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Abstract

We report the design of an experiment that aims to constrain, over a-few-
year timescale, the fractional temporal variation of the proton-to-electron
mass ratio, 8 = m,/me, at a level of 1071 /yr by means of a spectroscopic
frequency measurement on a beam of cold CF3H molecules. This is ex-
tracted from a buffer-gas-cooling source and then collimated by means of
an electrostatic hexapole lens. Employed in a two-photon Ramsey-fringes
interrogation scheme, the probe source is based on a mid-infrared quantum
cascade laser, phase-locked to a specially-developed optical frequency comb
that is ultimately referenced to the Cs primary standard via an optical fiber
link.
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1. Introduction

Thanks to the breakthrough technologies originating respectively from
the world of ultracold quantum gases and that of femtosecond laser frequency
combs during the last decades, methods of precision spectroscopy have ad-
vanced to the point where atomic/molecular transition frequencies can be
determined with an astonishing precision (down to a few parts in 107!%); to
such an extent that detecting the influence of fundamental new physics at
the eV energy scale is now within reach [1]. In this frame, more and more
challenging experiments are underway, aiming at testing nature symmetries
and constants with unprecedented sensitivity. In particular, in the last few
years a strong interest has focused on the possibility that what we know
as the fundamental physical constants might show variations over cosmo-
logical time scales. Such an effect arises quite naturally in modern theories
(Lie Groups, String/M Theories, . .. ) attempting either to establish a Grand
Unification Theory beyond the Standard Model or to reconcile this latter
and General Relativity in a Theory of Everything [2, 3, 4, 5]. Since varia-
tion of dimensional constants cannot be distinguished from that of the units,
it makes more sense to consider changes of dimensionless parameters. The
prime target is the fine structure constant, o = e*/(4meghc), which defines
the scale of quantum electrodynamics; the second prominent quantity is the
proton-to-electron mass ratio, 5 = m,/m., which characterizes the strength
of strong interaction in terms of the electro-weak one. While in the former
case the temporal stability is conveniently probed through atomic transitions
6], the /3 ratio is more accurately addressed with molecular systems where
resorting to the inaccurate nuclear Schmidt model is bypassed [7, 8]. One
approach is to compare the wavelengths of molecular lines measured in the
present epoch on Earth with the corresponding ones from astronomical ob-
jects at high redshifts [9, 10, 11]. The most up-to-date constraint for A5/f is
(0.0£1.0)-1077, deduced from the observation of radio-frequency transitions
of methanol in the PKS1830-211 galaxy at redshift z = 0.89 (corresponding
to a look-back time of 7 billion years). Assuming a linear temporal variation,
this implies a fractional variation 3/3 on the order of 10~'7-yr~!, consis-
tent with a null result [12]. A second approach relies on precision molecular
spectroscopy experiments entirely carried out in the laboratory, with the in-
herent advantage that all systematic effects can be meticulously controlled.
Different schemes have been proposed in this frame, including an ammonia
fountain [13], molecular hydrogen ions confined in radio-frequency traps [14],



and magnetically trapped cold XH (X: alkali-earth atom) molecules [15].

2. The overall proposal

Following the scheme originally implemented by A. Shelkovnikov and
coworkers with a conventional supersonic beam of SFg [16], our proposal is to
measure the frequency vy, of a given molecular ro-vibrational transition rel-
ative to the clock hyperfine transition 14y, in the Cs electronic ground state
(|[F = 4,mp = 0) <> |F = 3,mp = 0)). Such frequencies scale respectively
as [3]
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where S indicates a generic molecular species. Here, Kg and K4 are propor-
tionality constants, pcs is the magnetic dipole of the Cs nucleus, pp the Bohr
magneton, Ry the Rydberg constant, and F'(«) is a dimensionless function
accounting for relativistic effects in Cs, whose dependence on « is to the
power of 0.83. From these formulas the following relationship between our
observable vy, /vy, and B is derived
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which, in combination with the current constraints of &/a = (—1.6 + 2.3) -
10717 yr~t and d/dt[In(pcs/pnp)] = (=1.9£4.0) - 1071% yr~!, as inferred from
a 6-year record of increasingly precise atomic clock frequency comparisons
[17], can be used to set an upper limit to the temporal variation of £.

