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For a diatomic molecule at the equilibrium distance,
the virial theorem states that (E)=—(T)=1(V). By def-
inition of correlation, the energy of a correlated wave
function is less than the HFSCF energy.

"This is not rigorously true, as the Das-Wahl wave
function demonstrates. However, previous work with
very accurate wave functions have always given this intui-
tive result (Ref. 8).
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Theoretical formulas with higher-order perturbation terms are given for the rotational
levels of 211 states, and are applied to the OH free radical. By analyzing existing data values
of several molecular parameters including the rotational constant B, the spin-orbit coupling
constant A and A-doublet constants o and g are obtained for some vibrational states. The
magnetic g factors are discussed and analyzed. A recent experiment on laser magnetic reaso-

nance (LMR) is also discussed.

L. INTRODUCTION

Diatomic molecules, including diatomic free radi-
cals such as OH, are more complicated than atoms
but still simple enough to allow detailed theoretical
treatment. The rotational and vibrational levels of
a diatomic molecule are particularly simple, be-
cause the Born-Oppenheimer approximation, ! name-
ly, the semirigid body model, is known to be appli-
cable. Many data are carefully analyzed according
to this model. 23

Most stable diatomic molecules are in the ' elec-
tronic state, but there are some which have finite
electronic angular momenta in their ground states.
The oxygen molecule has electron spin angular mo-
mentum S=1 in its electronic ground states, which
makes each rotational level a triplet. The triplet
separations in this case are measured and analyzed,
and some molecular parameters for that molecule
are obtained. *~® The OH free radical, our present
subject, is another typical case. Its electronic
ground state is 2II; namely, the electronic orbital

angular momentum around the molecular axis is +1
or — 1, and the electronic spin angular momentum
Sis 3.

Because of the spin-orbit coupling, the spin can
orient itself either in parallel or antiparallel direc-
tion to the orbital angular momentum, producing the
splitting into the II;,, and II,,, states. Since the
coupled electronic angular momenta can be either
in parallel or antiparallel direction tothe molecular
axis, which we call the z axis, each of these two
states is doubly degenerate. The degeneracy is
slightly removed due to the end-over-end rotation,
and gives the so-called A doublet. The theory of
rotational states of a %Il molecules was given by
Van Vleck” and by Mulliken and Christy.?

The uv spectrum of OH was measured and analyzed
by Johnston, Dawson, and Walker many years
ago.>® Much more extensive and accurate mea-
surement was done by Dieke and Crosswhite,!! who
reported many rotational and vibrational levels of
the ground %Il states. Transitions within each A
doublet can be observed in microwave spectroscopy.
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Dousmanis, Sanders, and Townes'? first observed
such transitions for five rotational levels of O'°H.
Ehrenstein, Townes, and Stevenson,!® Radford, %!
and Poynter and Beaudet!® observed them for other
rotational levels. Those microwave measurements
were all for the vibrational ground state. Rad-
ford!™!® observed EPR of OH in the X band, while
Evenson, Wells, and Radford!® observed laser mag-
netic resonance (LMR) using the 79-um line of the
H,O laser. Evenson?® improved the LMR data and
observed additional lines using other lines of the
H,O laser. Radford!® observed and analyzed the hy-
perfine structure (hfs). '

Van Vleck’s theory” is only the first-order ap-
proximation and is not enough to explain these new
precise data. Dousmanis, Sanders, and Townes'?
presented a higher-order theory of A doublet, by
which they explained their own data to some extent.
However, they could not develop a satisfactory
theory because Dieke and Crosswhite’s data were
not available to them. Thus, for example, they
obtained —7.444 for A/B, where A and B are the
spin-orbit coupling constant and the end-over-end
rotational constant, respectively, but this value
deviates much from - 7. 547 which is obtained by
Dieke and Crosswhite!! from their more direct
observation. Radford,!” when the former value of
A/B was used, had to conclude that the electron
spin g factor g, was almost exactly 2, instead of
2.0023. Later Radford found'® that better agree-
ment with his data could be achieved when - 7. 504
was taken for this ratio.

II. HAMILTONIAN

For a linear molecule the perturbation Hamilto-
nian which we are interested in is™*!
H= ALS, +AL(IA,” . +L,S,)

~

+BINE+ N2 + 0, N- T+AN-8, ()

where i:, §, and N arethe electronic orbital, spin,
and end-over-end rotational angular momenta, re-
spectively, and the subscripts «, y, and z designate
their components along the molecule-fixed coor-
dinates, of which the z axis is taken along the mo-
lecular axis. Thefirsttermsin (1)with coefficients
A, and /I,_ are the spin-orbit interaction, the next
terms with coefficient B are the end-over-end rota-
tional energy, and the last two terms are the mag-
netic coupling terms between the end-over-end
rotation and the electronic angular momenta. The
hyperfine interaction terms are neglected in our
discussions.

By means of the total angular momentum

J=N+T+8 (2)

we can rewrite (1) as

ki
iI: (Az"‘ /1[, - ﬂs)fzzsz
+ (%AL +B- % llL - %lj s)(fq.s‘- + IA,_S‘,,)
+BF-Jd2) - (B-ta,)J.L.+J.L,)
- (E - % ﬁs)(j»«s- +j-§+) + ﬁszLz + I:;'sz's'x
+B{@?-102)+( -85 - i, T7- 08,
(3)
where we used the conventional notations
J’fjxiiJ; , ete. (4)

There are four independent base functions for a
given set of v, vibrational quantum number, and
J, rotational quantum number, in the Il states. If
we take®

Iy, pc0d) = VI (|Tlg 5 +0d )+ [Ty )5 —0T)),  (52)

|1y jpc0d )= VE (T g +0d )+ |1, 5 —vd ),  (5b)

Ny /pd0d )=VE (I jp+0d ) = [Ty s —vd)),  (5¢)
and

|7y 200 Y=VE (|7 g+ 0T Y= |7y 5—0d)),  (5d)

this part of the Hamiltonian matrix is reduced into
two identical matrices, each of which is

(%Az_B‘(B—%“s)[(e]-f-%)a—l]l/z )
- (B=3uo[W+3P -1]"2 -~ GA, - B)

+B(+3)* - py, —3ug . (6)
In (5) we defined

S|y 02T =43y 02 T), J, [T+ )=231,,20),
(7)
Szln1/2iJ> =¥-§;|H‘1/21J>, jzlnx/ziJ>=i§|H1/ziJ>-

Note that the rotational energy appears in (6) as
B(J+3)? instead of BJ(J+1) when the B[(L?- L %)
+(8% - 5,2)] term in (3) is taken into account as-
suming that L=1 in the Il state. This assumption
may not be exactly correct but is better than sim-
ply neglecting this term.

