parity levels take the negative one. The same approach for the term energies of X

1 2 Δ 5/2 , X 2 2 Δ 3/2 and W 1 2 Π 3/2
states produces the effective band parameters listed in Table 2, where the vibrational intervals and distortion constants for the X 2 2 Δ 3/2 state underline the inadequacy of this simplistic model. These band parameters give a convenient representation for the observed bands, but have no predictive powers for higher vibrational levels. The supermultiplet approach should allow empirical parameters to be replaced with more physically meaningful ones, offset by a more complicated Hamiltonian. However, there is a serious impediment to this approach for 58 NiD. None of the spectra we have recorded so far has produced fluorescence allowing the low-lying Ω = ½ states ( 2 Σ + and 2 Π 1/2 ) to be located with respect to the electronic ground state. An isolated branch (around 14800 cm -1 ) with no resolved parity-splittings is strongly reminiscent of some ΔΩ=0 transitions between Ω = ½ states seen in NiH spectra [38], but we have no upper state combination differences to link these lines to the assigned systems. To compensate the gap in information, we opted for a multi-isotope deperturbation analysis, fitting ro-vibrational term values up to 6500 cm -1 for the three strongly-interacting low-lying electronic states ( 2 Δ, 2 Π and 2 Σ + ) for x NiH and NiD. 58 NiD term energies came from this analysis. Energy level data for x NiH (x = 58, 60 and 62) were taken from earlier work from the Lyon group [38,39].

IV Supermultiplet Hamiltonian : extension and modification.

The effective parameters of Tables 1 and2 give a crude but convenient model for recognizing the lines seen in the spectra. Aiming to produce a model with better predictive powers for the lowest electronic states, we proceeded to fit the low-lying energy levels in NiH and NiD in an slightly modified version of the 'supermultiplet' model used by Gray and co-workers [26]. The challenge was to extend this physically reasonable model to higher vibrational levels (we observe up to v = 5 in the X 1 2 Δ 5/2 state of NiD, but fewer levels of the other states, see table 4), and to use appropriate isotopic scaling of parameters (defined for 58 NiH) so that they reproduce measured energy levels of other isotopic forms ( 60,62 NiH, 58 NiD).

We chose to take Brown's N 2 -effective Hamiltonian [41][42][43] for the 'unperturbed' basis states, for which vibrational, rotational, spin-orbit, spin rotation and Λ-doubling parameters were represented by simple Dunham-type parameters,

x v = x e + x k k+1 ∑ v + 1 2 ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ k . ( 2 
)
The X 2 Δ, W 2 Π and V 2 Σ + electronic basis states were thus represented by

H eff = T v + G v + B v N 2 -D v N 4 + γ v N.S + γ D,v N 2 N.S ( ) + A v L.S + 1 2 p v Π + q v Π ( ) S + 2 + S -2 ( ) -p v Π + 2q v Π ( ) J + S + + J -S - ( ) + q v Π J + 2 + J -2 ( ) -p v Δ J + 3 S + + J -3 S - ( ) + q v Δ J + 4 + J -4 ( ) ⎡ ⎣ ⎤ ⎦ (3) 
The spin-orbit parameter A was assumed to be isotopically invariant. When it could not be determined from experimental data, it was constrained to the free Ni + ion value (-603 cm -1 ).

Vibrational dependence could be determined only for the X 2 Δ state in NiH, so simple mass scaling

A v (α ) = A e (1)
µ ( 1)

