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We have developed and experimentally demonstrated an improved electrostatic deflector for the spatial

separation of molecules according to their dipole-moment-to-mass ratio. The device features a very

open structure that allows for significantly stronger electric fields as well as for stronger deflection

without molecules crashing into the device itself. We have demonstrated its performance using the

prototypical carbonyl sulfide molecule and we discuss opportunities regarding improved quantum-

state-selectivity for complex molecules and the deflection of unpolar molecules. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4991479]

I. INTRODUCTION

The history of the deflection of neutral atoms and

molecules in vacuum began in 1922 with the famous Stern-

Gerlach experiment,1–3 which exploited the Zeeman effect

of silver atoms and the corresponding force in an inhomo-

geneous magnetic field. Just a few years later, the deflec-

tion of molecules by an inhomogeneous electric field was

demonstrated.4,5 Various deflector shapes and techniques have

evolved to optimize the process,6–9 and an overview of vari-

ous early experimentally employed deflection-field geometries

was already presented in Ramsey’s textbook on molecular

beams.10 Modern experiments typically employed geome-

tries approximating two-wire fields.6,7 The technique allowed

for a wide range of applications, such as the separation of

molecules in individual rotational states,11–13 of conform-

ers,14–16 and of specific molecular clusters.17 Additionally,

the deflector enables the separation of polar molecules from

the seed gas, which is relevant, for instance, for gas-phase

diffraction experiments.18–21

Alternatively, eigenstates of small polar neutral molecules

can be separated using switched electric or magnetic

fields.12,22–28 Large molecular ions were separated accord-

ing to their shape using ion-mobility techniques.29,30 Fur-

thermore, laser fields have been used to deflect and decel-

erate neutral molecules,31–34 which also works for non-polar

molecules. Laser-based electric deflection has demonstrated

state-separability,34 but is limited by very small volumes,

typically only manipulating a small subset of the molec-

ular beam. The polarizability interaction was also used in

the deceleration of hydrogen molecules in Rydberg states35

and in weak-deflection polarizability measurements.6,36 In

addition, inhomogeneous ac- and dc-electric fields are
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predicted to manipulate the average deflection angle and its

distribution when combined with strongly aligned molecular

samples.37,38

We have developed a Stark deflector for increased sep-

aration of cold molecular species in a beam that utilizes an

improved geometry and supports stronger fields. The geometry

is similar to previously proposed8,39 and utilized40 deflec-

tors but is unique in its applicability for the separation of

molecular species in dense molecular beams.9 Here, we exper-

imentally demonstrate its performance for the separation of

the eigenstates of carbonyl sulfide (OCS). We have charac-

terized the deflection power through column-density mea-

surements and the separation of eigenstates through state-

specific mixed-field orientation measurements.41,42 More-

over, we have performed simulations on the deflection of

non-polar molecules and discuss the feasibility of such

experiments.

II. THEORY

A. Stark effect

In first order, the interaction of a molecule with a dc

electric field, the Stark effect, is governed by the so-called

permanent dipole moment µ,9,43

W (1)
= −µ · ǫ = −µǫ〈cos θ〉, (1)

and by the polarizability tensor, α, or induced-dipole, µind,

interaction43

W (2)
=

1

2
ǫαǫ = −µind · ǫ . (2)

The effective, space-fixed, dipole moment µeff = −∂W/∂ǫ ,

the derivative of the energy W = W (1) + W (2) with respect

to the electric field, directly describes the interaction strength

of the molecule with the field and the corresponding force in
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an inhomogeneous electric field,9,27

W = µeffǫ , (3)

F = µeff∇ǫ . (4)

Stark effect calculations were performed using a modi-

fied version of the CMIstark program package44 with added

polarizability matrix elements according to (2).43 The result-

ing energies and effective dipole moments of the lowest-energy

states of OCS are shown in Fig. 1. For these field strengths,

the effect of the polarizability is below 1% and is not visible

in the data in Fig. 1.

B. Deflector design

The design of the deflector was governed by the need

to accept dense cold molecular beams, such as generated in

high-pressure expansions from Even-Lavie valves.9,45 These

beams have internal temperatures below 1 K, but in order to

avoid beam heating, they require large, multi-millimeter diam-

eter skimmers and correspondingly large mechanical aper-

tures for the deflector. Furthermore, strong electric fields and

field gradients allow for strong deflection and separation.

