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Neutral atoms entering an electric field experience a defocusing force in the dipole field direction,
which is proportional to the field gradient. If an experiment, such as the search for a permanent electron
electric dipole moment (eEDM), requires a very strong electric field (13.5 MV/m), then this end-field
defocusing results in beam blowup and much reduced phase-space acceptance. In this paper we discuss
how these defocusing fields arise from the longitudinal changes in the electric dipole field and their
dependence on the electrode shape and spacing between lenses. We find that the end-field defocusing
comes from strong impulse forces, whose defocusing power was calculated for simple electrodes with
rounded ends. To compensate for this end-field defocusing, a triplet of transverse-focusing lenses was
added to the pure dipole field plates in the generic eEDM cesium fountain experiment used to study the
neutral beam optics. Envelope equations, which calculated the beam sizes of the atom bunch for the linear
forces, are used to obtain a set of lens parameters that give a well focused beam in the fountain. Atom
trajectory equations allow us to calculate the phase-space acceptance of the lens system with the nonlinear

force terms included.
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L. INTRODUCTION

A beam of slow neutral atoms in a static electric field
gradient experiences a force arising from the interaction of
the electric field with the induced electric dipole moment
of the atom, which can produce useful focusing [1] as well
as undesirable end-field defocusing.

Cesium atoms have a polarizability such that it produces
forces that are in the direction of the strongest electric field
(strong field seeking). Therefore the atoms on entering an
electric dipole field will be accelerated in the longitudinal
direction by the rising field strength, and then decelerated
when they leave the electric field region (Sec. VI). In
addition, at the entrance (and exit) to the electrodes the
electric field strength also increases off axis in the electric
field direction (Fig. 1), so the atoms will experience an
end-field defocusing force (Sec. IV) at both ends. Inside
the dipole field, where the field strength is essentially
constant, there will be no forces on the atom and it will
act just like a drift space. If we add a transverse sextupole
field to the dipole field of the lens (Sec. V), then inside the
plates the electric field will increase off axis in one trans-
verse direction and decrease in the other—producing the
same type of focusing as quadrupole magnets on charged
particles.

In previous publications describing the use of static
inhomogeneous electric fields to focus (strong-field-
seeking) neutral atoms and molecules, end effects were
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neglected [2-5]. This was justified because the lens length
was long enough, the transverse electric field gradient large
enough, and the electric dipole field small enough that the
lens focusing/defocusing forces were large compared to
the end-field effects. In addition, some sets of focusing
lenses were designed to operate with each element at
nearly the same voltage and with only small separations
between elements, so that there were no significant end
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FIG. 1. Schematic of the electrostatic lenses in the generic Cs
fountain. The D1 and D3 are concave y-focusing/x-defocusing

lenses, F2 is a convex x-focusing/y-defocusing lens, and E4 is a
nonfocusing pure dipole field lens.
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FIG. 2. The (y, Z) cross section of the electrodes in the Cs fountain lenses. The electrode ends are rounded off with 1/4 circles of

radii r,, rg.

effects between the lens elements (Sec. IV B). The effec-
tiveness of this approach was demonstrated by focusing a
beam of slow neutral cesium atoms with an electrostatic
triplet [5].

In experiments with thermal or supersonic beams trav-
eling 2 orders of magnitude faster than considered here, the
beam rigidity is so large that the end-field effects produce
much less defocusing (see for example [6]).

However, in experiments using slow atoms with high
polarizabilities in strong electric fields, the beam will
defocus strongly in the y (field) direction (Fig. 1) on enter-
ing and leaving the electric dipole field, resulting in a much
larger beam size.

In Sec. IV, we will show that (for electrodes rounded off at
the ends by quarter circles) in the lens end field, or the gap
between lenses, we have one or more short-range impulse
forces both focusing and defocusing, though in general with
net defocusing. We find the change in an atom’s transverse
v, velocity produced by one of the impulse fields, for the
linear part of the force, is Av, =<(V;/V.)(pya/r;)y,
where « is the ground-state dipole polarizability, m is the
mass, V, is the total longitudinal velocity, y is the displace-
ment off axis, V,, is the plate potential, r, is the plate half
gap, and p,, is a dimensionless linear-force defocusing
power (p,, > 0) that depends on the shape of the plate
ends (Fig. 2, Sec. IV). So to compensate for the end-field
defocusing, besides a low plate potential V,, we want
electrodes with the largest half gap r, and shaped ends
which give the smallest defocusing power p,,.