To enhance the spectroscopic interrogation time, which sets the ultimate
resolution achievable in a single measurement, a Ramsey-fringes technique
will be adopted [18]. In this scheme one first wants to minimize the fringe
periodicity P, given by the ratio of the mean longitudinal speed of the
molecules in the beam, u, to the distance D between the two interaction
zones: P = u/(2D). Second, a high fringe contrast is desirable, which can
be accomplished by reducing the velocity dispersion, (Au)™' ~ 1/v/Tirans,
with T},..ns being the translational temperature of the molecular beam. As



discussed later, a low rotational temperature, T,., is also desirable; indeed,
this increases the population in states with low rotational quantum numbers,
which can be exploited to enhance the strength of the final spectroscopic ab-
sorption feature. While for a generic molecular beam the inequality chain
Toiv = Trot = Tirans holds, under typical operating conditions of our experi-
ment (see Section 3.2), these three temperatures roughly coincide with each
other so that we will simply speak of the beam temperature 7. In conclusion,
a great enhancement in the ultimate accuracy can be achieved if a beam of
slow and cold molecules is used. In the optical domain, the Ramsey-fringes
method has to be associated with a sub-Doppler technique in order to avoid
a scrambling of the fringe pattern. Opting for two-photon spectroscopy, the
most efficient configuration is represented by the two-zone geometry where
the molecular beam interacts successively with two standing waves generated
from the probe laser inside a single folded Fabry-Perot enhancement cavity
comprising four mirrors in a U configuration [19, 20].

In the following, we shall describe the main building blocks of the ex-
periment starting from those which, already constructed, are about to be
characterized (Section 3) and ending with those that are being developed
(Section 4).

3. Design of the molecular beam

The aim is to generate a molecular beam with intense flux, low temper-
ature, and reduced longitudinal speed. This will be attained by combining
buffer-gas cooling (BGC) and Stark manipulation. Since BGC operates with
nearly all species, potentially any molecule with a relatively high electric
dipole moment (EDM) and a favorable two-photon transition may be chosen
for the experiment.

3.1. The molecular choice

The fluoroform (CF3H) molecule exhibits both these features. First, a
fair permanent EDM value, u = 1.67 Debye, makes it suitable for manipu-
lation with external electric fields. Second, it has a fundamental, strong ro-
vibrational band (CF3 degenerate stretch, vs) at 8.63 micron (1158.75 cm™1)
[21], where high-performance quantum cascade lasers (QCLs) are available
and effective optical frequency combs can be developed. Shown in Fig. 1
is the two-photon transition identified for the spectroscopic measurement,
0)=|vs=0,J=1,K=1)—= 1) =|vs=1,J=2K =21=-1) —
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|2) = |vs =2,J =2, K = 1), where J is the total angular momentum quan-
tum number, K describes the projection of the vector J onto the molecular
axis and [ is an additional quantum number (exclusively for rotational states
pertaining to degenerate vibrational levels) from the Coriolis coupling in-
teraction [22]. To determine the detuning § of the virtual level from the
intermediate one, we start with the general consideration that the energy of
a given ro-vibrational level is the sum of a vibrational and a rotational term,
Eroviv = Euip + Eror- In addition, for an oblate symmetric-top molecule
and retaining only the leading terms, the rotational energy can be expressed
as B,y = E(J,K) = BJ(J + 1) + (C — B)K? — 2(K1. Then, using the
vibrational anharmonicity value E,;(2vs)/2 — Eyi(vs) = 19.4865 GHz [23],
B = 10.425 GHz and C' = 5.716 GHz [24], and £ = 4.06857 GHz [25],
0 = [Erofm'b<|2>) - Erofvib(|0>)]/2 - [Erofvib(|1>) - Erofvib(|0>)] = —3.51
GHz is found. In conjunction with the expected favorable transition dipole
moments [26] as well as with the cooling-induced population enhancement of
low-lying rotational levels, this relatively small detuning makes the chosen
two-photon transition profitable.

