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The A%-X4X- electronic transition of VO in the near infrared was recorded at Doppler- 
limited resolution by Fourier transform spectroscopy, and rotational analyses performed for 
the (0, 0) band at 1.05 pm and the (0, 1) band at 1.18 pm. The &II state is found to have 
comparatively small spin-orbit coupling (A = 35.19 cm-‘) so that is is almost completely 
uncoupled to case (b) at the highest N values observed, near N = 90. The hyperfine structure 
due to the “V nucleus (I = 7/2) is prominent in the 4II5,2-X4Z- subband, and in many of 
the spin satellite branches; at high N values, where only main branches (AN = AJ) occur, 
the lines are sharp, indicating that the hyperfine b parameter (the coefficient of I - S in the 
magnetic hypcrfme Hamiltonian) is the same in the A% and X4Z- states. The electron 
configuration of the A411 state is therefore (4sa)‘(3d6)‘(4p?r)‘. 

1. INTRODUCTION 

Vanadium monoxide, VO, is present in considerable amounts in the atmospheres 
of cool stars, to the extent that its two electronic band systems in the near infrared 
are used for the spectral classification of stars of types M7-M9 (1). Both of these 
systems, A-X near 10 500 A and B411-X42- near 7900 A, were in fact first found 
in stellar spectra (2, 3) before laboratory work, respectively by Lagerqvist and 
Selin (4) and Keenan and Schroeder (5) proved that VO is the carrier. The purpose 
of this paper is to report rotational analyses of the (0, 0) and (0, 1) bands of the 
A-X system from high-dispersion Fourier transform emission spectra; the A-X 
system is shown to be another 411-4Zn transition. 

The A411 state of VO is found to have quite small spin-orbit coupling, so that 
the rotational and hyperfine structure follows case (a,) coupling at low rotational 
quantum numbers, but is almost totally uncoupled to case (b,) coupling at the 
highest observed quantum numbers. The hyperfine structure caused by the “V 
nucleus (I = 7/2) is not resolved in the spectra reported here, but an interesting 
result is that the hyperfine parameter b for the A411 state can be estimated from 
the lineshapes at high N values and is found to be essentially the same as in the 
ground X42- state. The conclusion is that the A411 state comes from an electron 
configuration containing an unpaired 4sa electron, as does the ground state. 

In contrast to the other excited states of VO the A411, u = 0 level is unperturbed 
rotationally; it therefore provides one of the very few examples known where the 
energy formulas for 411 states can be checked directly against observation. 
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2. EXPERIMENTAL DETAILS 

The near infrared electronic transitions of VO in the region 6000-14 000 cm-’ 
were recorded in emission using the l-m Fourier transform spectrometer con- 
structed by Dr. J. W. Brault for the McMath Solar Telescope at Kitt Peak National 
Observatory, Tucson, Arizona.’ The source was a microwave discharge through 
flowing VOC& and helium at low pressures, which was focused directly into the 
aperture of the spectrometer. An indium antimonide detector cooled by liquid 
nitrogen was used, and the resolving power of the spectrometer was set to approx- 
imately 800 000. Forty-two interferograms, each taking 6 min to record, were 
coadded for the final transform. The resulting spectrum, consisting of tables of 
emission intensity against wavenumber for every 0.013608 cm-‘, was processed by 
a third-degree polynomial fitting program to extract the positions of the line peaks. 

3. APPEARANCE OF THE SPECTRUM 

The spectrum of VO in the near infrared down to 6000 cm-’ consists of the two 
electronic transitions B411-X4x- and A411-X48-. The B-X system is very much 
stronger than the A-X system under our discharge conditions, so that the B-X 
progressions and sequences mask most of the A-X system except for the (0,O) and 
(0, 1) bands. Even the (0,O) band of the A-X system (which is by far the strongest 
band) is not free from overlapping B-X structure, which causes some difficulty in 
the analysis. The main heads of the A-X (0,O) band are illustrated in Fig. 1; each 
of the four subbands produces one strong head (‘R,,, R3, RQ21, and R,), and there 
is also a less prominent Q, head in the 411-,,2-42- subband. Two other heads, 
belonging to the B-X (1, 4) band, appear in the region of the 4115,2-42- subband; 
they have not been identified in the figure, though their branch structure is readily 
picked out at higher dispersion. 

The A-X (0, 1) band is qualitatively similar, though since it is weaker the 
background of B-X lines is more troublesome. The A-X (1, 0) band is so heavily 
overlapped by B-X structure that we have not been able to analyze it; the sR43 
head appears to be at 10 503.3 cm-’ but even this is not definite. 

