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Comprehensive absorption line lists fdicaH have been calculated for electronic transitions from
theX 23" ground state to tha I, B/B’ 23", andE 2II low-lying excited states. The lists include
transition energies and oscillator strengths for all possible allowed transitions and were computed
using the most recent set of theoretical potential energy curves and dipole transition moment
functions, with adjustments to account for experimental dissociation energies and asymptotic limits.
Good agreement with previous calculations and available experimental data has been obtained.
Oscillator strengths for the transition from tX&S * state to théD 23 * state are also given, but due

to the large uncertainty of the available dipole transition moment function the line list is highly
uncertain. For theC23 "X 23" transition, a Franck—Condon approximation has been used.

© 2003 American Institute of PhysicgDOI: 10.1063/1.1573181

I. INTRODUCTION electronic state, which both show avoided crossings in the
adiabatic picture.

Metal hydrides play an important role in various areas of  We present comprehensive and extensive theoretical line
astrophysics. Indeed, their spectra appear in such diverse €lists for “°CaH for the electronic transitions from the?s, *
vironments as in sun spots or in dense molecular clouds ajround state to thé\ 21, B23 ", andE ?I1 excited states.
the interstellar medium, where they are thought in the latteiThe lists contain the transition energies and oscillator
to be a significant repository of gas-phase metdlaey are  strengths for allowed rotational and vibrational transitions.
also frequently found with relatively large abundances inOscillator strengths for th® 23"« X 23 transition have
cool stellar atmospherd®! and later types where molecu- also been calculated, but the resulting line list is highly un-
lar absorption is the most important opacity soufrce. certain due to the large uncertainty of the corresponding di-

However, the lack of accurate and complete moleculapole transition moment function. The Franck—Condon ap-
absorption line lists for a large number of metal hydrides hagroximation has been used for tBeS T —X 23 transition.
been a serious limitation to developing reliable atmospheri@tomic units are used throughout unless otherwise stated.
models of cool stars and extrasolar giant planets. These mod-
els are important for producing synthetic spectra which can. MoLECULAR THEORY
be used in comparisons with observations to deduce relevant
physical parameters, such as surface chemical compositi
and effective temperature.

In this work, we focus on improving the molecular ab- The ab initio potential curves and dipole transition mo-
sorption line lists for calcium monohydride, for which only ments calculated by Leininger and Jetihgve been used in
limited data are availabfé Although the low-lying vibra- the present work for transitions from the?s* electronic
tional and rotational energy levels of the first several elecground state to thé 2I1, B2%*, C23", D237, andE°Il
tronic states of CaH were investigated in the first half of theexcited states. Starting from an all-electron restricted
20th century, a more complete picture of the electronic strucHartree—Fock calculation using a large Gaussian-type basis
ture and spectroscopy of this molecule has only emergeget, they constructed configuration interactigDl) wave
from numerous recent experimental and theoreticafunctions, including all possible single and double excita-
studies’™® The spectrum of CaH is characterized by strongtions. The spectroscopic constants derived from these calcu-
perturbations of various types, from local shifts to large in-lations reproduce experimental data within the experimental
teractions between electronic states. The most illustrative exsncertainty.
amples of such perturbations are found for the transitions tg .
the B/B’ 23" asymmetric double-well and to thB 23+ 1. Potential energy curves

Potential energy curves
and dipole transition moments

Potential energy curves were obtained by Leininger and
3Electronic mail: weck@physast.uga.edu Jeund over a range of internuclear distand@s-2.75, to
bElectronic mail: stancil@physast.uga.edu 9.08,. Though results for theC 23 state were _o_bt_ained
®Electronic mail: kirby@cfa.harvard.edu over this range, no data were reported in the vicinityRof
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TABLE I. Asymptotic separated-atom and united-atom limits for CaH.