µ (α ) ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ v + 1 2 ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ provided an initial value for A 1 in NiD.
We found that the 'supermultiplet' model struggled to reproduce the lowest NiH energy levels to their estimated experimental uncertainty, and interpreted this as the consequence of truncation of the off-diagonal terms at Δv ≤ 2. Introducing empirical spin-rotation (γ) and Λ-doubling (p and q) parameters in eq. ( 3) compensated these problems in the lowest vibrational levels. As they are accounting only for effects of remote states, these terms were expected to be small. They were assumed to scale isotopically according to their dependences on B v (given in refs [28,[START_REF] Lefebvre-Brion | The spectra and dynamics of diatomic molecules[END_REF]);

p v Π = 4 ζ 3d B v E Π,v -E Σ ,v' , q v Π = 4 B v 2 E Π,v -E Σ ,v' , p v Δ = 96ζ 3d B v 3 E Δ ,v -E Σ ,v' ( ) E Δ ,v -E Π,v' ( )
2 and

q v Δ = 48 B v 4 E Δ ,v -E Σ ,v' ( ) E Δ ,v -E Π,v' ( ) 2 .
Having chosen to work with the N 2 Hamiltonian, we had to incorporate the difference in electronic term energies associated with the R 2 and N 2 Hamiltonians when using 58 NiH parameters to calculate energies of isotopically substituted forms. The difference between electronic energy origins for the different 2 Λ states when expressed in R 2 or N 2 forms is

2S+1 Λ B(R) R 2 -N 2 ( ) 2S+1 Λ = B Λ (R) L(L + 1) -2Λ 2 ⎡ ⎣ ⎤ ⎦ , (4) 
where is rotational constant of the 2 Λ state, and = 2 (associated with the Ni + 3d 9 configuration) Setting T Λ (R 2 ) + B Λ R 2 equal to T Λ (N 2 )+ B Λ N 2 , we obtained the following relations:

T Δ N 2 ( ) -T Δ R 2 ( ) = -2B Δ (5a) T Π N 2 ( ) -T Π R 2 ( ) = -2B Π (5b) T Σ N 2 ( ) -T Σ R 2 ( ) = (0.86) 2 × 6B Σ (5c)
T e for the 2 Δ state is taken to be zero in both R 2 and N 2 models, so the energy shifts for equilibrium term energies T e of the 2 Π and 2 Σ + states become:

T e,Π N 2 ( ) -T e,Π R 2 ( ) = 4B e,Π + 2B e,Δ (6a) 
T e,Σ N 2 ( ) -T e,Σ R 2 ( ) = (0.86) 2 × 6B e,Σ + 2B e,Δ (6b) 
T v,Λ B v,Λ etc were calculated for isotopically substituted forms according to Le Roy's formulation [START_REF] Le Roy | [END_REF] from Dunham-type parameters for each state,

Y l ,m (α ) = Y l ,m (1) + ΔM H (α ) M H (α ) δ l ,m H + ΔM Ni (α ) M Ni (α ) δ l ,m Ni ⎡ ⎣ ⎢ ⎤ ⎦ ⎥ µ 1 µ α ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ m+l/2 ( 7 
)

) (R B Λ L
where δ l ,m H and δ l ,m Ni are Born-Oppenheimer breakdown correction parameters; 1) , M H ( x ) and M Ni ( x ) represent the atomic masses of the H and Ni atoms, and µ the reduced masses.

ΔM X (α ) = M X (α ) -M X (
Brown and Watson [46] have given analogous reduced-mass scaling relationships for the spin-

rotation terms, γ l ,m (α ) =γ l ,m (1) µ (1) µ (α ) ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ 1+m+ l 2 .
For the Λ-doubling parameters, we take :

p l ,m (α ) (Π) = p l ,m (1) (Π) µ 1 µ α ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ 1+m+l/2 , 2 / 2 1 ) 1 ( , ) ( , ) ( ) 
( l m m l m l q q + + ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ Π = Π α α µ µ , 2 / 3 1 ) 1 ( , ) ( , ) ( ) ( l m m l m l p p + + ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ Δ = Δ α α µ µ and 2 / 4 1 ) 1 ( , ) ( , ) ( ) ( l m m l m l q q + + ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ Δ = Δ α α µ µ
Although they were expected to be significant for hydrogen/deuterium substitution, the leading Born-Oppenheimer breakdown parameters δ 00 H , δ 10 H could not be determined in a statistical sense from the data available, because they are strongly correlated with vibrational off-diagonal parameters ' ΛΛ f . We used eq. ( 7) to calculate the shifts in energy origins for the 2 Λ electronic states of NiD relative to those of NiH based on the differences in R 2 and N 2 Hamiltonians (eq. 4), and then held these (effective) H 0 , 0 δ parameters fixed in the fit. The resulting expressions, and their numerical values, are :