4. ENERGY LEVELS OF ‘II AND ‘Z STATES 

Energy levels for 411 electronic states have been considered by a number of 
authors (6-11). The most detailed treatment is that of Femtnias (9), who has given 
a full explanation of how to calculate the matrix elements for the higher-order 
centrifugal distortion terms. Detailed analyses of 411 states, against which to test 
the formulas, are less common; the best examples come from the spectra of 0: 
(10) and NO (22). 

4Z states, on the other hand, are much more numerous, and have been extensively 
treated (6, 7, 9, 10, 13-17). It will therefore only be necessary to sketch the 
Hamiltonian and its derivation, and to give the matrices we have used. 

Following van Vleck (18) we take the rotational Hamiltonian, the first- and 

’ Kitt Peak National Observatory is operated by the Association of Universities for Research in 
Astronomy under contract with the National Science Foundation of the United States. 
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second-order spin-orbit interactions, and the spin-rotation interaction, respectively, 
as 

H = B(r)(J - L - S)’ + A(r)L*S + (2/3)X(r)(3S: - S2) + y(r)(J - S).S. (1) 

The expansion of the parameters A, B, A, and y, which are functions of the inter- 
nuclear distance r, in terms of the normal coordinate, produces centrifugal distortion 
terms which are conveniently written in operator form as 

Z&d. = -D(J - L - S)4 + ( l/2)&[ (J - L - S)2, L,S,]+ + ( 1/3)X, 

X [(3S; -St), (J - L - S)2]+ + (l,‘Z)yD[(J - L - S)2, (J - S).S], , (2) 

where [x, y], means the anticommutator xy + yx, which is necessary to preserve 
Hermitian form for the matrices. The A doubling of the 411 state was calculated 
by setting up the 12 X 12 matrix for a 411 state interacting with a single 42- state 
according to the first two terms of Eq. (1), applying a Wang transformation to 
convert to a parity basis and treating the elements off-diagonal in A by second- 
order perturbation theory. The effect is as if there were an operator 

HLD = (l/2)(0 + P + q)bSz, + S!) - (1/2)(p + 2q) 

x (J+S+ + Lx) + ( 1/2)q(J: +P) (3) 

acting only within the manifold of the 411 state (I I, Z9). The A-doubling parameters 
(o + p + q), (p + 2q), and q are related to matrix elements of the spin-orbit 
operator, as given in Ref. (I I). The centrifugal distortion corrections to Eq. (3) 
are obtained in the same way that Eq. (2) is constructed from Eq. (1). The spin- 
spin operators ( 1/2)a(r)(S: + ST) and (2/3)X”‘(r)( 3s: - S2) are incorporated into 
the terms in (o + p + q) and A, respectively. 

The resulting Hamiltonian matrices which we have used are given in Tables I 
and II (for 411 and 42 states, respectively). The X42-, n = 0 parameters were not 
varied in this work since they have been determined with great precision from the 
C4Z--X42- transition using sub-Doppler techniques (I 7). The parameter ys in the 
42 matrix represents the third-order spin-orbit contribution to the spin-rotation 
interaction (16, 17); neither ys nor the centrifugal distortion correction y. appears 
in the 411 matrix because they are not needed. 

Hyperfine effects have not been considered in Tables I and II because the hy- 
perfine structure is not resolved. However, with the large spin and nuclear magnetic 
moment of “V (I = 7/2), the hyperfine structure is important in determining the 
details of the branch structure, as will be shown below. 

5. ANALYSIS OF THE BRANCH STRUCTURE 

Rather surprisingly, the analysis of the A411-X4Z- bands of VO proved to be 
remarkably difficult because of unresolved hyperfine structure effects and overlap- 
ping sequence bands from the B-X transition. The problem with the hyperfine 
structure is that only when the hyperfine “widths” of the combining levels making 
up a rotational line are the same does the spectrum consist of sharp rotational lines 
(where the eight hyperfine transitions lie on top of each other). Since the four 
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TABLE I 