For the cesium fountain considered here, the end-field
defocusing by a 13.5 MV/m dipole field reduced the
phase-space acceptance area by a factor of 2000, from
that of the maximum geometric acceptance (Sec. IVA).
This was due to the large increase in the y velocity produced
by the entrance and exit defocusing fields—for an atom
entering the lens with longitudinal velocity V, = 3.0 m/s
and displacement y = 2.5 mm, the velocity change is
Av, =155 mm/s (V,=675kV, r,=5mm, p,=
0.17), which is very large compared with the 8 mm/s rms
thermal velocity. So a set of additional transverse-focusing
lenses are needed to control the transverse bunch size and
maximize the phase-space acceptance.

Examples of experiments using slow atoms in uniform
electric fields include: a measurement of the cesium hy-
perfine splitting Stark shift, used to correct for black body
radiation effects in atomic clocks [7]; the cesium static
polarizability [8]; and a cesium fountain experiment to
search for a permanent electric dipole moment (eEDM)
of the electron [9]. However, the hyperfine splitting Stark
shift experiment and the static polarizability experiment
are precision measurements requiring a detailed knowl-
edge of the electric field along the trajectory of the atoms.
This may not be compatible with the use of transverse-
focusing lenses, which introduce additional variations in
the electric field to that already in the longitudinal direc-
tion. Without focusing lenses the optimization of the shape
of the dipole field end becomes critically important for
future measurements of these types. The electron EDM
experiment however can use transverse-focusing lenses
because it only looks for differences in the atom’s energy
levels when its spin is aligned and antialigned with the
electric field.

In this paper we will investigate the focusing properties
of electrostatic lenses in the context of a generic electron
electric dipole moment (¢éEDM) experiment cesium foun-
tain (Sec. IT). We discuss electric field-gradient focusing
for strong-field-seeking atoms in Sec. III, and the two types
of electric fields produced by lenses in Sec. IV [(y, Z)
longitudinal] and Sec. V [(x, y) transverse]. For these fields
we present the trajectory equations of motion in Sec. VI
and the beam envelope equations in Sec. VII (for the forces
that are linear with the atom displacement off axis).
Conclusions are drawn in Sec. VIIL.

II. eEDM FOUNTAIN

The generic electron electric dipole moment experiment
cesium fountain is shown in Fig. 1 and consists of three
transverse-focusing lenses (D1, F2, D3 triplet) followed by
pure dipole electric field plates (E4) (called “lenses” even
though they do not focus), with all the dipole fields in the
y direction. To minimize field breakdown in the small
longitudinal gaps between the lenses, all of the pairs of
lens electrodes are set to the same potential. With gaps
between the lenses, we can use separate power supplies to

104201-2



ELECTROSTATIC END-FIELD DEFOCUSING OF NEUTRAL ...

Phys. Rev. ST Accel. Beams 14, 104201 (2011)

TABLE 1. Lens parameters: distance to first lens (D1) = 0.40 m: lens gap spacing L, = 1.5 mm: plate potential V,, = 67.5 kV.

Plate length Plate half Corner radius Corner radius Electric field Sextupole strength
Lens L, (m) gap r, (mm) r. (mm) ry (mm) E, (MV/m) Az (m™2)
D1 0.1135 6 60 1.5 11.3 +400
F2 0.0669 6 1.5 1.5 11.2 —400
D3 0.0362 6 1.5 1.5 11.3 +400
E4 0.70 5 2.5 25 13.5 0

apply slightly different voltages and fine-tune the triplet
focusing (as was done in [1,5]).

The electrode shapes of the lenses in the (y, Z) plane are
shown in Fig. 2, with the plate ends rounded off with
quarter circles of radii r. and r,. The electrostatic potential
and fields of these lenses was calculated from Laplace’s
equation using the program flexPDE™ (PDE Solutions
Inc.).