T e ,Λ NiD ( ) -T e ,Λ NiH ( ) = M D -M H M H ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ δ 00 H Λ ( ) δ 02 H Δ ( ) = -0.9 M D M D -M H ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ × 4B e(Π) + 2B e( Δ ) ⎡ ⎣ ⎤ ⎦ × µ NiH µ NiD ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ -1 ⎡ ⎣ ⎢ ⎢ ⎤ ⎦ ⎥ ⎥ ≈ -45 cm -1 , 2 Δ 3/2 Ĥrot + ĤSO 2 Π 3/2 = -603 f v Δ ,v Π + 2B v Δ ,v Π ≈ -49 cm -1 .
Nickel isotope substitution was treated in the same way, constraining the values δ 00 Ni Π ( ) = -0.8 and δ 00 Ni Σ ( ) = -0.9 cm -1 in the multi-isotope fits. The δ 01 H parameters were strongly correlated with the off-diagonal B vv′ parameters, and were set to zero. Only one Born-Oppenheimer breakdown parameter was finally optimized in our fits : δ 02 H Δ ( ) = -4.07 (14) × 10 -5 cm -1 , for the 2 Δ state. It gave a small improvement to the overall root-mean-square deviation of the fit by reducing obs-calc deviations for the higher J levels in v=0 of the 2 Δ state of NiD.

Off-diagonal spin-orbit mixing terms have been taken from the R 2 supermultiplet model detailed by 

f v Λ ,v Λ' = v Λ , v Λ', , and rotationally- dependent terms, B v Λ ,v Λ' = ! 2 2µ v Λ , 1
r 2 v Λ', , were calculated using Le Roy's program LEVEL [47],

taking as input the RKR potentials calculated [48] from Dunham-type representations of G v and B v (eq. ( 2)).

Matrix elements coupling the 2 Δ , 2 Π and 2 Σ + states are then:

2 Δ 5/2 Ĥrot + ĤSO 2 Π 3/2 = -2B v Δ ,v Π × J + 5 2 ( ) J -3 2 ( ) (8) 
2 Δ 3/2 Ĥrot + ĤSO 2 Π 3/2 = -603 f v Δ ,v Π + 2B v Δ ,v Π (9) 
ΔE Spin-rotation f = 0.5 γ +γ D x ( ) N +1 ( ) (10) 
2 Π 3/2 Ĥrot + ĤSO 2 Σ 1/2 + = -0.86 × 6B v Π ,v Σ × J -1 2 
( ) J + 3 2 ( ) (11) 
2 Π 1/2 Ĥrot + ĤSO 2 Σ 1/2 + = 1 2 -603× 0.86 × 6 f v Π ,v Σ ⎡ ⎣ ⎤ ⎦ + 0.86 × 6B v Π ,v Σ × 1 ∓ J + 1 2 ( ) ⎡ ⎣ ⎢ ⎤ ⎦ ⎥ , ( 12 
)
where upper/lower sign applies to levels of e/f parity. The matrix elements are given in Table 4.

The Dunham-type (rounded) parameters returned from the non-linear least-squares fit (subroutine NLLSSRR.f from Le Roy's DParFit program [49]) are listed in Table 5. The vibrational overlap integrals needed in the off-diagonal terms are given in Table 6a, and the off-diagonal rotational terms in Table 6b.

