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Precision measurements with molecules require molecular beams with high flux and narrow di-
vergence. Here we present the design, implementation, and characterization of an electrostatic
quadrupole lens (EQL) for focusing a cryogenic beam of 205TlF molecules. The EQL consists of
four electrodes operated at spatially alternating potentials up to ±30 kV. This configuration gener-
ates a transverse restoring force that focuses molecules prepared in selected manifold of hyperfine
states. At the optimal applied voltage, the EQL increases the detected molecular signal by a factor
of 14.4(4) at the current detection position. The measured lens gain, transverse Doppler spectra,
and transverse spatial profiles are all reproduced by trajectory simulations using independently mea-
sured beam parameters as input. Based on this agreement, we project a gain of 16.5(8) for the full
7.9 m CeNTREX beamline. These results establish the EQL as a key component for increasing
sensitivity in precision experiments using cryogenic beams of polar molecules.

I. INTRODUCTION

Molecular beams are a standard platform for preci-
sion measurements. The statistical sensitivity of these
measurements generally improves with the number of
detected molecules in the relevant quantum state. How-
ever, geometric constraints between the beam source and
detection can significantly reduce the detected molecule
number. This is especially pronounced for cryogenic
buffer-gas beams that offer low forward velocities but
present substantial transverse divergence [1]. Transverse
collimation and focusing therefore become particularly
useful for increasing the detected molecular flux and the
statistical sensitivity.

Electrostatic multipole lenses are commonly used to
control the transverse motion of polar molecules. By
exploiting the Stark shifts of selected states, electro-
static multipole fields can produce state-dependent and
position-dependent transverse forces, enabling collima-
tion, focusing, and state selection in molecular beams [2–
4]. These techniques have long been used in molecu-
lar beam physics and precision measurements, includ-
ing earlier thallium monofluoride (TlF) Schiff-moment
searches as well as recent experiments with ThO and
BaF molecules [5–11]. These demonstrations established
electrostatic focusing as a powerful technique with per-
formance that depends strongly on the molecular beam
source properties and internal state preparation.

In CeNTREX (the Cold Molecule Nuclear Time-
Reversal EXperiment), electrically polarized TlF molec-
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ular beams are used to search for the nuclear Schiff mo-
ment of 205Tl, improving constraints on hadronic time-
reversal violation [12]. In the experiment’s 7.9 m long
beamline, transverse expansion of the molecular beam
can strongly limit the number of molecules reaching
the detection region. Increasing the detected molec-
ular flux therefore requires sufficient accumulation in
the desired state as well as efficient transverse focus-
ing and collimation through the beamline. Consider-
able progress has been made in population transfer and
state preparation via rotational-hyperfine cooling [13]
and microwave-driven adiabatic passage [14]. Electro-
static quadrupole lensing can address collimation and
focusing while preserving compatibility with the state-
preparation sequence.

Here we implement and characterize an electrostatic
quadrupole lens for CeNTREX. We first characterize
the molecular source position distribution, which pro-
vides an important input for quantitative modeling of
the lens performance. We then measure the increase in
detected molecule number produced by the lens and char-
acterize the effect of the lens on velocity and position
distributions of molecules. This work extends previous
TlF electrostatic-focusing measurements in several im-
portant ways. First, the lens is applied to a cryogenic
buffer-gas TlF beam, whose relatively slow forward ve-
locity and narrow velocity spread make transverse focus-
ing particularly effective. Second, the focusing is per-
formed in a selected internal state, enabling full control
over the molecules’ internal and external degrees of free-
dom. Third, the lens operates at electric fields up to
∼ 30 kV/cm, enabling strong focusing. Near the beam
axis, the electric field of the quadrupole lens creates a
harmonic transverse potential; hence, the device func-
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tions analogously to a thick optical lens [15, 16].

II. BACKGROUND

In this section, we briefly present the theoretical back-
ground for the electrostatic quadrupole lens principle and
the properties of TlF molecules in electric fields.