Separated atom

Molecular United atom
state Atomic states Energy (cih)?  Cg° CgPd Ci ¢ (S9
X2zt Ca(4s? 19) + H(%S) 0 119  6.513° 3.355°  Sc(3d4s? D)
A2l Ca(4s4p °P%) +H(%S) 15 263.089 194 7.73) 5.465)  Sc(3d4s??D)
B2 * Ca(4s4p °P%) +H(%S) 15 263.089 194 7.73) 5.465)  Sc(3d%4s°F)
D23* Ca(3d4s°D) +H(?S) 20 356.625 833  3.33 2.355)  Sc(3d%4s?D)
E2II Ca(3d4s D) +H(?S) 20356.625 83.3  3.33 2.355)  Sc(3d%4s?F)
cazt Ca(3d4s D) +H(%9) 21849.634 357 143 1.005)  Sc(3d?4s2G)

A\Veighted average of the multiplet term energies from the NIST Atomic Spectra Datdl99ge
PEstimated except for the ground state values; see the text for details.

°From Standard and CertaiRef. 12.

dNotation: x(n)=xx 10".

=5.0a4. In this work, the potential energy values calculatedwhereCg, Cg, andC;, are the usual van der Waals coeffi-
by Boutalib et al® for this electronic state have been usedcients corresponding to the dipole—dipole, dipole—
over the rang&k=>5.0a4 to 9.08y. A shift of +0.26a, of this  quadrupole, and the sum of quadrupole—quadrupole and
potential curve over the internuclear separation range of indipole—octupole interactions, respectively. For thé3*
terest was required in order to obtain the same adiabatic irelectronic state, the lower bounds to the van der Waals coef-
ternuclear equilibrium distanc(C 23 *)=3.72a,, as cal- ficients given by Standard and Certfimvere adopted.
culated in Ref. 3. Since, to our knowledge, no data have been reported for
Shifts in energy have been applied in the present work the van der Waals coefficients of the excited states of CaH,
the calculated potential curves in order to bring them intoye estimate them using various versions of the London for-
agreement with the dissociation energIBS from experi-  mula for C, as described by Dalgarno and KingsfSrve
ment or estimated values. The dissociation energy adopteghnsider four relations. The two simplest involve only the
here for the electronic ground staté> " was 13776 cm’,  jonization energies and static dipole polarizabilitiesof the
accordlngoto the experimental value given by Huber andy;oynd state of H and the excited state of Ca. The two other
Herzberg.” As no experimental data are available for the gypressions foc, require either(1) a summation over os-
excited states, dissociation energies were calculated by Ugator strengths and transition energies for all allowed tran-
of the_separate_d—ato_m_asymptote values glven in Table I, thﬁtions of both H and Ca: o2) a similar summation for the
experimental d'S,S‘OC'a_t'on energy of t}‘{(-?.E %ate, and the allowed transitions of Ca with the influence of H being in-
observed pure vibronic transition energieg,.” Separated- troduced only througla. The sum includes both discrete and
atom energies have been c_:aIcuIated using a Weighted averalEntinuum transitions, but we consider here only discrete
gf;tg%;nslgf_ﬁ)_lﬁet Ersrgoi?aiirg'nezrtreorm the NIST Atz'.?'c Sgﬁgtratransitions with the oscillator strengths and transition ener-
‘ gies, energy Shifts to gies taken from the experimental compilation of Ref. 11. The

initio potential curves, andg vibronic transitions are given llatter relations appear to underestim@gwhen compared to

in Table Il. The relative energies between the potentia . . ; .

) . more rigorous calculations, while the former two overesti-
curves of the electronic ground state and the excited staten%ate it with the dispersion beina tvpically a factor of 2. We
were further shifted to match the energy differences corre- ' P g typically '

sponding to the experimental vibronic transitionsg . tr:/errefore 'céo?\tpr)]utee usm? a;ll fc:}t:jr etxpt>re(s:smnr? dalr—]|d tt:ike trhe
Beyond the range of internuclear separatiofs average. ror the case of ground state .a a , this proce-

—2.75, to 9.0a, considered by Leininger and Jeuhthe dure givesCg=105 a.u. compared to the range of 119-123

potential-energy curves have been extrapolated in two differdY" obtained by Standard and Cert%ﬁ.herefgre, theCe's
ent ways. For internuclear distand@s-9.0a,, a smooth fit calculated here are expected to be underestintdtesto the

to theab initio potentials has been performed using the dis_neglect of continuum transitionsbut reliable to within

persion potential expansion ~30%. . o
For the dipole polarizabilities of Ca, the values com-
V(R)= — Cs Cg Cyo (1) Puted by Meawa, Tendero, and Rat'* are adopted for th&
R R® R and P states: 4%'S (163.0 a.u, 4s5s'S (2963, 4s5s°3S

TABLE II. Dissociation energieﬁg, vibronic transition energiesy,, and energy shiftsin cm™?).