3.2. Buffer gas cooling

In this first stage, both translational and internal degrees of freedom of
the desired molecular species S, at initial temperature Ty, are cooled in a
cryogenic cell via elastic collisions with a thermal bath of helium (buffer
gas) at temperature Ty, and density ng. [27, 28]. After a characteristic
number of collisions N, the temperature of S, T(Neoy) = The + [To —
Trre| exp[—Neon/ k], becomes arbitrarily close to equilibrium with the buffer
gas; here k = (m+mpg.)?/(2m - my.), where m (my.) is the mass of S (He).
Then, a beam of S is formed by letting both He and S particles escape into
a high-vacuum environment via an orifice of radius d. Expansion typically
occurs in the partially hydrodynamic regime determined by a Reynolds num-
ber, Re, between 1 and 100 (we recall that, in general, Re is defined as the
ratio of inertial to viscous forces in a fluid flow). In the BGC case, one has
Re = 8v/2fo 110 1e(vo.re) “td™t, with fg s being the input flux of He, o7, the
elastic cross section for cold He collisions and (vg ge) = \/ (8kpTHe) /M pe
the average thermal velocity of the buffer gas in the cell. Physically, the
partially hydrodynamic choice corresponds to the best compromise between
a conventional effusive beam (Re < 1), exhibiting a reduced mean forward
velocity u = v), and a supersonic one (Re > 100), characterized by a low
temperature (i.e. spread around v, Ayj). In this intermediate regime, both
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Figure 1: CF3H two-photon transition selected for the Ramsey interrogation. The sym-
bol L indicates that the vibrational transition moment is perpendicular to the top axis;
accordingly, the following selection rules hold: AK = K; — Ky = £1; AJ = 0,£1. In
addition, for (A; — E)-type transitions, the following selection rules are valid for the
quantum number [: Al = +1 for AK = —1; Al = —1 for AK = +1; the reverse is true
for (E — A;)-type transitions.

molecular kinetics (sufficient to characterize effusive beams) and fluid-like
behavior (required to describe supersonic beams) determine the beam prop-
erties; for 1 < Re < 10, the mean longitudinal speed can be expressed
as a function of (v g.) and the average thermal velocity of S in the cell,

(vo) = /(8kpTy.)/mm: [28]

v = 1.2(vo) + 0.6{vo,e) Re -

(4)



while the transverse and longitudinal velocity spreads remain roughly con-
stant at the effusive-regime value

8kpT In2
Avj~ Avy =4/ BTH ~ 1.5(vy), (5)

with T' ~ Ty., whereupon the angular divergence is calculated as

A = 180 arctan (AUL> (6)

m QUH

The BGC apparatus is shown in Fig. 2. It is based on a two-stage pulse
tube (PT) cryocooler (Cryomech PT415) housed in a stainless-steel vacuum
chamber [29]. The first (second) stage of the PT refrigerator reaches a tem-
perature of 35 K (4.2 K) provided that the corresponding heat load is kept
below 40 W (1.5 W); for this purpose, each plate is enclosed in a round
gold-plated copper radiation shield. Capillary filling, regulated upstream by
two flow meters, is used to inject both S and the buffer gas, coming from
room-temperature bottles, into the BGC cell. While the S pipeline (made
of stainless-steel) is thermally isolated from both the PT stages, the buffer
gas line comprises four connected segments: the first one is a stainless-steel
pipe made of several windings (this increases the duct length, thus reducing
the heat conductance of the gas line); then, a copper tube in good ther-
mal contact with the first PT plate ensures cooling of the He gas down to
35 K; the third segment is again made of stainless-steel in order to mini-
mize thermal exchanges between the two PT stages; finally, a copper pipe
in good thermal contact with the second PT plate guarantees cooling of the
He gas down to 4.2 K. The BGC cell, also made of gold-plated copper to
maximize thermal conductivity while minimizing desorption from the walls,
is in thermal contact with the 4.2-K plate and has internal dimensions of 60
Height (H) x 60 Width (W) x 20 Length (L) mm3. In particular, the L
value was chosen so as to satisfy the criterion for an efficient thermalization,
L > Ny - A, where A = wd*(vo ) /(40 fo mer/m/mue) represents the mean
free path of the S molecules (here, o denotes the elastic cross section for cold
S-He collisions). To preserve a low heat conductance against the injection of
the warm molecules, the back side of the cell has a large aperture plugged
by a Kapton foil, provided with an entrance hole punched against the S
pipe. Moreover, a proportional-integral-derivative (PID) controller having a
silicon diode thermometer as input sensor and an electric heater as output
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transducer (both devices being secured to the S pipe), is employed to avoid
possible condensation of S. A similar system is used to finely tune the cryo-
genic cell temperature. To keep the pressure within the radiation shields as
low as possible (collisions of guided molecules with background gas are prac-
tically negligible for pressures lower than ~ 107% mbar), the internal surface
of the inner shield is covered with a layer of activated charcoal that, at cryo-
genic temperatures, acts as a pump for helium and non-guided molecules
(with a pumping speed of a few thousands 1-s71); the gas (mainly helium
buffer gas) adsorbed by the charcoal is released during warm up of the cryo-
genic system and then pumped out of the vessel by a turbo-molecular pump.
Finally, the vacuum chamber is equipped with a number of optical windows
for spectroscopic interrogation.

pulse tube
cryocooler

vacuum
vessel

35-K plate

4.2-K plate

charcoal

Figure 2: Buffer gas cooling apparatus.