A. Lens Model

Lens field and quadratic Stark potential. The
quadrupole configuration of ideal electrodes held at
spatially alternating electric potentials ±V generates an
electric field of magnitude

∣∣E(r)
∣∣ = 2V r

R2 , (1)

where 2R is the lens bore diameter and r is the distance
from the beam axis. For a molecular state with quadratic
Stark shift, the quadrupole field produces a harmonic
radial potential,

∆E
(2)
S (r) = C

∣∣E(r)
∣∣2 = 4C

V 2

R4 r2, (2)

where ∆E
(2)
S denotes the Stark shift evaluated in the

quadratic approximation, and C is a state-dependent co-
efficient. For a linear rigid rotor in the weak-field limit,
second-order perturbation theory gives the standard re-
sult [17]; for the lensing state |J = 2, mJ = 0⟩ (J and mJ

are the rotational quantum number and its projection),
this reduces to

C = µ2
e

42hB
, (3)

where B is the rotational constant, µe is the body-
fixed electric dipole moment, and h is Planck’s con-
stant. In the case considered here, µe = 4.23 Debye and
B = 6.67 GHz.

For TlF, this weak-field quadratic description is appro-
priate because the X 1Σ+ ground state lacks opposite-
parity near-degenerate levels and the |J = 2, mJ = 0⟩
Stark shift remains very nearly quadratic in fields up to
E ≈ 20 kV/cm. For the maximum electrode voltage used
here, V = 30 kV and the electric field inside the lens bore
is below 30 kV/cm. Thus the analytic quadratic model
provides a good description for near-axis trajectories and
is a useful guide to the lens behavior.

Focusing strength and effective focal length. The har-
monic Stark potential corresponds to a radial restoring
force

Fr = −∂∆E
(2)
S

∂r
= −8C

V 2

R4 r. (4)

For a molecule of mass m with approximately constant
longitudinal velocity vZ , using Z = vZt (where t is the
time of traversal) gives

d2r

dZ2 + p2r = 0, (5)

where

p =
(

8CV 2

R4mv2
Z

)1/2

. (6)

Thus the EQL acts as a finite-length focusing element
with a focusing strength (the spatial wavenumber p) pro-
portional to |V | /vZ . In the ideal harmonic approxima-
tion, the EQL can be described using the ray transfer
matrix formalism which relates the transverse position
and angle of a molecule at the lens entrance and exit.
This model treats an EQL of length l as a thick optical
lens whose entrance and exit planes are separated by l,
with an effective focal length [15, 16]

feff = 1
p sin(pl)

. (7)

Because p ∝ |V |/vZ , the focal length depends on longi-
tudinal velocity. The finite velocity spread of the molec-
ular beam therefore produces a spread of focal lengths,
analogous to chromatic aberration in an optical lens.

B. TlF in Electric Fields

In the electronic and vibrational ground state
X 1Σ+(v = 0) of TlF, we typically denote field-free states
under the coupled basis |J, F1, F, mF ⟩ [12] where J is
the total angular momentum excluding the nuclear spins;
F1 = J + I1 with I1 = 1/2 for 205Tl; F = F1 + I2 with
I2 = 1/2 for 19F; and mF is the projection of F along
the quantization axis. At intermediate fields, J and mJ

are approximately good quantum numbers.
At higher fields (E ≳ 10 kV/cm), the Stark interac-

tion becomes comparable to the rotational spacing, and
greatly exceeds the hyperfine couplings, mixing adjacent
J levels so that J ceases to be a good quantum number.
Nevertheless, the J = 2, mJ = 0 Stark shift stays close
to quadratic up to E ≈ 20 kV/cm before higher-order
corrections become significant (see Fig. 2 (a)).

In the excited electronic state B3Π1(v = 0) used for
detection, J and F1 are only approximate quantum num-
bers because of strong hyperfine mixing [18, 19] and the
eigenstates are denoted by

∣∣J̃ , F̃1, F, mF

〉
.

