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Calculated radiative transition probabilities between all vibrational levels in the X I..,!" + state 
(v = 0-21) and in the A I..,!" + state (v = 0-32) of NaH are given. In addition, the calculated 
spontaneous emission lifetimes for vibrational-rotational levels (J = 0,1) and the calculated 
dipole moments for these same levels are given. The calculations use new hybrid potential energy 
curves based on Rydberg-Klein-Rees (RKR) and ab initio potential curves. The RKR curve for 
the X state is new. The calculations use new ab initio dipole moment functions of internuclear 
distance. 

I. INTRODUCTION 

This paper on NaH is part of a larger study (e.g., Yang 
and Stwalley, 1 Stwalley and Yang2

) on the spectroscopy and 
structure of ground and excited states of the alkali metal 
hydrides. The study has included both experimental and 
theoretical results; for example, an earlier paper3 on the 
A I..,!" + state of LiH demonstrates the beneficial interaction 
between experiment and theory in the determination of a 
high quality dipole moment function. 

This study on NaH includes an analysis of several theo­
retical dipole moment functions and experimental RKR po­
tential energy curves. We present a new RKR potential 
curve for the X I..,!" + state and new hybrid potential curves 
and dipole moment functions for both X I..,!' + and A I..,!" + 

states for all internuclear distances R. Finally, we present 
radiative transition probabilities, lifetimes, and dipole mo­
ments of all vibrational levels within both states. 

In Sec. II we discuss construction of the potential ener­
gy functions V (R ). In Sec. III we discuss construction of the 
dipole moment functions f-l(R ). Results and discussion of the 
transition probabilities, lifetime, and dipole moment calcu­
lations are presented in Sec. IV; comparisons with other 
theoretical and experimental results are given. In Sec. V we 
summarize our results. 

II. POTENTIAL FUNCTIONS 

A. X'I+ state of NaH 

The hybrid potential energy curve for the X I..,!" + state 
(Fig. 1 and Tables I and II) is constructed throughout the 
well in a fashion similar to that4 for the X state of LiH. The 

.J Present address: 3B-611A, Bell Telephone Laboratory, Holmdel, New 
Jersey 077 3 3. 

full potential consists of a spline fit of the V (R ) points over 
the dominant region (2.550 802<:R < 17.Oao; see Table II) 
plus an exponential function for R<2.550 802ao and a long 
range - CnlR n expansion for R;;d7.Oao (see Table I). 

The region about Re is from a new RKR calculation 
with O<v< 11. A dissociation energy De = 15900 cm- I is 
assumed. 1 The long range region of the potential VLR (R) is 
well defined: 

VLR(R) = - Cr/R 6 - CslR s _ CIOIR 10, 

where the C6• Cs• and CIO coefficients are directly from Proc­
tor and Stwalley.5 The LeRoy criterion6

,7 for the onset of 
breakdown of the - CnlR n expansion occurs at -14a0 , so 
we take VLR (R ) for R> 17.Oao' 

The Olson and Liu9 ab initio V(R) points from 7.0 to 
15.0ao are scaled to smoothly fit onto the RKR curve near 
the outermost turning point R II + and onto the long range 
potential at R = 17ao. The inner wall of the curve consists of 
an exponential function of the formAe - BR - C and is based 
on the Olson-Liu V(R) points at 1.75,2.00, and 2.50ao and 
shifted to fit smoothly onto the innermost RKR turning 
point Ru_ = 2.550 802ao' 

Previous RKR curves include those of Orth et al.1O 
(0<:v<:8) and Giroud and Nede1ec 11 (O<:v<: 15). Unfortunate­
ly, the Giroud-Nedelec values are reported only to 0,001 A. 
Our new turning points agree to within 0.0005 A with those 
ofOrth et al., 10 but both sets disagree with the Giroud-Ne­
deIec turning points (especially 0.007 A for Ro_ and 0.009 A 
for R o+). contrary to their ll "note added in proof' state­
ment. Sastry et al. 12 have also determined spectroscopic con­
stants for the X I..,!' + state; but they report only rotational 
(microwave) constants that do not permit the construction of 
an RKR curve, 

The RKR curve presented in Table II is constructed 
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Zemke fit a/. : The X '~ + and A '~ + states of NaH 357 

TABLE I. Potential energy curves (in a.u. with respect to the dissociation limit) for X Il: + and A Il: + states of 
NaH. V(R) and dV /dR are continuous. 

State Region Range of R (ao) 

I R<2.550 802 
II 2.550802<R<17.0 

III 17.0<R 
I R<3.18532 

II 3.18532<R<20.0 
III 20.0<R 

Function 

(16.5689) r 2.27533 R _ 0.072 172 8 
Tensioned cubic spline fit to the points in Table II 
_ 73.70/R 6 _ 3742!R 8 _ 267 l00/R 10 

(2.593 37)r 1.32774R - 0.0516928 
Tensioned cubic spline fit to the points in Table III 
_ 201.6/R 6 _ 38 462!R 8 

from these new spectroscopic constants (all in cm- I
): These constants were based on a combination of data for 

v< 11 included in Refs. 10, 11, and 12. Higher v values in Ref. 
11 were not included because of the erratic behavior of Bv for 
these levels. 

