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M Check for updates

Conventional information processors convertinformation between different physical
carriers for processing, storage and transmission. It seems plausible that quantum
information will also be held by different physical carriers in applications such as tests
of fundamental physics, quantum enhanced sensors and quantum information

processing. Quantum controlled molecules, in particular, could transduce quantum
information across a wide range of quantum bit (qubit) frequencies—from a few
kilohertz for transitions within the same rotational manifold', a few gigahertz for
hyperfine transitions, a few terahertz for rotational transitions, to hundreds of
terahertz for fundamental and overtone vibrational and electronic transitions—
possibly all within the same molecule. Here we demonstrate entanglement between
therotational states of a*°CaH* molecular ion and the internal states of a“°Ca* atomic
ion%. We extend methods used in quantum logic spectroscopy’? for pure-state
initialization, laser manipulation and state readout of the molecularion. The quantum
coherence of the Coulomb coupled motion between the atomic and molecularions
enables subsequent entangling manipulations. The qubit addressed in the molecule
has afrequency of either 13.4 kilohertz! or 855 gigahertz>, highlighting the versatility
of molecular qubits. Our work demonstrates how molecules cantransduce quantum
information between qubits with different frequencies to enable hybrid quantum
systems. We anticipate that our method of quantum control and measurement of
molecules will find applications in quantum information science, quantum sensors,
fundamental and applied physics, and controlled quantum chemistry.

Quantum state control of atoms has enabled high-fidelity entangling
gates for large-scale quantum computation* ¢, quantum ssimulations”®
and multipartite entanglement generation® 2, By adding vibrational
androtational degrees of freedom, as well as coupling of multiple angu-
lar momenta to the internal state structure, molecules offer unique
opportunitiesin quantuminformation processing', precision measure-
ments " and tests of fundamental physics'®. Following ideas inspired
by laser cooling, trapping and quantum tate control of atoms, quantum
control of molecules has made substantial progress. Cold atoms have
been associated to produce cold molecular ensembles and single mol-
ecules?. Sub-Doppler laser cooling of the translational motion* and
initialization of rotational and vibrational states of molecules®®** have
been demonstrated, and dipolar and chemical interactions between
molecules™?, as well as resonant atom-molecule cold collisions®, have
beenexplored. For trapped molecularions, precision spectroscopy of
rotational and vibrational energy levels has been demonstrated®* and
quantum logic spectroscopy (QLS)* hasbeenintroduced as an alterna-
tive to techniques pioneered on neutral atoms for state detection®*,
preparation and manipulation of molecular ions’.

To fully realize the potential applications of molecules in quantum
science, demonstration of entanglement involving an individually

controlled moleculeis anecessary and critical step. Recent proposals
suggest using neutral molecules and molecular ions to form qubits™**%,
and explore their electric dipole moments for long-range interactions.
Molecules canalso facilitate the construction of a hybrid quantum sys-
tem. For example, molecules with permanent electric dipole moments
can serve as antennas for coupling to quantum systems of disparate
natureat very different frequencies, including mechanical cantilevers®
and microwave photons in a superconducting cavity”. For coupled
atomic-molecular ion systems?®, an atomic ion can also function as a
means to prepare entangled states of several co-trapped molecular ions
that can be used for quantum enhanced metrology and sensing over the
wide frequency range covered by molecules. If control based on QLS can
be extended to vibrational transitions and their overtones, a molecular
ion can serve as a bridge to connect atomic ion qubits to many other
systems, for example, electromagnetic radiation with frequency up
to several hundred terahertz, which includes low-transmission-loss
photonic (flying) qubitsinthe 1.5 um-1.6 pm telecom wavelength range.

Here we leverage QLS to entangle different rotational levels of
amolecular ion with an atomic ion, extending previous work* on
molecular-state preparation, detection and single-qubit control.
Wetrap asingle molecularion alongside a well controlled atomicion.
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Fig.1|Schematic of the experiment. Acousto-optic modulators (AOMs) are
used to control the intensities, frequencies and relative phases of the light
fieldsapplied ontheions. Transitions between the|S) and|D) states of the *°Ca*
ionaredriven by alaserat 729 nm (red solid line). Other laser beams, displayed
ontheright with dashed arrows, are used for cooling, manipulation and state
detection of the *°Ca* ion (see Methods). The molecule is manipulated by driving
two-photon stimulated Raman transitions with two beams generated froma
continuous-wave 1,051-nm fibre laser (green lines) and two beams generated by
an optical-frequency-comb laser centred at -850 nm (orange lines). The pairs of
beams are offset in frequency by two AOMs and polarized circularly (¢7) and
linearly (1r). The 0~ beams are along the direction of the magnetic field (B), which
is -45° from the line connecting the equilibrium locations of the ions. The
variable delay is adjusted to ensure that the -40-fs pulses of the two beams from
the frequency comb overlap temporally on the molecule. The direction of the
motional mode Mis along the line connecting theion equilibrium positions.