III. EXPERIMENT OVERVIEW

A. Beamline and State Preparation

A schematic of the apparatus is shown in Fig. 1.
For each molecular pulse, the cryogenic TlF beam has
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FIG. 1. Schematic of the experimental apparatus. TlF molecules emerge from the cryogenic buffer-gas beam source and pass
through the Rotational Cooling (RC) region, the State Preparation A (SPA) region, and the electrostatic quadrupole lens
before entering the laser-induced fluorescence (LIF) detection region. The electric field lines produced by the lens are shown
as purple arrows. The molecular beam travels along the Z direction; the other spatial axes are shown as well. Beam aperture
positions are indicated. Molecular state evolution is illustrated in the lower part of the figure.

an approximately Gaussian forward velocity distribu-
tion, with a mean v̄Z ≈ 195 m/s and standard devia-
tion σvZ

≈ 17 m/s. The pulse-to-pulse fluctuation of
the mean velocity is σv̄Z

≈ 5m/s, which appears as a
slow drift as the ablation target degrades. After exit-
ing the source, the molecules enter the rotational cool-
ing (RC) chamber, located ∼ 40 cm downstream from
the source chamber and ∼ 60 cm from the cell exit.
Here the molecules interact simultaneously with a multi-
pass laser beam and two focused, free-space microwave
beams that transfer population from the J = 1, 2, 3 rota-
tional levels into J = 0 [13]. After RC, the molecules
enter the State Preparation A (SPA) chamber, where
a spatially varying electric field and two focused mi-
crowave beams drive successive adiabatic-passage tran-
sitions into the |J = 2, mJ = 0⟩ manifold of hyperfine
substates used for lensing [14]. The prepared molecules
then pass through the electrostatic quadrupole lens be-
fore reaching the laser-induced fluorescence (LIF) detec-
tion region.

B. Electrostatic Quadrupole Lens

The electrostatic quadrupole lens (EQL) is located im-
mediately downstream of the SPA chamber and focuses
molecules in the |J = 2, mJ = 0⟩ manifold populated by
the adiabatic-passage sequence. The lens assembly con-
sists of four cylindrical stainless-steel electrodes arranged
symmetrically about the beam axis, as shown in Fig. 2.
The bore diameter is 2R = 1.75 in = 4.45 cm, and the
electrode length is 60 cm. For a good approximation
of the electric quadrupole potential, the electrodes are
chosen to be circular rods whose diameter is equal to

2R = 1.75"

2R
−V

+V−V

+V

a)

b)

FIG. 2. (a) Stark shift of the |J = 2, mJ = 0⟩ hyperfine man-
ifold of states. The red dashed line indicates the quadratic
Stark shift given by Eqs. (2–3) at E ≲ 20 kV/cm. (b)
Front view of the electrostatic quadrupole lens (EQL). Col-
ored curves are equipotential surfaces. The electrodes have
length l = 60 cm, the bore diameter and the rod diameter is
2R = 1.75 in, and the applied potential can be as high as
V = 30 kV. The electrode support structure is mounted on
translation stages (not shown) that allow for alignment of the
lens under vacuum. (Reproduced from Ref. [12].)

the bore diameter [20]. The electrode length is 60 cm.
Adjacent electrodes are held at spatially alternating po-
tentials ±V , with V up to 30 kV. During high-voltage
operation, a radiation monitor is mounted near the lens
chamber to check for possible X-rays from electrode field
emission or vacuum arcing [21]. With the lens operating
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at ±30kV, the measured X-ray dose rate was approxi-
mately 0.08 µSv/h, consistent with the ambient back-
ground level. The electrodes are mounted on Macor sup-
ports attached to stainless-steel rods. Flexible bellows
at the chamber wall allow the rods to be moved by ex-
ternal three-axis translation stages at the upstream and
downstream ends of the lens; common motion of the two
stages sets the transverse position of the lens and dif-
ferential motion sets its angle relative to the molecular
beam axis while under vacuum. The initial alignment
was performed in air using an alignment laser and re-
movable apertures.

C. Detection and Lens Gain Measurement

Downstream of the EQL, the molecules are detected
by LIF in a chamber located 5.2 m from the source. A
rectangular aperture of width 20 mm and height 50 mm
is positioned 25.4 mm upstream of the probe laser. The
aperture rejects molecules with large transverse veloci-
ties, whose Doppler shifts would move them far from res-
onance and reduce the scattered photons for fluorescence
detection. It also defines the detection geometry, provid-
ing a well-defined solid angle as seen by photomultiplier
tubes (PMTs). Fluorescence is collected by two oppos-
ing PMTs mounted above and below the probe region,
symmetrically about the molecular beam axis.