Molecular state X2t Al B2 E2I D23* caz*
D 13776 14 608.7 13284.2 13740.6 11 608.6 7277.8
Vot - 14 430.4 15754.9 20392 22524 28348
Energy shift -707.1 —-641.9 -1163.0 —1389.9 —-779.6 —-172.0

g rom Huber and Herzber@Ref. 10.
PCalculated from the separated-atom energies of Table | andgthealues of Ref. 10.

Downloaded 25 May 2003 to 128.192.19.19. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 22, 8 June 2003 Rovibrational spectra of CaH 9999

02 -
0.15 - .
(=]
©
2
1. 2, —
0.1 D+S L;C,
3 DS | a
£ .
= 3, 2, R
£ 005 P+S | -
Pt ..
S J
_2 I 1 I L | 1 I 1 I L I L I 1
=ttt
0 _ 4l oo AX |
S+S *—x D-A
L ©--0 E-B 4
o-® EX
005 - >3 A4 DX PRI, S {
S L u-m BX h i
Co 0 ] =~
2 4 6 3 10 12 14 o
Internuclear distance R (ao) o
FIG. 1. Potential energy curves of the’S " ground state and tha 2II,
B2s*, C2%*, D23*, andE 211 excited states of CaH.
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(1940, 4_S4p tpo (55_)'3)’ and &4p °pe (276 Fr_om the sum FIG. 2. Dipole transition moment functions for CaH. Top: functions used in
of the discrete oscillator strengths, we obtaiis? 45 (155  the the present work. Bottom: original functions calculated by Leininger and
a.u), 4s5s'S (3364, 4s5s°S (2001, 4s4p PP (163, and  Jeung(Ref. 3 and Leininger(Ref. 15.
4s4p3P° (231). The value for thelPP calculated by
Mérawa, Tendero, and Ret'* appears to be incorrect due to
the neglect of some strong transitions which are experimerchanges to occur in the dipole moment functions as the in-
tally observed, so that our larger value is to be preferred. Théernuclear separation changes. Second, many of the transition
close agreement of most of the polarizabilities suggests thahoments appear not to go to the correct separated-atom lim-
the continuum contribution is not significant, except for theits, as can be ascertained by consulting Table 1. While rec-
3p0, where it appears to be about 20%. The general agre€dnizing that the best solution would be to perform new
ment also suggests that for tk& calculations, the explicit Molecular structure calculations, we shall instead make rea-
sums of oscillator strengths have accounted for the majoritponable adjustments, on physical grounds, to the transition
of the transitions. For thB state, for which no previous data Mmoment functions given in Refs. 3 and 15. This approach is
exist, we estimate the dipole polarizabilities to be 73.9 andertainly better than adopting the Franck—Condon approxi-
173 a.u. for 34s'D and 34s°D, respectively. mation (i.e., unity for all transition momenksand, we will

The Cg and C,, coefficients were not computed, but es- attempt to demonstrate below, an improvement over the raw
timated by scaling th& 23 * values by the ratio of the ex- transition moment functions as given in Ref. 15.
cited stateCq to the ground stat€q. The reliability of this We first consider transition moments amongst the

. .. RV/ANES 2 25 + H :

procedure is unknown, but the long-range potential is domiX =", A“Il, andB “X™ states in analogy with those of the
nated by theCq term. The adopted van der Waals coeffi- chemically similar alkaline—earth hydride MgH as calculated
cients, summarized in Table I, should allow for a reasonabl®y Saxonet al*® The A—X transition moment is smooth,

determination of the energy and number of the highest-lyind!as no sign change, and its behavior is similar to the same
rovibrational states. transition in MgH. We therefore accept it as given in Ref. 3.

