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Interferences in the Transverse Profile of a Toluene Beam Induced by a Resonant RF

Electric Field®
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In this work, the interaction of a supersonic beam of toluene diluted in He with a resonant oscillating RF
field is investigated both experimental and theoretically. It is shown how the resonant field induces a peak
structure in the transverse beam profile which can be explained by the onset of molecular interferences.
Specifically, the interaction of a toluene beam of 0.12 eV of translational energy with a resonant RF field of
1.12 kV/m amplitude, and —610 kV/m? of gradient at the horizontal plane, during 160 us produces a series
of maxima in the transverse beam profile. The observed structure was satisfactorily reproduced by a quantum
interference model based on the interaction of two coherent superpositions induced by the resonant RF field.
It appears the present experimental technique could be useful to investigate the spectroscopy and dynamical

behavior of coherent beams of polar molecules.

Introduction

Since the first experimental demonstration of molecule
interference by Estermann and Stern! in 1930, which showed
the diffraction of H, at a LiF crystal surface, it was only during
the past decade of the 20th century when additional experiments
with diatomic molecules reported advances in molecular inter-
ferometry. Thus, a Ramsey—Bordé interferometer was realized
for the iodine dimer in 1994% and was later used® for K.
Moreover, a mechanical Mach—Zehnder interferometer was
demostrated* for Na,, and the analog to the Mach—Zehnder
interferometer, a Talbot—Lau interferometer, was later applied
to experiments, with Li,.> Furthermore, diffraction at nanofab-
ricated gratings proved the existence of the weakly bound helium
dimer® and was used to measure its binding energy.” More
recently, diffraction experiments with these nanofabricated
objects were carried out to show the wave—particle duality of
not only He clusters® but also molecules as large as C3, or C1).>'°

In all above experiments, interferences were originated by
the superposition of molecular external states. Likewise, in the
classical two-slit Young experiment, due to the associated
molecular de Broglie wavelength, the two physically different
paths accumulate a distinct phase leading to interferences when
they recombine at the detector. Unlike the previous experiments,
the present work reports on molecular interferences due to a
superposition of internal states where their distinct phases are
originated by the interaction of the toluene molecular dipole
with a resonant RF field.

The interaction of polar molecules with resonant RF electric
fields is a subject currently investigated by our group using
different experimental methodologies.!!™!> Thus, depletion
spectra of molecular beams have been reported when such polar
molecules interact with static and resonant RF fields.!' !> More
recently, beam splitting of 1.5 mm toward both the positive and
negative direction perpendicular to the beam propagation axis
of a supersonic toluene beam seeded in He was reported'> as a
result of its resonant interaction with a RF electric field. The
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observed toluene beam splitting could be explained by the onset
of molecular interferences induced by the resonant RF field.'®

In this work, the interaction of a supersonic beam of toluene
diluted in He with a resonant oscillating RF field is revisited
under better experimental conditions. It is shown how the
resonant field induces a peak structure in the transverse beam
profile which can be well explained by molecular interferences.
As mentioned further below, in the present investigation, the
molecular interferences are due to a superposition of internal
(J, K, and M) states first split by a static DC field and, then,
coherently coupled by a resonant RF field given by E(f) =
E, cos wt. In a previous work,!” it was demonstrated that the
interaction of a polar molecule with a resonant RF field induced
two coherent superpositions whose phase shift depends on
distinct parameters characterizing the molecule—field interaction
as, for example, the molecule’s dipole moment, the strength of
the RF field, and the interaction time.

Indeed, because of the experimental implementation, the
amplitude E; of the RF field changes along the perpendicular
direction of the beam propagation axis. Thus, for a given
resonant angular frequency w, and interaction time ¢, the RF
field varies along the perpendicular direction and, consequently,
also the interaction energy between the molecular dipole moment
and the RF field. As a result, the molecular wave function shows
a distinct phase along this perpendicular direction, leading to
an interference pattern in the transverse beam profile.