We = 1171.750, Be = 4.903 19 (Re = 1.88707 A), 
WeXe = 19.740 5, 
WeYe = 0.192 25, 

a e = 0.139 20, 
Ye = 0.001 899 3, 

WeZe = - 0.007 4914, Ee = - 0.000 10676. 

o --

-5.CXXl 

-IO.CXXl 

-15.CXXl 

-I 
V (em) 

-20.CXXl 

-25.CXXl 

-30.CXXl 

i------I15 

20 

15 

10 

5 

20 

o 4 8 12 16 
R (00 ) 

FIG. 1. Vibrationallevels of the hybrid X I~ + (v = 0-21)andA I~ + (v = 0-
32) potential energy curves in NaH. 

This RKR curve is better than the earlier one (for v<8) 

TABLE II. Points used in the intermediate region II (see Table I) of the 
potential for the X Il: + state of NaH. 

R (aol" V(a.u.)" Sourceb 

2.550802 - 0.022 2056 R II _ 

2.576990 - 0.0257018 R
IO

_ 

2.606257 - 0.0293679 R 9 _ 

2.639061 - 0.033 201 0 Rg_ 
2.676012 - 0.0371990 R 7_ 
2.717955 - 0.041360 6 R 6 _ 

2.766100 - 0.045 685 3 R,_ 
2.822284 - 0.0501734 R 4 _ 

2.889504 - 0.054 826 I R
3

_ 

2.973243 - 0.059 645 4 R 2-
3.085685 - 0.064 6341 R ,_ 
3.269457 - 0.069 795 8 Ro_ 
3.566044 - 0.072445 7 R/ 
3.926517 - 0.069 795 8 Ro+ 
4.239926 - 0.064 6341 R ,+ 
4.484732 - 0.059 645 4 R2+ 
4.703898 - 0.054 8261 R,+ 
4.910000 - 0.0501734 R 4 + 
5.108979 - 0.0456853 R5+ 
5.304 375 - 0.0413606 R6+ 
5.498659 - 0.0371990 R7+ 
5.693791 - 0.033 201 0 R.+ 
5.891 502 - 0.0293679 R9+ 
6.093461 - 0.D25 701 8 R IO+ 
6.301 393 - 0.022 205 6 R II + 
7.0 - 0.012 4200 ab initiod 

8.0 - 0.004 7285 ab initio 
10.0 - 0.000 598 7 ab initio 
11.75 - 0.000 III 1 ab initio 
12.0 - 0.000088 9 ab initio 
13.5 - 0.0000275 ab initio 
15.0 -0.0000116 ab initio 
17.0 - 0.000 003721 long rangee 

" lao =0.529 177 A; I a.u.=1 hartree=219474.624 cm- I (1 eV 
= 8065.479 em-I). 

b Except for the ab initio and long range entries, V(R,,) = [G (v) + Y 00] - De' 
where G (v) is the energy level for vibrational quantum number v and R,,_ 
andR H are the inner and outer RKR turning points for level v. Y()() is the 
Dunham correction to the zero point energy such that 
G(O) + Yoo = Z.P.E. (Yoo = 0.6301 em-I). De is the dissociation energy 
(Ref. 1) with respect to the bottom of the well. 

eRe is the equilibrium internuclear distance. 
dThese are theoretical V(R) points from Ref. 9, multiplied by the scaling 

factor Yx to shift the theoretical points downwards to fit smoothly onto the 
RKR points; Yx = VRKR (6.OaollVthec (6.Oao) = 1.057 83. 

e V(R) = VLR (R = 17.Oao) based on the long-range coefficients C., Cg , and 
C IO; see Table I. 
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by Orth et al. 10 for the X 1,2' + state because the fit includes 
levels up to v = 11 and new data from Refs. 11 and 12. This 
curve covers 70% rather than 57% of the bottom of the well 
(when v<8). 

B. A 1.2'+ state of NaH 

The hybrid potential energy curve for the A 1,2' + state 
(Fig. 1 and Tables I and III) is constructed in a fashion simi-

TABLE III. Points used in the intermediate region II (see Table I) of the 
potential for the A '~+ state of NaH. 

R (aol" V(a.u.)' Sourceb 

3.18532 - 0.013 925 8 R 20 _ 

3.21537 - 0.Dl5 400 6 R,y_ 
3.24769 -0.0169040 R,x_ 
3.28265 - 0.018 4318 R

17
_ 

3.32025 - 0.019 9810 R'6_ 
3.361 26 - 0.0215497 R

15
_ 

3.40567 - 0.0231363 R
14

_ 

3.45367 - 0.024 738 9 R,,_ 
3.50582 - 0.026 355 6 R'2_ 
3.56289 - 0.027 984 I R

Il
_ 

3.62563 - 0.029 6213 R
IO

_ 

3.69536 - 0.0312632 R 9_ 

3.77322 - 0.032 9057 Rx_ 
3.861 85 - 0.034 543 4 R 7_ 

3.964 08 - 0.0361712 R 6 _ 

4.08427 - 0.037 783 4 Rs_ 
4.22751 - 0.039 374 8 R 4 _ 

4.40363 - 0.040 940 5 R,_ 
4.62681 - 0.042 477 0 R 2 _ 

4.92652 - 0.0439824 R 1 _ 

5.39253 - 0.045 457 0 Ro_ 
6.03466 - 0.0461876 R/ 

6.64126 - 0.045 4570 Ro+ 
7.071 36 - 0.043 982 4 R,+ 
7.372 01 - 0.042 477 0 R2+ 
7.62429 - 0.040 940 5 R,+ 
7.85125 - 0.039 374 8 R4+ 
8.06309 - 0.037 783 4 R,+ 
8.26529 - 0.0361712 R 6+ 
8.461 63 - 0.034 543 4 R7+ 
8.65457 - 0.032 905 7 Rx+ 
8.84544 - 0.0312632 R9+ 
9.03554 - 0.029 6213 R IO + 
9.22565 - 0.027 984 I R Il + 
9.41613 - 0.026 3556 R 12 + 
9.60737 - 0.024 738 9 R 13 + 
9.79956 - 0.0231363 R'4+ 
9.99307 - 0.0215497 R 15 + 

