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Three-dimensional hexapole focusing of pulsed molecular beam
for state selection™
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We theoretically investigate three-dimensional (3D) focusing of pulsed molecular beam using a series of hexapoles
with different orientations. Transversely oriented hexapoles provide both the transverse and longitudinal focusing force and
a longitudinally oriented one provides only the transverse force. The hexapole focusing position are designed to realize the
simultaneous focusing in three directions. The additional longitudinal focusing compared with the conventional hexapole
can suppress the effect of chromatic aberration induced by the molecular longitudinal velocity spread, thus improving the
state-selection purity as well as the beam density. Performance comparison of state selection between this 3D focusing
hexapole and a conventional one is made using numerical trajectory simulations, choosing CHF3 molecules as a tester. It is
confirmed that our proposal can improve the state-selection purity from 68.2% to 96.1% and the beam density by a factor

of 2.3.
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1. Introduction

Since the technique of electrostatic hexapole was intro-

=41 it is demonstrated to be a

duced half a century ago,!
quite powerful tool to focus molecular beams and realize the
state selection.!>! The state-selected molecular beams are
ideal starting points for experiments of photodissociation,’"]

[10,11] U2-141 jpelastic or

photoionization, surface scattering,
elastic scattering,[!>-18] and further laser-induced alignment
and orientation, %! etc. In these experiments, preparing ini-
tial molecular beam with high state purity and beam density is
usually a key point. For example, in scattering experiments,
preparing molecules in a pure quantum state is necessary to
measure the state-to-state cross sections. In reactive scattering
experiments, particular those with small cross sections, high
beam density would be crucial.

The molecules with first-order Stark effect in the inho-
mogeneous electric field inside the hexapole will experience a
transverse harmonic force towards to the hexapole axis while
there is no longitudinal force. The molecular trajectories of
a particular quantum state will be focused to the exit aperture
to realize the state selection. This process is analogous to the
optical imaging. The typical 10% ~20% longitudinal veloc-
ity spread of the molecular beam will lead to the phenomenon
of chromatic aberration, i.e., molecules with different longi-
tudinal velocities will be focused at different positions. The
chromatic aberration effect will broaden the focusing curve
and reduce the state purity. Meanwhile, since the molecules
fly freely in the longitudinal direction, the molecular packet
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will spread out, thus reducing the beam density.

Previously we have proposed a useful low chromatic aber-
ration hexapole scheme to suppress the chromatic aberration
effect.?”) By switching off the hexapole voltage rapidly at
an appropriate time, the focusing positions of all molecules
are very close. However, in that scheme, the molecules fly
freely in the longitudinal direction and the focusing moments
are not the same. Thus the beam density is low at the fo-
cusing point. In this work, we present a three-dimensional
(3D) focusing hexapole scheme to further focus the molecu-
lar beam in the longitudinal direction compared with the con-
ventional hexapole. The experimental device consists of a
series of transversely oriented hexapoles and a longitudinally
oriented one. The longitudinal focusing force is provided by
the transversely oriented hexapoles and the longitudinally ori-
ented hexapole is used to adjust the transverse focusing time
to realize the simultaneous focusing in three directions, i.e.,
two transverse directions and one longitudinal direction. The
hexapole voltages are all operated in a pulse mode so that the
molecules experience a force during an equal time and the fo-
cusing times are independent of the longitudinal velocity. This
scheme can improve the state-selection purity as well as the
beam density at the focusing point. This paper is a theoretical
paper without experiments.

Longitudinal focusing of a pulsed molecular beam after
Stark deceleration has been experimentally demonstrated us-
ing a buncher whose operation principle is equivalent to that of
the Stark decelerator operated at a phase angle of 0°.23 Very
recently, quadrupole lenses combined with bunching elements
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are used to focus decelerated and cooled molecules at the de-
tection region in a molecular fountain.>*! Here we design the
hexapole voltages and pulse sequence to realize a simultane-
ous 3D spatial focusing of a pulsed molecular beam.