Given the unbalanced data set, with significantly less information on the 2 Σ + and 2 Π 1/2 states of NiH (and none at all for NiD) than for 2 Π 3/2 , 2 Δ 3/2 and 2 Δ 5/2 states, it was not particularly surprising to find that 'supermultiplet' multi-isotope fits failed to converge to a completely convincing solution. A weighted fit (according to w = 1/(σ exp ) 2 ) returned unrealistic values of many parameters, without reproducing the energy terms within quoted uncertainties. This led us to introduce some of the constraints detailed above, and to reduce the weights of levels known to be in strong interaction with unobserved Ω" = ½ states for which we have less confidence in the predicted energies. The parameters given in Table 5 are thus not a unique solution to this problem, but represent our best compromise retaining a realistic model with only the leading parameters optimized. The overall weighted root-mean-square deviation of the fit is 3, (with unweighted root-mean-square deviation 0.5 cm -1 ), as illustrated in Figure 3, but the model should give reasonable predictions for higherlying levels. These are given as supplementary data.

V Conclusion

We believe that this model offers the best predictions currently available for unobserved levels of different isotopic forms of NiH, although the predictions for rovibrational levels of the low Ω ( 2 Π 1/2 and 2 Σ + ) states are not particularly secure, since few levels were actually observed and included in our model, and those few were for 58 NiH alone. For NiD, v = 0 of the 2 Σ + state is predicted to lie ~2080 cm -1 above the lowest level of the 2 Δ 5/2 ground state. The level is sufficiently remote from others that it should be unambiguously assignable in resolved fluorescence, provided that an excitation (probably to a 2 Π 3/2 state) can be found with significant transition dipole moments both to 2 Σ + and any of the low-lying Ω =3/2 or 5/2 levels reported here.

The situation is more delicate for higher vibrational levels, where our model places rovibrational levels J = 2.5 e parity for 2 Σ + v=1 at 3363, 2 Π 1/2 v=0 at 3555 and 2 Δ 3/2 v=2 at 3602 cm -1 (none of them being 'pure' states). The separations are even smaller for f parity levels, where the model returns 2 Σ + v=1 at 3409 and 2 Π 1/2 v=0 at 3530 cm -1 . Even small changes in the parameters result in shifts easily of the order of the rotational constants in NiD, so assignment is likely to be more difficult, particularly if, as with NiH, only one branch of a given transition to 2 Π 1/2 appears strongly in the spectrum. Figure 4 illustrates the predictions for J = 2.5 levels of NiD from this model, and those from the ab initio work of ref. [12]. The figure shows that the ab initio calculations actually match remarkably well (|obs-calc| < 50 cm -1 ) for both components of the X 2 Δ state. The differences between ab initio and supermultiplet model predictions are of the order of + 300 cm -1 for the 2 Σ + , 2 Π 1/2 and 2 Π 3/2 levels, but respect the same ordering of states (the supermultiplet fit places the 2 Π 3/2 levels within 2 cm -1 of observation). The main difference between the two models is that the ab initio work included a modest increase in the < 2 Σ + | H SO | 2 Π 1/2 > spin-orbit matrix elements as a function of internuclear distance, where our supermultiplet fit imposed a constant value.

Spectroscopic data at higher temperatures are required for example in the modeling of cool stellar atmospheres. On the basis of abundances generated by nucleosysnthesis, one might expect NiH to be observed in cool stars: Ni is second only to Fe in the transition metal abundances.

Lambert and Mallia's work [50] in the early '70s found plausible coincidences with the 1930's reports of NiH emission [20,21], implying that NiH might become a molecular tracer in stellar spectra. But a later wave of interest in supplying reference transition data for NiH, notably O'Brien and co-workers using laser excitation cavity-enhanced spectroscopy [51][52][53], and in resolved fluorescence in Lyon [36,38,40] gave no confirmation, and our comparisons between more recent laboratory spectra and the extensive sunspot atlas now available at the Kitt Peak archive (ftp://nsokp.nso.edu/pub/atlas/) [START_REF] Wallace | NSO technical report ; 00-01 An atlas of sunspot umbral spectra in the visible[END_REF] suggest that the matches reported in ref [50] were accidental coincidences with very weak or blended features.