We believe the present results constitute the first experimental
report where molecular interferences are evidenced in the
transverse profile of a beam whose polar molecules interact with
an RF electric field. Indeed, our results indicate how the
employed experimental approach constitutes an easy and direct
methodology to produce coherent beams of polar molecules,
whose spectroscopy and dynamical behavior could be investi-
gated. We also believe our simple molecular beam technology
could be used to control molecular processes.
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Figure 1. Simplified sketch of the experimental layout. A supersonic
beam of toluene travels inside a static and an oscillating RF field. Using
the laser ionization coupled to the time-of-flight spectrometer, two
transverse beam profiles are taken by moving the final slit along the
z-axis. The on or off profile corresponds to the case in which the
frequency is on or off resonance with the energy splitting produced by
the static DC field. All dimensions in cm. The distance from the nozzle
to the first collimator (shown at the left) is 32 cm. The nominal full
beam divergence is 2.8 x 1072 rad.

Experimental Method and Molecule—Field Interaction
Conditions

The main features of the experimental methodology have been
described elsewhere,'*!> and only a brief description is given
here. The present experiment employs a supersonic beam of
toluene produced by bubbling 3 bar of He through liquid toluene
at 0 °C. The volatile impurities were removed from the toluene
through freeze and thaw cycles. The supersonic expansion
occurs through a nozzle of 0.5 mm of diameter, with the rest of
the conditions those described in ref 15. For a better understand-
ing of the beam geometry and collimation, a simplified layout
of the experimental setup is shown in Figure 1.

At the final ionization region, the beam divergence is
determined by the last slit width of 0.14 cm located 48 cm from
the nozzle. The present experimental conditions give a full
nominal beam divergence of <2.8 x 1073 rad.'®

Strictly speaking, the experimental investigation carried out
in the present work does not require a very small beam
divergence for the onset of molecular interferences (see the Data
Analysis and Discussion section). The basic requirement is that
the beam experiences a z-dependent RR field amplitude.

Thus, the beam divergence requirement essentially stems from
the employed detection geometry. Due to experimental limita-
tions, the ionization laser is directed along the perpendicular
direction to the beam axis. Therefore, unless one uses a narrow
(movable) slit, the ionization signal would reflect the integral
measurement of the whole profile and, consequently, the
interferences, produced by the nonhomogeneous RF field, would
not manifest.

As the polar molecule travels inside the RF unit, the C-field,
first the applied DC field splits any (J, K) state into its 2J + 1
sublevels characterized by the M; value; right after, an oscillating
RF field is turned on which can produce coherent superpositions
when the RF frequency is resonant with the (J, K, M) Stark
splitting.

For the understanding of the resonant interaction here
employed, we shall recall that when a molecule with a
permanent electric dipole moment, u, interacts with a homo-
geneous static Stark field, with E as the field strength the energy
of the molecule is perturbed and given by'*~?!

W= WO + WStark (1)

in which W, is the energy of the unperturbed system (i.e., when
E =0) and Ws,x = — ugE. Here, jig is the mean component of
the electric moment in the field direction. If the linear molecule
is in a X state, the dipole moment is perpendicular to the total
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Figure 2. Schematic view of the C-field unit: (left) perspective view
including the DC and RF field connection; (right) front view in the yz
plane. All dimensions in cm.

angular momentum (we neglect spin effects) and therefore jig
= 0. In other works, there is no first order Stark splitting.?!
However, there is a second order effect when one considers
the action of the Stark field on the molecular rotation.