For internuclear distanceR<2.75%,, the potential However, theB—X transition moment displays, as given in
curves of all the electronic states have been fitted to thé€ininger and Jeund,an abrupt slope reversal ne#
Short-range interaction exponential formexp(_BR)+C :5a0. This internuclear distance is the location of an

The potential energy curves used in the current calculationgvoided-crossing of the state with theX *S " (R=4.5a,)
are shown in Fig. 1. andD 23 * (R=5.08o). Further, the dipole moments of the

B and D states, calculated by Leininger and Jedngpss
, . nearR=5a,. Martir® finds a similar crossing from a semi-
2. Dipole transition moments quantitative analysis of the electron charge density. There-
The dipole transition moments of Leininger and Jeung fore, a negative sign is adopted for tBe-X transition mo-
and Leiningett® which were computed over the internuclear ment forR<5a,. A similar sign change occurs for Mgh.
distance interval 2.8 R<10a,, were adopted in this work Of major concern is the observation that By 10a,,
and are presented in Fig. 2. These are the only availablthe D« X, E< X, D<A, andE«< B transition moments, as
transition moment functions in the literature; however, closegiven by Leininge® are not approaching the correct
examination reveals a number of problems. First, no inforseparated-atom limits. The former two cases correspond to
mation on the relative signs of the transition moments isntercombination Ca transitions which should be zero in a
available; i.e., they are all given as positive quantities. Givemonrelativistic approximation, while the latter two should ap-
the large number of crossings and avoided crossings of theroach the Ca3P—3D) transition moment, which is non-
molecular potential curves, one would expect some sigrzero. The reverse behavior is observed in Fig. 2. For the
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E«—X andE«B transitions, the situation is rectified by in- momentum onto the molecular axis, aBg(R) andE,, are
terchanging the transition moments > 7.53,, thus forc-  the electronic potential energy and rovibrational energy ei-
ing them to go to the correct separated-atom limRS. genvalues, respectively.

=7.53y is chosen as the two transition moments approach  The Hml-London factorsSy:(N”) of Eq. (2), are de-
each other at this internuclear separation and then divergéined according to Ref. 17 as follows:

For the DX transition, two sign changes are expected
since theD 23" exhibits a first avoided crossing with the
C23* state atR=3.6a, followed by a second one with the N” "=N"-1 (P branch

for a> <>, electronic transition

2 + . . . , N// — ! 4
B?X" as previously mentioned. Consequently, a5|gn_chang§N (N") N"+1, N'=N"+1 (R branch, 4
is made aR=2.75, for the D— X transition. Then, switch-
ing the D« X and D« A dipole transition moments foR  and for all—ZX transition,
=5a, and changing the phase of thie—X for R=5.53, . T
enables the two transition moments to approach the correct (N"=1)72, N'=N"—1 (P branch
asymptotic limits. We believe that the resulting dipole tran-Sy/(N”)=1{ (2N"+1)/2, N’=N" (Q branch (5)
sition moments, presented in Fig. 2, are a better representa- (N"+2)/2, N'=N"+1 (R branch.
tion of the true values as they take into account the correct . _ _
separated-atom limits and the behavior of the crossings and For the sake of comparison with the band oscillator
avoided crossings of the molecular terms. Ret2.75%, and  Strength values calculated by Leininger and Jelmg, used
R>10a,, the dipole transition moments were extrapolatedthe following relation between band and rotational oscillator
by exponential fits and smoothly forced to the correct unitedStrengths, as defined in E(®):
atom and separated-atom limits. gab

For theC+« X transition, no values of the corresponding fab :N_N” a?N, e
dipole transiton moment function are available. Conse- °° Sw(N") @
quently, we use the FrancK—Condon approxi.mation. Future (2= Soprea)(2N"+1)
molecular structure calculations may show this to be a poor = 2_’5 S (N o N/ N
approximation as there are two avoided crossings ofChe ( 0a7) S (N)
state, one with thé state atR=3.6a, and one with the whereg?’ ,, is a degeneracy factor arising from spin split-

higher-lyingK X * nearR=5.8a9, implying two significant  ting andA-doubling in both final and initial electronic states,
changes of character in the wave function as a functidR.of  gffects which are neglected in this work.

(6)

B. Rotational oscillator strengths IIl. RESULTS AND DISCUSSION

Throughout the present study, we have adopted the ex-
pression of Whiting and Nicholt$ for the calculation of vi-
brational, rotational line oscillator strengths.