Representing energy levels of the strongly-interacting electronic states of NiH to experimental accuracy remains a spectroscopic challenge. A model taking analytical potential curves and radial spin-orbit functions rather than Dunham-type parameters should ultimately provide a more compact set of parameters, and be better suited for extrapolation to the higher rotational levels expected to dominate in stellar spectra. Tools to do this exist. The program DUO from Yurchenko et al. [START_REF] Yurchenko | [END_REF], for example, has been used to predict hot spectra for many species [56].

Coupled-channel representations based on V(R) functions [57] have been very successful in describing spin-orbit perturbations between pairs of triplet and singlet states in heavy alkali dimers.

Work on Rb 2 [58] and KRb [59] give just two illustrations of reduction of large data sets with the approaches of Bergeman and Stolyarov, including isotopically substituted species. But more information is needed on the heavily mixed 2 Σ + and 2 Π 1/2 states of NiD before we can implement this approach sensibly for NiH, underlining the need for further experimental work to access these states. We believe that the present analysis is sufficiently robust for NiD (and NiH) to give proper predictions as to where we should be looking for them.

Table 1. Effective band constants for

v = 1 A(Ω=5/2), v = 1 of E(Ω=3/2) and v = 0 of I(Ω=3/2)
identified in collisionally induced fluorescence of NiD. Values in cm -1 , with 1σ deviations in parenthesis, in units of last digit. Energies established with respect to the first ground state level, v=0, J=2.5 X 2 Δ 5/2 . The parity components of the A Ω=5/2 v=1 level, resolved only above J=7.5, are not assigned, so the choice of sign for q v is arbitrary. An avoided crossing around J = 10e leads to the large RMS deviation for this level. 

Parameter A (Ω =5/2) v=1 I (Ω =3/2) v =0 E (Ω =3/2) v =1 T v 16657.
3 2 Δ 5/2 2 Δ 3/2 2 Π 3/2 2 Π 1/2 2 Σ + 1/2 2 Δ 5/2 A + 0.5γ +γ D +B z -2 ( ) -Dz z -3 ( ) ± 0.25q D z -1 ( ) z -4 ( ) J + 0.5 ( ) -(z -4) B -0.5γ ( ) -0.5γ D z +1 ( ) -2Dz ∓0.25 z -1 ( ) J + 0.5 ( ) × 2q + p D -q D z + 2 ( ) ( ) ⎡ ⎣ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎤ ⎦ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ -2 B v Δ ,v Π × J + 2.5 ( ) J -1.5 ( ) 0 0 2 Δ 3/2 symmetric -A -1.5γ -γ D 2z +1 ( ) + B z + 2 ( ) -Dz z +5 ( ) ∓ 0.5 z -1 ( ) J + 0.5 ( ) × p+4q + p D z + 2 ( ) -0.5q D 5z + 4 ( ) ⎡ ⎣ ⎤ ⎦ -603 f v Δ ,v Π + 2B v Δ ,v Π -2 B v Δ ,v Π × J -0.5 ( ) J +1.5 ( ) 0 2 Π 3/2 symmetric symmetric 0.5A + y B -D y +1 ( ) -0.5γ D ∓ 0.5q D J + 0.5 ( ) ⎡ ⎣ ⎢ ⎢ ⎤ ⎦ ⎥ ⎥ y -B + 2D( y +1) +0.5 γ +γ D y + 2 ( ) ( ) ±0.5 J + 0.5 ( ) 0.5p D + q + q D y + 2 ( ) ( ) ⎡ ⎣ ⎢ ⎢ ⎢ ⎢ ⎢ ⎤ ⎦ ⎥ ⎥ ⎥ ⎥ ⎥ -2.1066 B v Π ,v Σ × J -0.5 ( ) J +1.5 ( ) 2 Π 1/2 symmetric symmetric symmetric -0.5A + B( y + 2) -γ -D y +1 ( ) y + 4 ( ) -0.5γ D 3 y + 4 ( ) ∓ 0.5 J +0.5 ( ) × p + p D y + 2 ( ) +2q+q D 3 y +4 ( ) ⎡ ⎣ ⎤ ⎦ -635 f v Π ,v Σ + 2.1066 B v Π ,v Σ 1 ∓ J + 0.5 ( ) ⎡ ⎣ ⎤ ⎦ symmetric symmetric symmetric symmetric Bx -Dx 2 + ΔE Spin-Rotation (b)
Caption to Table 3. Matrix elements of the N 2 Hamiltonian for the 2 Δ, 2 Π and 2 Σ + states and R 2 Hamiltonian for the 2 Δ ∼ 2 Π ∼ 2 Σ + interactions. The upper and lower signs refer to e and f parities, respectively. (a) This block repeats for v = 0-5, with off-diagonal elements assumed to be zero for interactions with Δv > 2.