For a symmetric top molecule, /g is no longer zero and a

linear Stark effect arises given by!*~?!
- _, KM
WStark - AuEJ(J + 1) (2)

Here, u is the permanent electric dipole moment which in the
case of the toluene molecule equals 4 = 0.375D,% J is the total
angular momentum, K is the magnitude of the projection of J
on the internuclear axis, and M is the projection of J on the
space fixed axis, i.e., the direction of the static E field. In this
work, we restrict ourselves to the J = K = 1 case of the
electronic ground state. Consequently, the Stark interaction is
given by

~ueY 3)

WS tark 2

Thus, the AM = =1 transition corresponds to an energy
splitting of

1
AWsjope = hvy = zﬂE )

Therefore one obtains the resonant frequency

E
vy = 1/2”7 5)

with Vo = 0)0/2.7'5

Thus, the resonant interaction referred to in the present work
means the use of the RF frequency given by eq 5 which under
the present conditions (see below) is 1411 kHz.

The resonance unit, schematically shown in Figure 2, is of
the same type as that described earlier.'*'> Essentially, it consists
of two parallel Cu coated glass plates (length 10 cm along the
beam, height 6 cm) separated by 0.67 cm. In one plate, a I mm
wide scratch insulates electrically a rectangle of 8 cm by 3 cm;
the rectangle and the rest of the plate form the electrodes to
which the RF is applied. The static voltage is applied to the
rectangular electrode and the opposite plate. The molecular beam
runs parallel to the scratch (along the x-axis) 0.34 cm away
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from the plate. At this distance, the homogeneous static field
(z-axis) is perpendicular to the RF field (y-axis). Under the
experimental conditions used in this investigation, the time the
molecule spends inside the RF field is about 160 us.

A movable slit was used to record the beam profile. The slit
position can be changed by a computer controlled step motor
by increments of 0.01 cm along the z-axis (i.e., perpendicular
to the beam direction). Further experimental conditions are the
same as those used in our previous work.!’

The experimental procedure was the following: First, a static
DC field of 1.49 kV/m was set into the two plates of the electric
unit to produce a Stark splitting of 1411 kHz for the toluene J
= K =1 and AM = =1 transitions. Second, a nonresonant RF
field of vy = 1300 kHz was established in between the RF
plates, with a field strength of 1.12 kV/m. The gradient of the
RF field at the center of the beam was determined® to be —0.610
kV/m?. Since the origin of the RF field, i.e., the horizontal
scratch of the RF plate, is located toward the negative values
of the slit position one should expect that the smaller the z the
higher the E; value. In other words, the E| field along the z-axis
is given by E; = (1.12 — 0.610(z/mm)) kV/m, where z should
be given in mm. In this equation, a linear dependence of E,
with z has been adopted which seems to be a good approxima-
tion as indicated in ref 16.

Finally, conditions were varied to turn the RF field to on
resonance, v,, = 1411 kHz, with all experimental parameters,
i.e., Stark, RF field, and radio frequency fixed and only the slit
position was changed. Thus, the toluene signal intensity was
monitored as a function of the slit position to record a transverse
beam profile spectrum. A typical run consisted of averaging
100 laser shots for each on and off spectrum. Though the
methodology employed in this work was the same as that in
ref 15, the experimental conditions were optimized so as to
obtain a better signal-to-noise ratio. Thus, with respect to our
previous work, we used a higher and better controlled stagnation
nozzle pressure, a higher number of laser shots for each slit
position, and a wider interval of slit movement which for the
present work ranged from —3 nm to +3 nm.

Results

Figure 3 shows the beam signal intensity as a function of the
slit position. Two beam profiles are displayed at two distinct
RF frequencies, 1300 kHz (off-resonance conditions) in the top
panel and 1411 kHz (on-resonance conditions) in the bottom
panel. A total of 100 laser shoots were averaged for each
slit position, which was moved by 0.0l cm increments. To
reduce possible effects due to signal drifts, one ON beam profile
was followed by one OFF beam profile measurement and so
on. Four runs under OFF and ON conditions were averaged to
obtain the top and bottom profiles, respectively.