The relevant figures expected for the fluoroform beam are summarized
in Table 1. In particular its flux, F, is estimated by regarding the extrac-
tion process as a competition between diffusion to the wall and pump-out,

8



with characteristic times 74;r¢ = 64W Ho fo pe/(972d*(vo pre)?) and Tpump =
AW HL/(wd*(vo mre)), respectively [28]. If v = Tuifs/Tpump < 1, then one
obtains [30] ,
md
SULERS (7
Here, fy denotes the input flux of S, while the ratio between the area of
the exit hole and that of the cell accounts for freezing of the S molecules
under impact with the walls. The divergence figure, as determined by Eq.
6, can be further narrowed down to Af;,, by the use of a skimmer which,
however, inevitably reduces the beam flux to Frim; a good compromise is
obtained using a 2-mm-input-diameter skimmer (2 cm length and 35° full
aperture angle) placed at 3 cm from the cell hole. Stopping the peripheral,
less useful beam portions (i.e. the ones containing molecules with higher
radial velocities) also reduces the vacuum degradation in the spectroscopic
interrogation chamber.

We now evaluate the fraction of the molecular beam flux in the starting
level of the selected two-photon transition. The probability pe ., of finding
a molecule in the state |e, v, 7) is given by Fe y 5 = Dewr - Fskim; here, e, v =
(v1, V9, V3,0, U5, 06) and 7 = (J, K) represent respectively the electronic,
vibrational and rotational quantum numbers. In the case of a symmetric-
top molecule, and considering the electronic and vibrational ground states,
e = e, and vy, = (0,0,0,0,0,0), one can safely assume pe, ~ p,, ~ 1 and
then write

F ~

—E;k/kBT
grke
peg,vg,'r' ~ peg : pvg Pk = pJ,K(T) = E gJKe_E-IvK/kBT (8)

JK

where E;x = E(J, K) is the rotational energy defined above and g,k the
corresponding degree of degeneracy. The latter is given by g;x = (2J +

1)grgr [22], where
1 for K=0
gk = 9)
2 for K #£0

and the nuclear degeneracy for molecules of point group Cj,, is expressed as

|

(21 +1)(4I* + 41 + 3) for K divisible by 3 (including zero)

10
(21 + 1) (4% +41) for K not divisible by 3 (10)

W W=



Table 1: Relevant BGC parameters for a CFsH beam produced in the partially hydrody-
namic regime. *) 1 SCCM =~ 4.5 - 1017 molec/s.

H =60 mm o =107 m? v = 0.08
W =60 mm ore =3-1071 m? [31] u=v~70m/s
L =20 mm A =80 pym Ay~ Avy ~ 53 m/s
d=1mm Ny = 80 Af = 21°

fo.e =1 SCCM®™ (vo.e) = 150 m/s F =~ 4-10" molec/s

fo =1SCCM®™ (vo) = 35 m/s AO i =~ 2°

Tye =42 K T~42K Ferim == 3 - 1012 molec/s
Th = 296 K Re =5 Fi-1x=1~1-10" molec/s

For the nuclear spin of the fluorine atom (I = 1/2), g; reduces to
~J4 for K divisible by 3 (including zero) (1)
9= 2 for K not divisible by 3

Summarizing, by virtue of the BGC process, the occupation probability
Pey g, J=1,K=1 =~ Dj=1,k=1 of the |eg, vy, J = 1, K = 1) level is enhanced by
a factor of about 530 (compared to room temperature) up to pj—1 x—1(7 =
4.2 K) = 3.5%, thus yielding ]:eg,vg,J:LKzl = ./_':]:17[(:1 = PJ=1,K=1 'fskim ~
1- 10" molec/s.