The cesium bunch in the generic trap has a temperature
of 0.5 uK and each bunch is launched with a velocity of
4.0 m/s, emptying the trap [10,11]. The initial atom distri-
bution has an rms size of 4.5 mm and rms relative velocity
of 8 mm/s. The distance from the trap to the trajectory
reversal point is 1.10 m with a transit time of 0.50 s.

The main physical parameters of the four lenses are
given in Table L.

The eEDM experiment requires the E4 lens to have a
very large electric field of E, = 13.5 MV/m. To max-
imize the phase-space acceptance of the atom bunch in
the y direction, the plate half gap r, should be as large as
possible. Choosing a maximum plate potential of V), =
67.5 kV gives us a half gap of r, = 5 mm.

In the transverse (x,y) plane, the (D1, F2, D3)-lens
dipole-sextupole field linear forces, each focus the atom
in one direction while defocusing equally in the other (the
same as a quadrupole lens in charged particle optics). The
F lenses (convex: A; < 0) focus in the x direction and
defocus in the y direction, while the D lenses (concave:
A3 > 0) defocus in the x direction and focus in the y
direction. Combining two or more of these focusing
lenses (e.g. doublets FD, DF or triplets FDF, DFD) will
produce net focusing in both x and y directions, and in
beam optics this is known as alternating gradient focus-
ing. Because of the very strong end-field defocusing of the
atom bunch in the dipole field direction on entering the
first lens (D1), it was chosen to be focusing in the y
direction (see Fig. 1). Triplet lenses with the DFD con-
figuration produce focusing that gives more control and
the smallest beam size in the y direction, where the phase-
space acceptance is strongly limited by the physical plate
apertures and the end-field defocusing. To minimize the
aberrations from the nonlinear forces in the (D1, F2, D3)
lenses [see Sec. VI, Eq. (10)] we chose a small sextupole
field strength |A;] =400 m™2 (with r%|As| < 1) for the
three lenses.

The eEDM-fountain design optics (Table I: triplet
lengths L) were obtained using the linear-focusing beam
envelope equations (see Sec. VII), and varying the (D1, F2,
D3)-lens plate lengths L, to change the transverse focus-
ing, and obtain the smallest beam sizes in the fountain with
maximum phase-space acceptance areas.

III. ELECTRIC FIELD-GRADIENT FOCUSING

The Hamiltonian for a neutral cesium atom in a fountain
with electric fields, in the coordinate system of Fig. 1, is

H=1/2mv*+ mgZ + W, (1)

where v = 4v2 +v2 + V2 is the total velocity, m =

2.207 X 1072 kg is the cesium mass, g = 9.80 ms ™2 is
the acceleration of gravity, and

W= —1/2aF? ()

is the potential energy of the ground-state atom in an

electric field of magnitude E = ([E} + E5 + EZ and a =

(6.61 £0.009) X 1073 Jm? V=2 is the cesium static di-
pole polarizability.
The force on the atom due to the electric field is then

F = —VW = «EVE 3)

and is directed towards the stronger field regions (strong-
field seeking) but independent of the direction of the field.

Since all the electric fields in the eEEDM-fountain lenses
are static, the Hamiltonian energy [Eq. (1) and (2)] is
conserved. Therefore on entering the electric field of a
lens an atom will be accelerated [Eq. (3)] to a higher
kinetic energy and it will lose kinetic energy on leaving.

The equations of motion of an atom in the fountain, for
the Hamiltonian of Eqgs. (1) and (2), are

dv, 1 0H « IE?
dr  max 2m ax
dvy, 1 0H a 0E?
dr may  2m ay
dav, 1 0H a OE?
dr mozZ  ° 2m oz’
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where we integrate the trajectories in time #, rather than the
distance Z, since the longitudinal velocity V, goes to zero
at the turnaround point.

The atom bunch has a central trajectory which has
the average phase-space coordinates (x) =0, (v,) =0
() =0,¢v,) =0,{(2Z) = Z.,(V,) = V_. and ideally moves
along the optic axis of the lenses. Any single atom in the
bunch is then specified by the relative 6D phase space
coordinates (x, vy, y, vy, 2 = Z — Z, v, — V..