For a discrete absorption transition to a given boun
rovibrational statey’N’ of the final electronic state from a
rovibrational statev”N” of the initial electronic state, the
rotational oscillator strength can be expressetf by

The energy levels and rovibrational wave functions
xo'n(R) and x,»n(R) of the final and initial electronic
Ostates were calculated by solving the radial nuclear equation
(3) by standard Numerov techniqu¥sCalculations were
performed on a grid with a step size o110 3a, for the
integration over internuclear distances froRF 0.5, to
200a,. The reduced masg =0.98303388 u (Ref. 27
=3585.0092 a.u(Ref. 10 was chosen fof°CaH. For the
asymmetric double-well potentiaB/B’ 23", the radial
nuclear equation was solved by use of thle/EL 7.5 code
developed by Le Ro$’

where AE,/y/ ,ny is the absorbed photon energy, and  |n Tables Il and IV, the calculated energy differences
Dyrnrornr={Xo'n'[D(R)| xynr) is the rovibrational matrix  petween consecutive rotationless vibrational leval§ (v
element of the electric dipole transition moméR), re-  +1/2)=G(v+1)—G(v), are given for theX 23", A2,
sponsible for transitions between the initial and final elecB 25 * andD 23 " states. Experimental valu&s-?are also

tronic states. The rovibrational wave functiogsy(R) are  displayed together with the results, for thé?S " and

ab 2 Sw(N)

— 2
fU’N’,U"N”_SAEU’N’xU"N” 2N”+1 |DU’N’,U”N”| y (2)

solutions of the radial nuclear S(':'Iuiioger equation B/B’ 22+ states, calculated by Marﬁmsing a Semiempir-
ical model. The theoretical results of Carlsund-Legtral 2
d? N(N+1)—A? B obtained by use of an exterior complex rotated coupled chan-
“op dre TERIT T rr B xen(R)=0, nel description are also shown for comparison for the

(3) B/B'?3" andD 2% " states. For th& 2> ", our calculations
agree with experiment within less than 1%. The discrepan-
where i is the reduced mass of the systel,is the rota- cies arise mainly from the use of the somewhat too broad
tional quantum number corresponding to the angular moground state potential of Leininger and Jedrag suggested
mentum of nuclear rotation neglecting the nuclear and elecby the narrower spacings of the vibrational levels for our
tronic spins,A is the projection of the electronic angular theoretical results. Moreover, from our energy shifting pro-
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TABLE Ill. AG(v+1/2) in cm* and maximum rotational quantum num- cedure and from the long-range expansion of the dispersion
ber Npmay for the X 23+ and A 211 states.

X2st AZIl
v Nmae  Theory  Martin®  Expt® Ny,  Theory
0 61 1248.1 1261.2 1260.1 62 1284.4
1 58 1211.1 1221.2 1222.0 60 1244.2
2 56 1174.8 1183.7 1183.3 57 1200.8
3 53 1138.2 1147.8 55 1158.2
4 50 1101.2 1115 52 1119.2
5 48 1063.4 1083 50 1080.2
6 45 1020.3 1050 47 1037.8
7 42 969.3 1017 44 989.8
8 39 910.5 982 41 935.3
9 36 843.9 943 38 874.4
10 32 766.4 900 35 805.9
11 29 671.6 846 32 725.0
12 26 557.7 777 29 626.6
13 22 445.3 25 512.0
14 18 339.4 22 397.7
15 13 235.1 18 301.8
16 7 14 222.8
17 8
&This work.

PMartin (Ref. 6.

‘References 5, 21, and 22.

potential, three additional vibrational levels have been found
for this electronic state with respect to the 14 levels calcu-
lated in Ref. 6. Our theoretical predictions for tBEB’ 23"
state are in excellent agreement with the available experi-
mental data, with a maximum difference of 3.4 chnfor
AG(3/2). Similar to the previous calculations of Marfithe
double-well character of thB/B’ electronic state is mani-
fested by strong perturbations, starting from 3, in theAG
progression. While there is a good agreement forAfksefor

v <3 among all of the theoretical results, there are significant
discrepancies for larger. Experimental data which could
provide some discrimination are lacking. A total of 29 vibra-
tional levels has been found for this state with six more lev-
els than obtained in Ref. 6 and three more than found in
Ref. 23.

We are unaware of any experimental data for th@
progression oD 23", but there is a reasonable agreement
between the current calculations and those of Refs. 6 and 23
for v<3. For largemw, the discrepancies are probably due to
differences in the adopted potential curves. Neither experi-
mental nor theoretical data on the vibrational spacings for the
A, C, andE states appear to be available.