Footnote to table 3. 

v 0-4 0-4 0-1 X 2 Δ 5/2 T vJ 0-7740 0-7740 0-4170 v 0-2 0-1 0-1 X 2 Δ 3/2 T vJ 973-5730 973-5325 972-5125 v 0-2 0-2 0 W 2 Π 3/2 T vJ 2610-6525 2610-6522 2609-4713 v 0-1 W 2 Π 1/2 T vJ 3454-5680 (a) v 0-1 0-1 V 2 Σ +
T vJ 2052-4095 2072-4452 (a) e parity data only for v = 1

Table 5 Parameters (in cm -1 ) describing the basis states 2 Δ, 2 Π and 2 Σ + for 58 NiH from multi-isotope fit, with scaled parameters for 58 NiD. 1σ parameter uncertainties are quoted in units of last digit. Tables for isotopically substituted species x NiH are given as supplementary material. showing collisionally-induced transitions from several electronic systems. In both cases, the laser excited Q ef,fe (2.5) B-X 1 (1-0). Some lines (notably around 14800 cm -1 ) remain unassigned in the NiD spectrum. The Ar lines (*) are also present in the NiH spectrum, but are much weaker than the molecular emission. 

  (a) z = (J + 0.5) 2 , y = z -1 and x = N (N + 1). (b) ΔE Spin-rotation e = 0.5 γ +γ D x ( ) N ( ) and ΔE Spin-rotation f = 0.5 γ +γ D x ( ) N +1 ( )

FIG. 1 .

 1 FIG. 1. (colour online) Emission bands observed in laser-induced fluoresence spectra of NiD. Thicker (blue) lines indicate hitherto unobserved vibrational levels in these electronic states.

Figure 2 .

 2 Figure 2. (colour online) Resolved fluorescence spectra of NiD and NiH (resolution 0.04 cm -1 )showing collisionally-induced transitions from several electronic systems. In both cases, the laser excited Q ef,fe (2.5) B-X 1 (1-0). Some lines (notably around 14800 cm -1 ) remain unassigned in the NiD spectrum. The Ar lines (*) are also present in the NiH spectrum, but are much weaker than the molecular emission.

Figure 3 .

 3 Figure 3. (colour online) Distribution of obs-calc residuals generated from the multi-isotope fit. The logarithmic scale in panel (b) illustrates more clearly the distribution of residuals < 0.05 cm -1 , indistinguishable in panel (a).

Figure 4 .

 4 Figure 4. (colour online) Comparison between predicted term values for 58 NiD at J = 2.5 from our multi-isotope fit (thick lines), and from ab initio calculations of C. Marian [12], (thinner (blue) lines). Labels indicate the dominant wavefunction contribution 2 Λ Ω and vibrational levels. Connectors (red) link predictions for the Ω = ½ states. Asterisks indicate experimentally observed levels.