If the forces in the (x, y, ) directions are uncoupled, then
we can look at the optics in the three independent 2D phase
spaces (x, v,), etc. with the atom distribution specified by
the rms moments o = (x?), o, = (xv,), o5 = (vi),
etc. The atom bunch trajectories in phase space

occupy an ellipse of emittance area A, =

77,/0'20'2 — o3, efc.

If the forces on the atom are linear with the displacement
off axis (F, « x, etc.) then the phase-space emittance area
is conserved. From charged particle optics, we know that
the nonlinear terms in the force result in emittance growth,
larger bunch size and relative velocity, with reduced atom
density and beam loss from the outer edges of the bunch.
Therefore it is important to design lenses with electric
fields that produce forces with only a small nonlinear
contribution.

For a given set of lens fields (such as given in Table I),
we can calculate the initial phase-space atom trajectories in
the fountain and determine which ones will be transported
to the final target/detector without being lost to lens aper-
tures, detector sizes, nonlinear forces, etc. The acceptance
of the fountain is then the 6D phase-space volume (or 2D
areas) occupied by the transmitted trajectories. Thus the
number of atoms transmitted to the detector will be given
by the number of atoms of the initial distribution that lie
inside the phase-space acceptance volume. In Sec. IV we
calculate the acceptance area for the (y, v,) phase space,
where the end-field defocusing occurs.

In the eEDM fountain the electric fields that are pro-
duced by the lenses are of two types: (1) longitudinal
gradient fields from primarily (y, Z) potentials and
(2) transverse gradient fields from primarily (x, y) poten-
tials. The characteristics of these electric fields and their
effects on the atom motion are presented in the next two
sections.

mE, =

IV. EFFECTS OF LENS END
FIELDS ON THE BEAM

We look here at the electric dipole field and its gradient
in the longitudinal Z direction due to the electrode shape
and proximity to other lenses in the (y, Z) plane, as shown
in Fig. 2. For pure dipole field lenses, with electrodes that
are flat in the x direction (0®/dx = 0), the electrostatic
potential ®(y, Z) in an off-axis expansion is

1
_(I)(y; Z) Eyo(Z)y yZ(Z)y3 + E 4(Z)y5 + -
where E,,(Z) = E(y = 0,Z) is the field on axis, with
derivatives E,; = dE,,/dZ etc.
The total electric field can then be written in the form

EX(y, Z) = E%,(Z) + Dx(Z)y* + 1D 4(2)y*

+ 1Dy (Z)y° + - -+, “4)

where the longitudinal field functions D, D4, etc. can be
calculated from the field on axis

Dy, = E§1 —EyEy
_1 2 2
Dy =5Es = 3EnEy; + ¢ EyEy 5)
D =iE2 —lE.E +iE E —E, E
y6 2793 g y2=y4 20 yiEys = 120 Y y6°

In general there are higher order terms in the total
electric field, but for the lenses considered here, they
were found to be negligible.

The longitudinal electric field [Eq. (4)] produces the
acceleration in the y direction

dv, a
 =ZDp.,6, 2y,
o om ve(y, Z2)y

where Dy, (y, 2) =5%= D (Z) + Dyy(2)y* + Dyo(2)y*
and the acceleration will be defocusing if D, > 0.

To see the dependence of the acceleration on the elec-
trode half gap r, and the maximum dipole field E, =
v, / r, for plate potentials =V, we use the dimensionless

form of the D,, field function: d (r o Z) =[r}/(2E3y)] X
= dp(D) + du@0? /) + dyf,(z)(y“/r‘*) for which
the acceleration becomes dd[ =2(V2/rd )dw(r o Z)y

For the eEDM fountain, the electric field and its ﬁrst two
derivatives on axis are shown in Fig. 3 and the resulting
dimensionless linear-focusing field d, [calculated from
Eq. (5)] is plotted in Fig. 4 (normalized with respect to
the E4-lens half gap r, =5 mm and electric field £, =
13.5 MV/m). It consists of sets of short-range focusing
(dy, < 0) and defocusing (d,, > 0) peaks at the entrance to
the first lens and in the gaps between the lenses.

