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New Method of Studying Internal Rotation in a Symmetric Rotor
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(Received 8 May 1978)

A technique has been developed for the first time to study the internal rotation splittings
in the ground torsional state of a symmetric rotor. Normally forbidden transitions obey-
ing the selection rules DE=+1,+2,+3 and 60 =0,+1 have been observed in an avoided-
crossing experiment using molecular-beam electric-resonance spectroscopy. For CH3CF3,
it has been found that the barrier height V3 =3.16(ll) kcal/mol and the moment of inertia
I„ofthe methyl top is 3.17(ll) amu A~.

Internal rotation has long been an important
subject in molecular physics. " Although the
underlying physical concepts are well understood,
a satisfactory theory accounting in detail for the
height of the hindering barrier has not been devel-
oped" and the semiempirical models' for the
interaction between internal rotation and ordinary'
vibration have been only partially tested. ' Pre-
cision data on barrier heights are available only
for asymmetric rotors where the splittings due
to the interaction of internal and overall rotation
can be measured with conventional microwave
spectroscopy. " The detailed interpretation of
these results is, however, very difficult because
of the complexity of the relevant energy expres-
sions. For a symmetric top, these expressions
are very simple, but the (~=0) selection rule'
for normal electric-dipole transitions eliminates
the splittings from the transition frequencies and
other techniques must be used whose ultimate
accuracy is much lower. '

In the current work, there is developed a preci-
sion method of measuring the torsional splittings
that can be applied to a number of symmetric tops
of C,„symmetry, thereby opening the way for
studying internal rotation with very high resolu-
tion in some of the simplest possible systems
and obtaining a more detailed understanding of
the origins of the barrier. The technique has
been applied to CH, CF, to determine the height
V, of the threefold barrier and the moment of
inertia I of the methyl top about its symmetry
axis.

The method is based on the avoided-crossing
technique recently developed' for molecular-
beam electric-resonance (MBER) spectroscopy.
In OP F„ transitions were observed' following
the selection rules 6J= 0, AC = +3, Am „=0 at
"Stark crossings" and AJ=0, bA =+1, +2, Arn&
= +1, +2 at "hyperfine crossings. " m „ is the mag-
netic quantum number for J. In CH, CF„ the
quantum number 0' is introduced to specify the

symmetry of the torsional wave function: 0 =0
and +1 refer, respectively, to the A. and E states.
In the current work, the selection rules on 0
were found experimentally to be Do=0 at Stark
crossings and 60 = 0, +1 at hyperfine crossings.
For 60=+1, the symmetry of the torsional wave
function changes. To our knowledge, no such
transitions have been previously observed.

For CH, CF, in free space in the ground vibron-
ic state, the energy Eo which depends on J and K
is dominated by E„, and &&„,. The pure rotation-
al term' is

E„,g = BDJ(J+ 1) + (Ao —Bo)K —D~(J+ 1)

—D~~K J(J+1)—D~K .
E;„,, arises from the interaction between overall
and internal rotation. In the internal-axis meth-
od (1AM), ' we have

E;„(J,K, o) = a,F[1—2v'p'K'/9] [1 —3a /2]

+ a, F~opK/v3 ~ (1)

Here p=I„/Is where Ii is the moment of inertia
of the molecule about the symmetry axis, F-=A,/
p(1 —p) is the reduced rotational constant, for
internal rotation, and a, is the coefficient of the
leading cosine term' in the IAM expansion of E;„,.
a, depends only on the reduced barrier height s
—= 4V, /9F. For n&1, a„ is negligible because s
is so large (s-89). The cosine has been expanded
and terms in (pK) ' with j&2 have been omitted be-
cause only low value of K enter and p is smg. l
(p-0.035). The torsional quantum number has
been suppressed because only the ground torsion-
al state is of interest here. A third energy term
E gp due to nuce lar hyper fine interactions must
also be included, although its effects are much
smaller (( 20 kHz).