Detection is performed on the R-branch transition
from the J = 2 rotational level of the ground state to
the highest hyperfine component of the J̃ ′ = 3 manifold
in the B3Π1 excited state (Section III D). This transi-
tion is R(2) F̃ ′

1 = 7/2 F ′ = 4, where primes are used
for excited-state quantum numbers, and P -, Q- and R-
branch labels denote transitions with J̃ ′ = J − 1, J̃ ′ = J
and J̃ ′ = J +1, respectively. The transition wavelength is
271.75 nm. This ultraviolet (UV) probe light is generated
by frequency quadrupling 1087 nm seed laser output in
two successive second-harmonic-generation stages, pro-
ducing up to 50 mW of the UV. The transition readily
saturates and yields approximately two scattered photons
per molecule before pumping into dark states [13, 18, 19].

We determine the lens gain from LIF signals in the de-
tection region. We normalize signals to an ablation-yield
monitor that records Q-branch absorption immediately
downstream from the beam-source cryogenic cell and pro-
vides a shot-to-shot measure of the molecular beam yield
obtained from ablating a solid TlF target. Additional
measurements where the probe position, beam size, and
detuning were varied helped us characterize the molecu-
lar spatial and velocity distributions.

D. State Mapping and Background Contributions

Each TlF eigenstate is labeled by the value of J to
which it connects adiabatically as the electric field is re-
duced to zero [12, 14]. In sufficiently large electric fields,

↓↓↓,↑↑ ↑↑↑,↓↓↓↓↓,↑↓ ↑↑↑,↓↑

↓↓↓,↓↑ ↑↑↑,↑↓↓↓↓,↓↓ ↑↑↑,↑↑

↓↓↓,↑↓ ↑↑↑,↓↑

↓↓↓,↓↑ ↑↑↑,↑↓↓↓↓,↓↓ ↑↑↑,↑↑

↓↓↓,↑↑−↑↑↑,↓↓

↓↓↓,↑↑+↑↑↑,↓↓

000,↓↓ 000,↑↑

000,↓↑+000,↑↓

000,↑↓−000,↓↑

mJ

±2

±1

0

|E| ≈ 30 kV/cm

-3 -2 -1 0 1 2 3mF

|E| = 0
F F1

1
2

2
3

3
2

5
2

-3 -2 -1 0 1 2 3

FIG. 3. Mapping of the J = 2 manifold as the electric field
magnitude is reduced from |E| ≈ 30 kV/cm to zero. Both
sides are arranged in columns of mF , which is conserved
throughout. The high-field states (left) are labeled by mJ

and by their nuclear-spin components mI1 , mI2 as, for exam-
ple, ↑↑↑,↑↓: the first, bold symbol denotes the sign of mJ , a bold
0 for mJ = 0, while the latter two arrows denote mIi = ±1/2.
The zero-field states (right) are labeled in the coupled basis
|F1, F, mF ⟩, whose mF sublevels are degenerate. Colors in-
dicate the correlations: green and red denote |mJ | = 1 and
|mJ | = 2, respectively, blue and orange the mJ = 0 states
with total nuclear spin It = 1 and It = 0, respectively. The
zero-field side is drawn to scale. On the high-field side, split-
tings within each mJ group are to scale, except where too
small to render. Different magnification factors are used for
different mJ groups, and the groups themselves are drawn
equally spaced.

the rotational angular momentum decouples from the nu-
clear spins, and mJ becomes a good quantum number.
For mJ = 0 states, the two nuclear spins are then conve-
niently described by the total nuclear spin It = I1 + I2,
giving a singlet (It = 0) and a triplet manifold (It = 1).
(The nuclear spin-rotation coupling averages to zero for
mJ = 0, leaving the nuclear spin-spin interaction.) For
the stretched triplet states (mIt

= ±1) this coincides
with states of definite mI1 and mI2 , whereas the mIt

= 0
states are the symmetric (triplet) and antisymmetric
(singlet) combinations.