The effect of all excited 2% states and other vi-
brational states in the Il state can be taken into ac-
count by means of the perturbation theory as shown
in the Appendix of this paper. As a result we ob-
tain the following four energy levels for a given
vibrational-rotational state:

Foa D)=ty +ny +3(X5+ ¥,)'2, (82)
fe=tr-n,+3(X5 - ¥,)V2, (8b)
)=, +m; 35+ ¥,)/2, (8¢c)
o=t =n,-3(X5 - ¥,)!/2, (8d)
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where
£,=(B-B-D)(J+3)-DW +3)*
+HT+3)8 - P(T+3)8+...
=By J(T+1) = Dygg JE(J+1)% + HP(J +1)3
-PJYJ+1)*+1(B-B-D), (9a)

=3(a+r-2e-2)(J+3) = (e+k)T+3)%, (9D)

X =A% +4B [(J+5)2-1]=A% - 4B
+4(B* +4BD - A5)(J + 1)
- (16BD - 45%)(J +3)* + 8(2D? + 3BH) (J + 1)®
-16(3DH+2BP)(J+3)*, (9c)
Y;==2A;a,(J+3)+8B,8,(J+3)[(J+35)? 1]
== 2[A(a+1+2k) +4BB - €)] (7 +%)
+8[B(B - €) +35(a+1+2¢)] (J+3)?

- 16(DB + Br)(J +%)° +8(3HB + 4Dk )(J + 1)7

(9d)
n (9a)

Byy=B-8-3D and D,,=D-3H, (10)
in (9¢) and (9d)
A;=A-206-2D)J+3)?+3(h—-2H)(J+1)*
(6=6-2p), (11)
B;=B-2D(J+3)?+3H(J +3)*-4P(J +1)® , (12)
and in (9d)

Q;=a+X-2€+2 —2(e —k)(J+3)? (13)
and

Br=B-e=-2k(+3)*. (14)
We define

A=A-2B+B+iy+iL (15)
and

B=B-jug-ta—-k+it (16)

in the above formulas. Definition of all molecular
constants we use are given in Table I.

When J=% we have a special case, since in this
case we have only two states which are both pure
1, ,, states. The previous formulas (8a)—-(8d) are
not applicable here; instead we obtain

fo2G)=—3A+B-B+5-3D-(a-2¢) (172)
and
f123)==3A+B-B+5-3D+(a-2¢). (17v)

TABLE 1. Definition of coupling constants,

Electronic A=(+vlA,IN+0) B =(N+ol BIN+)
first order pr=M+ol fip | T+0) pg={T+ol fig| m+v)
Electronic A=(+A'L,1Z)E | B’L_I1+)/E(Z)

second order® F=Ynu+| 8L, 1YE®)
=21+ |A'L 1 2) |/E(D)
=M+ L1 D ETAL, 11-)/E(2)
=YX+ L, 2| B'L,IT-Y/E(Z)
0=YmlA,In)/EM")

)g,g}{)

Vibrational a= (v|a|v) B=CIBlv) v=(v1¥10)

first order P=(Idlo) o=(lol) 0=(1Blv)

Vibrational 5= 2‘,‘ M+l A T+y" M+’ 1B I M +0)/Ew")
v %y

second order®
D=7, Kl+vlBIN+v"%E)’)
vty

€ =v{v (1 @lo'y @+’ 1B | +0)/E)v")
A IVZU (ol Blo' YN +ol Bl+0)/Ew")
L=v2;v(v 1¥1 0"+ 0’| BITI+0)/E @')
A =u,§v I 1o X+ 0’1 A, | T+0)/E)’)

Vibrational

R=3 @A o) @' 1B1v") " 1Blv' /EW)E ")
third order® v'#

v''#y
H=Z @IBlv"Y @’ 1Blv") (' 1Blv)/EwNEw")

v‘v

Vibrational P= E @I Blo" ) 1Blo') @ 1Blo™) w1 Blv)/
fourth order® v'*y E@Ew@')EW@"’)
vty
vty

*Summations are over all ¥ states. E(2)=E (%) —E (1.
In § the summation is over all excited II states (1T’
states) and (1) =E(M') —E(W). A’ =4, +2B-0, —f
and B'=B - }ii,.

"E(w’) =E®') —E®).

III. ROTATIONAL ENERGY

The £, term given by (9a) corresponds to the
rotational-energy term of simpler molecules.
From (8a)-(8d) we obtain

&s =7i—[fca(J)+fd2(J)+fc1(J)+fdl(J)] (18)

The energy levels f.,, f42, f.1, and f;; are observed
by Dieke and Crosswhite.!' (They are their £}, f,,
f1, and f{, respectively.) From their data and (18)
we find “observed values” of £;, and fitting these
observed values to the formula (9a) we obtain the
rotational constants By, Dy, H, and P. The ob-
tained values of the rotational constants are given
in Table II, and the comparison between the ob-
served values and the calculated values using these
constants and formula (9a) is shown in Table TII.

Our values of the rotational constants are some-
what different from those given by Dieke and Cross-
white.!! For example, their values of Band D for
v=0are 18.515 and 1.87x107%, respectively. Dis-
agreement is simply due to different ways of analy-
sis. Our way is theoretically more sound since it
is based on more accurate perturbation theory.
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IV. SPIN-ORBIT COUPLING

Because of the spin-orbit coupling terms given
in (1), the %I states split into II,,, and I1,,, states.

3]

In the case of OH the II, ,, states have higher ener-

TABLE II. Rotational constants of OH in the ground
I states (cm™).
v 0 1 2 3
Begyy 18.5215 17.8208 17.1202 16.4589
Doy 1.9074x10°3  1.8696x107°  1.8425 x1073 2,425 x1073
H  1.4074 x10°"  1.3883x10""  1.566x10"7 4x10"¢
P 1,23x107M 1.68 x10-1 4x1071

stant A is negative.