The fields should be strong enough for the molecules to be

in the pendular regime9,27 and the field gradient should be

fairly constant over the cross section covered by the molec-

ular beam. In high-voltage breakdown tests, we were able to

generate static electric fields up to 750 kV/cm before break-

downs occurred; however, these breakdown voltages depend

on the actual vacuum gap46 and, thus, ask for small struc-

tures, while constant gradients again require large mechanical

structures.

Here, we settled on a mechanical aperture of the deflec-

tor larger than 1.5 mm with a 1.5 mm-diameter aperture

conical skimmer before the device far enough from the

valve to avoid choking and heating. We decided to limit

applied voltages to ±30 kV to allow for corresponding

feedthroughs.

The experimental realization of fields that satisfy such

conditions was discussed before.8,10,27,47 We express the shape

of the deflector by an equipotential line of a two-dimensional

multipole expansion of the electric potential,8,27,48

Φ(x, y) = Φ0
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TABLE I. Parameters according to (5) for the two deflector geometries dis-

cussed in the text. The mechanical scale in our simulations was fixed at r0

= 3.3 mm.

“a-type” “b-type”

a1/b1 0.50 1.94

a2/b2 0.49 −4.80

a3/b3 0.42 1.00

with r =
√

x2 + y2 and θ = tan−1(y/x); r0 and Φ0 are scaling

factors of the geometric size and the potential values, respec-

tively. To obtain deflection in the x direction, either an or bn can

be set to zero, which results in a so-called “a-type” or “b-type”

deflector according to the non-zero coefficients, respectively.

The influence of these coefficients was discussed extensively

elsewhere.8,27,47 We use the b-type shape to allow for an open

mechanical structure along the deflection direction. Moreover,

we allow for arbitrarily complex numerically defined elec-

trode shapes to most closely follow the equipotential lines.

The parameters obtained from a numerical optimization of

the bn (n = 1, 2, 3) coefficients49 as well as the parame-

ters of the previously used a-type deflector are specified in

Table I. Cross sections of the corresponding fields, equipoten-

tial lines, and electrode geometries are depicted in Fig. 2. The

applied voltages correspond to a maximum field strength of

363 kV/cm, which corresponds to the experiments discussed

below.

Actual three-dimensional structures were obtained by

extruding the calculated 2D cross sections and rounding the

ends with a radius of 2 mm. For the b-type deflector, the equipo-

tential lines were reproduced for φ = 1 and x > −2.73 mm

and mirrored to x < −2.73 mm. The resulting cusp was re-

moved by approximating this geometry by a tenth-order even

polynomial Taylor expansion over the range − 5.84 mm < x

< 0.37 mm. This symmetry of the deflector allows the deflec-

tion of molecules in both the directions depending on the

relative positioning of the deflector and beam.

III. EXPERIMENTAL SETUP

The experimental setup is sketched in Fig. 3. A mix-

ture of 500 ppm OCS seeded in 100 bar of helium was

expanded into vacuum through an Even-Lavie valve50 at a

FIG. 1. (a) Energies of the lowest-energy states of OCS

in a static electric field and (b) the corresponding effective

dipole moments. The gray line depicts the strong-field

limit of the permanent dipole moment.
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FIG. 2. Shape and electric fields of the (left) a-type and

(right) b-type deflector geometries. The numerically cal-

culated electric field strengths for the actual electrode

geometries are depicted in color coding and white lines

depict the equipotential lines according to (5), the ai/bi

coefficients specified in Table I, for φ/φ0 ratios of (a)

�20, �10, 0, 10, 20 (left to right) and (b) 0.6, 1.0, and 1.4

(inside to outside). The dashed orange circles represent

the utilized skimmers and mark the position and size of

the incoming molecular beam. In both cases, molecules

in high-field-seeking states are deflected to the left; in

the experiments discussed below, the deflector is rotated

counterclockwise by 90◦.

FIG. 3. (a) Experimental setup with the definition of the

axis system. The angle between the static electric field and

the polarization vector of the control laser pulse is defined

by β. (b) Electric field in the velocity-map imaging spec-

trometer with white lines depicting the electrode surfaces.