10.18790 - 0.019 9810 R'6+ 
10.38481 - 0.018 4318 R 17 + 
10.58493 -0.0169040 R'R+ 
10.78959 - 0.015 400 6 R'9+ 
11.00124 - 0.013 925 8 R 20 + 
11.75 -0.0090740 ab initiod 

12.0 - 0.007 722 0 ab initio 
13.5 - 0.0023670 ab initio 
15.0 - 0.000623 0 ab initio 
20.0 - 0.000 004 652 long range' 

a lao =0.529177 A.; I a.u. = 219474.624cm-'. 
b Same description as footnote b in Table II; Y 00 = 0.86 em -'. 
C R, is the equilibrium internuclear distance. 
dThese are theoretical V(R) points from Ref. 9, multiplied by the scaling 

factor YA to shift the theoretical points downwards to fit smoothly onto the 
RKR points of Ref. 10; YA = VRKR (lO.Oao)/V,hco (10.000 ) = 1.04335. 

• V(R ) = VLR (R = 20.000 ) based on the long-range coefficients C6 and C.; 
see Table I. 

larto that fortheX 1,2' + state. The full potential consists ofa 
spline fit of the V(R) points over the dominant region 
(3.185 32<R <20.0a0 ; see Table III) plus an exponential for 
R<3.185 32ao and a long range - CnlR n expansion for 
R <20.0ao (see Table I). 

The region about Re is from a prior RKR calculation 10 

with 0<v<20. A dissociation energy De = 10 137 em-I is 
assumed. 1 The long range region of the potential is well de­
fined: 

VLR(R) = - CJR 6 - CgIR 8, 

where the C6 and Cs coefficients are estimated from thosel 3 

for theA 1,2' + state of LiH. The LeRoy criterion6
,7 for theA 

state occurs at -16.3ao, so we take the long range VLR (R ) 
form for R)20.0ao' 

The Olson and Liu9 ab initio points from 11.75 to 15.0ao 
are scaled to fit smoothly onto the RKR curve near the out­
ermost turning pointR 20 + and onto the long range potential 
at R = 20ao. The inner wall of the curve is of exponential 
form and based on the Olson and Liu points at 2.50, 3.00, 
and 3.25ao; it fits smoothly onto the innermost turning point 
R 20 - = 3.185 32ao. 

III. DIPOLE MOMENT FUNCTIONS 

A. X 1.2'+ state of NaH 

The dipole moment function f-l(R ) is constructed in a 
fashion similar to that for the potential curve (see Fig. 2 and 
Tables IV and V). The f-l(R ) function consists of three re­
gions, given in Table IV. Region II (from 2.0 to 30.Oao) is the 
physically important region and the most significant region 
in our calculations; it consists of a spline fit to the points 
given in Table V. Inside 2.0ao (region I), the potential curve is 

4 

2 

o 

v=o 
-2 1 

o 4 8 12 
R (oo) 

FIG. 2. Dipolemomentfunctionfl(R) (ina.u.) fortheX'~ + ground state of 
N aH. The smooth curves through the data are spline fits to the points found 
in Table V or Sachs et 01. (Ref. 14). The dashed line at small R is the pure 
ionic curve for Na +H-. The arrow indicates the R location corresponding 
to the vibrationally averaged dipole moment fl, ~ 0(/ = 0). 
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TABLE IV. The dipole moment functionsp,(R) in atomic units (e uo) for the X I~+ anA I~+ states of NaH. 

State Region Range of R (uo) Function 

Constant at 1.649 64 I 
II 

III 
I 

II 
III 

R<;;2.0 
2.0<R<30.0 
30.0<R 
R<2.0 
2.0<R<30.0 
30.0<R 

Tensioned cubic spline fit to the points in Table V, column two 
Constant at - 0.000 078 7 
Constant at - 1.669 62 
Tensioned cubic spline fit to the points in Table V, column three 
Constant at 0.000 275 

above the X II + state dissociation limit and all vibrational 
wave functions have very small amplitUdes. Thus inside 
2.000 the dipole moment is artificially taken as constant. 
Outside 30.000 (region III), the dipole moment is essentially 
zero (see Fig. 2). Only the uppermost vibrational wave func­
tion (for v = 21) has significant amplitude in this region. The 
vibrationally averaged dipole moment value for v = 0, f-lu ~ 0' 

occurs at - 3.600 ; other f-lu values occur at larger R values. 
The arrow in the bottom of Fig. 2 marks the location of 

f-lu ~ o· 
The f-l(R ) points of Table V are calculated with the elec­

tronic wave functions of Olson and Liu.9 The Olson-Liu 
calculations use an extended Slater-type function basis set 
and a very large (6665 configurations) core-valence configu­
ration interaction wave function and produce a VIR ) func­
tion in excellent agreement with experiment: the depth and 
minimum of the well are correct (De = 15 500 cm - I vs the 
experimental I De = 15900 ± 500 cm- I

; Re = 3.558ao vs 
the experimentaPO Re = 3.56600 ), the shape of the well is 

TABLE V. Theoretical dipole moment functions for X I ~ + and A I ~ + 

states of NaH. 

