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A refit of the observed hyperfine Adoubhng spectrum of OH is presented using an expansion of the fine structure 
matrix elements in a power series up to the fïfth degrce in the rotational quantum nurnber L Almost alI observed 
transitions of the microwave spectrum of the OH molecule in the X *lI state could be predicted within their experi- 
mental inaccuracies. Rehable predictions for the non-observed transitions originating in the rotational states for J G 17/2 
are also oresented. 

1. Introduction 

The interpretation of high resolution spectra of di- 

atomic molecules in a 211 state as obtained with mo- 

lecular beam techniques requires a more refmed theo- 
retical description than used for the interpretation of 
the microwave absorption spectra [ll. The spectra of 
the NO molecule obtained by the molecular beam 
electric resonance spectroscopy were interpreted in 
a previous paper [2] using a degenerate perturbation 
calculation introduced by Freed [3]. However, the 
calculated and observed spectra could not be brought 
into agreement within lhe experimental accuracies. 

The hyperfme h-doubling spectrum of the ground 
electronic 2fl state of the OH radical has recently 
been investigated experimentally and theoretically by 
Meerts and Dymanus [4]. The spectrum was calcu- 
lated using the perturbation theory developed up to 
third order in fine and hyperfme structure. In the 
fïnal fit also spectra obtained by ether investigators 
were included [5-91. The agreement between the cal- 
culated and olserved transition frequenties of the 
OH molecule was found to be quite unsatisfactory. 
Differences between the predicted and measured fre- 
quencies were for some transitions as large as 100 
times the experimental precision. Recently observed 
transitions by Destombes et al. [ 101 originating in the 
hightr rotational states J = 11/2 through 15/2 of OH 
showed even larger discrepancies with the calculated 
spectrum. 

In a refit of the spectrum of the NO molecule 11 l] , 
excellent agreement between the measured and pre- 
dicted spectrum was achieved. In this refit the third 
order perturbation theory was applied and hyperfïme 
contributions originating from the matrix elements 
off-diagonal in the rotational quantum number (J) 
were included. Unfortunately this approach failed to 
remove the discrepancies between the observed and 
calculated spectrum of OH. This can, however, be 
easily understood by simple order of magnitude con- 
sideration. The magnitude of the contributions off- 
diagonal in J is determined by <Hhf>2/4Bn, where 
(H& is the average hyperfine structure contribution 
and B, the rotational constant of the molecule in its 
2fï state. For the NO molecule <Hhf>*/4Bn is approx- 
imately 35 -kHz, for OH this quantity is only 3 kHz. 
On the other hand, the fine structure (A-doubling) in 
OH is rather large: the second order h-splitting cou- 
pling constants are 600-2200 MHz, while the third 
order constants are stil1 about 200 kHz. So it is plau- 
sible that ‘Lhe fourth order fine structure contribu- 
tions are not negligible in OH, especially in the higher 
rotational states (J b 7/2). 

The present work gives an extension of the previ- 
ous perturbation calculations [2,4] in order to in- 
clude the major part of the fourth order h-splitting 
effects in an easy and straightforward way without 
going into detail of the extremely complicated fourth 
order perturbation calculation. It has been achieved 
by expanding the A-splitting parameters in a power 
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series of (J + f). The available experimental transition 
frequenties of OH, which cover rotational states from 
J = 112 to 1312 of the 211,,, state and from J = 312 
to 15/2 of the 2113,2 state were used in a least squares 
fit to determine the fine and hyperfine coupling con- 
stants. An excellent agreement between the experi- 
mental and calculated spectrum of the OH molecule 
was obtained. Furthermore al1 the non-observed hy- 
periìne hdoubling transitions of the OH radical orig- 
inating in the rotational states with J< 1712 were 
calculated with estimated uncertainty of ZO-40 kHz. 

2. Theory 

The perturbation calculations up to third order in 
fme and hyperfme structure were discussed in previ- 
ous papers [2,4] for contributions diagonal in the ro- 
tational quantum number J. The results of ref. [l l] 
have been used as far as the hyperfine structure is con- 
cerned for both diagonal and off-diagonal contribu- 
tions in J. It‘was found in ref. [2] that the matrix 
elements due to the A-splitting in a 211 state up to 
third order are expressible as a power series in (J + 4): 

(211;,2JIHF12~;,2~ 

=‘(-)J-“2(Ji~)[p+$(J+~)2], 

(2Il;,2 JIHFI 2rI;,2 n (1) 

=+ (-)J-“2z(J+$)[q +Dq(J+;)2], 

<211;,2 JIHFI 2tI;,2A = + (-) J’1/2z2(J+ $)o,, 

where z= [(J-i)(J+$)] 1’2. The coupling constants 
p, Dp, q and D4 are expressible in terms of matrix ele- 
ments between the ground 211 state and the excited 
electronic 2ZZ states [2] . The coupling constants de- 
fined above describe the contributions to the A-split- 
ting in the various orders of approximation. The con- 
stants DP and D4 contain only third order effects, 
while p and q contain second as wel1 as third order 
contributions. 