(c) Velocity-map image of S+ ions from OCS with red cir-

cles depicting the velocities defining the region of interest

for the data analysis. See text for details.

repetition rate of 250 Hz. Two conical skimmers (∅ 4 mm

and ∅ 1.5 mm) were placed 10.7 cm and 21.6 cm down-

stream from the nozzle, respectively. The Stark deflector was

located 4.4 cm behind the tip of the second skimmer. The

deflector was wire-eroded and electro-polished. After careful

high-voltage conditioning of the electrodes, a voltage differ-

ence of 38 kV was applied, which corresponds to the fields

shown in Fig. 2(b). A third, transversely adjustable skimmer

(∅ 1.5 mm) was placed 4.7 cm downstream of the end of the

deflector.

Two laser pulses, both provided by an amplified fem-

tosecond laser system with a central wavelength of 800 nm

and propagating along a common line, were used to orient and

probe the molecules.51 The temporal profile of the control laser

pulse had a sawtooth shape with a slow rising edge (680 ps,

2.5%-97.5%) and a fast falling edge (190 ps). The spatial inten-

sity profile in the interaction volume had widths of σ = 16 µm

andσ′ = 21 µm along the two principal axes of the profile. The

principal axes were rotated by 20◦ from the Y axis. The peak

intensity of the control laser was Icontrol ≈ 5 × 1011 W/cm2.

Short pulses of a 30 fs laser focused to σ1 = σ2 = 20 µm

and peak intensities of Iprobe ≈ 1014 W/cm2 were used to

multiple ionize the molecules to induce Coulomb explosion.

The relative delay between both laser pulses was controlled

with a motorized delay stage. Both laser pulses were linearly

polarized perpendicular with respect to each other. The control

laser polarization is at a fixed angle β = 45◦ with respect to

the Z-axis.

A high-voltage velocity-map-imaging spectrometer was

used to record the momenta of S+ ions as a signature of

the molecules’ directions at the time of ionization.42 Vertical

molecular beam profiles, with and without voltages applied to

the deflector, were recorded by moving the skimmer and the

laser focus through the molecular beam and recording the inte-

grated number of S+ ions at each position. The envelope of all

events over all skimmer positions yields the overall beam pro-

file. Furthermore, we derived the degree of orientation across

the molecular beam with the control laser pulses applied from

the angular distribution of S+ ions in the region of interest

(2500 m/s < vxy < 4700 m/s) shown in Fig. 3(c).

IV. RESULTS

A. Deflection of OCS

Figure 4(a) shows the normalized measured (trian-

gles) vertical density profiles of the deflected molecular

beam for selected skimmer positions at �2.75 mm (red),

�1.75 mm (yellow), �0.75 mm (green), 0.25 mm (cyan),

and 1.25 mm (purple), respectively. A strong dependence

of the density profile on the position of the third skim-

mer is observed. Corresponding simulated7 beam-density
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FIG. 4. (a) Experimental vertical density profiles for selected skimmer posi-

tions. (b) Experimental vertical density envelope profiles of the undeflected

(blue squares) and deflected (red triangles) molecular beams. Simulated enve-

lope profiles are shown as solid blue and red lines. Profiles of the individual

rotational states |0, 0〉, |1, 0〉, and |1, 1〉 are shown as cyan, yellow, and

magenta lines, respectively. (c) Simulated purity of the |0, 0〉 state for var-

ious skimmer positions. (d) Experimental degree of orientation for various

skimmer positions. See text for details.

profiles are shown as solid lines. Each simulated profile fits the

corresponding measured profile assuming a rotational temper-

ature of 0.8 K.

Figure 4(b) shows the normalized measured vertical den-

sity profiles of the undeflected (blue squares) and deflected

(red triangles) molecular beams. The profiles are obtained from

the envelope of 18 measured single profiles recorded at spe-

cific skimmer positions between �3.0 mm and 1.25 mm with

a relative step size of 0.25 mm. All molecules are deflected

downwards when 20 kV and�17.5 kV are applied to the deflec-

tor electrodes, as all quantum states are high-field seeking

at the electric field strengths experienced inside the deflec-

tor. The corresponding simulated beam-density profiles are

shown as solid blue and red lines. The profiles of the indi-

vidual rotational states |0, 0〉, |1, 0〉, and |1, 1〉, which are the

states that are deflected the most, are shown as cyan, yellow,

and magenta lines, respectively. Again, the simulated profiles

fit best to a rotational temperature of 0.8 K. For positions

y < −3.5 mm, practically only the |0, 0〉 and |1, 1〉 states are

populated. According to the simulations, a pure ground state

population is observed for positions below y = �4.2 mm.