  Δ 3/2 was very weak, but important in connecting the energy level stacks. Fluorescence from60 NiD and 62 NiD was too weak to collect useable interferograms.

	energies could be referenced to the ground electronic state. The direct fluorescence from B 2 Δ 5/2 to
	X 2
	cw single-mode ring dye
	laser operating around 17100 or 18100 cm -1 (with R6G or pyrromethene 567 dyes), with the laser
	beam intersecting the discharge plume about 1 cm below the anode. The dye laser was tuned to
	some of the stronger transitions (B 2 Δ 5/2 ←X 2 Δ 5/2 or F 2 Φ 7/2 ←X 2 Δ 5/2 ) transitions reported by
	Adakkai Kadavathu et al. in 1987. Backwards fluorescence was collected and transferred to a
	commercial FT spectrometer, passing through a λ > 590 nm filter to minimize laser scatter. The
	fluorescence was much weaker than had been seen (by eye) in NiH with the same set-up, and
	Fourier-transform resolved fluorescence spectra revealed that collisional energy transfer processes
	made a smaller contribution to the total fluorescence signal than in NiH. They nevertheless populate
	the two levels of the D Ω'=3/2 state (also reported by Adakkai Kadavathu and co-workers) and v =
	0 of the E Ω'=3/2 state, from which fluorescence occurs to several levels of the two low-lying Ω"
	=3/2 states. Collisions following excitation of v=1, B 2 Δ 5/2 populate a second Ω'=5/2 level, that we
	assign as v=1 of the A state (weak transitions to v=0 were reported in ref.[25]). Tuning the laser to
	shorter wavelengths, collisions from v=2, B 2 Δ 5/2 populate another two Ω'=3/2 levels that we label E
	Ω'=3/2, v=1 and I Ω'=3/2, v=0, scaling from NiH. Figure 1 maps the observed bands whose term

The water-cooled cathode was drilled to allow a continuous flow of a commercial gas mixture (5% D 2 in Ar, from AirLiquide) through a vacuum chamber. The discharge products were probed by a

  Gray et al. These included spin-orbit coupling terms producing the strong mixing between 2 Δ 3/2 and 2 Π 3/2 states and between 2 Π 1/2 and 2 Σ + states, originating from ζ Ni+ 3d (-603 cm -1 ). The parameters A ΠΔ and A ΣΠ are scaled by a vibrational overlap factor, f ΠΔ (or f ΣΠ ), largest for Δv = 0 but nonzero elsewhere. Gray's additional scaling coefficient c ΣΠ of 0.86, justified by indications from ab initio work that the low-lying 2 Σ + state has around 25% Ni 3d 10 character, was applied to all 2 Π ~ 2 Σ

+

matrix elements (eqs. 11, 12). The vibrational overlap integrals

Table 2 :

 2 Band constants for the low-lying states of NiD determined from fit of term values to expression(1). Parameters in cm -1 , with 1σ deviations indicated in parenthesis in units of last digit. Note that e parity levels only were available for v=3 of X 2 2 Δ 3/2.

		09(2)	17362.58(1)	17503.54(2)
	B v	3.0682(9)	3.1518(5)	3.04265(101)
	10 4 D v	1.988(116)	1.216(39)	3.21(16)
	10 7 H v	-6.56(40)		5.35(68)
	q v	1.17(12) × 10 -6	-8.24(18) × 10 -4	1.290(5) × 10 -2
	q D			-7.45(35) × 10 -7
	RMS deviation	0.041	0.008	0.046
	J max	13.5	11.5	13.5

Table

  

Table 4 .

 4 The range of observed vibrational levels, and associated ranges of term en x NiH and58 NiD. The complete list of term energies is available as supplementary m

	State	Obs (range)	58 NiH	60 NiH	62 NiH

Table 6b .

 6b Table 6aVibrational overlap integrals f vΔ , vΠ and f vΠ , vΣ (see table3) multiplying spin-orbit parameters for58 NiH and58 NiD. Most were constrained to 'Initial' values (see text). 1σ parameter uncertainties are quoted in units of last digit for those optimized in the fitting procedure. Tables for isotopically substituted species are given as supplementary material. Optimized and constrained off-diagonal rotational parameters B vΔ , vΠ and B vΠ , vΣ (in cm -1 ) for58 NiH and58 NiD. Most were constrained to 'Initial' values (see text). 1σ parameter uncertainties are quoted in units of last digit for those optimized in the fitting procedure. Tables for isotopically substituted species are given as supplementary material.