R(uo) X I~+ state (a.u.)"·b A '~+ state (a.u.)a.b 

2.0 1.64964 - 1.66962 
2.5 1.969 14 -1.85831 
3.0 2.22778 . - 1.83404 
3.5 2.47473 - 1.69657 
4.0 2.70874 - 1.472 08 
4.5 2.910 26 - 1.16167 
5.0 3.04823 - 0.75286 
5.5 3.08096 - 0.220 63 
6.0 2.95943 0.46924 
6.5 2.64627 1.341 58 
7.0 2.15810 2.36922 
7.5 1.59354 3.444 53 
8.0 1.081 18 4.43077 
8.5 0.69322 5.24721 
9.0 0.43100 5.881 77 
9.5 0.26419 6.34959 

10.0 0.16107 6.65969 
10.5 0.098042 6.801 52 
11.0 0.059643 6.74125 
12.0 0.021993 5.79797 
13.0 0.007987 3.73692 
14.0 0.002754 1. 764 75 
15.0 0.000 826 2 0.731 14 
18.0 - 0.0002361 0.05776 
20.0 - 0.000 2361 0.01243 
30.0 - 0.000078 7 0.000 275 

• I a.u. = I e Uo = 2.5418 D. 
bThe last figure is not considered significant, but is included because of its 
effect on the spline fit to the calculated data. 

well characterized [calculated vibrational spacings, 
..1Gu+ 112 agree within 6 cm- I with the experimental 
..1Gu + 112 values ofOrth et al.1O (0<v<7) and within 16 cm- I 

with experimental..1 Gu + 112 values of Giroud and Nedelec ll 

(O<v< 14); however, as noted above, the Bu values for v> 11 
are erratic and thus the Giroud-Nedelec ..1Gu + 112 values 
may be less certain than the Orth et al. values], and the 
asymptotic behavior is excellent (the calculated electron af­
finity for H is 0.739 eV vs a measured value of 0.754 eV; the 
calculated ionization potential for Na is 5.1354 eV vs the 
experimental value of 5.1426 e V; see Ref. 9 for further details 
and references). The calculated asymptotes (3s - 3p) differ 
from the atomic lines by 83 cm - lout of 16 968 cm - I. 

For comparison purposes, the f-l(R) calculations of 
Sachs et al. 14 are incluced in Fig. 2. Their calculations also 
use an extensive Slater-type function basis set, but they em­
ploy only a l5-configuration multiconfiguration self-consis­
tent field (MCSCF) wave function. Still, the agreement with 
Olson and Liu's f-l(R ) function is quite satisfying. 

B. A 1I+ state of NaH 

The dipole moment function for the A II + state (see 
Fig. 3) is constructed in a fashion similar to that for the X 
state: in the physically important region II (from 2.0 to 
30.0ao), f-l(R ) consists of a spline fit to the points given in 
Table V, while for regions I (R<2.Ooo) and III (R>30.000 ) 

f-l(R ) is artificially taken as constant (see Table IV). The rea­
sons for this constancy outside region II have already been 
given. In Fig. 3 the location of two vibrationally averaged 
dipole moments fJ.tv ~ 0 and f-lu ~ 12) are marked with arrows; 
f-l12 corresponds to the value where experimental data are 
first available. Note also, contrary to the situation3 for the 
A II + state in LiH, thatf-lu values are positive sincef-l(R ) > 0 
for R > 5.7ao' 

The points of Table V for theA II + state are obtained 
as before with the electronic wave functions of Olson and 
Liu.9 The inclusion of diffuse 3s, 4s, and 3p functions in the 
basis set provides the ability to correctly characterize the 
excited A state V (R ) and f-l(R ) functions, particularly in the 
"crossover region" (5-8ao) where f-l(R ) changes to N a + H­
polarity.15 Consistent with the Olson-Liu results for the X 
state, the V (R ) function for the A state is also well character­
ized: De = 9993 cm- I at Re = 5.992ao vs the experimen­
taP' 10 values De = 10 137 ± 500 cm- I atRe = 6.035ao;cal­
culated ..1Gu + 112 values agree within 2 cm- 1 of the 
experimental..1Gu + 112 valueslO for O<v< 19 . 

Figure 3 plots the present f..l(R ) function and that of 
Sachs et al. 14 To be consistent with the experiments of 

J. Chern. Phys., Vol. 80, No.1, 1 January 1984 
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THIS WORK 

6 
SACHS ET AL. 

4 

2 

o 

v=o v= 12 

-2 ~ ! 
o 

FIG. 3. Dipole moment functionJ.l(R )(in a.u.) for theA II + state of NaH. 
The smooth curves through the data are spline fits to the points found in 
Table V or Sachs et al. (Ref. 14). The arrows indicate the R locations corre­
sponding to the vibrationally averaged dipole moments J.l" ~ 0 and 

J.l" ~ 12 (J = 0). 

et al.,16 the maximum of the Sachs et al. theoretical f..l(R ) 
function should be larger in magnitude and shifted to a larg­
er internuclear distance. The comparison presented in Fig. 3 
reinforces that conclusion. Although the Sachs et al. calcula­
tions reasonably determine the depth and shape of the well 
near R e , the ability to properly represent both ionic and co­
valent character over a wide range of R values seems a neces­
sary condition for an accurate f..l(R ) function (see Ref. 3 for a 
similar conclusion in the case of LiH). The large configura­
tion interaction wave function of Olson and Liu9 has suffi­
cient ionic and neutral configurations ("configuration state 
functions") to yield a noticeably improved f..l(R ) function. 