The simulated purity pi = N |0,0〉i/Ni of the |0, 0〉 state is

shown for each specific skimmer position i as colored lines

in Fig. 4(c). The number of molecules in the absolute ground

state and the total number of molecules are denoted by N |0,0〉i

and N i, respectively. The purity changes continuously from

0 to 1 with decreasing laser focus positions for all skimmer

positions. The simulated purity of the molecular beam without

the last skimmer is shown as a black line. A gray line represents

the weighted mean of the purity obtained for each position

p(y) =
∑

pi(y)Ni(y)/
∑

Ni(y).

Figure 4(d) shows the measured degree of orientation o(y)

= Nup/Ndown across the deflected molecular beam for every

skimmer position i as colored lines. As previously shown,42,52

the degree of orientation is a good measure of the purity. The

degree of orientation increased for decreasing vertical posi-

tions for each skimmer position i. The gray line shows the

weighed mean of the degree of orientation obtained from the

individual skimmer positions o(y) =
∑

oi(y)Ni(y)/
∑

Ni(y).

An average degree of orientation of 0.58 was observed at

positions between y = �1.5 and y = 1 mm where all states

are present. The degree of orientation decreases to 0.54 for

increasing y with y > 1 mm. In that region, only higher states

(J > 0) are present. The degree of orientation rises from 0.58

to 0.75 in the region between y =�1.5 mm and y =�4 mm. Only

states with J < 2 are present in that region. The ground state

purity and, therefore, the degree of orientation are increased

for decreasing vertical positions y.

B. Simulated deflection of unpolar molecules

To study further the performance of the new deflector,

we have computationally investigated its applicability to the

deflection and separation of non-polar neutral molecules. The

Stark energy curves and effective dipole moments of the J

= 0, 1 states of the hydrogen isotopologues H2, HD, and D2

are shown in Figs. 5(a) and 5(b). In these calculations, rota-

tional and centrifugal distortion-constants were taken from

Refs. 53 and 54 and polarizability anisotropies as specified

in Table II. All Stark energies decrease as a function of elec-

tric field strength ǫ and, correspondingly, all effective dipole

moments µeff are positive and, therefore, attracted to regions

of a stronger electric field. A linear increase of the effective

dipole moments µeff as a function of electric field strength ǫ

was observed for all quantum states and isotopologues. The

largest differences in the slope of µeff were observed between

different initial rotational states. Only small differences were

found between the three isotopologues in a given specific rota-

tional quantum state. The simulated deflection profiles for a

molecular beam with a rotational temperature of T r = 1 K are

shown in Fig. 5(c). The speed of the simulated molecular beam

was 385 m/s, which was demonstrated for molecular beams

seeded in krypton.59 The black line depicts the overall profile

for the undeflected beam, without applying any field. It has

an identical shape for all isotopologues. The colored lines are

the deflection profiles of the individual isotopologues for an

applied maximum field strength of 363 kV/cm. All hydrogen

isotopologues were deflected significantly in the simulation.

The largest deflection was observed for hydrogen which has

the smallest mass of the three isotopologues.
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FIG. 5. (a) Stark energies and (b) effec-

tive dipole moments of the J = 0, 1

states of hydrogen molecule isotopo-

logues. Both plots use the same color

coding for the rotational states. (c) Ver-

tical molecular beam profiles without

deflection (black) and with deflection

for H2 (blue), HD (red), and D2 (green).

TABLE II. Polarizabilities, dipole moments, and masses of some selected molecules discussed in this work.