Matrix Elements of the Rotational Hamiltonian for a % State in Case (0) Coupling 

I-%> I+ 1P 19 

T_~ + (B-$AD+zAD) (~1) -&[B-h-AD-ZD(Z*Z)l -m IZD(J+ri) *j(z-l)(z-4) [4s 

c-41 -rJ(z2+5z+l) wx(o+p+q) + (r+2KJo+p+q MpQq)* Do+p+q +aDp+2q + 4DqW)1 

f 3( J+4)Do+p+q +4(2~-1)D~+~~1 %(z+l)D p+2q * k(z-2)Dq1 

Tk + (B-kAD-2~D)[~+3) -2/;ri[B-&-21D-2D(~+2) /3(z-l)(z-4) I-20 

<\I -D(r2+13r+5)e(J+4i[(p+2q) '&(J+k)Iq+'D 
1 p+*q '4Dq( JUr)l 

t3D 
o+p+q 

+0 p+2qk+3)+Dq(z-l)1 +Dq(z+2)11 

T,,2+(B+kAD-2AD)(Z+1) -m tB-ln+AD 

<$I -D(z2+9z-15) -2D(z-2)1 

'(z-1)(J+4)Dq 

sjmetric 

TS,2+(E+$AD+2iD)(Z-5: 

<II 

I 

-D(z2-72+13) 

z = (J+\)*. Upper and lower sfgns refer to e and f rotational levels respectively 

The basis functions IJfl> have been abbreviated to /CP 

electron spin components of the ground state have hyperfine widths that differ from 
one to the next by about 0.2 cm-‘, rotational lines with the same upper state which 
go to different electron spin components of the ground state have noticeably dif- 
ferent linewidths. The broader the linewidths the more the intensity is spread out, 

TABLE II 

Matrix Elements for Spin and Rotation in a ?- State in Case (a) Coupling 

I@ It> 

2x + Bx - 0(x2+3x) 

<$I 

-~[B-4Y-YS-4Yg(x+7,f2J+l}) 

- qY - 3Y# -2D(x+2)UJ+'I1)1 

-21 + B(x+4)-D[(x+4)2+7x+41 

x = (J+?d2-1. Upper and lower signs give the e(F, and F3) and 

f(F2 and F4) levels respectively. The basis functions IJZ> 

have been written Ir> 
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and the more the line tends to get lost in the background of overlapping B-X 
structure. Therefore although a 411-41;- transition should have 48 branches, most 
of them are broadened beyond recognition by the hyperfine structure in this case. 

There are only two regions of clear branch structure in the (0, 0) band. One of 
these, shown in Fig. 2, lies between the two shortest wavelength heads. The obvious 
branch, later identified as RQ43, could be assigned at once to the F3 spin component 
of the ground state because it contains the characteristic internal hyperfine per- 
turbation pattern at N” = 15 discovered by Richards and Barrow (20) in the B- 
X and C-X systems. This internal hyperfine perturbation is a remarkable occur- 
rence, where the F2 and Fs electron spin components (N = J - l/2 and N = J 
+ l/2, respectively) would cross at N = 15, because of the particular values of the 
rotational and spin parameters, were it not for the fact that they differ by one unit 
in J, and therefore interact through matrix elements of the hyperfine Hamiltonian 
of the type AN = AF = 0, AJ = kl. Extra lines are induced, and, since the detailed 
course of the ground-state levels is known (17), their positions tell whether a branch 
containing them has F; or F$ and also give its N numbering. 

Given the numbering of the obvious F; branch, the other three Fi branches 
marked’in Fig. 2 could be numbered easily using ground state spin and rotational 
combination differences. The R4 and Q4 branches are hyperfine-broadened, and 
even though they are intrinsically strong they are by no means obvious in the 
spectrum. At this stage the lower states of the branches were known, but the nature 
of the upper state was still unclear. 

The other region of obvious branch structure is the tail of the band, part of 
which is illustrated in Fig. 3. There are at least 10 sharp branches in this region, 
but only 8 of them actually belong to the A-X (0,O) band. A further complication 
is that there are no ground-state combination differences connecting any of these 
8. The analysis was performed by comparing the (0,O) and (0, 1) bands, since the 
separations between corresponding (N, J) levels of the X4x- 21 = 0 and 1 levels 
are known from the analysis of the C-X system (21). This method gives at most 
two possible N numberings for the branches, but it is less easy to determine the 
ground-state spin component since the intervals are very nearly the same for the 
four spin components. Eventually all 8 of these branches were identified, and as- 
signed to their respective ground-state spin components. The resulting pattern can 
be interpreted as the Q and P main branches of a 411-42 transition where the 411 
state is close to case (b) coupling at these high-N values, and all four components 
show A doubling. The analysis is confirmed by the identification of the four R 
branches, and various weak hyperfine-broadened spin satellite branches. 