The atom is used to laser-cool the coupled translational harmonic
motion of the two ions, prepare a pure quantum tate of the molecule'
and serve as a high-fidelity qubit? in our entanglement demonstra-
tion. We then apply tailored laser pulse sequences to generate entan-
gled states of the rotation of the molecular ion and the long-lived
411.0-THz (729 nm) electronic qubit of the atomic ion. We achieve
an entangled-state fidelity of 0.87(3) for a molecular qubit within a
rotational manifold with a frequency of ~13.4 kHz, and a fidelity of
0.76(3) for aqubitindifferent rotational manifolds witha much higher
frequency of approximately 855 GHz (all uncertainties reported here
are one standard deviation). In both cases, we obtain fidelities much
greater than the threshold for genuine two-partite entanglement of
1/2 (ref.*). Our demonstration provides evidence that atoms can be
entangled with various molecular rotational states, with their frequency
differences spanning more than seven orders of magnitude.

In our experiments, a “°Ca* atomicion is co-trapped with a “°CaH*
molecularioninalinear Paul trap' (see Fig. 1). A static external magnetic
field B with magnitude ~0.36 mT provides a quantization axis.
The Coulomb repulsion between the ions resultsin two normalmodes
of coupled harmonic motion along each of three orthogonal directions,
with the two ions moving in phase or out of phase. These modes of
coupled motion are cooled by applying lasers that are all near-resonant
withtransitionsin the **Ca*ion*® (see Methods). To transfer and manip-
ulate quantum states of the co-trapped molecular ion by QLS*, we
utilize the out-of-phase mode M at -5.16 MHz along the direction
connectingthe equilibrium positions of the ions. The quantized state
with n phonons (motional quanta) of this mode is denoted as|n)y.
For ground-state cooling of the coupled motional modes and
preparation of entangled states, in the *°Ca* atom we use the ground
electronicstate|S) =[S, ,, m;=-1/2) and a metastable excited state
ID) = D5, m;=~ 5/2) with a lifetime of approximately 1s (see Fig. 2a),
where m; is the quantum number of the component of the electronic
angular momentum along B. These atomic qubit states are coupled by
driving an electric quadrupole transition with a laser near 729 nm
(seeFig.1) and can be distinguished by state-dependent fluorescence
detection (see Methods).
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The moleculeisinits X electronic and vibrational ground state at
roomtemperature. The rotational eigenstates in the presence of Bare
denoted as|/, m, £), where the non-negative integer /is the rotational
angular momentum quantum number; m = m,+ m,is the sum of the
components of the rotational angular momentum (-/<m,</) and the
proton spin (m,=+1/2) along B; and £ = {+, -} distinguishes the two
eigenstates with the same mthat are splitin energy owingto theinter-
action between the rotational angular momentum and the nuclear
spin, except for the stretch states with m =+(J+1/2), where indicates
the sign of m (ref."). States within a rotational manifold with the same
Jare manipulated by driving stimulated Raman transitions with light
fields from a fibre laser at 1,051 nm (ref.'), as schematically shown in
Fig.1.Inparticular, we cantune the frequency difference between these
light fields to address and initialize a low-frequency molecular qubit
composed of two states within the /=2 manifold, |2, -3/2, -) =|-3/2)
and [2,-5/2,-)=1-5/2), with transition frequency ~13.4 kHz
(see Fig.2b).