As argued, although some properties of a buffer gas beam can be varied
by altering the flow and the hole size, certain applications require a finer
control. In the following, we shall discuss two mutually exclusive manipula-
tion methods which, according to the specific necessity, may be respectively
implemented to reduce the temperature or the forward velocity of the beam.

3.2.1. Further reduction of the beam temperature

As already mentioned, in spite of a moderate rise in the mean longitudi-
nal speed, a further temperature reduction can be achieved by increasing the
gas pressure inside the cryogenic cell up to typical supersonic operating con-
ditions. Characteristically, a supersonic expansion cools the internal degrees
of freedom and reduces the width of the translational speed distribution with
the price of a higher absolute speed in the laboratory frame. However, the
resulting speed will be substantially lower in our case than for a conventional
source, due to the lower temperature of the source (T.). In other words, due
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to the more ordered velocity distribution established by the stagnation tem-
perature inside the BGC cell, conversion into forward velocity of the beam
will occur to a much lower extent. A quantitative treatment starts with the
Bernoulli equation describing a stationary, adiabatic and irrotational flow of
a compressible fluid in the absence of gravity, viscosity and shock waves [32].
Written in differential form for a fluid unit mass, this reads as

d
udu—i—?p:udu—l—dh:() (12)

where p and h denote respectively the density and the enthalpy of the fluid,
u is the flow speed at a point on a streamline, and p the pressure at the
chosen point. Now, for a perfect gas we can write

dh = c,dT (13)

where ¢, = kpy/m(vy — 1) represents the specific heat at a constant pressure,
with m and v being the gas mass and adiabatic index, respectively. Then,
by inserting Eq. 13 into Eq. 12 and introducing the speed of sound

Al (14)
m

one derives the following expression for the sound velocity in an expanding
gas

= a0 (15)

/ -1
1+ -——»M2
i 2

where the Mach number M = u/a has been introduced and qy is the initial
sound velocity, i.e. inside the cell (note that ug = My = 0). We remark that,
by definition, the Mach number is an increasing function of the distance from
the orifice; indeed, while the beam velocity u increases along the expansion
path, the speed of sound a diminishes due to the temperature decrease. Next,
from Eq. 14, the following expansion law for T is retrieved

T

T=— (16)
1+ 1
2
while the velocity u is given by
M
u=Ma= do ] (17)
1+ 1

11



Finally, the Poisson adiabatic, that is p/py = (T/Tp)"0~Y and p/py =
(T/Tp)Y OV yields

p= fo . (18)

1 =1
(1 + %M2>

and p
0
pP= 1 (19)

1 71
(1 + %M2)

At this point, all the relevant parameters are known as a function of the
Mach number. In turn, the dependence of the latter on the distance x from

a circular hole of radius d can be expressed via the semi-empirical formula
by Ashkenas and Sherman [33]

r—x\"" 1 (v+1)/(v=1)
Mz)=4 ( 2d )  2A[(x — m)/(2d)]

(20)

where A and the ratio zo/(2d) are known constants related to the gas species.
As expected, the Mach number increases with z, but only up to the so-called
freezing point where the density drops below a threshold value, which stops
collisions and hence the cooling process. The maximum Mach number is
found to be [34]

Moz = G(2\/§Up0d€)’yv;l (21>
where € represents the maximum fractional change in the mean velocity per
collision, o the cross section for elastic collisions, and G a proportionality
constant also depending on the gas species. The minimum attainable tem-
perature, Ty = T(Mnaz), is then calculated by inserting Eq. 21 into Eq.
16; the corresponding beam velocity, tmaz = w(Mpmaz), is obtained by plug-
ging Eq. 21 into Eq. 17.

In the He case (A ~ 3.26, xy-(2d) ! ~ 0.075, v =5/3, G ~ 2.03, € ~ 0.02,
and o ~ 3-107! m?) and for the above setup parameters, using a buffer gas
flow of 100 SCCM (corresponding to py =~ 3 - 10?3 m=3) leads to T}, ~ 0.8
K and umq: >~ 210 m/s. Interestingly, while further increasing the product
pod still produces a corresponding decrease in T},;n, Umae tends to plateau
(uPlateaw — 9227 m/s); an excessive increment of pod is however prevented by

max
the onset of three-body collisions, which gives rise to clustering phenomena,
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as well as, via enhancement of the gas throughput, by an unmanageable
background pressure, which gives rise to shock wave formation.