The Q4 branch is interesting because it is a sharp branch at the high N values 
of Fig. 3, but hyperfine-broadened at the lower N values of Fig. 2. It is possible 
to follow the Q4 branch over the complete range of N values, and to see how it 
changes from broad to narrow fairly quickly in the region N = 40-50. The reason 
for the sudden disappearance of the RQ43 branch near N = 35 (see Fig. 2) is then 
clear-the RQ43 branch is prominent at low N because the hyperfine structure of 
the 411 F4 level is initially the same as that of the X42- Fs level, but with increasing 
N spin-uncoupling changes the 411 hyperfine level pattern until at high Nit becomes 
the same as X42- F4; as a result the RQ43 branch becomes broadened. In addition 
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the intensity of RQ43, which is a spin satellite branch that becomes forbidden in a 
411(b)-4Z(b) transition, must diminish as spin-uncoupling sets in. 

What emerges finally is a “textbook” example of a 411,-42 transition where the 
411 state has quite small spin-orbit coupling so that it changes fairly quickly from 
case (a) to case (6) coupling. The 411 state is shown to be regular (with a positive 
spin-orbit coupling constant) because there is no detectable A doubling in the F4 
component (4II5,2) before about N = 45, whereas the other three spin components 
show A-doubling effects almost from their first levels. The A-doubling and spin- 
uncoupling patterns are shown qualitatively in Fig. 4, where the upper-state energy 
levels, suitably scaled, are plotted against J(J + I). The curvature in the plots of 
Fig. 4 is a consequence of the spin-uncoupling. The assigned lines of the (0,O) and 
(0, 1) bands of the A-X system are given in the Appendix; only the sharp lines are 
listed, because they are sufficient to determine the upper-state constants, and in 
any case it is often quite difficult to obtain the exact line centres for the hyperfine- 
broadened branches. 

6. LEAST-SQUARES FITTING OF THE DATA 

One of the unexpected effects of the ground-state internal hyperfine perturbation 
is that the F; and F; levels are appreciably shifted from the positions that they 
would have in the absence of hyperfine structure. Therefore it is necessary to correct 
all the line positions in the branches involving F2 or Fs lower levels for this effect. 

It may seem surprising that a hyperfine effect can shift the positions of rotational 
levels, but the hyperfine matrix element acting between Fz and F3 levels with the 
same N value is about 0.08 cm-‘, while the zero-order separation of the F2 and Fx 
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FIG. 4. Reduced energy levels of the A’II state of VO plotted against J(J + 1). The quantity plotted 

is the upper-state term value less (0.50865 + 0.00365Q) (J + l/2)’ - 6.7 X lo-’ (J + l/2)’ cm-‘. 
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TABLE III 

Corrections Applied to the Observed F2 and F, Line Positions to Allow for the Internal Hyperfine 
Perturbation Shifts 

N F2 F3 
N 

F2 F3 
N 

F2 F3 

4 -0.030 -0.003 14 -0.079 to.055 24 to.029 -0.026 

5 -0.031 +o.ooa 15 *0.080 25 0.027 -0.025 

6 -0.031 0.012 16 to.075 -0.086 26 0.026 -0.024 

7 -0.033 0.017 17 0.065 -0.075 27 0.025 -0.022 

8 -0.034 0.022 18 0.051 -0.060 28 0.023 -0.021 

9 -0.036 0.025 19 0.047 -0.058 29 0.023 -0.020 

10 -0.053 0.031 20 0.043 -0.043 30 0.022 -0.019 

11 -0.060 0.033 21 0.038 -0.039 31 0.021 -0.018 

12 -0.065 0.034 22 0.035 -0.031 32 0.021 -0.018 

13 -0.070 0.043 23 0.032 -0.028 33 0.020 -0.017 

The corrections were obtained by subtracting the rotational energy calculated 

in the absence of hyperfine effects from a weighted average of the rotational- 

hyperfine energies given by a full calculation of the hyperfine structure. 

levels (which depends on the spin-rotation parameter y) remains less than 1 cm-’ 
even some distance from the N value of the internal perturbation. The calculated 
shifts are given in Table III. 

After applying these corrections to the F’; and F’; branches we fitted the lines 
directly to the appropriate differences between eigenvalues of the 411 and 42- ma- 
trices. No attempt was made to vary the X42-, 2) = 0 parameters in the present 
work since they have been determined with high precision by the sub-Doppler 
spectra of (17), where the resolution is a factor of 10 higher. Our procedure is 
therefore equivalent to fitting the term values of the A411, u = 0 state to the 
eigenvalues of Table I. The (0, 1) band was then fitted similarly, but with the A411 
upper-state parameters fixed at the values derived from the (0,O) band, the results 
give essentially the differences between the parameters for X42- o = 0 and 
2) = 1. 