IV. RESULTS AND DISCUSSION 

A. Calculation of vibrational-rotational matrix elements 

There are four basic kinds of spectroscopic intensity 
measurements, depending upon whether absorption or emis­
sion is involved, and whether photon or energy flux is detect­
ed. An excellent discussion of the different quantities with 
conversion factors is given by Wiese, Smith, and Glennon. 17 

In this work we are concerned with evaluating the dipole 
moment matrix elements 

f..lV·.J';v-.J" = Ie tPo·(R )f..l(R )tPv .. ,r(R )dR, 

where tPv'.J' and tPv".J" are the upper and lower normalized 

vibrational-rotational radial wave functions, respectively. 
When v = v' = v" and J = J' = J ", we have the dipole mo­
ment expectation value in the v,J levellj..Lv.J) which is directly 
comparable to the experimental value. 

We also compute the Einstein A coefficients (Av'.J';v".J") 
which are proportional to the square of the dipole moment 
matrix elements Ij..Lv·.J';v".r) and the cube of the transition 
frequency 

[v. J .... J .. =h-I(E"'J' -Ev" r )]' l!, ,v, " 

The total Einstein Av'.J' coefficient arising from all bound 
-bound transitions in either the X I L + -X IL + or 
A IL + _A IL + band systems may be obtained from the 
expressIOn 

A. J.=[ 1 ][(I')"Au'J'v-J'_1 
v. 2/' + I 7' .. 

+ (I' + 1).4 Av·,J·;,,".J· + I ]. 
I' 

The reciprocals of the Av'.J' values are the radiative lifetimes 
'Tv',J' within the X IL + or A IL + manifolds. 

The calculations have been carried out using an exten­
sively modified version 18 of the diatomic intensity factor 
program ofZare and co-workers, 19 based on the Numerov­
Cooley numerical solution of the radial Schrodinger equa­
tion. The calculations were carried out with a 0.005 A grid 
from 1.0 to 13.0 A (24.6ao) and found to be converged both 
with respect to the grid spacing and to the inner and outer 
integration limits. 

B. Dipole moment expectation values 

In Table VI we record the dipole moment expectation 
values for both X lL + and A IL + states. The numbers in 
Table VI are for J = 0, i.e., f..lv.D' while the expectation values 
plotted in Fig. 4 are for J = I to allow the addition of experi­
mental values to the plot. The differences between f..lv,J ~ I 

and f..lv.J = D values are so small that a plot of f..lv,D would ap­
pear identical to that of f..lv, I shown in Fig. 4. Except for the 
values for the three highest vibrational levels in each state, 
these differences are <0.0022 a.u. Table VI is a comparison 
of selected calculated expectation values and experimental 
values for both states. The comparison with experiment with 
our f..l(R ) function is very good, within experimental uncer­
tainty (see Table VII and Fig. 4). The results using the Sachs 
etal. 14f..l(R ) function for theX lL + stateagreewithinO.1 a.u. 
of our results (both are within the uncertainty of the one 
available experimental2D value f..lv ~ D.J ~ I ). 

The results using the Sachs et al. f..l(R ) function for the 
A IL + state differ significantly from our results and the mea­
sured values of Brieger et al. 16 Clearly, the Sachs et al. f..l(R ) 
function for the A state is not nearly as good as that for the X 
state. In addition, the values reported in Sachs et al. 21 using 
their f.l(R) function and their theoretical potential curve 
(numbers in parentheses, Table VII), when compared with 
values using the experimentally based potential curve, show 
that an accurate V (R ) function is also important for calculat­
ing accurate f..lv,J values. 
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TABLE VI. Expectation values p., of the dipole moment function and life­
times T, for all vibrational levels of the X I~+ and A I~+ states of NaH. 

NoH 

f I I 

Vibrational 
level v 

o 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

X I~+ state 

p., (a.u.) 

2.5280 
2.5697 
2.6100 
2.6481 
2.6836 
2.7157 
2.7432 
2.7652 
2.7801 
2.7859 
2.7804 
2.7608 
2.7243 
2.6679 
2.5862 
2.4695 
2.3062 
2.0879 
1.8094 
1.4515 
0.9287 
0.3723 

00 

28.74 
15.42 
11.03 

8.877 
7.603 
6.761 
6.155 
5.677 
5.264 
4.888 
4.520 
4.159 
3.817 
3.533 
3.350 
3.308 
3.436 
3.794 
4.600 
7.260 

18.11 

A I~+ state 

p., (a.u.) 

