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Vibration-rotation and pure rotational data in the X" ground state and electronic data from the A’I1-X*S" and B*S"-X*S" transitions of
CaH and CaD were used in the quantum-mechanical direct-potential-fit (DPF) analysis to determine an analytic potential energy function
for the X’2" ground state of CaH, and a radial correction function for the CaD isotopologue. The potential energy function for the X°Z*
state reproduces all the observed energy levels of CaH and CaD within their experimental uncertainties. In addition, it follows the ab initio

potential very closely outside the data region, and has the theoretical long-range behavior near the asymptote.
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INTRODUCTION

Calcium hydride is an important astrophysical molecule
[1-3]. Tt has been identified in the spectra of sunspots, cool
stars, M-dwarfs and subdwarfs by its orange and red bands
belonging to the ATI-X’" and B*X"-X’L" transitions [4-6].
Studies on the A’TI-X’L" and B’ "™-XX" transitions of CaH
and CaD started early in the 20th century [7-10], and
extended significantly in the 1970s [11-14]. The equilibrium
electronic energies (7.) of the A’IT and B’X" state differ by
1350 cm”, which is almost equal to the vibrational
wavenumber of CaH in both states. Thus, all the observed
vibrational levels of the B’Z" state of CaH (v = 0, 1, 2) are
perturbed [11] by those of the AT state (v5 = 1, 2, 3), but
the vibrational levels of CaD are not perturbed [15].

Spectroscopic studies on CaH and CaD prior to 1976
have been listed in Huber and Herzberg’s book [16], which
includes several electronic transitions involving the X*%"
ground state and the A’[l, B’X', C°%", D", E’Il and
higher-lying electronic states [16—20]. The A’Il and B’Z"
states of CaH were studied again by laser spectroscopy [21],
and the D’X"-X’%" spectra for both CaH and CaD were
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recorded by Bell et al. [22] and Gustavsson et al. [23].
Martin generated empirical potential energy curves for the
X’2", B’Z" and D’X" states using spectroscopic data from
both CaH and CaD [24]. Recently, high resolution Fourier
transform emission spectra of the E’[1-X’L" transitions of
CaH and CaD have been analyzed [25].

Steimle and co-workers studied the ATI-X’L" and B°Z"-
X’%" transitions of CaH and CaD using laser-induced
fluorescence [26]. They measured low-J lines in the
presence of magnetic or electric fields [27-29], and
determined permanent electric dipole moments for the X’X",
ATl and B’L' states. Due to the appearance of these
electronic transitions in solar and stellar spectra, the ATI-
X’2" and B’X"-X?X" emission spectra of CaH and CaD were
recorded recently by Bernath and co-workers [30,31] at high
temperatures using a Fourier transform spectrometer, and
spectroscopic constants were obtained for the A’IT and B’X"
states of both isotopologues. High vibrational levels in the
double-minimum B>X" state were measured very recently by
laser-induced fluorescence [32].

Calcium hydride has been the subject of several ab initio
calculations, which focused mainly on potential energy
curves of the low-lying electronic states, and the dipole
moments of the X’T*, A’IT and B°X" states [33-39]. Pure
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theoretical line lists with oscillator strengths have been
computed for the A’TI- X’ and B’L"-X’T" transitions by
Weck et al. [40], although their theoretical line positions do
not match experimental data, and discrepancies of ~10 cm
exist for some vibrational wavenumbers.

Spectroscopic measurements within the X°X" ground
state of CaH began in 1989, when Petitprez et al. recorded
diode laser infrared spectra, and observed vibrational levels
up to v = 4 for both CaH and CaD isotopologues [41].
Fourier transform infrared emission spectra of CaH were
recorded [42,43], and CaH vibrational levels up to v = 4
were measured. Accurate rotational constants for the v = 0
of CaH and CaD in the X°L" ground state have been
spectra  [44,45].
Shayesteh et al. combined their infrared data with all ground

determined from  millimeter-wave

state data available in the literature, and obtained Dunham
constants for the X°X" state using a multi-isotopologue fit
[43].