TABLE III. Observed values of e; — ¢,y compared to its theoretical values given by 2Bgd —4Dgg J ° +6H(J O+ J°)

gies than the Il; , states because the coupling con-
The end-over-end rotation,
however, produces a coupling between these II

-8P"+J7).

v=0 v=1 v=2 v=3
J Obs. Theor. Obs. Theor. Obs. Theor. Obs. Theor.
5 92.56 92.54 88.99 88.99 85.43 85.49 82.03 82.15
t 129.38 129.39 124.42 124.43 119.54 119.53 115.05 114.81
2 166.08 166.09 159.70 159.71 153.39 153.41 147. 20 147.29
& 202. 60 202.58 194.80 194.79 187.14 187.10 179.52 179. 56
g 238.80 238.82 229.63 229.63 220.56 220.55 211.55 211.58
L 274.78 274.77 264.18 264.18 253.70 253.72 243.34 243.33
& 310. 37 310.38 298.40 298.40 286. 55 286.56 274.79 274.77
b 345.62 345.62 332.22 332.25 319.04 319.04 305.90 305.90
2 380.44 380.44 365.71 365.68 351.11 351.11 336.71 336.67
% 414.83 414.79 398.69 398.67 382.76 382,74 366.93 366.99
% 448.59 448.64 431.12 431.16 413.88 413.88 396.76 396.74
% 482,00 481.95 463.11 463.13 444.49 444.51
2 514.69 514.68 494.51 494,52 474.58 474.58
a4 546.83 546. 81 525.37 525.31 '504.15 504.05
g 578.30 578. 28 555.46 555,47 532.78 532.90
¥ 608.93 609.05 584,95 584,95 561.11 561.08
&L 639. 23 639.12 613,74 613.73 588.55 588,57
2 668.43 668.44 641.74 641,77 615.33 615.33
4 697.00 696.98 669.05 669. 04 641.38 641.32
4 724.67 724.71 695.50 695.52 666. 49 666.52
4 751.63 751.60 721.20 721.17
& 777.61 777. 64 745.96 745.917
L 802.83 802.79 769.38 769.89
a 827.03 827.03 793.58 793.03
a 850. 29 850.34 816.52 815.00
4 872.67 872.69 834.72 836.13
&€ 894.13 894.08
@ 914,40 914.47
a4 933.94 933.85
a 952,17 952,21
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states, and as.a result each level is not a pure
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I/, nor IIy,, state. Since |A|>7B, as we will see
later, the upper states f,, and f;, are mostly II; ,,

with a small amount of I3, mixed in, while the

lower states f,; and f;; are mostly II;,, with a small
amount of I1, ,, mixed in.
The energy difference between the upper and the

lower components is essentially given by X of

(9¢), since 7, and Y, are much smaller. From (8)
we see that X;% can be obtained from experiment

as

X2 =3 [(Fo0) = fr P + (o) = @)F] . (19)

Observed values of X; are obtained by combining
Dieke and Crosswhite’s data according to (19), and
are shown in Table IV. From (9c) we expect that

X2=k+lJ+3)2=mWUT+5) +n(T+3)8 - g(g+5)8
(20)

TABLE IV. X,;. Observed values are obtained from (19) and Dieke and Crosswhite’s data, while calculated values
are obtained from (20) and Table V (cm™}),

v=0 v=1 v=2 v=3
J Obs. Theor. Obs. Theor. Obs., Theor. Obs. Theor.
3 187.57 187.5824  185.65 185.37 184.06 183.83 180.66 181,01
g 205.12 205.0760 202,05 201,82 199.10 199.14 196.10 195.68
] 227.20 227.2115  222.85 222.72 218.60 218.68 214,37 214,32
% 252,68 252.6790  246.87 246.84 241,23 241.33 235,77 235,82
&L 280.45 280.4652  273.23 273,23 266. 25 266. 21 259, 26 259, 34
u 309.83 309.83 301.12 301.17 292,61 292.63 284,23 284,25
a 340.22 340, 24 330.07 330.14 320.06 320.09 310.16 310.15
u 371. 26 371.31 359.65 359.77 348.20 348,23 336.79 336.78
u 402.75 402.75 389.60 389.77 376.75 376.76 363.95 363.93
a2 434,36 434.35 419,81 419.93 405. 49 405.48 391.40 391.39
z 465.95 465.93 449,94 450.09 434. 20 343.22 418.85 418,88
= 497.39 497,37 480.05 480.10 462.90 462.85 445,94 445,93
€ 528.54 528,56 509. 80 509. 87 491. 28 491.26
a 559. 46 559,39 539.31 539,29 519,47 519.36
a 589, 84 589, 80 568,34 568.30 546.93 547.07
& 619.77 619,72 596.98 596. 84 574.33 574.32
& 648.90 649.08 624.95 624,84 601.10 601.06
i 677.86 6717.83 652.40 652.26 627.14 627.22
L2 705.95 705.93 679.14 679.05 652.71 652.75
4 733.34 733.33 705.30 705.17 677.72 677.59
4 759.96 759.99 730.76 730.60 701.62 701.67
4 785.88 785. 87 755.28 755.29
4 810.95 810.94 779.10 779.22
a4 835. 22 835.17 801.09 802.37
a 858.57 858,53 824.40 824.71
2 881.06 880.98 848,44 846.21
% 902.57 902. 51 865. 85 866.85
a 922.96 923.08
2 942,69 942,67
& 961. 28 961. 25
& 978. 90 978.79




148 MASATAKA MIZUSHIMA 5

TABLE V. Constants for X, [formula (20)] (cm™)2,

v=0 v=1 v=2 v=3
B 29671.5 29245.2 29087.0 28297.8
1 1381.20 1281.32 1179.08 1122.06
m 0.570 845 0.560 298 0.5208 1.4
n 1.256x10™* 1,523 x10"* 1.70 x10~*
q 2.026 x10-8 3.01 x10°® 8x10°

will be able to express its J dependence. We de-
termined the coefficients %, I, m, n, and ¢ by the
least-squares fit, and the resulting fits are shown
in Table IV, while the values of the coefficients are
shown in Table V.

Since Y, and 7, are both much smaller than X,
levels f,, and f;, are close to each other and are
separated by about X, from levels f,, and f;;, which
are close to each other. Thus,

2X; 2 foa+faz —for a1 - (21)

X, calculated from (21) are about the same as those
calculated from (20) for J less than %, but deviate
more as J increases. For J=% of v=0, for ex-
ample, X, calculated from (20) is 978. 90, while
that calculated from (21) is 978.55. The deviation
was less in all other cases. Table IV, of course,
shows values calculated using (20).

V. A DOUBLETS FOR HIGH-J VALUES
The A-doublet separations are given by £,,(J)

from experimental data. Since Y; is much smaller
than X,% we see that

Y2 X { fuo) =21 (D) = Faa (D) + 1, )} (24)

holds approximately. It turns out, at least in the
case of OH, that (24) is accurate enough for low-J
states. For J of over 4, however, we have to use
(23) instead of (24).