We start the entanglement sequence by preparing the *°CaH" ion
in the [-3/2) state in a probabilistic but heralded fashion? (also
see Methods). Subsequently, we apply ground-state cooling and
optical pumpingonthe*°Ca*ion, ideally leaving the system in the state

|Wo) = ISH=3/2)|00y @

The target entangled state of the low-frequency molecular qubit
with the atom has the form

L
|¢|>_ \/5

This state consists of asuperpositionin which the lower energy state
oftheatomand the higher energy state of the molecule are paired and
vice versa. The entangled state|¢))) therefore has odd parity. Starting
with |¥,), we drive a /2 pulse on the molecular Raman sideband
transition|-3/2)|0)y, © |-5/2)|1)), (see Methods) to ideally prepare

(1S)1=3/2) + D)|-5/2)) ¥)]

1
J2

The intermediate state |¥)) is an entangled state between the
molecular qubitand the mode of motion M. We transfer this entangle-
ment from the motion to the *°Ca* atom by driving a 1t pulse on its
S|y © IDY|0Yy sideband transition. This pulse of the 729-nm laser
does not affect the |S)|-3/2)|0)y, component of |¥), whereas the
[SY|-5/2)I1),, component ends in the state [D)|-5/2)|0)),. In this way,
the final motional state |0}, is acommon factor of both components
of the superposition that multiplies the desired entangled state |y
oftheatomand the molecule. We start the pulse sequence on the mol-
ecule, which has zero electron spin and therefore aweak dependence
ofits energy levels on the external magnetic field, to reduce effects of
the relatively short (-1 ms) coherence time of the *°Ca* qubit, whichiis
limited by electron-spin couplings to magnetic-field fluctuations in
our setup.

We characterize the entangled state with measurements of the
state populations P, (the probability of finding the atom and
the molecule in the state |[{)) within the four-state subspace
{IS)I-5/2), 1D)|-3/2), |1S)|-3/2), ID)|-5/2)} of the atom and the mole-
cule, and by characterizing the coherence between the states*. We
determine P,by applying state-dependent fluorescence detection on
the atomicstates, and subsequently detecting the molecular states by
transferring them to the atom via the motional mode M with quantum
logic, all in the same experiment trial (see Methods). Repeating the
sequence of entanglement generation, followed by atomic- and
molecular-state detection, accumulates statistics for P,. The coherence
of the entangled state can be characterized by applying an additional
‘analysis’ /2 pulse to the atomic qubit and a /2 pulse to the molecular
qubit after the state is created, with a variable phase of ¢, and —-¢,,

[ = —=IS)(I=3/2)|00 + |=5/2)|Dyy) (3)
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Fig.2|Energy levels and selected laser-driven transitions. a, b, Energy levels
and transitions are shown for the *°Ca* atomic ion (a) and the *°CaH* molecular
ion (b). Here ‘carrier’ denotes transitions between ion states that do not change
the state |n), of the out-of-phase motional mode M, whereas ‘sideband’

respectively, relative to the pulses used during state creation®*.
This leads to interference between the superposition parts of the
entangled state, which is reflected in the populations P,(¢,) observed
after the /2 pulses. In particular, the parity

T1(@,) =Py —5/2(@,) + P, 3/2(@,) ~ [Ps,3/2(@,) + P, 52(@,)] (4)

oscillates as Ccos(2¢p, + ¢,), where ¢, is an offset in phase and C> 0 is
the observed contrast. The fidelity between the entangled state
producedin the experimentand |y) is then*

1
F= E(Ps,—s/z +Fp 5+ C)

Figure 3ashows the observed parity signal (circles) plotted versus
the analysis phase ¢,, with on average ~99 realizations of the entangled
state at each phase (see Methods). The solid line is a cosine fit of
Ccos(2¢,+ @) to the observed parity fringe, with contrast C=0.78(4).
Along with the populations P _5,=0.50(4) and P, _s;,= 0.45(4) obtained
directly from 202 experimental realizations for state |¢,) (without
applying the analysis pulses), this yields a fidelity of F;,=0.87(3) > 0.5
indicating bipartite entanglement®. This is a lower bound for the
actual fidelity of the prepared state because it also includes the infi-
delityintroduced by imperfect readout. Additional known reductions
in entangled-state fidelity arise from imperfections in ground-state
cooling, non-ideal initial molecular-state preparation into|-3/2),
residual nonlinear coupling between different normal modes of
motion, and off-resonant coupling to nearby transitions in the
molecule.