In the present study, we have collected the available
pure rotational, vibration-rotation and electronic data for the
X?z', A’ and B3 states of CaH and CaD, and used the
quantum-mechanical direct-potential-fit (DPF) method to
determine an analytic potential energy function for the X’
ground state. This potential energy function incorporates the
theoretically known long-range behavior, and reproduces all
the observed energy levels of CaH and CaD within their
experimental uncertainties.

DATA USED IN THE ANALYSIS

The present work is an analysis of the data from pure
rotational, vibration-rotation and electronic spectra of **CaH
and “’CaD. Barclay et al. [44] recorded the millimeter-wave
spectra in absorption, including the N = 1 « 0 rotational
transition of *“*CaH and the N =1 « 0 to 3 « 2 rotational
transitions of **CaD with uncertainties of £10° ¢cm™'. Frum
et al. [45] measured the N =1 « 0 and 2 < 1 rotational
transitions for **CaH and N = 3 < 2 to 5 « 4 for “CaD
with uncertainties of +10° ¢cm '. The diode laser infrared
spectra of CaH and CaD, recorded by Petitprez et al. [41],
1 <« 0 to 4 «— 3 bands of both
isotopologues in the X°Z" ground state with uncertainties of
+0.001 em™.
transform infrared emission spectrum of CaH, and measured

contained the v

Shayesteh er al. [43] recorded Fourier
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the v=1 « 0 to 4 « 3 bands with uncertainties of +0.001
cm™. They included all previous ground state data in their
fits, and for the pure rotational lines, they calculated
hyperfine-free line positions. We took all ground state data
from Ref [43], and added new data from electronic
transitions of CaH and CaD [30,31] to our data set.

Compared to the infrared data, the AZ[I-X*X" and B*X'-
X?2" transitions of CaH and CaD, recorded recently by
Bernath and co-workers [30,31], span a much larger range
of J values. We thus included all their data in our data set.
Lines from the Av = 0 sequence in both A°TI-X°%" and B’Z"
-X?s" transitions of CaH have uncertainties of £0.003 cm™,
while for CaD and the other sequences of CaH, typical
uncertainties are +0.005 cm”. The electronic data of
Bernath and co-workers [30,31] span v =0 to 4 of the X’%"
ground state for both CaH and CaD. We also noted that in
some emission bands in the D’L™-X’L" transition of CaD
isotopologue, Gustavsson [23] had observed the v= 5, 6 and
7 levels of the ground state, and their vibrational energies
and rotational constants were later reported in Martin’s
paper [24]. We included these vibrational energies and
rotational constants for CaD with uncertainties of 0.1 and
£0.001 cm™, respectively. An overview of all the data used
in our analysis is presented in Table 1.

DIRECT-POTENTINAL-FIT
ANALYSIS

DATA

The Radial Hamiltonian and Potential Energy
Function

the (DPF) the
parameters of an analytic potential energy function are fitted

In “direct-potential-fit” analysis,
directly to the differences between observed energy level
spacings and eigenvalues obtained by solving the radial
Schrodinger equation. For a neutral diatomic molecule with
a closed-shell electronic structure, the radial equation is [46-

52]:

2
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dy,, ()
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in which u is the reduced mass and Ven(7) is the “clamped
nuclei” electronic potential, and AV,y(») is the adiabatic
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Table 1. Experimental Data Used in the Present Study

Isotopologue Transition unc. V' V' No. Data Ref.
(em™)
“CaH Pure rotational £10°° - 0 2 [44]
Pure rotational +107° 4 [45]
Infrared +0.001 - 0-4 504 [43]
ATI-XE" +0.003 0-3 1-4 1294 [30]
ATI-XE" +0.005 0-3 1-4 1301 [30]
B X" +0.003 0-2 0-2 385 [30]
B X" +0.005 2 3 33 [30]
BE' X! +0.1 1,2 0,1 139 [21]
“caD Pure rotational +10°¢ - 0 4 [44]
Pure rotational £107 - 0 6 [45]
Infrared +0.001 - 0-4 128 [41]
ATI-XE" +0.005 0-2 0-3 2055 [31]
ATI-X" +0.01 3 34 303 [31]
B '-Xx! +0.005 0-2 0-2 632 [31]
DX SXE" £0.1 0-4 5-7 6 [24]

contribution to the potential, which is isotope-dependent.
The terms gp(r) and g,(r) take account of non-adiabatic
corrections to the radial and angular kinetic energy
operators, respectively. In order to solve Eq. (1) directly by
conventional Numerov-Cooley wavefunction propagation
methods, it is common to multiply it by the factor [1 +
gﬁ(r)]’], which is then expanded utilizing the fact that |g4(r)|
<< 1. With some more manipulations [49-53] and by taking
the potential function of one isotopologue as reference, the

following effective radial Schrodinger equation is obtained:

L‘]tl)[l +g")(r)]}/lvj(”) = Ev./(//v./(r)’
2p,r ‘ o

@)

2 2
[—;’T% ey +arO e+
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in which y((,) is the total effective internuclear potential

at J = 0, including all corrections for the selected reference
The
correction, g(r), is an effective correction function that is

isotopologue. nonadiabatic  centrifugal-potential

approximately equal to [g.(r) - gs()], and is isotope-
dependent [49-56]. Therefore, Ap("(r) is only the difference
between the effective radial potential (at J = 0) for
isotopologue i and that of the reference species (i = 1). For
practical work, i.e., fitting the potential energy functions to
experimental data, Eq. (2) is appropriate, and has been
implemented in Le Roy’s dPotFit program [57]. For a *X"
electronic state with rotational quantum number N, Eq. (2)
is rewritten as:
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in which Ay (r) is the radial strength function for the spin-

rotation doubling in isotopologue i, and sgs(e/ f'; N) is equal
to +IN and -1(N+1) for the e and f levels, respectively
[58].

The Morse-long-range (MLR) model [59,60] was used
for the effective adiabatic potential of the X*X" ground state:

2

— S expl- ()07 0)

uLR

Ve (1) = D, |:1 (4)

e

in which D, is the equilibrium dissociation energy, 7. is the
equilibrium internuclear distance, and u;g(r) is the long-
range potential. The exponent coefficient f(7) is defined by
the following equation,

)

B =B ()=} (OB +11- “fm]Zﬂ W),

in which Ve (r) and v (r) are slowly varying functions of

the internuclear distance [61]:

p
"Mt .

r’+rf

ref

G ©)

The power p (or ¢) is usually a small positive integer, and it
is possible to choose different values for p and ¢ in Eq. (5)
for B(r). The reference distance for the expansion (7rer) is
sometimes set equal to 7., e.g. in y7*(r) of Eq. (4), but in

general it can be any chosen internuclear distance. As r—oo,
V() >+ and the value of g_in Eq. (5) becomes:

=In [2Dc [t (rc)] ’ (7)
resulting in the following potential at long-range [62]:
Ve (1) = D, =15 (r) + 15, (r) /4D, - ®)

We used the “damped” long-range potential for the CaH

Vol. 5, No. 4, 643-658, December 2017.

molecule:

()= D) &+ D) S ©)

The damping functions D¢(r) and Dg(r) in Eq. (9) are the
generalized Douketis-type functions [63,64] with s = -1:

I

in which the two system-independent parameters are b =

O (pr)?
ml/Z

DY (r)= {1 - exp(_ B _ (10)
m

330 and P = 0.423. The system-dependent scaling
parameter p was calculated to be 0.74 for CaH:
P = Pew = 2PcPul(Pes + Pu) with py = 1 and pe, = (Ipca/
IPH)z/ 3 The values of Cs and Cs for the ground state of CaH
were taken from Ref. [65].

The Born-Oppenheimer breakdown (BOB) radial
functions, AVO(r) and g@(;), are usually written as a sum
of two terms, one for each component atom [53,54]. Taking
CaH as the reference isotopologue and having BOB
corrections only for the hydrogen atom, the BOB functions
are simplified to:

AK‘(dCaD)(r) — [A/[DA;DAIHJES(V) (1 1)
g((‘aH)(r) = ’[s“*:(r) (123)
(12b)

g = (MDJR ")

The radial strength functions 5‘3(7) and ﬁn*: (r) are expanded

using expressions in which their values at r. and at the
potential asymptote are explicit parameters of the MLR

model:
S50 =y (1) +[1- % ()] ZuH < () (13)
RE) =2y () +[1- v ()] Zt” () (14)
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S"(r) is usually given in units of wavenumbers, and R ()

is dimensionless. We adopt Watson’s convention [55] of
fixing ;" =0.0, and we also have ;' -0 for the ground
state of CaH. In addition, since we choose to set the zero of
energy at the energy of separated ground-state atoms, the
limiting asymptotic values
ul =t =0.0.