Two kinds of data are available for the A doublets
of OH. Microwave data are very accurate but cover
only up to J =% at present. On the other hand uv
data, obtained by Dieke and Crosswhite, ! are not
so accurate for the present purpose but cover up to
very high-J values. Therefore the latter are suit-
able for finding expansion coefficients of higher
powers of J, while the former are suitable for find-
ing those of lower powers of J.

According to (9b) and (9d) we expect that 1, and
Y; can be expressed in the forms of

Ny ==s+3)+t(J+3), (25)

Yy=—uld+3)+v(T+3)° = w+3) +x(J+3)7 .
(26)
In Fig. 1 we plot n,/(J +%) obtained from Dieke
and Crosswhite’s data against J +3. We see here
that n,/(J+3%) is a constant for each v within ex-
perimental error showing that

0.0395 (cm™')? for v=0
- f12(J) and £,,(J) = f3,(J). In our formulas (8) we SO 038 (cm™)?  for v=1
see that they are given by two terms 7, and Yy, s= 0' 036 (cm-1)? for v=2
which can be obtained separately as 20' 0325 (cm™1)2 for v=3 27
Ny =1l foal) = faoD) +F o1 (I) = 11 ()] (22) and
and [¢] <10 (em™)? (28)
Yy =3 {[fo@) = L1 D) = [fe) = F0n @)} (23)  in (25).
0.05
X x % X X x x X X X X
0.04 X% X X X X ~ X 4 - 3.?395
0.03L
0.05
_ X
'. 004f XX ey o X X
13 XXX XX X X (3'??8 FIG. 1. -1,/ +3) plotted
N 0.03- against J+4. Crosses are ex-
&7 0.05 perimental values and hori-
= % zontal straight lines are theo-
0.04 X — x— x _ x i} x _ x X 0,036 retical values.
0.03L x
0.04r
X X X
008 xS 0.0325
0.02 1 | 1 { 1 | 1 1 1 | 1 1 1 1 | 1 |
0 4 8 12 16 20 24 28 32 36
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TABLE VI. Y,/(J+}), observed and calculated values in (cm!)?,
v=0 v=1 v=2 v=3

J Obs Calc. Obs. Cale. Obs. Calc. Obs. Calc.
5 15 18 12 17 13 13

3 40 43 33 40 36 34

4 72 73 64 67 59 60 55 56
g 106 108 97 98 85 89 84 81
L 139 149 136 135 124 123 106 111
g 193 193 178 175 162 161 147 146
@ 240 242 218 219 204 202 185 184
u 294 295 272 267 250 246 228 226
g 351 352 324 318 294 294 264 267
L 412 411 377 373 336 344 306 306
g 476 474 428 430 389 396

@ 540 539 492 490 448 449

4 624 606 556 552 520 505

2 674 674 617 615 559 561

& 780 744 676 680 615 617

g 810 814 742 745 677 674

g 878 884 805 810 728 730

4 951 954 870 875 778 785

2 1025 1023 933 939 842 838

2 1092 1091 994 1001

g 1154 1157 1047 1061

S 1226 1221 1170 1119

8 1277 1282 1159 1172

2 1344 1340 1016 1222

2 1395 1396 1260 1266

g 1445 1447

2 1500 1493

¢ 1532 1536

Table VI shows observed values of Y; obtained
by (23) from Dieke and Crosswhite’s data. The
table also shows the least-squares fit calculated
by using the constants given in Table VII. In Ta-
ble VI, J=% and 3 states are neglected because Y,
in these states is too small to find any meaningful
numbers in the present scale. These states will
be discussed in Sec. VI.

VI. A DOUBLETS FOR LOW-J VALUES (v = 0)

Transitions from the ¢ to d state of each A doublet
are observed in microwave spectroscopy. Their
frequencies are accurately measured, but these
kinds of data are available only for v=0 and J<4
states at present. Table VIII summarizes all ex-

isting data.
Since J values are low in these microwave data,
we can use the approximation formulas

feal) = faa) =2n; + (Y ,/2X,) , (29a)

fcl(J) “fdl(J)=277.r' (YJ/ZXJ) (29b)

to fit these data. Results of the fit with our expan-
sion formulas (25) and (26) are shown in Table VIII.
Since we used six adjustable parameters for seven
data, the fit is naturally almost perfect. Table IX
gives the values of the constants s and ¢ for 70, ob-
tained in this way. We see that they agree very
well with those given by (27) and (28) which are ob-
tained from uv data. On the other hand the values
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TABLE VII. Constants for Y; from high J data in (cm=1)2.

len

TABLE IX. Constants for n; (v =0 states).

»=0 v=1 v=2 v=3
w27 23 25 5

v 2.844 2.531 2.408 1.48

w  1.518x107®  1,11x10"  1.35x10"3 7,14 x10-3
x 2,61 x107" —2.5x10"% 1.3 x10"7

of constarits for Y; obtained here and shown in
Table X are close to those obtained previously in
Table VII, but the agreement is not very good. We
believe that true values of # and v must be very
close to those given in Table X, but true values of
w and x are somewhere between those given in Ta-
bles VII and X.

A large disagreement between observed and cal-
culated frequencies is noticed for J=3, f,, - fis.

VII. VALUES OF MOLECULAR PARAMETERS

We can obtain the values of the molecular param-
eters by comparing the theoretical formulas (9a)-
(16) with the values of the expansion coefficients
given in Tables II, V, VII, IX, and X, and for-
mula (27).

Comparing (9a) and (10) with Table II we obtain
the values of B—3, D, H, and P. The values of
D, H, and P are given in Table XI, while

18.5243 cm™! for v=0
17.8236 cm™ for v=1
17.1229 em™! for v=2
16.4625 cm™ for v=3. (30)

B-p=

In order to find the values of B from this result

we need to know the values of 3. However, only an
approximate value of 3 are necessary here, and they
can be obtained from the known values of the co-

efficient I since [ is approximately equal to 8(B - 8)B.

The values of B obtained in this way are given in
Table XII. These values are expressed as

B,=18.895-0.704(v +3)+0.0007(v + 52— - - ,
(31)

TABLE VIII. A-doublet separations in MHz (v =0 states).

fer—fe Jar=fa1
J Obs. Ref. Calce. Obs. Ref. Cale.
3 4731.78 15
$ 7797.59 12 7797.63 1666.625508 13,14,23 1666.625
% 8166.08 12 8160.18 6033.60 12,15 6033. 30
—;- 5480.83 13438.41 12,16 13438.45
—;— 182.12 23822,568 12,16,23 23822.569
1—2‘ —8633.39 36989.41 12,16 36989. 36

s t
1183.2285 0.048 MHz
0.039468 25 1.785 x10°8 em™!