Finally, the extra enhancement in pf?ff b (up to 21%), brought about
by the further temperature reduction (from 4.2 to 0.8 K), would also provide

a higher beam flux, F7 42 ~ 6 - 10 molec/s.

3.2.2. Additional decrement of the beam speed

Extra slowing of the beam can be accomplished by attaching a second
cubicle to the aperture of the primary BGC cell. This second cubicle is also
kept cold and equipped with gaps and vents through which the buffer gas
can flow, creating a region of intermediate pressure (about 10% of that in
the main cell) before the vacuum region [35]. In this way, the typical mean
free path in the second cell is on the order of a few millimeters, so that S
experiences only a few collisions. While preserving the low temperature, these
few collisions will have the effect of lowering the boosted forward velocity of
the molecules closer to the thermal speed. The price to pay is a tenable
decrease in the molecular beam flow (between 1 and 2 orders of magnitude),
against a reduction in the longitudinal speed by some factor. In this case,
due to the lack of a reliable prediction model, the main beam parameters can
only be characterized and optimized through comprehensive experimental
investigations.

3.3. Stark collimation of the BGC beam

On the basis of simple geometrical considerations, the beam emerging
from the skimmer has a diameter of 2r; = 2 mm and an angular divergence
of 2°; thus, an electrostatic hexapole lens (EHL) will be used to minimize the
spread in the transverse directions along the entire distance required for the
Ramsey interrogation (D = 1 m). For design purposes, we start by consid-
ering a beam of symmetric-top molecules which propagates along the z axis
of an l.,-length hexapole. Then, to the first-order in the Stark interaction,
the energy of a molecular rotational state with K Mg < 0 increases with the
electric field strength (here Mg indicates the projection of J onto the local
electric field vector); referred to as low-field-seeking (lfs), such a state expe-
riences a force towards the electric field minimum region. In this case, the
EHL matrix yielding the final radial displacement and velocity, 7(z = lper)
and u ™' v,(2 = ljep), in terms of the initial ones, 7; = 7(0) and u=!-v,4(z = 0)
(here u denotes, as usual, the beam longitudinal speed), can be expressed as

13



[36]
( cos(plpez) P Sin(Plhea:)) (22)

—p sin (plhex) COs (plhea:)

where p = (1/u), /%]f({ﬁ%%, Vy being the applied potential and ry the
hexapole radius. It is worth pointing out that the above matrix corresponds
to the ideal hexapole where the six electrodes are extruded hyperbolas; in
practice, this element is best approximated by parallel cylindrical (rod) elec-
trodes having a radius that is 0.565 times that of the hexapole (see upper
frame of Fig. 3) [37]. Next, we call ¢ the distance from the skimmer output
to the hexapole entrance and D the distance from the EHL output to the
second Ramsey zone. Then, by applying the ABCD-matrix formalism, one
can write

r(D)\ (1 D cos(plhez) P~ sin(plhes) 1 ¢ T
(u_l ~UT) - (O 1) (—psin(plhex) cos(plhes) > <O 1> <u‘1 -vri>

(23)
where the first and third matrices on the right-hand side account for the fact
that molecules follow a straight-line trajectory in free space. Essentially, in
order to collimate the molecular beam for a given |JK Mpg) 1fs state, one has
to play with the Vj, 7, lher and ¢ parameters so as to set to zero the upper-
right element of the propagation matrix in Eq. 23. For the |J = 1, K =
1, Mg = —1) level, this happens in correspondence with the following choice:
qg=>5cm, rg=0.5cm, V5 =5000V, lpe, = 1.6 cm; then, 2r(D =1m) = 3.5
cm and v, = 1.4 m/s are found. Actually, ., does not represent the physical
length of the hexapole lens (which is, in fact, greater), but rather the product
U ther Where the, >~ 200 ps is the time interval during which V4 is applied; in
this way, the hexapole field is switched on (off) when the molecules are far
from the entrance (exit) so that the effects of fringe fields are negligible. For
larger V{ values, higher perturbative orders in the Stark interaction energy
must be considered, whereupon the effect of an EHL is no longer simply
described by Eq. 22. Moreover, for sufficiently intense electric fields, all
rotational levels become high-field seeking (hfs); the corresponding states
are deflected away from the z axis and will eventually be lost. In order
to identify the upper limit of the linear Stark-interaction regime so as to
check the validity of Eq. 23, we calculated the exact expression (in the form
of a rapidly convergent continued fraction) for the energy levels of a rigid
symmetric top molecule in an external electric field of arbitrary strength
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[38]. As shown in Fig. 3, numerical evaluation carried out in the specific
case of CF3H points out that the energy of the |J = 1, K = 1, Mg = —1)
level ceases to change linearly only for field strengths exceeding 2.5 kV /mm,
while the lfs-to-hfs transition occurs above 6 kV/mm.