To demonstrate the versatility of molecules, we also entangle the
atom with a high-frequency molecular qubit composed of
[2)=12,-3/2,-)=1-3/2) (astate shared with the low-frequency qubit)
and|0) =10, —1/2, —) withatransition frequency of ~-855 GHz (see Fig.2b
and Methods). The target atom-molecule entangled state in this case
has the form

0= 5 (DD +1910) )

Thelower energy states and the higher energy states of the two ions
are paired, making |¢,) an even-parity state. We manipulate the
high-frequency molecular qubit using stimulated Raman transitions

— ] = ()

0)0)yy

transitions add or subtract one motional quantum for this mode and change the
ion state. As described in more detail in the text,|S) and|D) are electronic

states of the atom, and |-5/2),|-3/2) = |2) and|0) denote rotational states of the
molecule.

induced by an optical-frequency comb, as described theoretically in
refs. *>*3 and demonstrated experimentally in ref. 3. The two beams
originate from the same source, with the frequency of each
beam shifted by an acousto-optic modulator to match the frequency
differences of pairs of comb teeth with the transition frequency of the
molecule to collectively drive the corresponding Raman transition
(see Fig.1and Methods). After initial preparation of the systemin the
intermediate state|¥;), we map|-3/2)|0)y=2)|0)y, to |0)|0)y, with a
carrier Tt pulse of the comb laser, followed by a carrier 1 pulse from
the 1,051-nm laser that maps |-5/2)|1)), to [2)|1)),- A subsequent
[SY Dy © IDY|0)y,sideband Tt pulse on the atom ideally prepares -

To quantify the fidelity F,, between |, ) and the experimentally
realized entangled state with the high-frequency molecular qubit,
population measurements are conducted in a similar way as for
the entangled state involving the low-frequency molecular qubit. To
find the contrast of the parity fringe, we need to apply a /2 pulse
with the frequency comb to address the high-frequency molecular
qubit (see Methods). By scanning the analysis phase ¢, for the /2
pulse of the comb and for the 729-nm 1/2 pulse applied to the atom
in equal steps with the same sign, we obtain the signal shown in
Fig.3bwith

”h((ba) = Rs,o(d’a) + Pu,z(d’a) - [PS,Z(d)a) + Po,o(‘pa)] (6)

The signs with which the phases of the analysis /2 pulses are scanned
for the different entangled states arise from the opposite parity for the
entangled componentsinthe states|y) and |<ph>(see equations (2) and
(5)), which highlights the nature of mixed-species entanglement
and the versatility in molecular qubit states. A fit to the parity signal
(fitted contrast of 0.65(5), with on average 79 realizations of |¢, ) per
phase angle ¢,) together with population measurements (Ps,=0.47(2)
and Pp, = 0.40(2), averaged over 491 realizations of |¢},}) yields
F,,=0.76(3). We attribute the decrease in fidelity with respect to that
of ) mainly to the finite coherence of the frequency comb and the
larger number of imperfect operations in the pulse sequence used to
produce )

Ways to improve the entanglement fidelity include better
ground-state cooling and reducing the nonlinear cross-coupling
between motional modes***. Qubit decoherence can cause devia-
tion of the experimentally realized state from the target pure state
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Fig.3|Parity measurements of the entangled states. a, Parity fringe

(see equation (4)) deduced from the measured populations after applying 1/2
pulsesto the experimentally prepared entangled state|y ) of the atom and the
low-frequency molecular qubit with frequency -13.4 kHz. The phase ¢, is
scanned using equal and opposite steps on the atomic and the molecularions,
respectively. We observe asinusoidal parity fringe contrast of C=0.78(4) from
aleast-squaresfit to the data, weighted by their statistical standard deviation
ofthe mean. b, Parity fringe (see equation (6)) deduced from the populations
measured after applying t/2 pulses to the experimentally realized entangled
state|y,)of theatom and the high-frequency molecular qubit with frequency
~-855GHz. Here ¢, is scanned with equal steps on the two ions. We observe a
parity fringe contrast of C=0.65(5). The offsets of the initial phase ¢, in both
graphsare caused by residual Stark shiftsinduced by the 729-nmbeam and the
1,051-nm beams (for a) and the comb beams (for b). Error bars denote one
standard deviation from the mean.

and decoherence of the entangled states. The main cause of dephas-
ing of the entangled states in our experiments is the variation of the
*0Ca* qubit frequency due to magnetic-field fluctuations. For the
high-frequency molecular qubit, the few-millisecond coherence time of
the frequency comb leads to a substantial loss in contrast of the parity
curveand could beimproved by several orders of magnitude with better
control of the repetition rate*. A cryogenic ion trap would suppress
blackbody radiation and further increase the lifetime and coherence
time of molecular rotational states. At the same time, the vacuum would
be greatly improved, reducing the rate of collisions of the ions with
background gas that canlead to perturbation of the statesand toions
trading places. Atomic qubit coherence can be improved by better
stabilization of the magnetic field*” and by choosing a qubit that is less
sensitive to magnetic-field fluctuations*®. With such improvements,
higher fidelity would ensue and the coherence time of the entangled
states could also be lengthened.