D,=(1.930~0.0483(v +3)+0.0053(v + $)?)x10"% ,

(32)
as functions of the vibrational quantum number v.
One can obtain the adiabatic potential from these
results.
Comparing (9c) with Table V for the coefficients
k, 1, and m we obtain

~176.216 cm™ for v=0
-174.717 em™! for v=1
-173.970 cm™! for v=2
—~171.532 cm™! for v=3. (33)

A-25=

We know, from (16), that B is slightly different
from B, and that A - 25 is of course different from
A. Since the differences in both cases are expected
to be about 10 cm-!, we can use 4 — 25 and B for
A and B, respectively, in (9¢) to calculate the theo-
retical values of the coefficients %, I, m, n, and

q of (20). The results are shown in Table XI. We
see that agreements in the coefficients m, n, and

q are not perfect, which may be due to the errors
in our perturbation formula or in experimental
data, or both. The difference between calculated
and observed values in % is seen to be the same in
magnitude and opposite in sign to that in / for each
v, except for v=3. Since that magnitude is expected
to be — 445 +8B(B — B) in both % and I, as can be
seen from (9a), we believe that the small differ-
ences between calculated and observed values of

k and ! as seen in Table XI are real. We, there-
fore, obtain

4.735=0.035 cm™ for v=0
B-B+ 4.885=0.053 cm™? for v=1
5.0756=0.026 cm™! for v=2. (34)

From 7, and Y, terms we obtain the values of
a, B, and their higher-order terms. Since avail-
able data are not accurate for v=1, 2, and 3, we

may approximate
N2 -3a(d+3), (9p")
Y;=2(2Aa+4BR)(J+3)-8BBWJ+5)3+... . (9d)

TABLE X. Constants for Y; =0 states).

u v w x

1.25 x10™*  GHz?
1.38 x10~"  (cm)?

27596.07 2595.10 1.4635
30.70476 2.88744  1,6284 x10°°




5 MOLECULAR PARAMETERS OF OH FREE RADICAL. 151

TABLE XI. Calculated and observed values of &, I, m, n, and q. (Observed values are taken from Table V.)

v 0 1 2 3

, Cale. 29 676.63 29252, 8 29090.4 28336.8
Obs. 29671.5 29245, 2 29087.0 28 297. 8

, Cale. 1376.01 1273.74 1175.62 1090.0
Obs. 1381. 20 1281.32 1179.08 1122.06
Calec. 0. 565 829 0.533 603 0.5052 0.6

" Obs. 0.570 845 0.560 298 0.5208 1.4
Calc. 1,208 x1074 -+ 1.154 x10™4 1.19 x1074

" Obs. 1.256 x10~4 1.523 x10~* 1.70 x10~4
Calc. 2,018 x10-8 2.20x10"8

7 Obs. 2.026 x10-8 3.01x10%8

We obtain the values of @ and B from these simpli-
fied expressions of the coefficients s and v using
(27) and Table VII for v=1, 2, and 8. The results
are shown in Table XII. Comparing the observed
values of w as shown in Table VII with formula (9d)
we obtain the values of k for v=1 and 2, as shown
in Table XII. The observed value of x for v=1 is
seen to be negative which indicates some experi-
mental error. In any case the order of magnitude
of the coefficient x can be explained by our theo-
retical formula (9d).

Since much more accurate data is available for
v=0 we can apply our theory more carefully here.
From (9b) and Table IX we obtain

a+x=-0.07893829 cm™! )

€+Kk=-1.785%x10"° cm™! } for v=0. (35)
Since

u=-v=2(A-28)(a+x1+24), (36)

we obtain from Table X and (34) that

a@+x+2k=-0.0789296 cm™ for v=0.
' (37)
One piece of important information comes from the
A-doublet splitting in J=3 state. From (17) and
Table VIII we obtain

a—2¢=~2365.89 MHz
=~0.0789176 cm™ for v=0. (38)

From (35), (36), (37), and (38), we obtain «, A, «,
and € which are given in Table XII.

Putting (33) and (34) into the expressions of » and
v given in (9d) and comparing the result with Table
VII, we obtain

B=(0.0194541 — 0. 002 1285)/(1 — 0. 255)
=0.0194541+0.0028325 cm™ for v=0. (39)

It is necessary to know the value of 5 in order to

determine the values of 4, B, and B accurately.
None of the data we used so far are accurate enough
for this purpose, but it is found that the magnetic

g factors are rather sensitive functions of §, aswill
be discussed in Sec. VIII. It is found that the best
value of § obtained from the magnetic g factors is

5=-0.0038 cm™ for =0, (40)

which corresponds to the value of 6 shown in Table
XII. Once 3 is found in this way the value of 8 is
obtained from (39), and the result is given in Table
XII. From (15) and (33) then we obtain

A=-139.150-%y cm™ for v=0, (41)

where ¢ is neglected since ¢ must be of the order
of 10 cm™!. We cannot obtain the value of y from
experiment, but from Table I we expect that

y=ad?/8. (42)

The value of y estimated in this way, and the value
of A obtained by using the estimated value of y in
(41), are given in Table XII. The values of A for
vibrationally excited states are obtained by as-
suming the same value of § as in the ground state.

TABLE XII. Values of molecular parameters for O'H

in em-1,
v 0 1 2 3
A —139.235 —139,13 —-139.77 —138.5
B 18,5435 17.841 17.140 16.48
g —0.027
a  —0.0789298 —-0.076 -0.072
B 0.019 443 0.0177 0.0175
Y 0.317* 0.33% 0.30%
& 0.0000°
D 1.9071 x10-3 1.8693 x1073 1.842 x1073 2.4 x10"3
€ —6.13x10%6
K 4.345x10°°
A —8.45 x107¢
H 1.4074 x10°7 1.3883 x10~7 1.566 x10~7
P 1,23 x101 1.68 x10"! 4 x10~!!

*Estimated by (42).
YObtained from the g factors.
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Finally, from (16) and (34) we obtain the value
of ug which is shown in Table XII.

Previous values obtained by Dousmanis, Sanders,
and Townes'? for y=0 are a=-0. 0787668 cm™,
B=0.019219 cm‘l, and A/B= -"1.444. Other values
for A/B are reported'®!® as —7.504 and —7. 50009,
but they are all based on conventional theories.