Mass Dipole moment Polarizability α‖ Polarizability α⊥ Mean polarizability/mass

Molecule (u) (D) (10�24 cm3) (10�24 cm3) (10�24 cm3 u�1) Reference

OCS 60 0.71 1.14 0.75 0.0126 55

H2 2 0 1.002 20 0.701 77 0.4510 56

HD 3 0 0.994 83 0.698 73 0.2987 56

D2 4 0 0.985 56 0.694 84 0.2222 56

N2 28 0 2.214 6 1.518 8 0.0625 57

CH4 16 0 2.444 2 2.444 2 0.1528 57

C6H6 78 0 6.67 12.27 0.1094 58

V. DISCUSSION

The new HV-deflector combines several advantages of the

designs that were used before. The deflector used by Wrede and

Stern in the 1920s is distinguished by its simplicity (a wire par-

allel to a plain surface) but suffered in the resulting deflection

force.5 The a-type deflector, as it was used by Chamberlain

and Zorn,6 increased the force at a given electric potential.

Nevertheless, it suffered from a deflection limit given by the

molecules crashing into the rod. The group of Markus Arndt

developed a deflector with a relatively large region of constant

deflection force at the expense of the deflection strength.39

The deflector introduced here provides a strong deflection

force combined with a large region where molecules can be

deflected, although the force is not constant in this area. For

a molecular beam with a small diameter, however, the force

is in good approximation constant. The maximum achieved

field strength in the b-type deflector was 363 kV/cm. This is

higher than the field strengths we typically achieve in an a-

type deflector which are in the order of 220 kV/cm. Moreover

the highest field strength of the a-type deflector is located far

outside the region of the molecular beam (see Fig. 2). For a b-

type deflector, the molecules are deflected into the region of the

highest field strength. The demonstrated degree of deflection

was sufficient to completely separate a part of the molecular

beam from the helium seed gas.

Both the measured degree of orientation and the simu-

lated purity show an increase towards small laser positions

for each specific skimmer position. This is attributed to the

molecular beam being dispersed according to the molecules’

effective dipole moments or, correspondingly, according to

the specific rotational states. The field dressed state that corre-

lates adiabatically with the field free rotational ground state

of the molecule is most polar and therefore deflected the
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most. The ground state gives rise to the highest degree of

orientation. This is reflected by the increased degree of orien-

tation and purity in the deflected part of the molecular beam,

which accounts for the larger contributions of low rotational

quantum states. In addition, a decrease of the degree of ori-

entation in regions where the excited rotational states remain

(right-hand part of the specific molecular beam profiles) is

observed. Figure 6 sketches the dispersion of the molecular

beam passing the deflector in the cases of the deflector being

switched off (a) and switched on (b). The movable skimmer

selects a part of the beam (c), which subsequently disperses

further due to the distinct transverse momenta of molecules in

the different eigenstates. Therefore, a quantum state separation

is obtained for each specific skimmer position.

The weighted mean of the purity provides a good measure

for the purity of the unskimmed molecular beam. The region

with the largest difference between the weighted mean purity

and the unskimmed purity is the central part of the curves

where the weighted mean is increased compared to the purity

of the unskimmed molecular beam. This is attributed to the

different shapes of the deflected ground state profile and the

deflected profile of the rotationally excited states. The differ-

ence between the two profiles is small at low temperatures

of our molecular beam, and, therefore, the weighted mean

purity approximates to the real purity. The oscillations for the

weighted mean purity in the central region is ascribed by the

finite number of skimmer positions. We expect the weighted

mean to underestimate the degree of orientation without a

skimmer for the same reasons as discussed before for sim-

ulations of the ground state purity. A direct comparison of the

measured degree of orientation and the simulated purity or

quantum state distribution is, however, not possible due to the

highly non-adiabatic orientation dynamics of the rotationally

excited states.42 The character, and, therefore, the degree of

orientation, of the specific quantum states was changed in the

mixed field due to passage through real and avoided crossings

while the laser pulse intensity was rising. Our simulations show

that it should be possible to obtain a pure ground state sample

for each specific skimmer position in the most deflected part

of the molecular beam. Furthermore, from our simulations, we

saw that the column density at this position is given by about

10% of the peak column density. This is also reflected in the

measurements. The fluctuations in the degree of orientation in

FIG. 6. Sketch of the dispersion of the molecular beam passing the deflector;

the gray rods depict the deflector and the purple area the cross section of the

molecular beam. (a) Deflector switched off. (b) Deflector switched on. (c)

Influence of the skimmer.

the most deflected part are attributed to the low statistics of

these measurements.

The b-type deflector has the potential to separate non-

polar molecules. For the hydrogen isotopologues, we observed

a linear increase of the effective dipole moment with increasing

electric field strength. This is attributed to the small influ-

ence of the electric field on the field free rotational quantum

states since all molecules in Table II are still in the perturbative

regime for the simulated field strengths.