In summary, we use elements of quantum logic spectroscopy and
coherent manipulation of the resulting pure quantum states to create
and characterize entanglement between long-lived electronic states
ofa*°Ca"atomand rotational states of a*°CaH* molecularion, trapped
together in the same potential well. We demonstrate entanglement
between an atomic qubit of frequency 411.0 THz (729 nm) and molecu-
lar rotational qubits, connected by transitions of frequencies at either
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13.4 kHz or 855 GHz, establishing the suitability of molecules for quan-
tum state transduction between qubits of very different frequencies.
We observe fidelities of the entangled states of 0.87(3) and 0.76(3),
respectively. Our experimental approach is suitable for a wide range
of molecularions, offering abroad selection of qubit frequencies and
properties. In particular, stimulated Raman transitions can also be
driven in symmetric diatomic molecules, which have no permanent
electricdipole momentand could provide qubit coherence timeslonger
than afew minutes. This work shows that entanglement involving the
quantum states of amoleculeis feasible and offers versatility that may
be useful for a range of applications.
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Methods

Atomic-state manipulation and detection

Weapply laser cooling to *°Ca* only, using lasers that are near-resonant
with atomic transitions to sympathetically cool all motional modes
of the two-ion crystal. We perform Doppler cooling of *°Ca* with laser
light at 397 nm driving the transition between the S, and P, , states,
and use lasers at 866 nm and 854 nm to repump from the metastable
D5, and Dj, states, respectively. See Fig. 1 for a schematic layout of
the beam lines, with blue short-dashed arrows depicting the 397-nm
beams and pink long-dashed arrows depicting the 854-nmand 866-nm
beams. After Doppler cooling, which cools all motional modes, we
prepare the axial modes (modes parallel to the direction connecting
the equilibrium positions of the two ions) near their ground state by
electromagnetically induced-transparency cooling*® and sideband
cooling. Todrive sideband transitions on the out-of-phase axial mode
M, we apply a 729-nm pulse with a duration of 45 ps, well within the
qubit coherence time of the atom, during both cooling and creating
entangled states. We also apply sideband cooling on the out-of-phase
radial modes®, along two directions perpendicular to the axial mode
andto each other. The out-of-phase radial modes must be cooled close
to the ground state to minimize frequency shifts and motional deco-
herence in the axial out-of-phase mode caused by nonlinear coupling
between the radial and axial modes***.,

During fluorescence detection, we apply a near-resonant 397-nm
laser to the **Ca*atom driving the transitions between levelsin the S,
and P,, manifolds together with an 866-nm laser to repump from the
D, states. The photons scattered by the atom are directed to a photo-
multiplier tube (PMT) inthe setup. On average, over an 85-ps detection
window, the PMT registers approximately 20 counts for the S) state
and <0.5 counts for the D) state.

Molecular-state preparation and detection, Raman transitions
and parity measurement of [¢,)

To prepare the molecule in|-3/2), we start with the |D) state for the
atom, cool the motional mode M close to |0),,and excite it ideally to
[}y, with a  pulse on the atomic sideband implementing
|DY|0)y > 1S)|1)y,. We then apply a T pulse on the molecular sideband
thatdrives|-5/2)1)y > |-3/2)|0)y, followed by a t pulse on the atomic
sideband |S)|1)y,~> |D)|0)y;, which does not affect|S)|0). Subsequent
atomic-state detection projects the molecular state to|-3/2) with high
probability if the detection outcome is [S). This sequence can be
repeated while alternating with asequence preparing |-5/2), until the
confidence level for the molecular state being|-3/2)is above a preset
threshold.

Detecting whether the moleculeisin the |-3/2) state is achieved by
preparing the atom and the motional mode Min |D)|0»y, applyingam
pulse onthe molecular sideband |-3/2)|0),~> |-5/2)I1)y;, thena Tt pulse
on the atomic sideband |D)|1),~> IS)|0)y (which leaves |D)|0),
unchanged), followed by an atomic-state detection. A detection out-
come |S) indicates that the moleculeisin the |-3/2) state. The detec-
tion outcome |D) is attributed to the molecule being in another
molecular qubit state.