The layout of this paper is as follows. First, we present
the details of the 3D hexapole focusing scheme and the prin-
ciple of parameter design. Then, performance of this 3D
focusing hexapole is compared with that of a conventional
hexapole using numerical trajectory simulations, choosing
CHF; molecules as a tester. Finally, the conclusions are pre-
sented.

2. Scheme of 3D focusing hexapole

The hexapole consists of an arrangement of six rod elec-
trodes, which are alternately charged to voltage +Vj and —Vj.
This configuration produces an inhomogeneous electric field
inside the hexapole and the strength E depends on the distance
r from the hexapole axis. The electric field strength can be
expressed to a good approximation as!!>3

E= (%") r, ()
"o

where ry is the hexapole radius. In this inhomogeneous field,
the radial force felt by a molecule with a linear Stark shift in a
low-field-seeking state is a harmonic one towards to the center
axis of the hexapole which can be written as

F, = —mo*r, )

where m is the mass of the molecule. The angular frequency @
depends on the molecular species and the quantum state. For
a symmetric top molecule,

—6UKM
o[RBT, )
mJ(J+1)ry

where J is the rotational quantum number, and K and M are
the quantum numbers describing the projections of molecular
angular momentum on the molecule-fixed axis and the spaced-
fixed axis, respectively. u is the permanent electric dipole mo-
ment of the molecule.

The focusing equation of a conventional hexapole can be
found in Ref. [26]. In our previous work, we also derived it by
tracing the deformations of molecular phase-space distribution

in free flights and the harmonic potential. The result is given
byl22l

1 1
Lz = % cot {kLz — arctan ( /€L1>} ) “4)

where k = @/v, is the lens constant!?’! with v, being the
molecular longitudinal velocity. L; and L3 are the lengths of
the free-flight regions at the beginning and end of the focusing
process, respectively. L is the length of the hexapole focusing

region. We use 71, 1>, and T3 to denote the molecular flight
time in the L, Ly, and L3 regions, respectively. Equation (4)
can be rewritten as

1 1
T3 = —cot | T, — arct: — . 5
3 wco [a) 5 —arc an(leﬂ 5)

The conventional hexapole is oriented along the longitu-
dinal direction (molecular beam axis direction). Molecules in
the hexapole are focused in two transverse directions and free
in the longitudinal direction. The molecular longitudinal ve-
locity spread will induce a spread of the molecular focusing
positions, thus reducing the state-selection purity. Also the
spread of the molecular packet will reduce the beam density.
In order to reduce the longitudinal spread of the focusing po-
sitions and the packet, molecules should be longitudinally fo-
cused. The longitudinal focusing force can also be provided
by the hexapole by means of orienting the hexapole trans-
versely. The focusing region length of a transversely oriented
hexapole is limited by the diameter of the hexapole, which
is much shorter than the focusing region length of a conven-
tional hexapole. The short focusing region length requires
high hexapole voltage and thus strong electric field strength to
realize the molecular longitudinal focusing. In order to realize
the molecular longitudinal focusing under an experimentally
available hexapole voltage and electric field strength, more
than one transversely oriented hexapoles are needed.

The proposed experimental scheme is shown in Fig. 1.
The molecules coming from a pulsed valve first fly through
a series of transversely oriented (x- or y-oriented) hexapoles.
In the diagram, six transversely oriented hexapoles are drawn.
However, the number of the transversely oriented hexapoles is
not necessarily six. A transversely oriented hexapole can focus
molecules in the z direction (molecular beam axis direction)
and either the x or y direction. The y- and x-oriented hexapoles
are arranged alternately to focus molecules in the x and y di-
rections in turn while the z direction are always be focused.
Through the transversely oriented hexapoles, molecules are
less focused in the x and y directions than in the z direction.
Downstream the transversely oriented hexapoles, a longitudi-
nally oriented hexapole is placed to further focus molecules in
the x and y directions and realize the simultaneous focusing in
three directions. The hexapole voltages are all operated in a
pulse mode so that the molecules experience a force during an
equal time and the focusing times are independent of the lon-
gitudinal velocity. When the main part of the molecular packet
is inside one hexpole, the voltages of the other hexapoles are
switched off.