We observe in our simulation that the deflector can sepa-

rate the different isotopologues, similar to previous conformer-

separation experiments.14,16 However, the different rotational

states of each isotopologue are not separable by the current

deflector and molecular beam diameter and divergence. Thus

a nuclear-spin purification, as previously demonstrated for

water,60 is not possible with the current setup. This is due to

the fact that the Stark effect in the currently available dc elec-

tric fields is dominated by the diagonal polarizability matrix

element, i.e., essentially the scalar polarizability, whereas a

significant influence of the off-diagonal matrix elements would

render the states inequivalent. Our simulations show that a sig-

nificant difference of effective dipole moments and, therefore,

a separability of the J = 0 and J = 1 states would be obtained

for a 25 µm wide non-divergent molecular beam at the current

maximum field strength of 363 kV/cm.

Our simulations predict that spherical-top molecules such

as methane (CH4) are deflected fairly well, e.g., about 0.5 mm

under the current experimental conditions. This might be bene-

ficial for experiments where the molecules have to be separated

from the seed gas. However, since for spherical-top molecules

α⊥ = α ‖ , their rotational quantum states cannot be separated

due to their static polarizability at all.

VI. SUMMARY

In conclusion, we have shown that the deflection of cold

molecular beams with an inhomogeneous static electric field,

given by the b-type-shaped deflector, enables the selection and

a strong spatial separation of the most polar quantum states,

i.e., the lowest-lying rotational states. Furthermore, our sim-

ulations showed that the deflector will allow the separation

of isotopologues of non-polar molecules and that it enables

background-gas free measurements of a whole new group of

molecules. In comparison with the a-type deflector, it has the

advantage that the highest field gradient is located close to the

molecular beam position which results in a stronger deflection.

In addition, due to the open structure of the deflector, strongly

deflected molecules do not crash into the electrodes. This open

structure also enables its utilization in merged beam experi-

ments.61 Furthermore, a stronger deflection could be reached

by optimizing the shape of the electrodes and the resulting field

gradients. This strong deflection might be used to reduce the

length of the deflector to increase the total molecular density

at the region of interest.

The ability to disperse molecular beams by inhomoge-

neous electric fields is not limited to rotational state selection

of small linear molecules. The new design makes a bet-

ter separation of structural isomers of complex molecules as

well as different sizes of individual clusters possible.9 These
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clean, well-defined, and spatially separated samples allow for

novel experiments such as femtosecond pump–probe measure-

ments, gas-phase x-ray or electron diffraction, or tomographic

reconstructions of molecular orbitals. In addition, it could be

useful for isolating molecular signals in high-harmonic gen-

eration and attosecond experiments. Furthermore, state selec-

tion by deflection is highly advantageous in order to increase

the degree of alignment and orientation to study complex

molecules in the molecular frame.11,62
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durch inhomogene Kraftfelder,” Z. Phys. 6, 352–375 (1921).
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18J. Küpper, S. Stern, L. Holmegaard, F. Filsinger, A. Rouzée, A. Rudenko,

P. Johnsson, A. V. Martin, M. Adolph, A. Aquila, S. Bajt, A. Barty,

C. Bostedt, J. Bozek, C. Caleman, R. Coffee, N. Coppola, T. Delmas,

S. Epp, B. Erk, L. Foucar, T. Gorkhover, L. Gumprecht, A. Hartmann,

R. Hartmann, G. Hauser, P. Holl, A. Hömke, N. Kimmel, F. Krasniqi,

K.-U. Kühnel, J. Maurer, M. Messerschmidt, R. Moshammer, C. Reich,

B. Rudek, R. Santra, I. Schlichting, C. Schmidt, S. Schorb, J. Schulz,

H. Soltau, J. C. H. Spence, D. Starodub, L. Strüder, J. Thøgersen, M. J.
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27H. L. Bethlem, M. R. Tarbutt, J. Küpper, D. Carty, K. Wohlfart, E. A. Hinds,

and G. Meijer, “Alternating gradient focusing and deceleration of polar

molecules,” J. Phys. B 39, R263–R291 (2006); e-print arXiv:0604020

[physics].
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