At each peak, in the impulse approximation (with dis-
placement off axis: y, = y;), we can calculate the change
in transverse velocity (i = initial, f = final)

a Vy i i,
vyf = vyi +— m sz r I:p}Z py4 2 + p)6 :1] (6)
where V ;¢ is the average longitudinal velocity and the
dimensionless focusing/defocusing powers py>, pys, Pye
are given by the dimensionless integrals over the peak
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FIG. 3. The electric field on axis E,, (MV /m) and its first two
derivatives E,;(2 X 1072 MV/m?), E;, (5 X 107> MV/m?) in
the Cs fountain.
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and whose values are determined by the physical shape and
spacing of the electrodes.

Equation (6) shows us that, to reduce the end-field
defocusing (velocity change), we lower the plate potential
and/or increase the plate gap size. However, for the eEDM
experiment we need a strong electric field of 13.5 MV/m
in the E4 lens, so for large plate gaps (5 mm) this requires
large electrode potentials (67.5 kV) whose maximum value
will be limited by possible electric field breakdown.

The end fields that we encounter in the eEDM fountain
are of two types—the field at the entrance of the lenses
(Fig. 2: D1) and those in the gaps between the lenses
(Fig. 2: D1-F2, F2-D3, D3-E4). In the eEDM-fountain
electrode design, the physical parameters (Table I) were
chosen to minimize the net defocusing from these four
end-field regions.

0.2 T T T T T
0.1 -
. AN
D1-lens F2 D3 E4
-01F i
o2 I I I I I
35 40 45 50 55 60 65

Z (cm)

FIG. 4. The acceleration of the atom in the y direction is
proportional to the dimensionless end-field focusing/defocusing
field dy, (the linear term), and is shown here for the four lenses in
the Cs fountain.

A. End field at the entrance/exit of a single lens

The greatest change in the electric field usually occurs
when the atom bunch enters a lens from a field-free region
(or the reverse) which typically produces the most defocus-
ing of the atoms in the dipole field y direction.

The lens in the (y, Z) plane has a plate half gap r, and
entrance corner radius r,. as shown in Fig. 2 for the D1 lens.
The plate potential is V,, and maximum electric field is
E, =V,/r,. The resulting dimensionless defocusing field
dyy(r./r, = 10) at the entrance to the first lens DI is
shown in Fig. 4 and consists essentially of a single local-
ized defocusing (dy, > 0) peak at Z = 45.6 cm.

To calculate the resulting change in the y velocity
[Eq. (6)], we need the strengths of dimensionless defocus-
ing powers py», Py, Pye Which are plotted in Fig. 5 as a
function of the corner radius ratio r./r,. The DI1-lens
electrode has a corner radius r./ r, = 10, for which the
defocusing powers are p,, = 0.170, p,, = 0.0125, p\s =
0.0023. Therefore an atom entering the DI lens (r, =
6 mm, r. = 60 mm, V,, = 67.5 kV) with longitudinal ve-
locity V_ ;s = 3.0 m/s and displacement y = 3 mm at the
defocusing peak, will have its y velocity increased by
Avy;y = 110 mm/s (or divergence Av,,;;/V ;; = 37 mr),
with the nonlinear terms contributing only Av,;, =
2 mm/s. This change in velocity is large compared with
the atom bunch rms velocity o, = 8.0 mm/s and we
therefore have chosen the D1 lens to be y focusing.

For the eEDM experiment itself, we only need a single
dipole field lens (E4). If there was no end-field defocusing,
then the maximum (y, v,) phase-space acceptance of the
fountain is as shown in Fig. 6. This is fixed by the physical
apertures in the y direction, and for an E4 plate half gap of

T T T T
04 ]
03 -
py2
02 ]
0.1+ -
py4
py6
0 | | |
0 2 4 6 8 10

re/fy

FIG. 5. The dimensionless defocusing powers py, pys, Pye
[which determine the change in y velocity: Eq. (6)] for the end
field at the entrance of a lens (Fig. 4: D1 lens entrance), as a
function of the electrode half gap r, and corner radius r..
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FIG. 6. The (y, v,) phase-space acceptance at the trap (area
A, =153 mm?/s), for the Cs fountain with only the E4 lens and
the end-field defocusing at the entrance turned off.

5 mm we obtain an acceptance area of A, = 153 mm?s~ !