In order to obtain the fine structure contnbutions 
correct up to fourth order it is in principle possible 
to extend the perturbation calculation up to fourth 
order. The relevant expressions are given by Freed 13, 
eq. (3.2)] . However, this calculation is very compli- 
cated and would necessitate the introduction of a 
number of new molecular parameters. In view of the 

results of the pure third order perturbation treatment 
it is expected that the coupling constants describing 
the h-splitting correct up to fourth order again can be 
written as a power series in (J+f)_ Eio detaiied fourth 
order calculations were performed, but a reasonable 
assumption about the A-splitting expansion can be 
made by writing 

=+ (-)J-1’2(J+$)Ip +DP(Ji;)2 +6P(J+$)4J, 

h;,2 JIHFI 2rI;,2 n (3 

= + (-)J-“2z(J+;)[q +D*(J+$)* + $(J+;)4], 

(*fl’ JIH& *n+ J) =-+ (_)J-112 * 
312 312 2 (J+f>D;. 

The justification of this expansion is found in the re- 
sults of the least squares fit of the spectrum of OH. 
Firstly the observed spectrum was reproduced within 
the experimental uncertainties using eq. (2). Second- 
ly $ and 8q (table 2) are a few orders of magnitude 
smaller than DP and D4, illustrating the converging 
character of the expansion coefficients of eq. (2). Al- 
though the choice of the form of the series expansion 
for the A-splitting is not unique, the number of inde- 
pendent parameters which could be deduced from the 
experimental spectra turned out to be six, assuming 
an expansion up to fìfth degree in (Jfi). The molec- 
ular parameters p and q defined in eq. (1) are slightly 
different from rhose in eq. (2), as the last ones con- 
tain also fourth order contributions. Simïlarly DP and 
D in eq. (2) contain third and fourth order terms, 
w rle $ and aq are purely fourth order contributions. 1. 
An independent determination of 04 from the ob- 
served spectra of OH turned out to be impossible. In 
the actual fit of the spectrum Di is replaced by Q7, 
which is an acceptable approximation since Di is equal 
to Dq in third order perturbation treatment. 

In the present approach the A-splitting in the OH 
molecule is described by six molecular parameters, 
the hyperfine structure (nuclear spin I = 1/2) by eight 
coupling constants [ 1 l] , while the rotational and 
spin-orbit contributions are taken into account by 
the rotational constant B,, the centrifugal distortion 
constant Dn, and the spin-oróit constant A, [4] _ 
The quantities B, and D, were taken from u\e anal- 
ysis of Dieke and Crosswhite [ 121 and A, was deter- 
mined in the fit. 
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Table 1 
Observed hyperfime Adoubling transitions of OH together with the tesults of the present least squares fit of the spectrum as cal- 
crdated usíng ffie molecufar constants from table 2 

- - 

J Sr F+ d 2-‘_ Observed frequency Ref. Observed minus calculated 
(MHz) frequency b) (kHz) 

uz uz 

312 112 

512 113 

7f2 

912 112 

11/2 II2 

1312 If2 

312 312 

512 3/2 

70 312 

91’2 3f2 

íl/2 

13/2 

IS/2 

312 

3/2 

312 

1 

0 
1 
1 
2 
2 
1 
2 
3 
2 
3 
3 
4 
4 
3 
4 
s 
4 
5 
S 
6 
6 
7 
1 
2 
2 
1 
2 

z 
3 
3 
4 
3 
4 
4 
5 
5 
4 
5 
6 
5 
6 
6 
7 
7 
6 
7 
8 

1 
1 
0 
1 
2 
1 
2 
2 
3 
3 
2 
3 
4 
3 
4 
4 
5 
5 
4 
5 
6 
6 
7 
1 
2 
1 
2 
2 
3 
3 
2 
3 
4 
4 
3 
4 
5 
4 
5 
5 
6 
6 
5 
6 

6’ 
7 
7 
8 

4750.656(3) 
4660.242(3) 
4765.562(3) 
7761.747(S) 
7820.125(5) 
7749.9~9(5) 
7831.962(S) 
8 135.870(5) 
8189.587(S) 
8118.051(5) 
8207.402(5} 
5473.045(S) 
5523.438(S) 
5449.436(S) 
5547&%2(5) 

164.7960(~~) 
117.1495(10) 
192.9957(10) 
88.9504(10) 

8580.170(20) 
$S34.860(20) 

19561.897(20) 
19518.612(20) 

1665.40184(20) 
1667.35903(20) 
1612~23101(20) 
1720.52998(20) 
6030.7485(2) 
6035.0932(2) 
6OIó.746(5) 
6049.084[5) 

13434.6374(2) 
13441.4173(2) 
13433.930(25) 
13442.030(25) 
23817 6153(2) 
23826.621 i(2) 
23805.297(10) 
23838.933(1(l) 
36983.4?0(20) 
36994.430(20) 
36963.480(30) 
37014.420(30) 
52722.040(20) 
5273456(X20) 
52696.720(30) 
S2759.890(30) 
70845.081(20) 
70858.930(20) 

a) The subscript + (-) refers to even (odd) Kranig symmetry 14 J _ 
b) The number of transitions is 49 and the x2 of the fit 32.6. 