Our value of A/B is —7.50856, but this ratio in
conventional theories corresponds to our (Z+ 2B)/
B more closely, and our value for this ratio is
—-17.4759.

It is interesting to note that § is very small,
When the internuclear distance is made zero and
infinity, the OH free radical reduces to the F atom
and to the O and H atoms, respectively. The spin-
orbit coupling constants for the F and O atoms are?*
- 269 and - 150 cm™, respectively. We found that
this constant is — 139 cm™ for the OH free radical
at its equilibrium internuclear distance. The fact
that 4 is very small implies that the spin-orbit cou-
pling constant as a function of the internuclear
distance takes its maximum value at near the equi-
librium internuclear distance. When |6/<|D| we
expect that |1l < | el from Table I, but Table XII
shows that e=). This is a contradiction and ex-
hibits the inaccuracy of the present theory. If
1 €>0 as Table XII shows then § >0 which implies
that the spin-orbit coupling constant decreases as
the internuclear distance increases from its equi-
librium value.

The molecular constant jg is observed®™® for the
0, molecule as — 0. 008 cm™.

VIII. MAGNETIC g FACTORS

When an external magnetic field ® exists the ad-
ditional Hamiltonian terms

I?'=,LLB(_§- (£+gs§+gnl_\1.)

=,J‘B(B'(gn3+(l_gn)L+(gs"gn)§) (43)

g factors, respectively. The relevant matrix ele-
ments of A’ can be found in the literature, }"?°

To the first order in ® we can write the energy
of each state as

fea(dy, M)=fea(J) +® g Mgea (44a)
fae(Jd, M)=fp(J)+® up Mgg , (44p)
Faldy M)=fou(JI)+ ®up Mg (44c)
Fald, M)=fgy(J)+® pp Mgy , (444)

where the first term on the right-hand side of each
equation is given by the corresponding formula in
(8). Using the perturbation theory (see Appendix)
we see that the g factors in the above formulas can
be expressed as

» (45a)

gczzge(J)+gn(J)+gX(J)+gY(J> ’

g2=8; (J) = g,(J) +gx(J) - gy(J) , (45b)

8a=8y () +g,(J) —gx(J) —g¢(I), (45¢)

ga1= 8y (J) = g(J) - gx () + gy(J) , (45d)
where

_ . 4+g,-5g,-60+40[(J+3)* 3]

gg(J)—g,.+ 2 (7 1) s (463.)
&) ==p(T+3)/[49(J+1)], (46D)

gx()={A;(1+g,-2g,- ¢ —30) -2B,(g, —g,-¥)
x[(J+3)P-11}/[2X,J(J+1)], (46c)
gr(J)={A; -8B, ¢[(J+2) -1]}(J+3)

4X,J(J+1)

(46d)

The molecular parameters ¢, ¢, and 6 are defined
in Table I, and A, and B, are defined in (11) and
(12). Note that excited II states do not contribute
to the zero-field energies but contribute to the g
factors through the molecular parameter 6.

Again we have a special case when J=3, where

appear. Here up is the Bohr magneton, g, and g,
. . 1 1
are the electron spin and end-over-end rotational gea(2)=3(2 - g+ 2g,+ 49 - 29) , (47a)
TABLE XIII. Experimental (Refs. 16 and 17) and theoretical g factors.?
J 8t 8x 8e—8x &n 8y &8y
expt. 0.400 82 —0.53475 0.00057 —0.00007
2 theor. 1 0.40000 —-0.53418 0 0
theor. 2 0.40082 —-0.53473 0.00057 0.000 00
expt. 0.17208 -0.31321 0.000365 -0.00057
$ theor. 1 0.17143 —0.31293 0 0
theor. 2 0.17208 -0.31327 0.000 37 —0.00053
expt. 0.32561 0.00107
5 theor. 1 0.32432 0
theor. 2 0.32556 0,00112.

2Theoretical estimate 1 is obtained by g,=2, g,=¥=¢ =0=0. Theoretical estimate 2 is obtained by using

the values given in Table XIV.
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TABLE XIV. Values of additional molecular parameters

(v=0).

£:=2.00190* £,=-0.00110 §$=-0.00430 ¢=0.00170 9=0.00049

*Assumed.

ge(3)=32-g,+2g,+40+2)) . (47p)

Radford'""!® observed EPR of this free radical
at X band and obtained the g factors for several
rotational states as shown in Table XIII. He
analyzed his own data but based on a different the-
ory.

As was pointed out in Sec. VII the value of § can-
not be determined from zero-field data. We,
therefore, express A and B as

A=-176.216+25 ,
B=18.579-4.735,

(48)
(49)

and determine the value of & from the g factors.
The values of ¢ and y can be obtained from g, and
gy directly, but those of other parameters are not
so accurately determined. Since g, is observed as
2.001 90 in the case of the O, molecule, 2?7 we as-
sume the same value of g, and determine the values
of g,and 6. In Table XIII we show theoretical val-
ues with g;=2, g,=¢9=¢=6=0, and those with the
values of the molecular parameters given in Table
XIV.

IX. LASER MAGNETIC RESONANCE

Evenson, Wells, and Radford!® observed several
magnetic resonance lines of the OH free radical

60
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using the 79 um line of the H,0 laser.
tentative assignments of these lines.
The observed lines can be divided into two cate-
gories. Those between 600 to 2045 G are due to the
(dl, J=3%)-(d2, J=+4) transitions, and those be-
tween 2183 to 6560 G are due to the (c1, J=32)
- (c2, J=3) transitions. A schematic diagram {o
show these transitions is given in their paper, °
while more detailed assignments are given here in
Tables XVI and XVII, and Figs. 2 and 3. Those
tables list all observed lines except for one very
weak line. The experimental values of the reso-
nance magnetic fields are improved by more recent
measurement, 2°
The energy levels for the (d1, J=32) and (c1,
J=3) states are given by

Fa(3)+up®[gn(3)M;+g, M+ @ o (3)M,; M, ,
(50a)
Fe(3)+up®ga(3) My+g, M1+ @ o(3) M, M, ,
(50b)

respectively, for the magnetic field ® of over 600
G. Here

g, = —0. 003042

They made

(51)

is the proton g factor in terms of the Bohr mag-
neton ug, which is 1.3995 MHz/G. The g factors
and the hfs constants @ for the J= 2 states are ob-
tained by Radford,!” and we use his values in this
analysis. The second-order effect due to an in-
complete decoupling of hfs splits the two Mp=-1
levels further by 3 MHz in the 600-G region. When
the field is stronger than 200 G the second-order
effect due to the mixing of other rotational states