TABLE IV. AG(v+1/2) in cm ! and maximum rotational quantum numbéy,,, for the D 23+ andB/B’ 23" states.

D237 B/B' 237
v N a2 Theon} Martin® Carlsund-Levif Nmad Theon? Martin® Carlsund-Levif Exptd
0 68 1089.8 1044 1027.03 109 1241.6 1248.2 1249.14 1244.4
1 65 999.9 968 999.76 29 1189.2 1188.7 1192.21 1192.6
2 62 928.6 920 957.98 97 1109.1 1094.5 1109.90
3 60 853.4 888 918.02 29 322.1 526 518.88
4 57 774.9 860 881.58 29 491.6 332 347.84
5 55 703.2 837 859.00 84 243.9 356 323.49
6 52 648.8 813 851.30 80 453.3 466 453.65
7 50 622.2 789 827.70 76 441.1 482 479.09
8 47 600.6 766 800.83 72 450.0 499 477.65
9 45 572.8 741 772.91 68 466.0 520 634.79
10 43 537.5 716 622.03 65 467.5 528 409.17
11 40 497.7 435.74 63 469.1 534 650.93
12 38 456.6 689.55 61 471.0 534 413.00
13 35 417.0 661.21 59 473.2 533 614.36
14 33 379.8 623.13 57 473.1 526 436.85
15 30 342.8 582.95 55 467.6 518 571.11
16 27 306.0 540.66 53 456.8 506 445,96
17 24 269.3 497.10 51 4441 491 524.62
18 21 232.5 454.77 48 427.9 473 440.58
19 17 193.2 417.49 46 407.2 450 462.76
20 12 43 384.4 423 415.05
21 41 357.2 389 386.04
22 38 327.3 343 339.84
23 35 293.8 209.10
24 32 257.4 32.97
25 29 218.4 56.98
26 26 177.2
27 22 134.8
28 18 92.7
29 14
#This work.

PMartin (Ref. 6.
‘Carlsund-Leviret al. (Ref. 23.

YReferences 5, 21, and 22.
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TABLE V. Band oscillator strengths for tha 2IT—X 23" andB/B’ 25" —X 23" systems. Band oscillator
strengths are calculated in this work from line oscillator strengths, according t6)Ewith rotational quantum
numbersN”=0 andN’=0 (Q branch for 11+ transitions andN"=0 andN’=1 (R branch for %<3
transitions. Our results are listed on the first line, with the previous calculations of Ref. 3 below. Notation:
X(—n)=xx10"". A single dash means less than 0.0001.

v"lv’ 0 1 2 3 4 5 6 7

A—X

0 2.037¢-1) 2.2(-3)
2.054(-1)  2.2(-3)
1 41(-3) 1.942-1) 4.0(-3)

42(-3) 1.9571) 4.1(-3)
2 1(-4) 7.8(-3) 1.851(-1) 5.5(-3)

1(-4) 7.8(=3) 1.8651) 5.5(-3)
: 4(-4) 111(-2) 1.7651) 6.2(-3) 1(-4)

3
4(-4) 110(-2) 1.778(-1) 6.3(-3) 1(=4)
4 8(—4) 1.30(-2) 1.684(1) 6.6(—3) 2(—-4)

- 8(—4) 1.32(-2) 1.6981) 6.6(-3) 2(—4)
5 - 1(-4) 1.2(-3) 1.48(2) 1.6041) 6.5(-3) 4(-4)
- 1(=4) 1.2(-3) 150-2) 1.618-1) 6.5(-3) 4(-4)

- 1(-4) 1.6(-3) 1.64(2) 1520-1) 6.2(-3)
- 1(-4) 1.6(-3) 1.64(-2) 1535-1) 6.2(-3)
7 e 2(=4)  21(-3) 1.78(-2) 1.427(1)
2(-4) 21(-3) 1.78-2) 1.442(-1)

B/B' —X
0 1.1631)  2.1(-3)
1.189(-1) 2.0(-3) 1(-4)
1 3.1(-3) 1.070-1) 2.6(-3) 6(—4)
3.3(-3) 1.080-1) 2.5(-3) 5(—4)
2 2(-4) 56(-3) 9.45-2) 1.0(-3) o 12(-3)  1.1(-3) 1(-4)
2(-4) 59(-3) 9.72(-2) 1.6(-3) e 7(—4) 6(—4) 1(-4)
3 - 3(—4) 81(-3) 753-2)  4(-4) 14(-3) S 1.4(-3)