The molecular focusing process using a harmonic poten-
tial well can be described by the transformation of the molecu-
lar phase-space distribution. The description of the transverse
focusing process can be found in Ref. [22] and can be extended

083701-2



Chin. Phys. B  Vol. 26, No. 8 (2017) 083701

to the longitudinal focusing case. In our scheme, the focusing
time of each direction is calculated based on the focusing time
equation (5). Like the lens focusing formula in geometric op-
tics, equation (5) can be applied to the focusing process using
a series of hexapole lens. Subtracting the 73 time of the former
hexapole focusing process from the time interval between two
hexapole voltage pulses gives the 77 time of the latter hexapole
focusing process.
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Fig. 1. Schematic diagram of the 3D hexapole focusing experimental device
consisting of a series of transversely oriented hexapoles and a longitudinally
oriented one. ), @ and @3 denote the different angular frequencies of the
molecular harmonic motions in the hexapoles.

The focusing time of molecules in each direction depends
on the molecular Stark effect and forward velocity, the geom-
etry of the hexapoles, the switching moments of the voltage
pulses that are applied to the hexapoles, and the magnitude of
the hexapole voltages. In the parameter design of the device,
the molecular properties and the geometry of the hexapoles
are first set. We define the molecule in the target state to be
selected out which has no transverse velocity and the longitu-
dinal center velocity of the molecular beam as the synchronous
molecule. We determine the switch-on and switch-off mo-
ments of each hexapole when the synchronous molecule ar-
rives at a certain position inside the hexapole. After that, the
focusing times only depend on the hexapole voltages.

For simplicity, the voltages of the hexapoles with the
same orientation can be set to be the same. A hexapole volt-
age corresponds to an angular frequency of the molecular har-
monic motions inside the hexapole. We use ®;, @, and @3
to denote the angular frequencies in the y-, x-, and z-oriented
hexapoles, respectively. Firstly, we set the value of ;. Af-
ter that, the value of @, is found to let the molecular focus-
ing times of the x and y directions to be the same after flying
through the transversely oriented hexapoles. The molecular
longitudinal focusing time is determined after the determina-
tion of the w; and @, values. The focusing effects in the x and
y directions of the last z-oriented hexapole are identical, so the
focusing times of the x and y directions will still be equal af-
ter molecules fly through the last hexapole. We can adjust the
value of @3 to let the focusing times in the x and y directions
to be identical with that in the z direction.

3. Performance comparison between 3D focus-
ing hexapole and conventional one

To compare the performance of the 3D focusing hexapole
with that of the conventional hexapole in state selection, the
method of numerical trajectory simulations is used. The oblate

symmetric top molecule CHFj; is used in the simulations, as in
our previous work. [??]

The electric dipole moment u of the CHF3; molecule
is 1.65 Debye and the rotational constants are A = B =
10.35 GHz and C = 5.67 GHz.!?8 In the simulations, the av-
erage forward velocity of the pulsed CHF3 molecular beam is
set to be 300 m/s, which can be realized via a low-temperature
pulsed valve!?32%39] This relatively low forward velocity helps
to reduce the voltage requirements of the transversely oriented
hexapoles since molecules spend more time in the focusing re-
gion. The velocity distributions of the initial molecular beam
in all directions are independent Gaussian ones. The full width
at half maximum (FWHM) in the transverse direction is 5 m/s
and 30 m/s in the longitudinal direction. The initial transverse
spatial distribution at the valve is also assumed to be Gaussian
with an FWHM of 0.1 mm. The molecular pulse also has an
initial duration at the valve. We assume the pulse has a Gaus-
sian temporal function with a duration of 10 us, which can be
realized by recently reported short-pulse vales.?!~33] The rota-
tional temperature of the molecular beam is set to be 2 K. The
equal population is assumed for different M states while the
quantum numbers J and K are the same. In the simulations,
we only consider rotational states with a first-order Stark ef-
fect. At the rotational temperature of 2 K, the states with ro-
tational quantum number J = 3 and K = 3 or —3 are most
populated among the states being considered. Among these
states, we choose low-field-seeking |/ = 3,K = 3,M = —3)
and |/ = 3,K = —3,M = 3) states as the target states to be
selected out which has a population of 3.01%. We designate
both the two states as |333) for simplicity.