0.5589 
0.6544 
0.7801 
0.9284 
1.0878 
1.2561 
1.4287 
1.6036 
1.7801 
1.9564 
2.1310 
2.3031 
2.4722 
2.6364 
2.7947 
2.9475 
3.0939 
3.2337 
3.3677 
3.4953 
3.6138 
3.7165 
3.7982 
3.8627 
3.9180 
3.9516 
3.9379 
3.8673 
3.7238 
3.4840 
3.0914 
2.4410 
1.4901 

00 

29.78 
13.43 
8.350 
5.989 
4.659 
3.821 
3.251 
2.843 
2.539 
2.304 
2.118 
1.968 
1.844 
1.740 
1.652 
1.576 
1.510 
1.454 
1.405 
1.364 
1.325 
1.287 
1.253 
1.230 
1.215 
1.202 
1.204 
1.219 
1.273 
1.411 
1.788 
2.919 

41-

• 
3 r- X II+ ff·· 

! ·········11 •• • 
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FIG. 4. The solid squares and circles are expectation values of the dipole 
moment p., (in a. u.) for v = 0-21 levels of the X I I + state and v = 0-32 

levels of the A I I + state of N aH (all} = I), respectively. The open square 
and circles are experimental values for the X II + state (Ref. 20) (for 
v = O,} = 1) and the A II + state (Ref. 16) (v = 12-15,} = I), respectively, 
including the range of uncertainty. 

c. Dipole moment matrix elements. Einstein A 
coefficients. and lifetimes 

The dipole moment function matrix elements and Ein­
stein A coefficients (spontaneous photon emission intensities 
in s - 1) as defined above are given in Table VIn for all vibra-

TABLE VII. Comparison of dipole moment expectation values p.'.J (in a.u.) for X 1 ~ + and A 1 ~ + states of 
NaH. Our results and those of Sachs et al. (Ref. 14) differ in the p.(R ) functions; both calculations use the same 
experimentally based potentials reported here. 

}=o }=1 

v This work Sachs et al. p.(R ) This work Sachs et al. p.(R ) Experiment 

Xl~+ state 
0 2.5280 2.6477(2.674)8 2.5282 2.6480 2.5 ±0.3b 

5 2.7157 2.8298(2.852)8 2.7159 2.8300 
10 2.7804 2.9060(2.928)8 2.7804 2.9069 

A 1~ + state 
0 0.5589 0.2547(0.189)" 0.5611 0.2566 
5 1.2561 0.8555(0.760)" 1.2577 0.8569 

10 2.1310 1.5859(1.453)8 2.1324 1.5870 
12 2.4722 1.8481 2.4735 1.8491 2.59 ±O.13c 

13 2.6364 1.9659 2.6376 1.9668 2.76±0.W 
14 2.7947 2.0725 2.7959 2.0733 2.94±0.15c 

15 2.9475 2.1675 2.9486 2.1682 3.12±0.J6< 

a Values in parentheses are those reported in Ref. 21 using the Sachs et al. (Ref. 14) p.(R ) and ab initio V (R ) rather 
than an experimental potential. 

b Reference 20. 
cReference 16. 
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tionallevels v' and v" oftheX II + state of NaH. As noted in 
Ref. 1, the X II + state of NaH bears striking similarity to 
the X II + state of LiH. With regard to radiative transition 
probabilities (as seen from Table VIII), for v > 9 both absorp­
tion (proportional to iJli 2

) and emission (proportional to Av,J ) 

transitions deviate strongly from the harmonic oscillator se­
lection rule (..1 v = ± 1). This is quite consistent with the re­
sults22 for the vibrational levels of the X I I + state of LiH. 

Since spontaneous emission from the A II + to the 
X II + state will predominate over any spontaneous emis-

TABLE VIII. Dipole moment absorption matrix elements !lv', J' ~ 0; v', J' ~, [e A units, in upper right including pure rotational transitions on the diagonal] 
and Einstein A spontaneous emission coefficients Av'.J' ~O; v', J' ~, (in 8-' units, in lower left) for the X 'l'.+ -.X 'l'.+ bands in NaH. A coefficients are in 
exponential notation, e.g., 3.485(1) = 34.85. 

v"(!" =0) 

v'(/' = 0) 0 2 3 4 5 6 7 

0 1.337804 0.059682 - 0.007 263 0.000 914 - 0.000 184 0.000 044 - 0.000013 0.000007 
I 3.479(1) 1.359904 0.083 189 - 0.013 003 0.001848 -0.000420 0.000 118 - 0.000036 
2 4.083(0) 6.076(1) 1.381 234 0.099866 - 0.019 058 0.002957 - 0.000 727 0.000 234 
3 2.097( - I) 1.180(1) 7.866(1) 1.401 384 0.112 292 - 0.025 599 0.004291 - 0.001121 
4 1.903( - 2) 7.723( - I) 2.283(1) 8.903(1) 1.420 170 0.121228 - 0.032 703 0.005848 

5 1.981( - 3) 8.971( - 2) 1.780(0) 3.701(1) 9.265(1) 1.437 123 0.126929 - 0.040 432 
6 2.662( - 4) 1.314( - 2) 2,414( - I) 3.367(0) 5,412(1) 9.016(1) 1.451 685 0.129281 
7 1.233( - 4) 1.961( - 3) 4.599( - 2) 5.139( - I) 5.599(0) 7.380(1) 8.250(1) 1.463316 
8 1.146( - 4) 4.848( - 4) 1.024( - 2) 1.135(-1) 9.255( - I) 8.619(0) 9.580(1) 7.068(1) 
9 7.414( - 5) 4.209( - 4) 2.918( - 3) 2.959( - 2) 2.308( - I) 1.521(0) 1.259(1) 1.196(2) 