26 

-2.0 
-3.1 
-3.5 
-2,2 

1.8 
-1.3 
-0.x 

2.2 
3.9 
0.0 
2.1 
8.6 

-1.1 
-0.8 

3.3 
-0.2 

0.0 
0.1 
0.3 

38.1 
26.5 

-16.3 
-18.8 

0.1 
0-1 
0.1 
0.1 

-0.1 
-0.2 
-7.2 
-4.9 

0.2 
0.0 

-10.8 
-83.7 

-0.1 
0.1 

-5.0 
-1.4 
-6.9 
24.1 

-16.5 
33.7 
23.5 
-1.8 
225 
19.3 
17.3 

-17.9 
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3. Rest& and discussion 

A least squares fit of the observed spectrum of the 
OH molecule was performed usîng all the available 
experimental microwave data listed in table 1. For 
transition frequencîes whìch were observed in more 
than one învestîgatîon, only the most accurate results 
were used in the present fit. The fine structure was 
included as described in the prevîous sectîon and the 
hyperfine structure was ~~culated using ref. f 111 
(contrîbutîons off-diagonal in J were íncluded). The 
range of experimental data enabled firstly the deter- 
mination of al1 A-splitting and hyperfine parameters 
involved, and secondly it demonstrates the usefulness 
of the applied expansion procedure. The results are 
excellent; as can be seen from table 1 the measured 
and calculated frequencîes are practîcally all in agree- 
ment wîthin their expe~ent~ un&ertaintîes. There 
is only one exception: the F+ -, F_ = 4 -+ 3 transition 
of the J = 7/2, IIQ state observed by Destombes et 
al. [ 101 who also observed the AF = 0 transîtîons of 
this state. It shculd be noted tbat the latter transîtions, 

Table 2 
Molecular constants of OH as obtained in the present least 
squares fit of the spectrum al 

Quantity VaIue 

An (cm-‘) 
p (MHz) 
II)p (MHz) 
6p Wz) 
q (MHz: 
Der (MHz) 
sq (Hz) 
x1 (MHz) 
xz WHz) 
x3 WW 

x4 (hlW 

xs + x7 (kHz1 

xg WW 

XB tk-1 

xg WW 

-138.4719(4) b, 
2366.003(2) 

0.1123(2) 
-165 (4) 
-580.100(2) 

0.22104(S) 
-41.2(5) 

39.495(6) 
28.314(6) 

139.556(20) 
58.833(33) 

-199 (5) 
-1 í.3(3) 

-0.6(9) 
-7.8(2) 

a) The values for Bn = 18SlS cm-t and Dn = 0.00187 cm-t 
were fised in the fit and were taken from Dieke and Cross- 
white [ 121. 

b) The uncertainties in the mohxular constants represent 
three standard deviations. DeTmition of standard deviation 
is based on the “error definition ene” and confidence leve1 
ofthefitof95%[llJ. 

which are not shs*n in table 1, deviate 41 and 52 
kHz for F = 3 and 4, respectîvely, from these of ref. 
[13]. The best fit constants gïven in table 2 can be 
used for a relîable predîctîon of non-observed h- 
doubling transitions of OH. Tabie 3 iists ali those fre- 
quencîes for the states with J = t7f2 calculated using 
the best fît constants, the frequenties are believed to 
be accurate within 20-40 kHz. 

In summary the hyperfine A-doubling spectra of 
diatomîc molecules in a 2 Ili state can be exptained 
withîn the accuracy of the high resotution mofecuiar 
beam data. The method has proved îts value for the 
spectra of the NO [ 11 f and the OH radicals, as shown 
in the present work. The theory orîginally devetoped 
by Freed f3] as a perturbation calculatîon, adapted 
on the *H state by Meerts and Dymanus [3_] and ex- 
tended to înclude contributions which are non-diago- 
nal in the rotational quantum number 11 Ij is now 
capable of describing the major fourth order A-split- 
ting contributîans. The last contributions cannot be 
neglected for molecules possessing a large R-sptitting 
like the OH radical, or when tnnsitions o~~nat~ng 
from states with high rotational quantum numbers 
have to be calculated. 

Table 3 
Predicted frequenties of the non-observed hyperfine Adotr- 
bling transitions of OH in the rotational states with J G 17/2 
as calculated using the best fit constants of table 2 

- 

J n F+ F_ Predicted 
frequency (UHz) 

11/2 1/2 6 5 8611.809 
5 6 8503.IS7 

1312 112 6 7 19596.192 
7 6 19484.352 

15/2 112 7 ? 32921.453 
8 8 32879.899 
8 7 32957.67 1 
7 8 32843663 

í7/2 112 8 8 48494.412 
9 

; 
48454.467 

8 48532.200 
9 8 48416.739 

1512 312 7 8 70815.898 
8 7 70888.114 

1712 312 8 8 91188.617 
9 9 91203.601 
9 8 91156560 
8 9 91235.658 
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