4(-4) 73(-3) 870-2)  3(-4)  2(-4)  2(-4) 11(-3)

4 3(—4) 9.7(-3) 2(-4) 1.75-2) 3.01(-2) 1.22(-2)
7(-4) 5.3(-3) 6(—4) 3.22(-2) 393(-2) 8.6(-3)

5 e 2(—4) 1(—4) 0 30(=3) 58(=3) 95(-3)
1(—4) 15(-3) 2(—4) 3(-4) 3.6(-3) 217(-2)

6 4(—4) 4(—4) : 4(-4) 29(-3)
8(—4) 4.4(-3) 6(—4)

7 1.8(-3) 3.3(-3) 4(—4)  1.0(-3)

1(-4) 1.9(-3) 21(-3) 20(-3) 2.6(-3)

By means of Eq(6), an estimate of the effects of our compared to the theoretical results of Ref. 3. The band oscil-
shifting procedure on the calculated line lists may be obdator strengthf, o for the transition between both ground vi-
tained by comparison with the theoretical band oscillatorbrational levels is found to be 0.116, in excellent agreement
strength values obtained by Leininger and Jetiige band ~ with the experimental estimate of 0:4D.005 given by
oscillator strength for the band systeA?II—X23", for  Klynning et al?* The other band oscillator strengths are in
which the original dipole transition moment of Ref. 3 hasgood agreement with Leininger and Jedrighe discrepan-
been used, is given in Table V for the transitions between theies again result from the adoption of a smaligp in this
vibrational states”=0-7 andv’=0-7. Our band oscilla- work taken from experiment. Fer>2, more significant dif-
tor strengths have been derived from rotational transitiongerences can be noted, presumably due to our changing of the
between levels with quantum numbd=0 andN’=0. sign of the dipole transition moment f®¥<5a,. However,
The current calculations are found to be in excellent agreeas noted in Ref. 3, the double-well results in an atypical
ment with the previous theoretical results. The main discrepescillator strength distribution, with the dominant transitions
ancies, of the order of 1% up td'=v’'=7, are observed for shifting away fromAv =0, forv'=4.
the Av=v'—v"=0 vibronic transitions, the most intense While Leininger and Jeurigdo tabulate band oscillator
bands of theA« X system. The discrepancies are primarily strengths for thé® < X transitions, the significant changes in
due to the adoption of the larger theoreticg) by Leininger  the dipole transition moment proposed here make a compari-
and Jeund. son difficult. We are unaware of any band oscillator strength

Our B/B’«X band oscillator strengths obtained from tabulations for theC« X and E« X transitions.

"=0<N'=1 rotational transitions are reported in Table Figure 3 shows the line absorption rotational oscillator
V, for the vibrational states”=0-7 andv’=0-7, and strength® for the A2I1—X 23" transition as a function of
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FIG. 3. Absorption oscillator strengths for vibration—rotation transitions for

AZT—X257, _ _ I . .
FIG. 4. Absorption oscillator strengths for vibration—rotation transitions for
B/B’ 23" X257,

the wavelength of the absorbed photon. Pie X oscillator

strength distribution thus obtained is typicaf. Ref. 26 for infrared regions, with band heads near 6340, 6440, 10210
the A—X line list of MgH), with the predominance of diag- 11180 12 240 ,and 13340 A ' ' '

: : HY — H o
onal vibrational transitionsXv=v'—v"=0), decreasing as As for the case ofA2I1— X 25" transition, theE 2I1

the vibrational numpgr Increases, ,over" the central wave;X22+ oscillator strength distribution presented in Fig. 5
length range. Transitions withv=v'—v"=+1 and Av