To apply the avoided-crossing technique, an
external electric field h is introduced. Two lev-
els are selected with different K but the same
magnetic quantum number for the total angular
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momentum. The two Stark effects must have op-
posite signs. 8 is set close to the value Sc at
which the difference in the zero-fieM energies is
exactly canceled by the difference in the Stark
energy arising from the normal dipole moment
p, along the symmetry axis, In calculating the
contribution of Eb& to E„ the strong-field repre-
sentation' must be used. At Stark crossings, for
8- hc, the two levels are strongly mixed by the
distortion dipole moment p,~,"and the normally
forbidden transitions can be observed. At hyper-
fine crossings, the mixing is provided by nuclear
hyperfine terms 9'o

Because of E;„„there exist families of related
crossings; the family is indentified by the val-
ues of J, X, K', m~, and m~'and the individual
members are specified by o and o' if E»p is ne-
glected. For the Stark crossings, Ehyp is indeed
negligible at the resolution used here and each
family consists of three crossings as can be
shown from Eq. (1) and is illustrated in Fig. 1(a).
If the spectrum is observed for 8 & Bc at frequen-
cies large compared to the minimum splittings be-

tween pairs of interacting levels, then the normal
spectrum is observed, i.e., the splittings equal
the zero-field values. In the nor~al Stark cross-
ing spectrum, there are three lines whose fre-
quencies, in order of increasing magnitude, are
labeled v, , v, , and v+, corresponding, re-
spectively, to h(Ko) =+3, 0, and —3. The splitt-
ing between outer members of the triplet is 5

=(v+, —v, ) = »~BE—pa, =100 kHz here. The
pattern is slightly asymmetric; 5, =-(vo~ —v, ~)

—(v„-v, ) = p(m/v3 ) 5 = 6 kHz for CH, CF,.
For the hyperfine crossings, E~&p is initially

neglected. As can be shown from Eq. (1) and is
illustrated in Fig. 1(b), each family of crossings
breaks up into three groups. In the normal spec-
trum, there are three groups of lines whose av-
erage frequencies, in order of increasing mag-
nitude, are labeled v, , v, ", and v

y
corre-

sponding, respectively, to A~ol=-1, 0, and+1.
~he splitting between the outer groups is ~=- v+,~

= -3&,F++,Fp'(&'/3)(SR+K' ) = 870 kHz for
CH, CF,. Each group is split internally, prima-
rily by the term linear in K in Rq. (1). If E &zp is
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FIG. 3.. Torsion-rotation energy level diagram and avoided crossings with mixing due to (a) distortion dipole mo-
ment and (b) nuclear hyperfine effects. Level crossings with hc =0 and + 1 are indicated, respectively, by solid
and open circles. Fcr clarity. , the energies are not to scale and only those levels relevant for the crossings are
drawn. Upper- gower-) sign levels interact with upper. —gower-) sign ones.
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1/p = (2m/v'3)(~ /6)+ (n'p/9}(X+ Z"). (2)

p was obtained for all five crossings; the mean
is 0.0345(12) where the error is due to the +30-
kHZ uncertainty assigned to ~ because of shy p
Because a& does not appear in Eq. (2), this re-
sult is independent of s. From p and A„ I~
=3.17(11)amu A' which is in good agreement with

taken into account, additional splittings can oc-
cur within each group and the average frequen-
cies can be shifted. %e take ~30kHz to be a con-
servative upper limit to the contribution of Ehyp
to 6,. As is shown below, p and s can be calcu-
lated from 6 and 6.

Two preliminary experiments were done. First,
theR-branch spectra for J=8 9, 9 10, and
10- 11 were observed with a millimeter-wave
spectrometer" operating in the 100-GHz region.
The splittings due to D«were clearly resolved
for K~ 5. It was found that B,= 5185.1387(24)
MHz, D~ = 1.267(11) kHz, and Dz» = 2.006(14) kHz.
The result for B, agrees with the earlier, less
accurate microwave value"; the distortion con-
stants have not been previously reported. Sec-
ond, from the conventional MBER spectrum, a
preliminary value of 2.3470(5) D was obtained
for p, .

The MBER spectrometer used has been de-
scribed elsewhere. " The operating conditions
and procedures for studying crossing spectra
were similar to those used for OPF, .' The line
shape had a full width at half-maximum of 18
kHz. The signal-to-noise ratio for the strongest
lines was 10 with a time constant of 1 sec.

The Stark crossings (Z, %=+1,o, m~)-(J, K
=+2, o, m~) were studied for J=2, 3, and 6. By
methods described earlier, ' it.was found that A,
—B,= 313.711(70) MHz and A, = 5498.850(70) MHz.
The contribution of B~ was not eliminated but is
negligible, being s10 kHz. The error in A, —jB,
can be reduced to -4 kHz once the final value of
p, is obtained and DE is measured. For each of
the three J states, v, , v, , and v y were deter-
mined. The splittings were independent of J to
within the experimental error of -0.8 kHz. It
was found that 6=108.8(8) kHz. With the value
of p given below, it was determined that a,
=-1.756(13)x 10 ' and a =89.22(9). Because p
«I, I'p =A, /(1 —p) is insensitive to p and s is
not significantly correlated to p.