Finally, the function Ap{"(;) for the spin-rotation

of these parameters are

interaction in Eq. (3) is defined as [58]:

2

(15)

AV;‘”(r){z"lzJ/g(r)’
W

i

in which fy(r) is a simple polynomial in the dimensionless
radial variable yE ()

£ =D (16)

The magnitude of the dimensionless radial function fx() at
the equilibrium distance (7.) is equal to the ratio of the spin-
rotation interaction constant (y.) to the inertial rotational
constant (B,).

Data Analysis Procedure

In the first step, we used the Dunham Yo and Y,
coefficients from Ref. [43] to generate RKR potential [66]
for the X°X" ground state of CaH. Since the direct-potential-
fit procedure is based on nonlinear least-squares fitting and
requires relatively accurate starting parameters, the RKR
turning points were fitted to MLR potential functions with
various values of p, ¢ and 7. using the program BetaFit
[67]. The output parameters (f;) from program BetaFit were
used as the starting parameters for the dPotFit program [57].
Since the rotational levels of the AT and B°X" excited
states of CaH are perturbed, all the observed levels of the
AT and B’L" states were fitted as independent term values.
The quality of the fit is quantified by the value of the
dimensionless root-mean-square deviation (DRMSD) [62],
which should be close to unity for a good fit [68].

RESULTS AND DISCUSSION

Spectroscopic data considered here span less than half of
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the ground state well depth, and it is not possible to
determine an accurate value for the dissociation energy from
the data. Huber and Herzberg [16] reported 14360 cm™ as
an upper limit for the equilibrium dissociation energy (D)
of the X?X" ground state, from predissociation data of the
C’2" excited-state. Kerkines and Mavridis [39] obtained an
ab initio value of 14270 cm™ from relativistic CCSD(T)
calculations with uncontracted quintuple-zeta basis sets.
Recently, in another ab initio study, a value of 14330 cm
was obtained from multi-reference configuration interaction
(MRCI) calculations [69]. We decided to fix the
dissociation energy (D) at 14300 cm™, to be consistent with
all three values mentioned above. We used the Morse-long-
range (MLR) model for the effective adiabatic potential
function of the ground state because of its proper
description of the short- and long-range behaviors. The
numerical values of Cs and Cg constants were taken from
the article of Mitroy and Zhang [65].

Since there is no experimental information about the
X’z state potential in the region beyond the inner (1.62 A)
and outer (2.65 A) turning points of the highest observed
vibrational level (v" = 4), we added several ab initio values
for the potential energy curve from MRCI calculations [69].
The ab initio points were outside the data region from r =
1.1 to 1.6 A for the short range, and from » = 2.8 to 4.4 A
for the long range; uncertainties of about 2% were assigned
for the ab initio points. This constraint imposes physically
correct behavior on the short-range repulsive and outer wall
attractive parts of the resulting fitted potential.