For the lensing measurements reported here, the
rotational-cooling laser was operated on the P (2) F̃ ′

1 =
3/2 F ′ = 2 transition rather than on the P (2) F̃ ′

1 =
3/2 F ′ = 1 that will be used under ordinary operat-
ing conditions for CeNTREX. This prepares molecules
in (It = 1) of the J = 0 state to take advantage of a
favorable detection scheme, while the CeNTREX Schiff-
moment measurement will operate on (It = 0). Since
the mJ = 0 states have nearly identical Stark shifts over
the relevant electric field range, their lensing behavior is
expected to be the same.

Detection is performed at nominally zero electric field.
Figure 3 shows the adiabatic mapping between the high-
field and zero-field bases in the J = 2 manifold. The
(mJ = 0, It = 1) triplet (blue states in Fig. 3) maps to
|F1 = 5/2, F = 3, mF = 0, ±1⟩, which are addressed by
the detection laser. The (mJ = 0, It = 0) singlet (orange
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state in Fig. 3) maps to |F1 = 5/2, F = 2, mF = 0⟩, which
cannot be excited to the final state F ′ = 4 by the probe
laser.

The choice of detection transition is important for sup-
pressing coherent dark states. In the X1Σ+ ground state
the hyperfine splittings are ∼ 100 kHz, much smaller than
the natural linewidth of the B3Π1 state, ΓB = 1.6 MHz.
Thus, multiple ground-state hyperfine components are
simultaneously addressed by a single laser frequency. In
contrast, the excited-state hyperfine structure is resolved,
with splittings ranging from ∼ 100 MHz to ∼ 13 GHz.
To avoid producing coherent dark states and reduc-
ing the fluorescence yield, we drive the transition from
|J = 2, F1 = 5/2, F = 3⟩ to the highest hyperfine compo-
nent (F ′ = 4) of the J̃ ′ = 3 manifold. This connects
seven ground states to nine excited states and prevents
dark states.

Residual population in other J = 2 states, left over
from imperfect rotational cooling, can contribute a small
background to the measured lens gain. The mJ = ±1
states exhibit only weak lensing, while the mJ = ±2
states are defocused by the lens. Based on the measured
rotational-cooling efficiency [13], the residual background
is expected to be at the percent level at zero lens voltage
and smaller at nonzero voltage; we ignore it in our sim-
ulations. We note that the lens also acts as an mJ = 0
state filter.

E. Trajectory Simulations

We used numerical trajectory simulations to model the
lens behavior and to test this model against the measure-
ments. In the simulations, transverse molecular motion
is governed by

m
d2X

dt2 = −∂(∆ES)
∂X

, m
d2Y

dt2 = −∂(∆ES)
∂Y

− mg, (8)

where ∆ES is the exact Stark shift of the lensing state
[Fig. 2(a)] and g is the gravitational acceleration. In con-
trast to the model of Section II A, the simulations inte-
grate the full two-dimensional transverse motion. Within
the lens region, we used the ideal quadrupole electric field
described by Eq. (1). We also calculated the full three-
dimensional electric field distribution of the lens using
COMSOL software including fringe field effects at the en-
trance and exit of the lens. The resulting trajectory simu-
lations using this field distribution showed negligible dif-
ferences from those obtained using the ideal quadrupole
field, so the ideal-field approximation was used for the re-
sults presented here. Equation (8) was numerically inte-
grated using the Runge-Kutta-Fehlberg method (RK45)
to obtain the position and velocity of each molecule after
propagation through the lens region. Outside the lens
region, the molecules were assumed to move ballistically.
The initial trajectories were sampled from the measured
source position distribution (Section IV A) together with
the measured source velocity distribution.

IV. RESULTS

First, we present the measurement of the molecular
source position distribution. Then we characterize the
EQL using three observables: the lens gain, the trans-
verse velocity distribution, and the transverse spatial dis-
tribution at the detection region. The lens gain directly
quantifies the increase in detected molecular flux, while
the velocity and spatial distributions provide indepen-
dent tests of our trajectory simulation model and deter-
mine the beam properties needed to design the down-
stream state-preparation regions.