If the E4 half gap r,, could be increased by 20% to 6 mm, it
would give a 44% larger phase-space acceptance area
[AyZ/AyZ = (r]72/rpl)2]~

With the defocusing end field turned on at the entrance
of the E4 dipole field plates (r, =5 mm, r, = 50 mm,
and V, = 67.5 kV), the phase-space acceptance area is
reduced to A, = 0.0713 mm?s ™', a factor of about 2000
less. In addition, the returning atom bunch is defocused in
the y direction to both a large size (32 mm) and large
velocity spread (130 mm/s).

So in order to compensate for the very large loss of the
phase-space acceptance, as well as to focus the atom
bunch, we need to add transverse-focusing lenses to the
eEDM fountain.

B. Gap field between lenses

Between two lenses we have an electrode configuration
as shown in Fig. 2 for the D1-F2, F2-D3, and D3-E4 lens
gaps. The physical parameters are the lens gap length L,,
the plate half gaps r,, and the corner radii r., r4. The
electrode potentials V), then give us the electric fields in
each lens. In the eEDM fountain, because of the high fields
and small lens gaps, all four lens pairs are set to the same
plate potentials V,, = *£67.5 kV.

In the eEDM fountain the D1-F2 and F2-D3 lens gaps
have the same width (L, = 1.5 mm), plate half gap (r, =
6 mm), and corner radii (r, = r; = 1.5 mm). Then as
shown in Fig. 4, in each of the DI-F2 and F2-D3 lens
gaps there are three d, peaks with a focusing peak in the
center (p,or = —0.0657) and two equal-strength defocus-
ing peaks (p,op = 0.0343) on each side, resulting in a very
small net defocusing (pyoprp = 0.0028) of the atoms.

We plot the linear-focusing/defocusing power p, in the
F /D peaks and their sum, in Fig. 7, as a function of the lens
spacing L,(r./r, = 0.25). We see that as the lenses are

1 T T T T
DFD
0.75 —
S
o 0.5 - +D -
0.25 _
-F
0 I I I I
0 2 4 6 8 10
Lg/rp

FIG. 7. The magnitude of the linear dimensionless focusing/
defocusing power p,,, for the end field between two lenses
(Fig. 4: D1-F2 and F2-D3 gaps) with the same plate half gaps
r, and corner radii r./; = 0.25r,, as a function of the longitu-
dinal lens spacing L,. For the three impulse fields, F is for the
central focusing peak, D is for each of the two defocusing peaks
on each side, and DFD is their sum (2D-F).

moved apart the central focusing power p,,p first grows to
reach a maximum around a few half gaps and then slowly
goes to zero. The two defocusing peaks remain at the
entrance/exit of the plates with the defocusing power
Pyop growing as the electric field gradient increases with
decreasing field between the lenses, and leveling off as the
field goes to zero between the lenses—with a limiting
value given by the single lens entrance/exit defocusing

-F
021 +D
S
o
DFD
0.1 .
0 | | |
0 0.5 1 15 2

rC/rp

FIG. 8. The magnitude of the linear dimensionless focusing/
defocusing power p,,, for the end field between two lenses
(Fig. 4: D1-F2 and F2-D3 gaps) with the same plate half gaps
r, and longitudinal lens spacing L, = 0.25r,, as a function of
the plate corner radius r. = r,. For the three impulse fields, F is
for the central focusing peak, D is for each of the two defocusing
peaks on each side, and DFD is their sum (2D-F).
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TABLE II.

eEDM-lens end-field dimensionless defocusing power p,,.

D1-F2-D3 half gap E4 half gap D1 end DI-F2 gap F2-D2 gap D2-E4 gap Total sum

0.1698
0.0982

5 mm
5 mm

5 mm
6 mm

pyZ
0.0028 0.0028 0.0028 0.1782
0.0016 0.0016 0.0308 0.1322

power calculated in the previous Sec. IV A. This plot shows
how strongly the end-field defocusing is affected by neigh-
boring lenses and their electric fields. This is very different
from the case with charged particles for which the fringe
fields of a focusing element (electric/magnetic quadrupole
fields) are included in an effective length which is usually
not affected by nearby elements.