The final parameters are assembled in Table IV. The overall standard deviations 
listed correspond to unit weighting of all the data; they are not as low as we had 
expected, but in view of the blending and the unusual lineshapes produced by 
unresolved hyperfine structure effects in some of the branches we see no reason for 
concern. 

7. DISCUSSION 

(i) Spin-Orbit Coupling Constants and Indeterminacies 

Since 411 states are comparatively uncommon it is instructive to see what pa- 
rameters can be determined in this case, and what happens to the problem of the 
indeterminacy of some of the parameters in the general case. 
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TABLE IV 

Parameters Derived from Rotational Analysis of the A41&X4Z- (0, 0) and (0, 1) 
Bands of VO (cm-‘) 

A4n, Y = 0 X4L- ,v=o Y=l 

T 
5/z 

9555.500 to.011 (30) 
To O 

1001.812 to.011 (3.s) 

T 
3/z 

9512.432 to.017 B o.5463833 0.542864 ~0.000013 

T 112 9477.830 to.023 lo70 6.509 6.54 r0.03 

T -111 9449.710 iO.021 i 2.030B7 2.028 +o.ooz 

B 0.516932 ~0.000006 Y 0.022516 0.0226 fixed 

107D 6.702 ?O.OlO 10 5 ys -1 -1 fixed 

9 -0.000151 _+0.000012 
8 

10 YD 5.6 5.6 fixed 

p+2q -0.01349 +0.00027 fixed 

o+p+q 2.107 ?0.008 

Y 0.00383 _+0.00010 

1O'D 0.023 kO.022 
9 

1070p+2Q -2.32 20.68 

105D -4.95 i0.42 
o+p+q 

A0 0.000050 ~0.000004 

Standard deviations (unit weight):- A4n, v = 0: 0.024 cm -1; x42- , Y = 1: 0.024 cm 
-1 

Bond lengths: A4n, r-o = . 1 6368 i. X4z-, r , 
0 

= 1.5920 i, re = 1.5894 i 

(Be = 0.548143, cx 
e 

= 0.00351g cm-') 

Veseth (21) has pointed out how y and AD (the spin-rotation interaction and 
the centrifugal distortion correction to the spin-orbit coupling) cannot be deter- 
mined separately in a ‘II state, and Brown et al. (19) have proved this rigorously. 
Brown et al. have also shown that an indeterminacy exists among B, AD, XD, and 
y for case (a) ‘II states, essentially because there are only three effective B values 
for the three spin-orbit components, but four parameters to be determined from 
them. The indeterminacy can be avoided if the levels can be followed to high J 
values, where case (b) coupling applies, because there is additional information in 
the effective D values of the three spin-orbit components. No such indeterminacy 
occurs for 411 states because there are now four effective B values to determine the 
same four parameters; only if higher-order terms such as ys (the third-order spin- 
orbit correction to the spin-rotation interaction (16, 17)) are needed will further 
indeterminacies arise. 

It is very clear from our data that AD is effectively zero for the A411 state of 
VO. If AD is floated the standard deviation increases marginally, and AD is given 
as (4 f 12) x lop6 cm-‘. Nevertheless if it were not so small it would in principle 
have been determinable from the data. 



402 CHEUNG, TAYLOR, AND MERER 

Another indeterminacy may arise in the substate origins for the components of 
a multiplet II state. These origins can be expressed, in terms of the spin-orbit and 
spin-rotation parameters, as 

TQ = To + AAI: + (2/3)X[3Z2 - &S + l)] + y[az - s(s + 1)] 

+ ?Jh[Z3 - (3S2 + 3s - 1)2/5], (4) 

where n is the third-order spin-orbit interaction (22, 23). From the previous dis- 
cussion it is seen that for a ‘II(a) state only effective values of T,, A, and X can 
be determined, but that all five parameters can be determined for a % state, 
because y can be obtained from the rotational structure. 

Because y has to be determined separately we have written the substate origins 
in Tables I and IV in the form of Tn values. However, it would be entirely equivalent 
to use expressions derived from Eq. (4) in the least-squares work. Converting from 
the TQ values given in Table IV we have 

T,-, = 9498.878 cm-‘; A = 35.193 cm-‘, 

X = 1.867 cm-‘; r] = 0.331 cm-‘. 
(5) 

It is interesting to see how comparatively large the second-order parameter X 
is compared to A. As is well known (18) the second-order parameter X includes 
the diagonal spin-spin interaction, but since the latter cannot be estimated easily 
it is not possible to say how much of the observed X is caused by it. The observed 
X for the A411 state is similar to that for the X42- state (see Table IV), so that 
its large size is not unexpected. To our knowledge an accurate value of the third- 
order parameter 3 has only previously been obtained for the level u = 4 of the 411U 
state of 0: (23), though estimates have been made for the #II and X511 states 
of CrO (22). 