Interestingly, the total beam signal, i.e., the signal integral
over the slit position, is, within the experimental error, the same
for the two beam profiles. Looking at both off and on beam
profiles, a peak structure is clearly manifested in the on beam
profile which, however, is absent in the off beam profile. The
structure consists of a series of peaks distributed at both positive
and negative sides of the beam profile.

Data Analysis and Discussion

It is interesting to compare the present results with those
obtained earlier in our laboratory!> using the same technique
and molecule. Both toluene transverse profiles are shown for
comparison in Figure 4. The previous beam profile was taken
under poorer experimental conditions as already explained in
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Figure 3. Toluene transverse beam profile as a function of the slit
position: (top panel) OFF beam profile (vo = 1300 kHz); (bottom
panel) ON beam profile (v,, = 1411 kHz). Field conditions are £ =
14.18 kV/m and E; = 1.12 kV/m. The relative units of the Y-axis are
the same for both the upper and lower panels.
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Figure 4. Transverse beam profile as a function of the slit position:

(dashed line) ON beam profile from ref 15; (solid line) present results,
i.e., those of the bottom panel from Figure 2.
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the experimental section. This was manifested by the lack of
significant beam signal beyond £2 mm and by a poorer peak
structure. Nevertheless, when the two profiles are normalized
to each other, the consistency between them is manifested, as
one can see how the earlier reported profile turns out to be a
(low resolution) average of the presently measured profile.

Since the resonant RF field has a gradient of 0E/dz = —610
kV/m?2, one could think the observed peak structure in the beam
profile is due to Stern—Gerlach transverse beam deflection. The
calculated beam deflection by the RF gradient is about 0.4 x
1073 mn which is, at least, 3 orders of magnitude smaller than
the experimentally observed peak spacing. Therefore, the peak
structure of the beam profile cannot be attributed to beam
deflection from the RF field gradient.

The interaction of the polar molecule with the resonant field
was considered in a previous work!” using a two-state model
system. An important result of that work (see eqs 28—30 of ref
17) was that the beam signal can be expressed in the form

S =A + B{cos ¢, (6)
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where A and B are related to the two-state wave functions, @,y
is the phase shift introduced by the RF field, and ¢ is the
molecule—field interaction time. In the above equation, (...)
stands for the average value calculated using the experimental
beam velocity distribution.

The resonant phase shift, ¢, was found to be!”

@Y = Qpi(sin Qgt sin 2w,1) (7)

where Qg stands for the Rabi frequency of the transitions and
o is the applied resonant angular frequency.
Since the Rabi frequency is given by'”

E
Q, = #1; 1 )

with u;, being the transition moment between the two (J, K,
M) states coupled by the resonant field; the experimentally
introduced z-gradient in E; produces a change in the phase shift
along the z-direction and, consequently, a change in the beam
signal. In other words, the molecular interferences in the
transverse beam profile are clearly a consequence of the
oscillatory behavior of the phase shift due to the change of
the resonant field amplitude along the z-direction. More
explicitly, one could write eq 6 in the form

S(z) = A + B{cos ¢,,(2)) 9)
with @, (2) = aE,(2) sin(bE|(2)) (10)

with z being the perpendicular direction to the beam propagation
axis and a and b z-independent parameters.

The simulation using the Simion software indicates the RF
field strength values around the central part of the RF unit can
be well described by a linear dependence on z. Thus, one can
write

with E] = 0E,/dz (12)

By replacing eq 11 in eq 10, one reaches the conclusion that
for E7 = 0 the phase shift shows no z dependence. In other
words, the observed fringes in the transverse beam profile are
due to the gradient of the RF field such that the higher the
gradient the larger the number of fringes.