. is quite typical with respect to the relative intensity of Re
=v'—v"=—1 dominate at shorter and longer wavelength q yp P y of &

| tivelv. Th . f K sing f thQ’ andP branches.
values, respectively. 1he Series ol peaks arising rom e, e 6 and 7 are depicted the rotational line absorp-

| :l(EN =f0 tllne; ?; theR”br?r?chER(O)J ht?ls Intensities tion oscillator strengths for transitions from tX&>. * to the
arger by a tactor an ai Other fines In N Same Wavex oy + and D25+ states, respectively. For th€2s*

length region, because neither@branch nor aP-branch —X?23* transition, the rotational oscillator strengths show a

transition Is allqwed fON”:. 0. An examination of the wave- broad contribution over the wavelength range 3380-3540 A,
length distribution of the lines ,shovxs that, apart f_rom thes?Nith a typical series of intense sharp peaks corresponding to
peak.s, the Rbranch QN=N'-N"=+1) contribution the R(N"=0) lines of the diagonal vibrational transitions.

dominates over the wavelength range 6580-6750 A. Othe|Lhe absence of marked structures in the intensity distribution

lines observed in Fig. 3 are to be assigned mainly to th%an be attributed to the use of a unit dipole transition mo-

Q-branch transitionsN'=N"), which are about two times ment function(Franck—Condon approximatipm this work.

more intense than thie andP branches over the whole con- . . .
. A plot of the band oscillator strengths given in Ref. 3 reveals
sidered wavelength range. Nevertheless, Rhieranch AN P gihs g

=N’'—N"=—1) appears to play a major role over the wave-
length ranges 6430—6580 A and 6930—7000 A. The band-
head is at 6930 A, somewhat longer wavelength than corre:
sponding bandhead for MgH at 5187 A.

The rotational oscillator strengths corresponding to the
B/B' 231X 23" are plotted as a function of the absorbed

photon wavelength in Fig. 4. As in the—X case, the os- ¢ 0.02
cillator strength distribution is strongest for thebranch g',’
transitions, as can be seen over the range 5820-6400 /@

where transitions t@’=0 of the B/B’ 2> ' dominate. Out

of that range, th& branch contributes with almost the same
intensity as theR branch. Moreover, there exists significant
oscillator strength in the near-infrared region. Our calcula-
tions show that the most intense peaks depicted in that regiol
are to be attributed mainly t& and P transitions between
high-lying rotational states of the’=0 and the topmost
rotational levels of thev”=4-9 vibrational states of the 4500 5000 5500 6000

X 23" electronic state. Transitions to the only vibrational A (Angstrom)

level of theB” well, v' =4, produce noticeable contributions i, 5. Absorption oscillator strengths for vibration—rotation transitions for
to the oscillator strength distribution both in the red and nearg 211—x 23, *.
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0.1

tion is large in the separated-atom limit. However, we argued
above that the dipole transition moment should vanish in the
separated-atom limit. The uncertainties in the transition mo-
ment translate into considerable uncertainty inhe X line

list.

0.08

=
=
®

IV. CONCLUSION

Extensive and comprehensive absorption line lists have
been generated for the transitions from the grod® *
state to theA 211, B 23", andE 211 low-lying excited states
of calcium hydride. The calculations are in good agreement
with the available theoretical and experimental data for the
vibrational energy levels and band oscillator strengths. The
B/B’'«+— X and theD X transitions show complex intensity
distributions resulting from perturbations due to the presence
of avoided crossings. Oscillator strengths for e- X tran-

FIG. 6. Absorption oscillator strengths for vibration—rotation transitions for Sitions are highly uncertain due to the large uncertainty in the
C23%—X23" (relative intensity scaje available dipole transition moment function. The Franck—
Condon approximation has been used for @ X transi-

o ] N tion for which ab initio calculations of the dipole transition
a similar wavelength grouping of the transitions, though outoment function are lacking.

oscillator strengths are somewhat weaker. Due to the lack of  The most significant contributions to the overall CaH

a dipole transition moment, th€«X line list computed  opacity arise from thé— X andB/B’ X transitions in the
here is highly uncertain and should be used with caution. wavelength ranges 6600—7500 A and 5800—7500 A, respec-
. 2 . !
From the particular nature of t2 “% " electronic state, jjyely. The use of these new line lists in stellar and planetary
characterized by two avoided crossings, results a very comyymosphere codes should significantly improve the descrip-

plex oscillator strength distribution for the 25 "X 25" yjon of the opacity of numerous cool stars where CaH is an
transition, with an anomalous intensity distribution of theimportant absorbér.

R(N"=0) peaks series which reach maximum values for
pondlagonal vibrational trgnsmons, as was noted by Le'n'ACKNOWLEDGMENTS
inger and Jeund.Comparison of our rotational oscillator
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