The parameters of the 3D focusing hexapole are designed
as follows. The number of the transversely oriented hexapoles
is set to be six. The distance between the nozzle and the cen-
ter axis of the first transversely oriented hexapole is set to
be 17 cm. The radii of the transversely oriented hexapoles
are all set to be 10 mm. The radius of the cylindrical rods
of the hexapole is set to be 0.565 of the hexapole radius,
as recommended by Anderson.>] The distance between the
center axes of nearby transversely oriented hexapole is set to
be twice the hexapole diameter, i.e., 40 mm. The flight re-
gion of the synchronous molecule when the voltage of the
transversely oriented hexapole is on is set to be symmetrical
about the hexapole axis with a length of hexapole radius, i.e.,
10 mm. The value of w; is set to be 3400 rad/s, and corre-
spondingly the value of @, is determined to be 3103 rad/s.
These values correspond to hexapole voltages of 54.2 kV and
45.1 kV and maximum electric field strengths of 162 kV/cm
and 135 kV/cm, respectively. The radius of the last longitudi-
nally oriented hexapole is set to be 4 mm. The voltage switch-
on moment is set to be 233 us after the switch-off moment of
the last transversely oriented hexapole, and the voltage pulse
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duration is set to be 333 us. The exit aperture is placed in the
focusing position of the synchronous molecule, which is cal-
culated to be 809 mm downstream the nozzle. The flight time
of the synchronous molecule from the nozzle to the aperture
is 2.70 ms. The parameters of the conventional hexapole for
comparison are set as follows. The radius of the conventional
hexapole is set to be 4 mm and the aperture position is set to
be the same as the 3D focusing hexapole. The ratio of Ly, Ly,
and L3 is set to be 0.15:0.7:0.15. The radius and position pa-
rameters of the skimmer, beamstop and aperture are given in
Table 1. The origin of the z axis coincides with the position of
the pulsed nozzle.

Table 1. List of parameters of the 3D focusing hexapole and the con-
ventional hexapole.

Component Radius/mm z-axis position/cm
3D focusing Conventional
Skimmer 0.5 3.0 3.0
Beamstop 1.0 45.7 40.5
Aperture 0.1 80.9 80.9

In the simulations, the initial CHF3; molecular beam con-
tains 1.00 x 10 molecules. Among these, there are 3.01 x 10°
molecules in the target |333) state. We only consider the states
which are low-field seekers and have an initial population
more than 0.01 percent of the target state. The time step used
in the numerical integration of molecular trajectories is about
0.2 ps. The ideal electric field distribution inside the hexapole
is used in the calculation. We assume molecules which are
blocked by the skimmer, the beamstop, or the hexapoles dis-
appear. A molecule is considered to be transmitted through
the hexapole if its radial displacement at the exit is smaller
than the radius of the exit aperture.