(ii) A-Doubling Parameters 

In the approximation where a single 4Z- state causes the A-doubling in a 411 
state the parameters o, p, and q are given by 

0 = -(1/2)(4nIAL+(42-)2/~nZ , 

p = -2(4nlAL+142-)(4nls+l4~-)/aEnZ, 

q = -2(4rIlBL+14Z-)2/A.Enz. 

(6) 

Two approximate relations between the A-doubling parameters follow at once: 

and 
P/q = A/B (7) 

p’ = 4oq. (8) 
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Equation (7) should in fact be obeyed quite well no matter what the states causing 
the A doubling are because it assumes only that the matrix elements of AL+ and 
BL, are in the ratio of A to B, from Table IV we find 

(plq)l(AIB) = 1.26 (9) 

which is not far from unity. Equation (8) on the other hand is not obeyed at all, 
and the experimental ratio p2/40q is -0.13. There are two possible reasons. One 
is that the off-diagonal spin-spin interaction parameter LY (which should be sub- 
tracted from the expression for o in Eq. (6)) is important; the other, which is rather 
more likely, is that there is a nearby strongly interacting electronic state of different 
multiplicity. Assuming that the spin-orbit operator is responsible, such a state will 
have rotation-independent matrix elements with A411, so that it will contribute to 
the parameter o, but not to p or q. 

As far as we can tell from our spectra the A411, v = 0 level is unperturbed 
rotationally, and the principal perturbations in PII are by another 4Z- state; how- 
ever, there is evidence (17) for a 211 state perturbing C4Z;-, D = 0 (at 17 420 cm-‘), 
which possibly comes from the same electron configuration as A411 and is a good 
candidate for causing the effects described. 

(iii) Hyperfine Structure of the A’II State 

Section 5 described how the main branches (AN = AJ) in all four 411-42- 
subbands become “sharp” at high N values (where the spin coupling approximates 

FIG. 5. Hyperfine widths, Al& = E,,(F = J + f) - E&(F = J - I), of the four spin components 
of the A’II state of VO, plotted against J. Points are widths calculated from the ground-state hypexfine 

structure and the observed linewidths, without correction for the Doppler width. 
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case (bBJ) in both states) although they are often hyperfine-broadened at low N. 
It has been possible to obtain the approximate hyperfine widths of the four com- 
ponents of A411 from detailed measurements of the lineshapes in the various 
branches, together with the known hyperfine structure of the ground state (17); 
the results are shown in Fig. 5. This figure should be considered only as an “artist’s 
impression” because the hyperfine structure is never resolved in the A411-X42- 
transition, and the deconvolution of the Doppler and hyperfine profiles has not been 
attempted. The error bars given for the Fz and F3 components show that it is 
relatively futile to try to obtain values for any of the hyperfine parameters except 
b, but on the other hand the value of b can be obtained with reasonable accuracy. 

To understand why only the hyperfine parameter b is determinable we consider 
the magnetic hyperfine Hamiltonian (24) in detail: 

H maghfs = a1 - L + b1. S + cl,& + ( 1 /2)d(e2’+Z-S- + e-“‘@Z+S’+). (10) 

In this equation the first term is the interaction between the electron orbital motion 
and the nuclear spin, the second term is a combination of the Fermi contact in- 
teraction and the dipolar interaction, and the last two terms are dipolar interactions, 
respectively diagonal and off-diagonal in A in a signed quantum number basis. The 
term in d gives rise to different hyperfine structures in the two A-doubling com- 
ponents of 4111,2, and its effects can be seen in Fig. 5, where there is a definite 
difference between the hyperfine widths of the F,, and F2r levels up to about J 
= 50. This difference can be measured fairly accurately because the linewidths in 
the P2 and Q2 branches are quite obviously different, though the absolute values 
of the hyperfine widths are uncertain to the extent of the error bars in Fig. 5. 