			2 Δ ~ 2 Π					2 Π ~ 2 Σ +
	Parameter		NiH		NiD		NiH	NiD
		Intial	Optimized	Initial	Optimized	Initial	Optimized	Initial	Optimized
	B 0,0	7.292	7.653(31)	3.666		3.525(35)	7.392	7.3383(27)	3.777
	B 0,1	2.938		1.602					0.088
	B 0,2	0.0		0.683			0.0		-0.030
	B 1,0	-1.278	-1.4157(34)	-1.041		-0.976(13)	1.405		0.698
	B 1,1	6.403	7.021(18)	3.173		3.338(23)	7.102	7.0726(26)	3.659
	B 1,2	3.713		2.009			0.559		0.120
	B 1,3	0.0		1.061			0.0		-0.053
	B 2,0 Parameter B 2,1 B 2,2 f 0,0 B 2,3 f 0,1 B 2,4	0.0 -1.757 Intial 5.558 0.956 4.032 0.274 0.0	2 Δ ~ 2 Π 0.049 -1.234 Optimized -1.7922(25) NiH Initial 6.1156(84) 2.629 0.96298(9) 0.940 2.164 0.318 1.336	0.0 1.871 Optimized 6.812 0.95059(12) 0.997 NiD -1.344(14) Initial 2.949(18) 0.664 -0.069 0.0	NiH	0.219 0.940 Optimized 2 Π ~ 2 Σ + Initial 3.541 0.144 0.996 -0.082 -0.075	NiD	Optimized
	f 0,2 B 3,1	0.0 0.0		0.084	0.114		0.0	0.0	0.360	-0.017
	f 1,0 f 1,1 B 3,2 f 1,2 B 3,3 f 1,3 B 3,4	-0.293 0.869 -2.088 0.359 4.758 0.0 4.094	-0.29468(5) -0.253 0.89369 (8) 0.920 -1.441 -1.7309(49) -0.30785 (9) 0.067 0.85476(8) 0.993 2.150 0.409 -0.095 2.163 6.525 0.181 0.0 2.178 0.746	1.095 3.425 0.163	0.080 0.990 -0.115 -0.031
	f 2,0 B 3,5	0.0 0.0		1.526	0.044		0.0	0.0	-0.097	0.026
	f 2,1 B 4,2	-0.409 0.0	-0.41153(5) -0.465 0.118	-0.42880(9) 0.089 0.0	0.483	0.107
	f 2,2 f 2,3 B 4,3 f 2,4 B 4,4	0.783 0.405 -2.334 0.0 4.004	0.81576(8) -1.584 1.731	0.710 0.451 0.233	0.75362(26) 0.988 -0.113 2.321 0.0 6.240	1.200 3.310	0.983 -0.138 -0.044
	f 3,1 B 4,5	0.0 0.0		2.101	0.076		0.0	0.0	0.179	0.043
	f 3,2 B 5,3	-0.496 0.0		0.152	-0.552	-0.5376(27) 0.101 0.0	0.591	0.125
	f 3,3 f 3,4 B 5,4 f 3,5 B 5,5	0.699 0.427 0.0 0.051 0.0		-1.681 1.334	0.602 0.466 0.108		0.0 0.0	0.984 -0.124 0.0	1.269 3.195	0.977 -0.156 0.058
	f 4,2	-0.565			-0.616		0.107	0.136
	f 4,3	0.615			0.498			0.980	0.971
	f 4,4	0.0			0.462			0.0	-0.170
	f 4,5	0.0			0.273			0.0	-0.058
	f 5,3	0.0			0.140			0.0	0.073
	f 5-4	0.0			-0.666		0.0	0.142
	f 5,5	0.0			0.400			0.0	0.966

Table 7 .

 7 Predicted energy terms (cm -1 ) for the lowest rotational levels of NiD and N 2 Π and 2 Σ + 'supermultiplet' states) E < 8000 cm -1 ). A more extensive list is given as s material. The 2 Λ labels indicate only the dominant contribution to the wavefunction splittings indicate severe mixing between states.
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