1,5 T T T T T

1,0+ _

0,0 _
0,5} _

Energy (cm'1)

_1 ,5 1 1 1 1 1
0 5 10 15 20 25

Electric field (kV/mm)

Figure 3: Upper frame: electrostatic-hexapole-lens realization by means of six rod elec-
trodes, with radius r,.q, symmetrically arranged at distance rg from the beam 2z axis.
Lower frame: energy of the CF3H |J = 1, K = 1, Mg = —1) level in an external electric
field, evidencing the linear behavior below 2.5 kV/mm and the lfs-to-hfs transition around
6 kV/mm.

15



4. Schematic layout of the whole experimental apparatus

Summarizing, after the hexapole lens, the 4.2-K-temperature fluoroform
beam should have the following characteristics:

e total flux in the lower rotational state of the selected two-photon tran-
sition: FJ¢4 re_y = (1/3)(1/3)Fj=1,k=1 ~ 1-10"" molec/s. The first 1/3
factor accounts for the fact that, among the three |J = 1, K = 1) Stark
substates, only one, |J =1, K =1, Mg = —1), is low-field seeking; the
second one is due to the pulsed operation of the EHL;

e mean forward velocity: u ~ 70 m/s;

e residual angular divergence: ~ 20 mrad.

As a result, the periodicity of the Ramsey fringes is P = u/(2D) ~ 35 Hz.
In order to probe such a narrow spectroscopic feature with the necessary ac-
curacy, an ultra stable and narrow laser source will be realized, referenced to
an optical frequency comb (OFC). The whole experimental apparatus, under
construction, is schematically shown in Fig. 4. Previously locked against
the resonance of a high-finesse cavity made of ultra-low-expansion (ULE)
glass, a continuous-wave (cw) 50-mW-power QCL (Thorlabs, QD8650CM)
is referenced to an offset-free OFC covering a 4-THz-wide interval centered
at 8.63 micron (with a power per tooth of 100 nW). The latter is produced
via difference-frequency-generation (DFG) in a non-linear GaSe crystal [39]
starting from the two outputs of a mode-locked Er-doped fiber laser oscillator
(EDFO in Fig. 4), amplified in a custom dual-branch configuration (Men-
loSystems GmbH). More in detail, the DFG pump laser beam comes from
the main output which, consisting of an Er-doped fiber amplifier (EDFA)
followed by a dispersion compensation system, provides 1.55-pum-wavelength
pulses with a duration less than 70 fs and an average output power of 340
mW:; the DFG signal beam comes from the second output that, comprising
an independent EDFA plus a supercontinuum generation module, delivers
an average output power greater than 300 mW over the entire spectrum
(1050 — 2100 nm). In particular, a linewidth below 1 Hz is reached for the
8.63-um comb teeth by upstream stabilization (via a piezoelectric transducer
and a faster intracavity electro-optic modulator) of the EDFO repetition rate
(i.e. mode spacing) against a sub-Hertz-linewidth optical reference system
[40]. The optical reference system is operated at Istituto Nazionale di Ricerca
Metrologica (INRIM) in Turin and consists of a cw laser at 1.5 um, locked
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to a high-finesse ULE glass cavity (clock laser) [41, 42]. In order to trace the
final spectroscopic frequency measurement back to the Cs primary standard,
the clock laser in Turin is linked to a Cs fountain (typical fractional frequency
accuracy of 3 - 10716 and stability of 2 - 1071% . 771/2 [44]). The clock laser
is then delivered to our experiment in Florence via the national optical fiber
link. In this way, phase locking to the 8.63-micron OFC [43] ensures that the
QCL radiation has a stability better than 1 Hz up to 1000 s, as required for
data collection and averaging. Then, in order to enhance the signal-to-noise
ratio in the final spectroscopic absorption signal, the QCL beam is split into
two beams: one for the Ramsey excitation and the other for the detection;
they are independently frequency shifted by two acoustooptic modulators
in order to be resonant with the two-photon transition and the upper one-
photon transition, respectively. Afterwards, the Ramsey beam is coupled to
a U-shaped cavity (surrounded by a p-metal magnetic shield to avoid any
fringe scrambling due to the Zeeman effect) having a finesse of several hun-
dreds. As a result of the Ramsey excitation, the final, frequency-dependent
probability for a molecule to be in the level |2) is given by