In case (as) coupling the diagonal matrix elements (25) of the first three terms 
of Eq. ( 10) are 

(JiMZflH,,IJfUZF) = [F(F f 1) - Z(Z + 1) 

- J(J + l)]Q[aA + (b + c)Z]/[2J(J + l)], (11) 

while the d term contributes -td(S + 1/2)(J + 1/2)[F(F + 1) - Z(Z + 1) - J(J 
+ 1)]/[4J(J + 1 )] to the diagonal elements for Q = l/2 when S is half-integral. 
The hyperfine widths (in other words the separations of the hyperfine components 
with F = J + Z and F = J - I) for a 411 state, where Z = 7/2, are therefore 

AEhfs = 7(J + 1/2)Q[a + (b + c)Z]/[J(J + l)] 

_+ 7(J + 1/2)2dSQ,,,,/[J(J + l)]. (12) 

Equation ( 12) implies that the hyperfine widths should decrease as 1 /J except that 
there is a J-independent contribution of -t7d in the two A components of 411,,2. 

In case (b,,), on the other hand, the diagonal matrix elements of the magnetic 
hyperfine Hamiltonian are 
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= [RF + 1) - IU + 1) - J(J + 1 )I 
4J(J+ 1) i 

aA*XNJ8 + bxt JsNj 
N(N + 1) 

_ c[3h2 - N(N + 1)][3X(SNJ)X(NJS) + 2X(JSN)N(N + l)] 

3N(N + 1)(2N - 1)(2N + 3) 

+ d[3X(SNJ)X(NJS) + 2X(JSN)N(N + l)] 
- 

2(2N - 1)(2N + 3) 4Al.l 9 
I 

(13) 

where Xfxrz) = x(x + 1) + y(y + 1) - z(z + 1). It is not so easy to see the J 
dependence in these formulas, but order-of-magnitude considerations show that the 
coefficients of Q and c decrease as 1 /J, while the coefficients of b and d are almost 
independent of J. The hyperfine energy expressions for 411(b) states are roughly 

F,(J = N + 3/2) & = -(3/2)(b f (1/4)d)X(JZF)/(2N + 3), 

F,(J = N + l/2) -(1/2)(b + (1/4)d)X(JZF)(2N + 9)/[(2N + 1)(2N + 3), 

F,(J = N - l/2) (l/2)@ * (1/4)d)X(JIF)(2N - 7)/[(2N - 1)(2N +l)], 

F,(J = N - 3/2) (3/2)(b f (1/4)d)X(JZF)/(2N - l), 

(14) 

where the terms in k( 1/4)d refer to the A-doubling components; for Z = 7/2 
the approximate hyperfine widths in the four spin components, in units of 
7(b + (d/4)/2, are 3, 1, -1, and -3, respectively. 

Figure 5 shows that the hyperfine patterns in the A411 state of VO, over the 
range J = 10-80, correspond to a spin coupling intermediate between cases (a& 
and (b,). As described above, the different hyperfine widths in the F,, and F2, 
components represent the dipolar d term, but the observed difference is a compli- 
cated function of how far the spin-uncoupling has proceeded. The d term should 
show up again as a small difference between the Q and P branch widths for the 
high-N F, and F4 lines, but this is not observable at our resolution. The high-N 
pattern corresponds to almost pure case (b,) coupling, with the parameter b being 
very nearly the same as that in the ground state (hence the “sharp” main branch 
lines where the hyperfine components all fall on top of one another). The experi- 
mental value of b is 

b(A411) = +0.026 f 0.002 cm-’ (15) 

compared to the ground-state value 0.02731 f 0.00004 cm-’ (17). 
We have not attempted to obtain values for a, c, and d, from Fig. 5, since the 

pattern is clearly dominated by the parameter b, with the exact details being 
governed by the extent of the spin-uncoupling. 
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The fact that b(A411) is closely similar to b(X4Z-) indicates that the same 4s~ 
electron responsible for the Fermi contact interaction in the ground state is also 
present in the A411 state. In single configuration approximation the electron con- 
figurations must therefore be 

x4z- : (4sa)‘( 3&Q*, (16) 

A41-I : (4sa)‘(3d6)‘(4p?r)‘. 

The configuration given for A411 also produces a 49 state, which should lie at still 
lower energy; the chances of observing it appear slim at present since its A value 
differs by at least two units from all the other known states of VO. 

APPENDIX 

Rotational Lines Assigned to the k&X427 Transition of VO (cm-‘) 

APPENDIX (i) 

(0, 0) Band 

N P2 02 92 



VO A-X SYSTEM 407 

__ __ 
N PI 

APPENDIX (i) 

P2 P2 R2 

APPENDIX (i) 
___- 

04 R4 



APPENDIX (i) 

91 9261.186 

APPENDIX (ii) 

(0, 1) Band 

N PI 01 PI P2 02 03 R3 
7---- 846,.506 



VO A-X SYSTEM 409 

ACKNOWLEDGMENTS 

The capable experimental assistance and friendly hospitality of Mr. Rob Hubbard of the KPNO staff 
are gratefully acknowledged. Financial support was provided by the Natural Sciences and Engineering 
Research Council of Canada. We are grateful to Dr. J. K. G. Watson for sending us a copy of his work 
on the energy levels of % states. 