The parameters of the 3D focusing hexapole designed
above is based on Eq. (5), which is derived in the ideal case,
i.e., a point molecular source and linear Stark effect. To con-
firm that the designed parameters are correct, we first use a
point molecular source in the simulation. The initial width
of transverse distribution and the pulse duration are all set to
be zero. Only the first-order Stark effect is taken into con-
sideration. In this situation, the target molecules are expected
to be focused into a point. The calculated phase-space dis-
tributions of the molecules in the |333) state at the moment
that the synchronous molecule is arriving at the aperture are
shown in Fig. 2. In the figure, panels (a), (b), and (c) are the
phase-space distributions projected onto the x—v,, y-vy, and z—
v, planes, respectively. In depicting the distributions, the |333)
state molecules have an initial number of 1.5 x 10*. For opti-
mum performance of the 3D focusing, all the molecules should
be inside the hexapole when the pulsed voltage is applied.
However, there are many molecules outside the transversely
oriented hexapole when the pulsed voltage is applied due to
the longitudinal dispersion. These molecules will not be fully
focused. In Fig. 2, the molecules which have fully experienced
all the focusing processes of the hexapoles are distributed on a
vertical line, indicating a perfect spatial focusing into a point.
The molecules that are not fully focused are distributed over
a spatial region. The molecules that have a large difference in
longitudinal velocity between the synchronous molecule will
not experience all the first six focusing processes, owing to the
large longitudinal dispersion. The phase-space distributions of
these molecules projected onto the x—v, or y—v; plane will be
a straight line, forming the boundary line in Figs. 2(a) or 2(b).
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Fig. 2. The calculated phase-space distributions of the molecules in the |333) state at the moment that the synchronous molecule is arriving at the aperture

for the 3D focusing hexapole.

Due to the high electric field strength in the transversely
oriented hexapoles, the nonlinear Stark effect should not be
neglected. The first-order Stark interaction energy given by

the first-order perturbation calculation is the diagonal element

of the interaction Hamiltonian34

(1) KM
Wsark = (/KM |H;|JKM) = —mﬂE

where H; is the Hamiltonian of the interaction of the electric

) Q)

field E with the electric dipole moment p. The second-order
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Stark effect is given by the second-order perturbation as!34!

() _ WE? { (> = K*)(J* —M?)

with & the Planck constant. The exact Stark energy is deter-

mined by diagonalizing the total Hamiltonian of the field free

Stark = opB | J3(2J —1)(2T+1) molecule and the interaction. The total Hamiltonian matrix is
[(J+1)2—K2[(J+1)% - M?] ; tridiagonal. The nondiagonal matrix elements of the interac-
T U D)R2I+1)(2+3) ’ ( )‘ tion Hamiltonian are[**!
J+1)2 =K [(J+1)> = m?]'2
1K M K vy = D K ) M ®)
T+ D[2J+1)(27+3)]V
J2 7K2 1/2 JZ*M2 1/2

We calculate the Stark effect to the first order, second order
and using the exact Stark interactions. Figure 3(a) is the cal-
culated Stark energies and figure 3(b) is the effective force
constants, i.e., (1/1)(dWs/dE),?> which is proportional
to the the force that the molecules experience. The maximum
electric field strength in the 3D focusing hexapole is about 162
kV/cm. In this strength even the inclusion of the second-order
Stark effect cannot exactly describe the Stark effect. Therefore
we use the exact Stark interactions in the simulations below.
Due to the nonlinear Stark effect, the focusing in each direc-

7
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Energy/cm
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tion will not be perfect and the focusing times in three direc-
tions will not be simultaneous. Since the force is smaller in the
exact Stark case, as can be seen from Fig. 3(b), the molecular
focusing positions will be further downstream. In the simula-
tions using the exact Stark interactions, the position of the exit
aperture is moved downstream in order to be closer to the fo-
cusing positions. By comparing the state-selection results with
different position shifts of the aperture, we choose a position
shift of 12 mm which corresponds to a relatively large final
molecular number, beam density and state-selection purity.

0.9
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Fig. 3. The calculated Stark energies (a) and effective force constants (b) of the CHF3 molecule in the |333) state. The dotted, dashed and solid lines
correspond to the calculation to the first-order, second-order Stark effect and using the exact Stark interactions, respectively.