A. Source Distribution Characterization

The transverse position distribution of molecules ex-
iting the cryogenic beam source was characterized using
a one-dimensional pinhole-camera geometry. A narrow
horizontal slit of 25.4 mm width and 2 mm height was
placed inside the RC chamber 51 cm downstream from
the source, effectively serving as a pinhole. The detec-
tion chamber was located 151 cm downstream from the
beam source, giving an image-to-object distance ratio of
∼ 2:1 and a geometric magnification of ∼ 2. The detec-
tion laser had a 1/e2 diameter of 3.2 mm along the ver-
tical direction. The vertical position of the laser beam
was scanned using a periscope mounted on a translation
stage, and LIF signal was recorded as a function of laser
beam height to obtain a one-dimensional magnified pro-
jection of the source distribution.

This projection is shown in Fig. 4(a). Assuming ap-
proximate azimuthal symmetry of the source emission
about the beam axis, which is consistent with the cylin-
drical symmetry of the source cell aperture, the two sides
of the measured projection should be identical within
measurement noise [22]. We therefore symmetrized the
projection about its centroid and fitted the averaged half-
profile with a cubic spline [Fig. 4(a), blue curve] before
applying the inverse Abel transform to recover the ra-
dial source distribution in Fig. 4(b) [23]. As a consis-
tency check, we sampled this radial distribution and pro-
jected onto a single Cartesian axis, yielding the red curve
in Fig. 4(a). This is the initial transverse position dis-
tribution used in the trajectory simulations of Section
III E. After correcting for the magnification, the recon-
structed distribution has a full width at half maximum
of ∼ 5.4 mm. We estimate that the finite slit height con-
tributes a systematic error of ≲ 0.2 mm to the source
size. This error is small compared to other systematic
effects that arise in lens characterization and therefore is
not included further.

B. Lens Gain

The lens gain at the center is defined as the ratio of the
background-subtracted, yield-normalized LIF signal with
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FIG. 4. (a) Measured one-dimensional projection of the
molecular source position distribution, normalized by its in-
tegral (black points); the symmetrized spline interpolation
used as input to the trajectory simulations (blue line); and
the one-dimensional projection obtained by sampling the re-
constructed radial distribution (red line). (b) The radial po-
sition distribution recovered by the inverse Abel transforma-
tion. These measurements were used as input for the trajec-
tory simulations.

the EQL energized to that with the EQL turned off. For
this measurement, the detection laser had a 1/e2 diam-
eter of 8.4 mm vertically and 2.6 mm horizontally, with
a power of 24 mW. The corresponding power-broadened
linewidth is 16.7 MHz, sufficient to saturate molecules
passing near the center of the detection area. The de-
tection area was placed 5.2 m from the source and 3.8 m
from the center of the lens.

We determined the forward velocity distribution of
the molecular beam to be approximately Gaussian, with
its mean v̄Z drifting slowly with depletion of the abla-
tion target. To reduce sensitivity to this drift, the lens
on/off gain was measured in an interleaved sequence.
For most lens voltage settings, the gain was obtained
from two interleaved and averaged on/off measurements;
near the maximum gain at 26.4 kV, three measurements
were made. For the voltage-on points collected mid-
measurement, interleaving effectively doubled the lens-
off sampling since these points were bracketed by lens-off
shots on both sides. The forward velocity distribution
was extracted in situ from the time-of-flight traces, and
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Data

FIG. 5. Lens gain as a function of applied EQL voltage.
The points show the measured, background-subtracted, yield-
normalized LIF gain, rescaled to a nominal mean forward ve-
locity of 195 m/s. Error bars represent the standard error of
the mean. The solid curve shows the trajectory simulation us-
ing the same nominal velocity distribution; the shaded band
indicates the effect of measured shot-to-shot fluctuations in
the mean forward velocity.

the measured gains were rescaled to a nominal mean for-
ward velocity of 195 m/s using a velocity-dependent cor-
rection factor obtained from our simulations. This factor
takes a value ranging from 0.95 to 1.1.