P(w) ~ B(w) {A+ccos“7°f2°/2} (24)
In the above equation, way = [Ero—vin(|2)) = Ero—vin(|0))]/h, B(w) = D3y(w)7?,
A=1+¢e2T and C = 2¢T. Here, T = D/u, T = di_.one/u is the in-
teraction time in one single zone, and ~ represents the spontaneous lifetime
of level |2). Concerning the frequency-dependent amplitude, it can be ex-
pressed as Dog(w) = porpiro] B/ [F?(wip — w)] = —po1ptio| E|?/(Rd), where
w10 = [Ero—vin(|1)) — Ero—vin(|0))]/, |E|* is proportional to the intensity of
the Ramsey laser beam, and o (u10) denotes the dipole matrix element
corresponding to the transition |2) <» |1) (|]1) <> |0)). As anticipated, the
transmission signal consists of periodical fringes, with period P, which are
superimposed on the broader (Doppler-free) two-photon background signal
B(w) arising from the absorption in one single zone. Then, further averaging
of Eq. 24 over the distribution of molecular velocities is needed to obtain
the actual signal; this will result in a gradual attenuation of the side fringes.
The detection beam, instead, injects a separate Fabry-Perot cavity (with a
finesse of a few thousand) to probe, via stimulated emission, the upper level
population as induced by the Ramsey excitation and thus proportional to
the actual fringe signal [45]. Eventually, a suitable function is fitted to the
obtained fringe pattern to extract the periodicity and the center frequency.
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Regarding the latter, given the expected figures for the probe laser and the
molecular beam, and for a reasonable signal-to-noise ratio (SN R = 25), av-
eraging Ny, = 100 individual measurements (each lasting several seconds)
should return a resolution (accuracy) of ~ P/(SNR - /Nay,) = 0.14 Hz,
corresponding to a fractional uncertainty of 4 - 107, According to Eq. 3,
this means that a comparison carried out over a few years would constrain
the fractional temporal variation of the proton-to-electron mass ratio at the
claimed level, provided that all the relevant systematic effects (second-order
Doppler effect, ac Stark effect induced both by the blackbody radiation and
the irradiated probe laser, collision shift, ... ) are properly taken into account
and subtracted. This would represent an order-of-magnitude improvement
compared to the current record, 3/8 = (—3.8 £5.6) - 10714 [16].

5. Conclusions

We have defined the key stages for setting up an experiment which as-
sesses the time constancy of the proton-to-electron mass ratio by precision
ro-vibrational spectroscopy on a sample of cold molecules. In particular, cru-
cial figures have been identified for both the molecular beam and the probe
laser to constrain /3 /B at a level of some 107! /yr, resting on a two-photon
Ramsey-fringes interrogation scheme. Starting with the molecular sample,
the beam emerging from the BGC source will be soon characterized either
by Resonance-Enhanced Multi-Photon Ionization (REMPI) or Cavity Ring-
Down (CRD) spectroscopy. This will clarify the extent to which theoretical
predictions are met and, hence, whether the hexapole lens is sufficient to
reach all the molecular beam characteristics for an effective Ramsey interro-
gation or whether it is necessary to further implement one of the evolutionary
strategies discussed in Sections 3.2.1 and 3.2.2. In this respect, it should be
mentioned that another valuable option under consideration for additional
slowing of the molecular beam, especially in view of future trapping appli-
cations, is represented by the so-called traveling-wave Stark decelerator [46].
In the meantime, after carrying out preliminary Fourier-Transform Infrared
(FTIR) spectroscopy, high-resolution spectroscopic studies of fluoroform are
planned in order to gain a deeper knowledge of the 8.63-um spectrum. On
the other side, work is in progress for the realization of the OFC-assisted,
QCL-based interrogation source.
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Figure 4: Schematic layout of whole experimental apparatus. The following legend
holds: DC=dispersion compensation, SCG=supercontinuum generation, AOM=acousto-
optic modulator, LO=local oscillator, MCT=HgCdTe detector, SLE=servo loop electron-
ics, D=InGaAs detector, M=mixer.
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