To reduce the total defocusing in the gap between lenses,
Fig. 7 shows us that the gap spacing between the lenses
should be small. From Fig. 8, which plots the linear-
focusing/defocusing power p,, in the F//D peaks and their
sum for different corner radii r.(L,/r, = 0.25), we see
that to reduce the defocusing we also need small corner
radii for the electrodes.

The large electric field of 13.5 MV/m for the eEDM
experiment is needed only in the E4 dipole lens (r,, =
5 mm). Therefore to further reduce the strong defocusing
of the beam entering the D1 lens, we chose a larger plate
half gap of rpl = 6 mm for the D1, F2, D3 lenses. Then
in the D3-E4 lens gap (ry3 = 1.5 mm, r.4 = 2.5 mm)
as shown in Fig. 4, the d,, field has a focusing peak
(pyor = —0.1072) followed by a single defocusing peak
(pyop = 0.1378), resulting again in a small net defocusing
(Py2rp = 0.0306) of the atoms.

In Table II we compare the py, linear defocusing power
in the four lens end-field regions shown in Fig. 4, for the
case where the D1-F2-D3 triplet has the same plate half
gap as E4 (5§ mm), and the case with a larger triplet half gap
(6 mm).

We see that, with a 6 mm plate half gap in the D1-F2-D3
lenses, the defocusing power in the D3-E4 gap increases by
Ap, = 0.028 while in the other three end fields it de-
creases by Ap, = 0.074, resulting in an 26% reduction
in the net defocusing power.

V. TRANSVERSE-FOCUSING LENS FIELDS

To compensate for the end-field defocusing in the lenses,
as well as focus the atoms in both x and y directions, we
need electrodes whose shape in the (x, y) plane produces a
transverse-focusing field. For charged particles an electro-
static lens with a pure quadrupole potential will give linear
forces, with focusing in one direction and equal defocusing
in the other direction. The total electric field of a quadru-
pole lens is E? = E3,(x* + %), so for neutral atoms
[Eq. (3)] it produces linear forces but they are defocusing
in both x and y directions. The higher order pure multipole

fields give nonlinear forces that are also defocusing in both
directions. However, if a combination of a dipole and a
sextupole potential is used, the resulting forces will focus
the beam in one direction and defocus in the other [2,5].

Inside the lenses, where the electrode is flat in the z
direction (0®/dZ = 0), we choose the multipole potential
D(x, y)

= ®(x,y) = E,,y + E3[x%y — 3°]

where E,, is the electric dipole field, E 3 = A3E,, is the
sextupole field with relative strength A; whose sign gives
the direction in which the atoms are focused:

A5 <0 then F lens (x focus, y defocus)
Az >0 then D lens (x defocus, y focus).

It also determines the transverse curvature ®(x,y) =
const of the electrode plates—the larger A5 the greater is
the curvature and the stronger the focusing.

The total electric field for this potential is

Ez(xr y) = Ego + 2Ey0EA3[x2 - y2] + Ef\3[x2 + y2]2’ (7N

where the first term is the field for a pure dipole and the
third term for a pure sextupole potential. As we will see in
the next section, the second term is the one that produces a
linear force that focuses in one direction and defocuses
equally in the other.

VI. ATOM TRAJECTORY
EQUATIONS OF MOTION

The total electric field of a set of lenses in a fountain that
includes all the electric field terms considered in the pre-
vious two sections [Eqgs. (4) and (7)] is

Ez(xr Y, Z) = E%o(z) + Dy2(Z)y2 + %Dy4(z)y4
+1D,6(2)y° + 2E,,(Z)Es3(2)[x* — y?]

+ E3(2D[x* + y* P, 3)

where E,,(Z) = E(x =0,y = 0, Z) is again the field on
the optic axis.

A complete 3D modeling of the lenses is needed to
obtain the Z dependence of the sextupole field E,3 and
also the strengths of possible additional electric field terms
that are not included here and are not expected to be
significant.