The simulation results are given in Table 2. The 10 most
populations of rotational state in the state-selected CHF3 beam
are listed along with the corresponding initial populations.
The results of the 3D focusing hexapole are compared with
the conventional one. The final population in the target |333)
state is 96.1% for the 3D focusing hexapole while 68.2% for
the conventional one, improved by a factor of 1.4. The fi-
nal molecular number in the |333) state of the 3D focusing
hexapole is 3.93 x 10°, slightly less than that of the conven-
tional hexapole, which is 5.21 x 10°. This is because in the
3D focusing hexapole, there are many molecules not fully fo-
cused. These molecules will not successfully fly through the

exit aperture.

Table 2. Initial and final populations (in %) of the state-selected CHF3
beam through a conventional and a 3D focusing hexapole. The 10 most
final populations and the corresponding initial populations are listed.
The exact Stark interactions are used in the simulations.

Conventional hexapole 3D focusing hexapole
State Initial Final State Initial Final
[333) 3.013 68.2 1333) 3.013 96.1
[222) 2.651 22.7 |444) 0.315 2.6
|444) 0.315 5.6 |665) 0.036 0.5
[555) 0.072 0.8 |555) 0.072 0.5
|665) 0.036 0.7 |666) 0.036 0.2
|554) 0.072 0.6 |776) 0.002 0.1
|434) 0.413 04 |656) 0.004 0.0
[443) 0.315 0.3 |767) 0.001 0.0
|666) 0.036 0.3 |777) 0.002 0.0
|545) 0.026 0.2 [222) 2.651 0.0
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To assess the ability of the 3D focusing hexapole to in-
crease the beam density on the focusing point, we calculate
the molecular number in the |333) state around the focusing
point within the range of 0.1 mm, which is proportional to
the beam density, for two types of hexapole. The results are
shown in Fig. 4. The peak number corresponding to the focus-
ing moment is 4084 for the conventional hexapole and 9588
for the 3D focusing one, indicating a 2.3-fold increase in the
beam density via the 3D focusing hexapole. The increase of
the beam density is not very high due to the imperfect molec-
ular source. The initial transverse spatial distribution and the
pulse duration of the source hinder the perfect focusing to a

point.
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Fig. 4. The calculated density of the molecules in the the |333) state at the
focusing point, i.e., the aperture position on the z axis, as a function of time
(at t = 0 us the synchronous molecule is arriving at the aperture) for two
types of hexapole. Panel (a) corresponds to the case of the conventional
hexpole and panel (b) the 3D focusing one.

4. Conclusions

In summary, we have presented a proposal to improve
both the purity and the density of the state-selected molecu-
lar beam by using a combination of longitudinal and trans-
verse harmonic potential wells provided by a series of trans-
versely oriented hexapoles and a longitudinal oriented one.
Performance comparison between this proposed 3D focusing
hexapole and a conventional one is made using numerical tra-
jectory simulations. In the simulations, the ideal electric field
distribution inside the hexapole is used and the exact Stark en-
ergy of the CHF3 molecule is taken into consideration. Elec-
tric field deviations from the ideal hexapole field is neglected.
It is confirmed that our proposal can improve the state purity
from 68.2% to 96.1% and the beam density by a factor of 2.3.
For more complex polar molecules, the improvements of the
purity and density of the state-selected beam of our scheme
need to be further evaluated. We demonstrate theoretically the
improvements of the purity and density of the state-selected
beam, and the molecule loss due to collisions to the hexapole
components is considered. In a realistic experiment, the ex-
tension of the molecular trajectories may induce other loss
mechanisms of molecular number that have not been consid-
ered. Our proposed hexapole has promising prospects in some

molecular beam experiments, e.g., molecular scattering exper-
iments in which high state purity and beam density are de-
sirable. The improvement of the molecular beam density is
limited by the imperfect molecular source. It looks forward to
the technological development of the molecular source with a
narrower transverse distribution and a shorter duration.
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