Figure 5 shows the measured lens gain as a function of
EQL voltage. The gain increases with voltage, reaches a
maximum of 14.4(4) at 26.4 kV, and decreases at higher
voltages. The ray transfer model of Section II A predicts
approximate collimation near 26 kV, where the focal re-
gion overlaps the detection volume. The observed volt-
age dependence is consistent with the expected focus-
ing behavior: increasing voltage increases the focusing
strength, moving the focal plane upstream until it ap-
proaches the detection region. At higher voltages, over-
focusing occurs and the beam expands before detection.
This dynamic is illustrated by Fig. 6.

rigwhat Trajectory simulations (Section III E) were
used to calculate the lens gain at its center, for molecules
with nominally zero transverse velocity. The simulations
utilized the measured source position distribution, the
measured transverse velocity distribution, and the nom-
inal forward velocity distribution used in the rescaling
procedure. The solid curve in Fig. 5 shows the simu-
lated gain at the nominal mean forward velocity, while
the shaded band includes the effect of the measured shot-
to-shot mean forward-velocity fluctuations over ∼ 3 min
measurement period when the lens is turned on. The sim-
ulated gain at the center is 14.0(6) while the simulated
gain integrated over the entire molecular beam is 13.8(4)
at optimal voltage. The measured gain is fully consis-
tent with the trajectory simulations combined with the
optical Bloch equation (OBE) LIF detection model.
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FIG. 6. (a) Trajectory simulations showing lens focusing at
various voltages for the current experimental setup. Blue lines
represent trajectories of observed molecules, while red lines
represents trajectories of molecules that are rejected by aper-
tures. The lens focus moves from right to left as the voltage
increases, and at 26.4 kV it coincides with the detection re-
gion. (b) Trajectory simulations for the full 7.9 m CeNTREX
beamline, at the optimal voltage of 23 kV.

C. Transverse Velocity Distribution

The transverse velocity vX distribution is character-
ized by scanning the detection laser detuning and mea-
suring the Doppler spectra. Figure 7 shows the Doppler
spectra at various lens voltages. The detection laser was
aligned to the X-axis (Fig. 1) of the beamline, with
0.5 mW power to minimize power broadening. Each data
point is from 8 distinct laser-ablation locations on the
TlF target, with 20 shots per location.

The measured Doppler FWHM increases from 4.8 MHz
(1.3 m/s) at 0 kV to 6.4 MHz (1.8 m/s) at 26.4 kV, and
broadens to 7.2 MHz (2.0 m/s) at 29.2 kV. As the volt-
age increases, the signal grows for all transverse velocities
while the spread of the transverse velocity also increases.
Above the optimum voltage, the Doppler width broadens
rapidly due to overfocusing, and the signal starts to de-
crease. For an ideal monochromatic beam and a point
source, focusing would reduce the transverse velocity
spread to zero at the detection region. However, the lon-
gitudinal velocity spread produces chromatic aberration,
causing the observed Doppler width to increase gradually
with voltage up to the optimum voltage. Assuming ap-
proximate cylindrical symmetry of the source and lens ge-
ometry, the transverse velocity distribution along Y is ex-
pected to follow the same trend. At the optimum 26.4 kV

voltage, trajectory simulations indicate that the lens ac-
cepts and transports an upstream transverse-velocity dis-
tribution with an effective FWHM of 3.8 m/s to the
detection region. This acceptance is within the effec-
tive range of the upstream RC region [13]. Moreover,
the 1.8 m/s transverse velocity FWHM measured down-
stream is compatible with our subsequent interaction re-
gions planned for the CeNTREX beamline [12].

The simulated Doppler spectra are obtained by con-
volving the lineshapes derived from OBEs, the transverse
velocity distributions from trajectory simulations, and
the seed laser lineshape (with a linewidth of ∼ 300 kHz
prior to frequency quadrupling, and ∼ 1.2 MHz in UV,
determined by beat measurement of two seed lasers). To
compare the simulations with measurements, a single am-
plitude scaling parameter was derived by fitting the 0 kV
normalized data to the simulation; the same normaliza-
tion factor was then applied to all subsequent simula-
tions. The simulated spectra shown in Fig. 7 reproduce
both the increase in integrated signal and the voltage-
dependent broadening of the Doppler profile.