Five hyperfine crossings for J= 1 and J= 2 were
studied. In each case, 6 was measured: The av-
erage was 867 kHz and the total spread was & 50
kHz. From the definitions of 6 and 5, we have

the values"" obtained for methyl tops in asym-
metric rotors. From p, s, and A„V,=3.16(11)
kcal/mol, where the error is entirely due to the
contribution from p. This result is in good agree-
ment with the value of 3.2(2) kcal/mol deduced
recently" from microwave intensity measure-
ments, thereby establishing conclusively for the
first time the correct value from the wide range"
obtained by a variety of methods. The asymmetry
5, in the Stark frequencies was calculated from
p and 6 to be 6.83(24) kHz, which is in agreement
with the measured value of 7.8(9) kHz.

Three possible sources of error must be con-
sidered. First, the V, term in the hindering po-
tential"' has been neglected. If l V, /V, l

+ 5~/o, the
only change" in Eq. (1) is that a, is multiplied by
a correction factor A.. The error limits on s and
V, were recalculated to allow for

~
V,/V, ~

- 1/0,
the upper limit that is usually taken. ' The limits
on s increased to 1.2/0, but those on V, did not
change significantly because the hyperfine con-
tribution remains dominant. IIosoever, Eq. (2) is
not altered at all because A. cancels along with
a,. Thus the value of p obtained is independent
of V,. Second, theoretical estimates show the
terms arising from torsion-vibration interac-
tions are insignificant. This conclusion is con-
firmed by the fact that 5 and 6, were observed to
independent of J. Third, the o-dependent terms
in p. were shown to be negligible.

At the present level of approximation, the cur-
rent technique has yielded a value of V, that is
comparable in accuracy with the best determina-
tion made previously in symmetric tops and with
typical determinations made in asymmetric ro-
tors. '~ Because of the cancellation of errors, it
is possible at this level to study" small isotope
shifts in V, which can be used to examine the con-
tribution of zero-point vibration to the barrier.
Furthermore, the method has yielded the first di-
rect determination of I for a symmetric top.
The fact that I is directly available from the da-
ta is of considerable importance, because the er-
ror in I usually determines' the error in V,. If
I must be obtained from the structure, then the
accuracy of V, is limited to the order of 1/&. This
limitation is not faced here. Once the hyperfine
corrections have been calculated, the accuracy
for both I and V, should be greatly improved be-
yond the present level. The method can be ap-
plied' to other symmetric rotors with internal
tops provided ~A, —B, ) 6 5 6Hz and p a 1 D.

The present experiment indicates that it should
be possible to study internal rotation with distor-
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tion-moment microwave spectroscopy" in sys-
tems where the barrier is much lower and the
splittings are much larger. Although many appli-
cations of these bK=+ 3 microwave lines have
been discussed, "this opportunity appears to have
been previously overlooked. By studying the high-
J states in the microwave and the low- J states
with MBER, a great deal can be learned about the
potential barrier, the torsion-vibration interac-
tion, and nuclear spin-internal rotation hyperfine
effects in systems which are much simpler than
asymmetric rotors. Experiments of this type are
currently underway. A full report of the current
work will be published elsewhere.
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Polarization of a Two-Electron, One-Photon E X-Ray Transition
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We have observed a large linear polarization for the low-energy K& x-ray satellite,
XL' radiative electron-rearrargement (RER) (ls '2p P& —2s 'SD) two-electron, one-
photon transition, in Si and Al targets when bombarded by 2.0-MeV He. This observation
supports the interpretation of the origin of the &L"BEBsatellites since both the &e' polar-
ization and the KL BEB polarization reflect the nonstatistical population of the magnetic
substates of the initial state.

In recent publications" we have reported ob-
servations concerning the radiative decay of sin-
gle-K-, multiple-L, -shell vacancy states of third-
period elements following ionization by heavy-
ion projectiles. The two observations were that
(1) the 1s '2p ' 'P, vacancy configuration can
undergo a two-electron, single-photon, radiative
electron-rearrangement (RER) transition' to a
2s final configuration giving rise to a low-en-

ergy Kn satellite x ra, y; and (2) the magnetic sub-
states of the ls '2p ' 'P, state are not statistical-
ly populated when the 'P, states are produced by
light-ion (1 Z 3) bombardment, 4 thereby pro-
ducing plane-polarized radiation in the subsequent
decay Kn' (1s '2p "P,-2p ' '8,). In this Letter
we report an experimental observation of the
linear polarization of the two-electron, single-
photon decay, KL'RER (1s ' 2p ' 'P, - 2s-' 'S,).
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