The calculated beam profile is the convolution of the signal,
given by eq 6, with the molecular beam velocity distribution
given by

2
fw) = N5 expl—(v — vp)/0”] (13)
o

Here, N is the normalization constant, v, is the peak velocity,
and o is related to the width of the distribution. Figure 5 shows
the best fit to the experimental beam profile which was obtained
with a peak velocity of vy = 550 m/s, 0 = 40 m/s, a RF
frequency of vo = 1411kHz, and a RF field of £ | = (0.02 —
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Figure 5. Comparison between experimental and calculated ON
profiles. The solid line shows the experimental results (same as Figure
2, bottom panel). The dotted line is the calculated beam profile using
eq 9 of the text with the best fit parameters described in the Data
Analysis and Discussion section. While the bottom axis refers to the
slit position in mm, the upper one refers to the divergence angle taking
the beam direction as 0°. Both profiles are normalized to 1 at the peak.

0.004(z/mm)) kV/m. Furthermore, the slit broadening effects
were also taken into account.

Inspection of Figure 5 indicates the simulated profile repro-
duces satisfactorily the main features of the experimental one.
In addition to the full width at half-maximum, the minimum at
z = 0 mm and the four main peak locations, two at each side
of the beam propagation direction, are well reproduced. Except
for the RF field amplitude, the input values employed in the
simulation are those of the experiment. However, the best fit
value of E; = (0.02 — 0.004(z/mm)) kV/m is significantly
smaller than the nominal E; value (inside the C-field). At
present, we cannot offer a full explanation for such a difference.
Nevertheless, we shall consider the ionization region is situated
21 cm from the C-field, as illustrated in Figure 1. After the
molecular beam exits the RF unit, the resonant field is no longer
interacting with the dipole moment and quantum decoherence
is taking place. Due to the low background pressure (<107°
Torr), and even assuming a toluene elastic cross section of 1000
A2, the estimated average number of collisions along the 21
cm distance the beam travels before it is detected is less than
0.1 collisions. Thus, decoherence due to background scattering
is playing a minor role at least under our experimental
conditions, suggesting other decoherence mechanisms respon-
sible for the small best fit E; value.

Precisely, the suggested decoherence hypothesis opens the
way for future investigations aimed at studying the decoherence
mechanisms of these molecular beams by monitoring the
evolution of fringes’ visibility as a function of the molecule—field
interaction time. Work is now in progress along this direction.

Summary and Conclusions

In this work, measurements on the toluene beam signal
intensities recorded by laser ionization coupled with time-
of-flight mass spectrometry were reported. The beam signal
was measured after the beam passed through a RF unit in
which these molecules interact with both static DC and
oscillating RF electric fields. The measurements clearly
demonstrate how the interaction of a resonant RF field with
the polar toluene molecule produces a series of peaks in the
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transverse beam profile that can be rationalized by the onset
of molecular interferences.

The major relevance of the present work is the observation
of an interferogram structure in the transverse toluene beam
profile when it resonantly interacts with a RF field. While in
ref 15 only a molecular beam splitting toward both sizes of
the transverse beam axis was observed, in the present work,
a peak structure was clearly resolved as a result of better
experimental conditions and higher resolution.

What should be also pointed out is the satisfactory
rationalization of the observed profile structure by the
molecular interference model reported in ref 17. The key
ingredient of the theoretical model is the resonant interaction
between the RF field and the molecular dipole moment. Only
under resonant conditions this interaction is non-negligible
and, which is more important, different for each (J, K, M)
state coupled by the resonant field. It was demonstrated that
the observed peak structure of the transverse beam profile is
a manifestation of the phase shift variation along the
perpendicular beam direction which, in turn, is due to the
change of the RF field strength along this direction.

Finally, it is interesting to remark how the employed
resonant RF electric unit, a simple device widely used in
early molecular beam electric resonance experiments,?* seems
to be adequate to investigate new possibilities in molecular
interferometry. In this sense, a possibility we are also
considering for future work is the measurement of the beam
profile after the beam travels through a scattering cell to
investigate the extent of the collisional decoherence® by
monitoring the fringe visibility as a function of the scattering
gas nature and pressure. Certainly, the present simple
molecular beam technology seems to be very promising to
investigate the quantum control of molecular processes using
RF fields.
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