Generally, the dimensionless-root-mean-square
deviation (DRMSD) of the fit varies with the order of the
MLR exponent polynomial N; and the location of expansion
centre r¢ for different values of the expansion coefficient
powers p and q. We used 7 values from 2.60 to 2.90 A, in
0.05 A intervals, and obtained a series of fits for different
values of p = g = 3, 4 or 5 with Ny = 7 or 8. Figure 1
summarizes the results obtained for the six potential
functions at seven different s values. In order to minimize
DRMSD with the smallest possible number of parameters,
the best radial function S(r) for the MLR potential was
chosen to be the one with Ny =7, p = g =4, and 7. = 2.75
A. Tt has been reported previously that when ab initio points
are added, it is possible to have r. values larger than the
outer turning point of the highest observed vibrational level
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Fig. 1. Dependence of DRMSD on the exponent polynomial order N; and the expansion center location 7y.¢ for
expansion function variables defined by {p,q} = {3,3}, {4,4} and {5,5} in the MLR potential energy
function fits for the X*L" ground state of CaH.
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Fig. 2. Plot of potential energy function determined for the X°Z" ground state of CaH, with energy levels
indicating the experimental data. The circles are the ab initio points of Ref. [69].
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Fig. 3. Plot of the distance-dependent exponent coefficient function for the X*X" state of CaH.
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Fig. 4. Plot of the fitted H-atom adiabatic radial BOB function determined for the X% state of CaH.
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Fig. 5. Plot of the fitted H-atom non-adiabatic centrifugal BOB function determined for the X°X" state of CaH.
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Fig. 6. Plot of the spin-rotation doubling radial strength function determined for the X*X" state of CaH.
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Table 2. Parameters Defining the Recommended MLR Potential Energy Function for the
X’x" State and the Associated BOB and Spin-rotation Doubling Functions, as
Determined from the DPF Analysis. The Long-range Potential Incorporates the

Generalized Douketis-type Damping Functions with s =—1 and pc,y = 0.74

MLR potential - Correction o5
parameters parameters

T (cm™) 0.0 {Pad, qad} {4,4}

D. (cm™) 14300 (Fixed) u' (cm™) 88.567(29)
re (R) 2.0023637(2) uy' (cm™) -6.16(6)

Cs (cm™ A% 4.824 x 10° ui' (cm’) 62.0(21)
Cs (em™ A®) 8.504 x 10° uy (cm™) 16.7(17)
. q} {4,4} {Pnas Gna} {4,4}

Fret (A) 2.75 ¢ 0.0010389(110)
o 0.32135341(2700) L -0.00026(10)
B -1.3542224(1400) ! 0.00171(6)
b 0.047742(1700)

bs 1.83695(970) {gs=} {4}

B4 3.53096(3000) Wy 0.0103508(38)
Bs 4.0791(490) wo -0.00312(9)
Bs 2.794(42) wr -0.00265(29)
By 0.864(14) W -0.0041(13)

[70,71]. Plots of the potential energy function and the f(r)
functions for the X’L" ground state of CaH are displayed in
Figs. 2 and 3, respectively.

Selecting *CaH as the reference isotopologue in our
analysis, the effective BOB functions for the hydrogen
atom, e, §¥(y) and R (r), Were obtained simultaneously
in the fit. We used p = ¢ = 4 for these radial strength
functions and ¢ = 4 for the spin-rotation doubling function,

" states. These functions

fi(r), which is required for T
remain well-behaved outside the data region and display no

unphysical behavior. Plots of the adiabatic and nonadiabatic
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correction functions are presented in Figs. 4-6. As a result,
our final multi-isotopologue fit for the radial Hamiltonian of
the X’" ground state required 23 parameters, of which D.,
Cs and Cg were held fixed. The fit also included 1886 term
values for the excited electronic states. The fitted term
values for the A’IT and B’X" states have absolute accuracies
of ~0.005 cm’, and are consistent with spectroscopic
constants of CaH and CaD reported previously for these
states [30,31]. Table 2 lists the parameters of our final
potential function for the X’Z" ground state. The sequential
rounding and refitting (SRR) technique [68] was applied to
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400 F
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0 4 8 12 16

Fig. 7. Vibrational level spacings calculated from the MLR potential function (solid line and circles),
compared with those from ab initio potential of Ref. [69] (dashed line and squares).
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0.0

0 4 8 12 16

Fig. 8. Rotational constants calculated from the MLR potential function (solid line and circles), compared
with those from ab initio potential of Ref. [69] (dashed line and squares).
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Table 3. Dunham Constants (in cm™) for the X*X" Ground State of CaH and CaD