RECEIVED: October 23. 1981 

REFERENCES 

I. H. SPJNRAD AND R. F. WING, Ann. Rev. Asiron. Astrophys. 7,249-302 (1969). 

2. G. P. KUIPER, W. WILSON, AND R. J. CASHMAN, Ap. J. 106, 243-250 (1947). 
3. J. J. NASSAU, G. B. VAN ALLEDA, AND P. C. KEENAN, Ap. J. 109, 333-336 (1949). 
4. A. LAGERQVIST AND L-E. SELIN, Ark. Fys. 11,429-430 (1957). 
5. P. C. KEENAN AND L. W. SCHROEDER, Ap. J. 115,82-88 (1952). 
6. A. Buti AND I. Kov,&, Phys. Z. 45, 122-126 (1944). 
7. I. Kovics “Rotational Structure in the Spectra of Diatomic Molecules,” Adam Hilger Ltd., London, 

1969. 
8. L. VESETH, Phys. Ser. 12, 125-128 (1975). 
9. J-L. F~M~NIAS, Cunad. J. Phys. 55, 1733-1774 (1977). 

IO. D. L. ALBRITTON, A. L. SCHMELTEKOPF, W. J. HARROP, R. N. ZARE, AND J. CZARNY, J. Mol. 

Specfrosc. 67, 157-184 (1977); P. C. COSSY, J-B. OZENNE, J. T. MOSELEY, AND D. L. 
ALBRITTON, J. Mol. Spectrosc. 79, 203-235 (1980); A. CARRINGTON, P. G. ROBERTS, AND 
P. J. SARRE, Mol. Phys. 35, 1523-l 535 ( 1978). 

11. J. M. BROWN AND A. 3. MERER, J. Mol. Spectrosc. 74, 488-494 (1979). 
12. P. L. RADLOFF AND P. A. FREEDMAN, Mol. Phys. 37, 1633-1638 (1979); P. A. FREEDMAN AND 

P. L. RADLOFF, J. Mol. Specirosc. 88, 225-227 (1981). 
13. A. BUD& Z. Phys. 105,73-80 (1937). 
II. J. T. HOUGEN, Caned. J. Phys. 40, 598-606 (1962). 
IS. R. W. MARTIN AND A. J. MERER, Cunad. J. Phys. 51, 634-643 (1973). 
16. J. M. BROWN AND D. J. MILTON, Mof. Phys. 31,409-422 (1976). 
17. A. S-C. CHEUNG, R. C. HANSEN, AND A. J. MERER, J. Mol. Spectrosc. 91, 165-208 (1982). 
18. J. H. VAN VLECK, Phys. Rev. 23, 213-227 (1951). 

19. J. M. BROWN, E. A. COLBOURN, J. K. G. WATSON, AND F. D. WAYNE, J. Mol. Spectrosc. 74, 
294-318 (1979). 

20. D. RJCHARDS AND R. F. BARROW, Nuture (LondonJ 219, 1244-1245 (1968). 
21. L. VESETH, J. Mol. Spectrosc. 38, 228-242 (1971). 

22. W. H. HOCKING, A. J. MERER, D. J. MILTON, W. E. JONES, AND G. KRISHNAMURTY, Cunud. 
J. Phys. 58, 516-533 (1980). 

23. J. M. BROWN, private communication; J. M. BROWN, D. J. MILTON, J. K. G. WATSON, R. N. 
ZARE. D. L. ALBRITTON, M. HORANI, AND J. ROSTAS, J. Mol. Spectrosc. 90, 139-151 (1981). 

24. R. A. FROSCH AND H. M. FOLEY, Phys. Rev. 88, 1337-1349 (1952); G. C. DOUSMANIS, Phys. 

Rev. 97,967-970 (1955). 
25. A. CARRINGTON, P. N. DYER, AND D. H. LEVY, J. Chem. Phys. 47, 1756-1763 (1967); J. M. 

BROWN, I. KOPP, C. MALMBERG, AND B. RYDH, Phys. Ser. 17, 55-67 (1978); C. H. TOWNES 
AND A. L. SCHAWLOW “Microwave Spectroscopy,” McGraw-Hill, New York, 1955. 

26. I. C. BOWATER, J. M. BROWN, AND A. CARRINGTON, Proc. R. Sot. London Ser. A 333, 265-288 

(1973). 