-
- d2 F=1 Mg=-|
a0 d2 F=I Mg=0
\ \!
- \L -~
iy = - i
AN

d2 F=1 Mg=-I
d2 F=| Mg=0
20f=\ B
d2 F=| Mg=I S~ L d2 F=1 Mg=I
B FIG. 2. Assignments of LMR
ol lines. Horizontal lines show energy
-1 i
N dl My=-1/2 Mp=-1/2 levels of.c2 J =3 states, while
s r slanted lines show energy levels
_s0L of dl J=3% states pushed up by the
di My=-3/2 My=-1/2 frequency of the laser line vy. The
- circles show resonances while |
20 dl My==1/2 Mp=1/2 and || show their polarizations.
L dl My=-3/2 M=1/2
-60
d2 F=0 1 d2 F=0 L
_ | | | | | | 1 | 1 | 1 | 1 1
8020 &30 640 650 660 N 1880 1920 1960 2000 2040

GAUSS



154

MASATAKA MIZUSHIMA

|en

L FIG. 3. Assignments of an-

other set of LMR lines. Hori-
zontal lines show energy levels
of c2 J=3 states, while slanted

lines show energy levels of ¢l
J =32 states pushed up by the
frequency of the laser line v.
The circles show resonances
while 1 and || show their polari-
zations.

gs2(%)=—0.0020 and g (%)= 0. 0037 (55)

as their theoretical values. It is noted that g,,(3)
+ gca(%) is negative in the observed values, but is

60
cl My=-3/2 Mq=-1/2
40~ J ! ¢l My=-1/2 My==1/2
L c2 My=1/2 Mp=1/2
201~ Jc2 My=1/2 Mp=-1/2
4
INGL €2 My=1/2 My=-i/2 Il
~ . \ic? My=1/2 My=1/2 M
T o} €2 My=-172 Mp=-l/2 1 c2 My=-1/2 My=-1/2
=
1 c2 My=-1/2 My=1/2
-20 N
N
\\
L N2 My=-1/2 Mp=1/2
...40_
cl My=-1/2 My=1/2
L cl My=-3/2 Mp=1/2
-60 1 ! 1 Ne——b—t—L v 1
2180 2190 2200 2210 6500 6520 6540 6560
GAUSS
amounts to
-1.16x10°® % MHz for M,=+%, (52a)
-0.72x10°®% MHz for M,=+3 (52b)

For the (d2, J=3) state, which is a purell;,,
state, we find that

fi2(2)+36 42(3) [F(F+1) - 3]

+%“B(B[gd2(%)+gp]MF (53)

is accurate enough without any second-order cor-
rections even in the 2000-G region.
For the (¢2, J=13) state we have

fea(3)+3Q a(3)+ 215 B[ ga(3)+g,] for Mp=+1
(54a)
and

fe(3)-i@(3)+3 (@(2)F
+H{us B[ ga(3) - g, 22

In the 200-G region two My =0 states, namely, the
(M;=3%, My=-3)and (M;=~%, M,;=3) states, are
intermediately coupled. The asymmetric intensity
distribution between the 2183- and 2197-G lines
appearsas aresult. In the 6000-G region the hfs
is completely decoupled. The second-order effect
due to the (d1, J=3) state pushes up these states
by 4 MHz at 600 G.

Using the known values of @’s and the g
factor for J=3 states we see that when gdz(%),
g.2(3), and the zero-field energy are chosen as in
Table XV a satisfactory fit is obtained as shown
in Tables XVI and XVII.

When we use the values of molecular parame-
ters given in Table XIV we obtain

for Mp=0.  (54b)

14,15,17

positive in the theoretical values. It is found, how-
ever, that unless g, is chosen to be greater than
2,003, which is unacceptable, we cannot find a set
of molecular parameters which gives the correct
sign here and still gives satisfactory agreement
with the EPR data we discussed in Sec. VIII

The observed zero-field energies give

fa2(3) =f2(3) = far(3)-Fe1(3)]= 3070 MHz . (56)

The observed A-doublet separations as shown in
Table VIII give 3065 MHz for this quantity. The
laser frequency v, is not measured yet, but the
corresponding wave number is measured?® as
126. 44 cm™. Using the observed zero-field en-
ergies we obtain

Pt fa@) ~fad)-Ta(3)]=126.37 cm™
(57)
while from Dieke and Crosswhite’s data'! this val-
ue is expected to be 126.26 cm™. Our theoretical
formulas (8¢c), (8d), (17a), and (17b) give 126. 354
cm™! for this quantity when the values of molecular
parameters given in Table XII are used. When the
laser frequency is measured more accurately our
data of LMR will give two more digits for this val-
ue.

TABLE XV. Molecular parameters observed by LMR.