D. Transverse Position Distribution

The transverse position distribution was measured by
scanning the vertical (Y ) position of the detection laser
while maintaining a tighter vertical 1/e2 beam diame-
ter of 3.2 mm for better resolution. Figure 8 shows the
measured transverse spatial profiles of the molecules at
various lens voltages. With the lens turned off, the verti-
cal position distribution is relatively flat due to the large
initial transverse velocity spread at the source. As the
lens voltage increases, the distribution narrows due to
focusing. However, as the voltage increases further, the
molecular beam becomes overfocused, resulting in a re-
duced overall signal amplitude and a flatter spatial dis-
tribution. Assuming cylindrical symmetry, we expect the
horizontal (X) spatial distribution to follow the same
trend, aside from the slight vertical gravitational drop.

For each probe height, the signals collected from the
upper and lower PMTs were corrected for their height-
dependent collection solid angles before averaging to ob-
tain the normalized molecular signals. The opposing-
PMT geometry reduces sensitivity to height-dependent
collection efficiency variations. Each data point in Fig. 8
is from 8 distinct laser-ablation locations, with 10 shots
per location.

Trajectory simulations were used to compute the ex-
pected molecular position distributions. The simulated
profiles take into account the measured intensity profile
of the detection laser. The single-parameter normaliza-
tion described in Section IV C was applied here as well.

Our simulations predict that the center of the molec-
ular distribution should drop by ∼ 2 mm relative to the
reference height due to gravity. However, the observed
distribution is centered near 0 mm. We attribute this
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FIG. 7. Transverse (horizontal) Doppler spectra for several EQL voltages. A transverse velocity of 1 m/s corresponds to
3.68 MHz of detuning at 271.75 nm. The data was normalized to unity at zero detuning and 0 kV. Error bars show the
standard error of the mean. The shaded simulation bands include the measured forward-velocity fluctuations. Note the
different vertical scale in the leftmost plot.
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FIG. 8. Transverse (vertical) molecular beam profiles for several EQL voltages. The data was normalized to unity at zero
height offset and 0 kV. Error bars show the standard error of the mean. The shaded simulation bands include the measured
forward-velocity fluctuations and the estimated lens alignment uncertainty. Note the different vertical scale in the leftmost
plot.

to the alignment accuracy of the lens. A lens electrode
tilt of ∼ 5 × 10−4 rad, which is within our alignment tol-
erance, would compensate the gravitational drop. The
effect of the tilt was incorporated into the error band
calculations.

V. CONCLUSION

We have designed, implemented, and characterized an
electrostatic quadrupole lens to focus a cryogenic molec-
ular beam of 205TlF. By exploiting the quadratic Stark
effect of the |J = 2, mJ = 0⟩ levels in the X1Σ+ ground
state, the quadrupole electrode configuration generates
a radially linear electric field resulting in a harmonic
restoring force. This mechanism serves to transversely
focus the molecular beam, analogously to a thick optical
lens, with an effective acceptance of transverse veloci-
ties within ±3.8 m/s. This should be compared to the
aperture-limited geometric acceptance of only ±0.4 m/s.

We used laser-induced fluorescence to measure a maxi-
mum signal enhancement of 14.4(4) at an optimal applied
voltage of ±26.4 kV, where the focal point of the lens
overlaps with the detection position. The experimen-
tally determined lens gain, transverse Doppler spectra,
and transverse spatial profiles are all reproduced by tra-
jectory simulations using independently measured molec-
ular and laser beam parameters, validating our model
of the lens dynamics and confirming the adiabaticity of

molecular state propagation within the lens.
The full CeNTREX beamline is 7.9 m long. In this

case, the trajectory simulations project the lens gain at
center to be 15.3(5). The simulated gain integrated over
the entire molecular beam is 16.5(8), closely compara-
ble to the ThO hexapole result with linear Stark shifts
[9] and translating directly into a statistical sensitivity
for the 205Tl Schiff moment measurement improved by
a factor of 4.1(1) in the shot-noise limit. The EQL
works in concert with the upstream rotational-hyperfine
cooling and microwave adiabatic-passage stages of the
CeNTREX state-preparation protocol, and the demon-
strated enhancement of the detected molecular signal
translates directly into improved statistical sensitivity for
the planned Schiff moment measurement. Ultimately,
these results establish the EQL as a vital component
for maximizing molecular flux and increasing sensitivity
in precision measurements that utilize cryogenic polar-
molecule beams.
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