10 2.742( - 5) 5.753( - 4) 1.395( - 3) 9.612( - 3) 7.085( - 2) 4.l22( - I) 2.332(0) 1.770(1) 
II 8.941( - 6) 5.938( - 4) 1.198( - 3) 4.730( - 3) 2.580( - 2) 1.403( - I) 6.769( - I) 3.366(0) 
12 9.154( - 6) 4.119( - 4) 1.358( - 3) 3.573( - 3) 1.209( - 2) 5.763( - 2) 2,421( - I) 1.038(0) 
13 2.185( - 5) 2.053( - 4) 1.492( - 3) 3.316( - 3) 8.108( - 3) 2.767( - 2) 1.050( - I) 3.891( - I) 
14 4.154( - 5) 9.157( - 5) 1.370( - 3) 3.185( - 3) 7.024( - 3) 1.601( - 2) 5.369( - 2) 1.71O( - I) 

15 5.156( - 5} 5.636( - 5) 1.019( - 3) 2.951( - 3) 6,404( - 3) 1.165( - 2) 3.097( - 2} 8.796( - 2) 
16 4.388( - 5) 5.829( - 5) 6.345( - 4) 2.544( - 3) 5.528( - 3) 9.917( - 3) 1.992( - 2) 5.l63( - 2) 
17 2.732( - 5) 7.299( - 5) 3.577( - 4) 2.003( - 3) 4,474( - 3) 8.704( - 3) 1.432( - 2) 3.315(-2) 

18 1.296( - 5) 8.246( - 5) 1.988( - 4) 1.430( - 3) 3,432( - 3) 7.244( - 3) 1.109( - 2) 2.229( - 2) 
19 4.709( - 6) 7.562( - 5) 1.133( - 4) 9.160( - 4) 2.447( - 3) 5,439( - 3) 8,475( - 3) 1.491(-2) 

20 1.246( - 6) 4.868( - 5) 5.748( - 5) 4.664( -4} 1.387( - 3} 3.164( - 3) 5.165( - 3) 8.306( - 3) 
21 2.696( - 7) 1.918( - 5) 2.091( - 5) 1.647( - 4) 5.222( - 4) 1.203( - 3) 2.026( - 3) 3.134( - 3) 

v"(!" =0) 

v'(J' =0) 8 9 10 II 12 13 14 

0 - 0.000006 0.000 004 -0.000002 0.000 001 -0.000001 0.000 001 - 0.000002 

I 0.000015 - 0.000 011 0.000011 - 0.000 010 0.000007 - 0.000005 0.000003 

2 - 0.000086 0.000038 - 0.000022 0.000017 -0.000016 0.000015 - 0.000013 

3 0.000 388 - 0.000155 0.000 072 - 0.000043 0.000032 - 0.000 027 0.000024 

4 - 0.001591 0.000 586 - 0.000 254 0.000 125 - 0.000072 0.000051 - 0.000042 

5 0.007684 -0.002162 0.000 832 - 0.000 381 0.000 200 - 0.000 117 0.000077 

6 - 0.048 892 0.009862 - 0.002847 0.001 136 - 0.000 534 0.000 289 - 0.000 175 

7 0.127962 - 0.058140 0.012458 - 0.003 649 0.001503 - 0.000 726 0.000 395 

8 1.471 164 0.122517 - 0.068 205 0.015608 - 0.004 596 0.001936 - 0.000 957 

9 5.59811) 1.474224 0.112328 - 0.079 061 0.019471 - 0.005725 0.002445 

10 1.441(2} 3.995(1) 1.471290 0.096671 - 0.090 547 0.024219 - 0.007 082 

II 2,429(1) 1.683(2) 2.443(1 ) 1.460904 0.074875 - 0.102 226 0.030172 

12 4.661(0) 3.279(1) 1.902(2) 1.145(1) 1.441 563 0.046320 - 0.113 286 

13 1.495(0) 6.263(0) 4.367(1) 2.072(2) 2.844(0) 1.411 696 0.009680 

14 5.843( - I) 2.054(0) 8.215(0) 5.764(1) 2.143(2) 1.967( - 2) 1.368399 

15 2.6251- I} 8.278( - I} 2.727(0} 1.073(1} 7.684(l} 2.028(2) 4. I 82(0} 

16 1.3431 - I} 3.790( - I) I. I 49(0} 3.513(0) 1.460(1) 1.034(2) 1.643(2) 

17 7.6821- 2) 1.985( - I) 5.320( - I) 1.576(0) 4,450(0) 2.252(1) 1.320(2) 

18 4.796( - 2} 1.137( - 1) 2.749( - 1) 7.602( - I) 2.097(0) 5.922(0) 3.932(1) 

19 3.078( - 2) 6.667( - 2) 1.526( - 1) 3.829( - I) 1.059(0) 2.525(0) 1.014(1) 

20 1.6721- 2) 3.370( - 2) 7.533( - 2) 1.748( - 1) 4.665( - 1) 1.154(0) 3.018(0) 

21 6.2161- 3) 1.209( - 2) 2.677( - 2) 5.972( - 2) 1.5491- I) 3.966( - 1) 8.849( - I} 
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TABLE VIII.IContinued) 

v'(!' = 0) 15 16 17 

0 0.000 002 -0.000002 0.000 001 
1 -0.000002 0.000002 - 0.000002 
2 0.000 010 -0.000008 0.000 005 
3 -0.000021 0.000018 -0.000015 
4 0.000036 -0.000030 0.000025 