g493)=—0.0025
Fa2®) —f31(3) =y — 1262 MHz

Fea®) —fo1(3) =v;—4332 MHz

£:23)=0.0033
} vy =3790.477 GHz
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TABLE XVI. Observed (Refs. 19 and 20) and theoretical LMR data for (d1, J=9) (d2, J=3%) transitions.
Theory
Experiment Assignment .
Magnetic Relative Polari- d1, J=9 @2, J=1% Relative Magnetic
field (G) intensity zation M, M; F Mg intensity field (@)
617 7 L -3 3 1 0 6 617
638 15 1 -2 -1 1 -1 12 639
663 7 L -3 3 0 0 6 664
1870 8 I -3 3 1 0 8 1871
1893 14 [ -3 -3 1 -1 16 1895
2006 8 I -3 L 0 0 8 2008
1887 3 1 -1 3 1 1 4 1887
1908.5 0.7 L -3 -3 1 0 2 1908
2045 1.5 1 -3 -3 0 0 2 2046
Note added in manuscript. A similar work was lished data.
done by L. Veseth, J. Mol. Spectry. 38, 228
(1971) — APPENDIX: PERTURBATION THEORY
Note added in proof. v, is now measured by It is shown that® if ﬁ=ﬁ0+ I?i and
Evenson as 3790. 477 GHz, which makes the value ~ ol o
in (57)as 126.3435 cm™. Hy|nd)=80|nl), (58)
ACKNOWLEDGMENT Holnd)= 83 n), -+ -, Holnd)=83|nf)y ,
The author wishes to thank Dr. Evenson and or there exists a b-fold degeneracy for 1?0, then
Professor Dymanus for showing him their unpub- the solutions of the secular equation
J
A~ A A A ~ ~ A A 0] & -~
(nf|SSTHSY | nd) - 8 (nd|S3TSY [ nd)« « + (nf| Sk HSy|nl) - & (n}| 8} Sy |nd)
(nd| ST ASY ng) - 8 (nd| 538% [ng) - -+ =0 (59)
S0t 7730 |0 0] g0t & 0] 0t 7530 ,.0 0130, 0
<nngNTHSN|na> -8 ("1|Sg S?vln‘;)’ ¢ '(”b‘SN HSNl"b) -6 (ng‘SNTSNMb)
I
As . -~ -~
are correct to the order of H;. In this formula Qu=1-|nd) (nd] = [md) (ng| =+« = |ndy (nd| .
8% =1+(82~Hy- Qy H)™ Qy Hy (61)
s ~ ~ A a It is also shown that when the theory is applied to
=1+(8%- Ay S9 . .
-+ (8~ Hy)™ Qv Hy Sy (60) the ground states the solutions of (59) give the
is the space-contraction operator, and upper limit of the corresponding exact solutions. @
TABLE XVII. Observed (Refs. 19 and 20) and theoretical LMR data for (c1, J=9) (c2, J=%) transitions.
Theory
Experiment Assignment
Magnetic Relative Polari- (cl, J=%) (2, J=3) Relative Magnetic
field (G) intensity zation My M, My M, intensity field (G)
2183 2 L -3 3 $ -3 2 2185
2197 11 L -3 3 -3 1 10 2200
2213 12 L -2 -3 -3 -3 12 2213
6500 5 L -3 z 3 3 4 6499
6528 5 1 -3 -3 3 -3 4 6527
6553 22 1 -3 3 -3 3 16 6556
6560 - i -3 -3 -1 -3 16 6561
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We have a fourfold degeneracy as shown in (5a)—
(5d), but since no matrix elements exist between
c and d states, the problem is reduc=d to that of
twofold degeneracy. The original matrix, before
taking into account the perturbations due to other
electronic and vibrational states, is shown in (6),
which is the same for ¢ and d states.

An excited %% state splits into ¢ and d states in
the same sense as in the ground states, and the
matrix elements of A of (1) or (3) are?!

|
3A,~B+B-8 - [B-tus—3axp(J+3)][(J+2)?
zaxB(J+3)][(J+3)?-1]2-

- [B-3us—

for the transformed matrix of H- 8.

- 1]1/2
A +B~

len

(CzsaM | H| s

2

JIM)

==(Z|B L|n-)[(J+3P -1]"2,
(*zeaM|A|§ M)

(62)

=(Z|3A' L|n-)=(Z|B'L,|1-)(7+%), (63)

and no matrix elements between ¢ and d states.
Taking into account all 22 states in the space-con-
traction operator 5§ we obtain

+(B—B)(J+%)z—”1,—“lé/~is (64)

rra(d+3)-8

Since the first excited 2= state is about 33000 cm™! the difference

between S°"SN and 1 is less than 10, and therefore neglected in (64).
The effect of other vibrational states is then taken into account in the same way. The result is

%[ZJ*OIJ(J"'%)]‘& -
- [EJ iBJ(J'*%)][(J'F%)Z"

where A, ,B;, a,,B,, £;, and 7, are defined in (11),
(12), (13), (14), (9a), and (9b) respectively. The
difference between SO'SN and 1 is of the order of
D/E(v’), where E(v') is the vibrational excitation
energy. Since E(v’) is about 3700 cm™! and D is
about 2x1073 cm™!, this difference is of the order
of 10°% and therefore neglected in (65).

When an external magnetic field exists the ad-
ditional Hamiltonian B’ of (43) appears. Including
this additional part, the matrix elements are

(ngg MM|(H+H")[Nsg IM)=3A-B+(B -p)(J+3)?

3(2+g,-3g,)
+® UM <—_~—4J(J+ D +g,,) , (66a)

(s g IM|(H+H') |18 JM)

(b )

x[@+3)*-1] , (66D)

ey JM|(I}+I?’)|ZH%§ JM) =~ 3A+B+(B - B)(J + %)

z_gs—gn )
+(B“5M(4J(J+l) +&,). (66¢c)

The excited = states contribute through the
matrix elements

CreaM|(H+H")| s JM)
_(_ 507 I 2 i_[w+)>
< (Z|B'L.|M+Y + @usM 5D

x[(T+3)2-1] (87a)

[Bs+8,(+1)][(J+4)2 - 1]/2

— +E&,£0; (65)
1]‘/2—§[A,4=a,(J+%)]—é’
|
and
Gz M |(H+H")|1L§ M)
=3(|A'L|N+) 7 (| B L1+ )(T+2)
im%M@M (67b)

2J(J+1)

In calculating the contributions by excited II
states (I states) we notice that since B does not
depend on any electronic coordinates

@Bl =Bmu’y=0 . (68)
Therefore
QIEY JM](}?+§')|2H§; JM)
’
= HO|A, |0 + @M 0 J(J ) (69a)
QIEY JM[(I?+I§’)12Hé§ JM)
= (11} 4 JM|(H+H')| 215 In)
1y2_q71/2
_qugy 21 (69b)

JJ+1) ’

Following the same procedure as before we ob-
tain (46) and (47) when terms in the first order in
® are taken. It is possible that g, depends on J
due to the second-order perturbation, but that is
not taken into account in this paper.

It is not difficult to calculate the contributions
due to excited A states, but they are presumably
small since the ground state is known to be nearly
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pure L=1 state. In contrast to excited II states,

excited A states contribute to the zero-field en-

ergies also, modifying

(B-B-D)into (B=B~-B,o—D) in (9a)
intoA=A—2B+B+3B,+1y -
into B=B -1

374 in (15)
k in (16) ,
(70)
where a,, Ba, and ¥, are defined in the same way
as o, B, and ¥, except that |Z) is replaced by |4)

and E(T) is replaced by E(A). Note that A states
do not contribute to a; and B; of (13) and (14). Ex-

1 1
Hs—30—30,=

cited A states also contribute to g, and g5, but not

to g, and gy. The contributions modify g, into
J+3)°-3
e+t Pa J(J+1) (713)
and
@ into cp+3qu} .
Ingy
Y into P+, ’ (71b)

where ¢, and ¥, are defined in the same way as
@ and ¥ except that |Z) is replaced by |A) and
E(Z) is replaced by E(A). All these contributions
are neglected in this paper.
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