Constant CaH CaD

Yio 1298.34461(410) 929.89165(290)
Yo -19.1189(48) -9.8008(25)
10% Y5 1.206(240) 0.4427(880)
10° Y40 -2.9(5) -0.762(140)
10* Y50 -5.219(450) -0.9822(850)
Yo 4.2770402(4) 2.1946977(2)
10%Yy -9.66232(110) -3.54842(40)
1075, -1.529(70) -0.4019(18)
1075, 1(2) 0.19(36)
10°Y,,, -7.537(180) -1.016(24)
10* Yy, -1.852398(160) -0.4882197(420)
107 Y, 2.164(180) 0.4073(34)
10° Y, 2.1(7) 0.283(90)
10° 5, -2.546(83) -0.2456(80)
10° Yo 6.7706(240) 0.91233(320)
107, 4 1.01(15) 0.0974(140)
10" ¥4 -3.79(23) -0.262(16)
10" Yo4 -3.934(140) -0.2718(97)
10 7,4 -3.89(41) -0.192(20)
10" Y5 1.31(24) 0.0464(85)
10% yo4 44271(10) 2.2697(5)
1071 -1.40421) 0.5154(77)
10° 5, -1.3(6) -0.342(140)
10° 90 -5.039(61) -1.324(16)
10 945 22(5) 0.296(62)
SH 0.7276(14)

10> 571, 3.7(4)

10> 5, 7.6871(38)

10° 8, -8.5(3)

10° 8,5 -1.024(14)

033
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all the parameters listed in Table 2. A list of term values for
the sublevels of the A’IT and B’Z" excited states, the outputs
of the dPotFit program and a complete list of data with
residuals are provided in the supplementary material, in
which we also report numerical values of the potential
energy function, Vyr(7), and the correction functions
S®(r)> R"(r) and fx(r) at r values from 1.0 A to 10.0 A.
Plots of AG,+» and B, of CaH are shown in Figs. 7 and
initio  MRCI
calculations. On the scale of these plots, the agreement

8, and compared with those from ab

between theory and experiment is excellent. We found the
highest vibrational levels of CaH and CaD to be v = 16 and
22, respectively, from the MLR potential. The existence of
high-quality millimeter-wave data for both CaH and CaD
resulted in accurate determination of the equilibrium
internuclear distance (7). For three other alkaline earth
hydrides, i.e., BeH [72], MgH [58,73] and BaH [74], direct-
potential-fit analyses of experimental data have resulted in
highly accurate potential energy curves for the X’X* ground
state. A similar study on SrH has been completed recently,
and will be published separately.

We also performed a multi-isotopologue Dunham fit for
the X’ " ground state using the dParFit program [75], while
the Al and B’Z" state levels were fitted as individual term
values. We used all the data summarized in Table 1,
5, 6 and 7 of CaD, in our fit. Compared to

the Dunham fit reported in Ref. [43], the new fit includes an
additional Y5, parameter, and the s and s correction

" _—

including the v

parameters have been removed. It has been noted previously

for other hydride molecules that when higher-order
polynomials for Yo with fewer correction parameters (5, )

are used in a multi-isotopologue fit, the model is more
realistic for predicting higher vibrational intervals [76]. For
the rotational part, because we included the A’TI-X’Z" and
B’:"-X’" data with very high J values, we had to add two
new parameters, i.e., Yos and yo3 to the fit. The r, value of
CaH calculated from the Y; constant is 2.0023603(9) A and
the MLR potential has an 7. of 2.0023637(2) A, the
difference being in the sixth decimal place. The zero-point
energy, G(0), from the Dunham fit is 644.394 cm™, and that
of the MLR potential is 644.525 cm’. The Yo value of the
Dunham fit is 0.131 ¢cm™, and the two G(0) values become
exactly equal when one adds the Y, correction. The
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Dunham constants are listed in Table 3, and the outputs of
the dParFit program have been placed in the supplementary
material.

CONCLUSIONS

Vibration-rotation and pure rotational data in the X’Z"
ground state and electronic data from the A’TI-X’T" and
B’X'-X%" transitions of CaH and CaD were used in the
quantum-mechanical direct-potential-fit (DPF) analysis to
determine an analytic potential energy function for the X"
ground state of CaH, and a radial correction function for the
CaD This
reproduces all the observed energy levels of CaH and CaD
their
correctly outside the data region.

isotopologue. potential energy function

within experimental uncertainties and behaves

SUPPLEMENTARY MATERIAL

See supplementary material for a complete list of data
and constants.
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