To drive Raman sideband transitions and implement |¥,) > |¥)), we
applya1,051-nm laser pulse withsmooth300-ps rising and falling edges
and aplateau with duration of162.5 usto avoid sharp pulse edges with
increased frequency components driving other molecular transitions
off-resonantly.

The spectrum of the optical-frequency comb has a full-width at
half-maximum of approximately 20 nm around a centre wavelength
of -850 nmand arepetition rate of f,, ~ 80 MHz. For stimulated Raman
transitions driven with optical-frequency-comb beams, we split the
comb laser outputinto two differentbeams and control their frequency
and phase differences using AOMs (Fig. 1), with the same drive fre-
quency f,om but with opposite diffraction orders. The AOMs allow us

to scan the frequency difference 2f,oy of the beams over a range that
exceeds the repetition rate. The comb is far off-resonance from any
electronic transition in the molecule, but stimulated Raman transitions
at frequency fr.man Can be driven simultaneously by all pairs of comb
teeth (one comb tooth from each beam for every pair) with matching
frequency difference fy,man=INfrep ~ 2faoml, Wwhere Nisaninteger number
with magnitude of order 10,000 (see below) and the sign depends on
whether aphotonis absorbed from the beamwith 6~ or tpolarization®.

In the parity analysis for |¢, ) we need to apply a 1t/2 pulse with the
frequency comb, which has frequency components close to the
D), < Py, transition of *°Ca*. To avoid affecting the state of the atom
with this pulse, we apply sideband 1 pulses on the atom mapping
|DY|0)y > 15>y, to hide the atomic population in|S) before the comb
pulse and |S)|1)y, > ID)|0)y, afterwards for the population measure-
ments.

Statistics for entangled-state analyses

To determine the fidelity for the realization of |¢,), we perform parity
measurements with @,= % x{0,1,2, ...,11} and number of trials {246,
39,115,106, 92, 83,114, 62, 64, 67,150, 50}, respectively. To determine
the fidelity of the experimentally prepared ¢, ), we perform parity
measurements withg, = ¢ x{0,1,2, ..., 9}and number of trials {98, 37,
132,74,141, 63,52, 35,84, 71}, respectively. The variation in the number
of trialsis the result of repeating the experimental sequence with the
same parameters including ¢, after we confirmthat the molecular state
isheraldedin theinitial state of |-3/2). After each repetition, we check
whether the molecule remainsin the desired manifold of {|-3/2), |-5/2)},
where we design the verification measurement so that a positive result
brings the molecule back to the |-3/2) state. If the molecule has left
the {|-3/2), |-5/2)} manifold, we randomly draw a new value of ¢, from
the list for the next time the molecular state is heralded in [-3/2).

Determination of the *°CaH*|2)=(2,-3/2,-) © |0)=10,-1/2,-)
transition frequency

The transition frequency between the high-frequency qubit states
[2,-3/2,-) and|0, - 1/2, -) explored in this work is determined in a
spectroscopy sequence in which the moleculeis preparedin the state
|2, -3/2,-),followed by acomb Raman pulse that transfers the popula-
tionto|0, —1/2, -y when [Nf,.,— 2fsouml is near resonance with the transi-
tion (seealsoref.?). The molecular populationin |2, - 3/2, -) ischecked
after the comb Raman pulse. Absence of population in the state is
attributed to populating the |0, -1/2, -) state, because we cannot
directly detect this state as in ref. >. We trace out the transition line-
shape—thatis, the transition probability as afunction of f,o,—byrepeat-
ingthe sequence to build up statistics while varying f,ou. Todetermine
the absolute transition frequency, one needsto find theinteger V. This
isaccomplished by measuring the change infrequency Af,ou that needs
to be applied to f,oy to drive the same transition when f, is changed
by Af..,. Specifically, to maintain Nfi., = 2faom = Nfrep + Afrep) = 2(faom +
Afiom), We arrive at N= Z%:’M. The integer N is determined in this
way to be 10,825 for fyom - 165.0 MHz and f,., = 79.0 MHz, and
framan = 854.8 GHz. Combined with the experimentally determined
rotational constant (-142.5 GHz)?, this confirms that the observed tran-
sitionis between the /=0 and/=2rotational manifolds.
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