5 - 0.000058 0.000048 - 0.000041 
6 0.000 115 - 0.000082 0.000063 
7 - 0.000241 0.000 161 - 0.000 116 
8 0.000 530 - 0.000 324 0.000 216 
9 - 0.001234 0.000 695 - 0.000 435 

10 0.003061 - 0.001593 0.000 912 
II - 0.008821 0.003823 - 0.002 077 
12 0.D38231 - 0.011398 0.004823 
13 - 0.122 208 0.049717 - 0.016066 
14 - 0.037 218 - 0.125552 0.064934 

15 1.306592 - 0.095 643 - 0.117 753 
16 1.476(1) 1.220006 - 0.163873 
17 1.024(2) 2.724111 1.104 408 
18 1.420121 3.90311) 3.39811) 
19 6.415(11 1.072(2) 3.087(0) 

20 1.973(1) 6.526(1) 3.L28(1) 
21 5.164(0) 2.191(1) 1.985(1) 

sion within the A 1 ~ + state, no Einstein coefficients for the A 
state are presented. However, spontaneous radiative life­
times for both X-X and A-A radiative transitions are pre­
sented in Table VI. The trend in lifetimes with increasing v 
parallels that trend in X 22 and A 3 states of LiH. However, 
based on comparison with the A state3 of LiH, we expect the 
Tv for the very last long-range level in the A state of NaH to 
increase to a value of 10-100 ms. This would happen if an­
other level corresponding to v = 33 occurred with a very 
small binding energy. Based on earlier studies3.4.22 on long­
range levels in LiH and limited preliminary calculations on 
NaH, we predict the existence of another level in the A state 
ofNaH within .( 1 cm- 1 of the dissociation limit. Full char­
acterization of that level will occur at a later time. 

Finally, we are aware of only one other J.l(R ) calcula­
tion, that of Meyer and Rosmus23 who report a linear J.l(R ) 
function for the limited region of 3-5ao for the X l~ + state 
only. Their linear J.l(R ) function would overlay our curve 
from 3-4ao, but fails to bend over in the 4--5ao region; see 
Fig. 2. 

v. CONCLUSIONS 

In this work we report forbothX 1~ + andA 1~ + states 
ofNaH (1) new hybrid potential energy curves V (R ) for all R 
and (2) new dipole moment functions J.l(R ) that we consider 
to be improved over previous theoretical work. The J.l(R ) 
functions are calculated with a very large configuration-in­
teraction wave function and an extended Slater basis set 
which includes diffuse 3s, 4s, and 3p functions. Expectation 
values of the dipole moment J.lv for all 22 vibrational levels of 
the X state and for 33 levels of the A state are reported. VaI-

v"lF' = 1) 

18 19 20 21 

- 0.000001 0.000 000 0.000 000 0.000 000 
0.000 002 - 0.000002 0.000 002 -0.000001 

- 0.000004 0.000003 -0.000002 0.000 001 
0.000012 - 0.000 009 0.000 006 -0.000004 

- 0.000021 0.000017 - 0.000012 0.000007 

0.000035 - 0.000 029 0.000021 - 0.000 013 
- 0.000051 0.000042 - 0.000032 0.000019 

0.000087 - 0.000066 0.000 047 - 0.000028 
- 0.000 154 0.000 114 - 0.000 080 0.000048 

0.000 293 - 0.000205 0.000 137 - 0.000080 

- 0.000 573 0.000 385 - 0.000 253 0.000 146 
0.001229 - 0.000 773 0.000 483 - 0.000 273 

- 0.002 724 0.001677 - 0.001013 0.000 560 
0.006395 - 0.003503 0.002116 - 0.001 179 

- 0.024 920 0.009989 - 0.004 713 0.002395 

0.080955 - 0.039132 0.017 800 - 0.008336 
- 0.091573 0.089238 - 0.052 577 0.026983 
- 0.234 657 - 0.039132 0.069620 - 0.045 281 

0.956879 - 0.294 208 0.043845 0.006931 
2.858(1) 0.767251 - 0.309 421 0.119933 

4.165(0) 1.135(1) 0.490071 - 0.226 695 
1.181( - 2) 5.959(0) 7.81O( - 1) 0.195436 

ues with a nonzero rotational quantum number are com­
pared with measured and other theoretical values. The good 
agreement with experiment supports our contention that 
these J.l(R ) functions are of high quality. 

Both potential curves are constructed from RKR ex­
perimental curves in the vicinity of the minimum of the well 
and from scaled ab initio V (R ) functions in the intermediate 
to long-range internuclear distance region; proper asympto­
tic behavior is obtained with - en/ R n expansions near the 
dissociation limit. In the case of the X 1 ~ + state, a new and 
improved RKR curve is reported. 

Dipole moment absorption matrix elements and Ein­
stein A coefficients for spontaneous emission within the 
X l~ + state are presented. Spontaneous radiative lifetimes 
for both X and A states are reported; there appear to be no 
measurements of these lifetimes. Similarities with earlier cal­
culations on theX l~ + state22 and A l~ + state3 of 7LiH are 
noted. Based on such a comparison, we predict that in the 
A l~ + state ofNaH there should be another vibrational level 
(v' = 33) very close to the dissociation limit. 
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