The longitudinal motion of the central trajectory (x. = 0,
vy =0,y =0,v,, =0, Z., V,.) can be calculated from
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av.. a
% L= —g+—FE,(Z)E,(Z,).
zc dZC m yo\& )ty c
This equation integrated gives us the conserved

Hamiltonian [Egs. (1) and (2)] from which we can calculate
the magnitude of the central velocity V. at any location in
the fountain

VAZ) = V2 = 287+ B2, (Z)
where at the launch point Z. = 0 the velocity is V,. = V,;
and the electric field E,, = 0.

In the generic fountain design optics considered here,
the electric field and its gradient on axis E,,, E,;, E\, are
shown in Fig. 3. The resulting change in the central veloc-
ity V.., from its initial launch velocity of 4 m/s, is plotted
in Fig. 9. It shows that there is a significant increase in
velocity entering the D1 and E4 lenses resulting in a much
higher turnaround point of 1.10 m compared to 0.82 m with
the lenses turned off.

For atoms launched along the optic axis (x = 0, v, = 0,
y = 0, vy, = 0), the longitudinal equation of motion is

& +G,z=0
dt
with bunching field
«a
Gz(Zc’ Z) = = 7Dze(zc’ Z)Z’ (9)
m

where

Dze(Zc’ Z) = DZZ(ZC) + DZ3(ZC)Z + DZ4(ZC)Z2 +oee

and
D, =E} +E\Ey, D;=3E,E,+1iE,E;
Dy =3E}; +3Ey Eyy + tEy Eyy.

For the eEDM fountain the linear dimensionless force
field d , = (r3,/E})D, is plotted in Fig. 10, and consists of

Ve (m/s)

] ] ] ] ]
0 20 40 60 80 100 120

Z (cm)

FIG. 9. The central longitudinal velocity V. of the atom bunch
in the Cs fountain, showing the electric end-field acceleration of
the atoms on entering the D1 and E4 lenses (Fig. 3).

0.2 T T T T T
dzz
0.1 -1
0
D1-lens F2 D3 E4
-0.1[ -1
—o2 1 ] 1 1 1
35 40 45 50 55 60 65
Z (cm)

FIG. 10. The acceleration of the atom in the z direction relative
to the central trajectory is proportional to the dimensionless end-
field bunching/debunching field d_, (the linear term), and is
shown here for the four lenses in the Cs fountain.

short-range bunching and debunching peaks at the lens
ends and gaps, similar to that for the d\, end-field defocus-
ing function (Fig. 4).
In the transverse (x, y) plane, the trajectory equations of
motion are
dvx dv y

+Gx=0 “2+Gy=0
dt X dt »Y

with focusing fields

Gul,y.2) = = S 2ER(Z)E,(2) + En(D)? +7)]
Gy(x..2) = + = RER(2)E,(2) ~ E(@)(2 + )]

- Dye(yr Z)} (10)

and longitudinal position Z = Z, + z.

In the transverse (x, y) plane the nonlinear force comes
from the pure sextupole term in the total electric field
[Eq. (8)].

To compare the focusing/defocusing power of a thin
sextupole lens and the end field, we can integrate the y
velocity in the impulse approximation to get

2
a E,

Av.., = —
yif m V.

<_2A3Leff + Q)y
Tp

where L is the effective length of the sextupole lens. For
the first D1 lens, and end-field defocusing peak (p,,/ r, =
17 m~2) has 40% the strength of the sextupole focusing
field (2A3Leff =42 m_z).

For the eEDM fountain, with just the linear forces in the
lenses, the y direction phase-space acceptance at launch is
shown in Fig. 11 (blue diamond) and has an area A, =
144 mm? /s, which is 95% of the maximum geometric
acceptance area (Fig. 6). This is a significant improvement
over the 0.05% of the maximum acceptance we obtain
using only the E4 dipole field plates (Sec. IVA). The
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FIG. 11. The Cs fountain (Table I) (y, v,) phase-space accep-
tance area at the trap is shown in blue (area: A, = 144 mm?2/s)
for lens fields with only the linear-focusing terms. The initial
phase-space ellipse used to calculate the atom bunch envelope
o, in Fig. 14 is shown in red.

boundary of the acceptance area shown is given by
the trajectories, calculated from Eq. (10), that just graze
the lens plates (Fig. 2).

With the nonlinear force terms turned on, the initial
phase-space acceptance area (Fig. 11: blue) on returning
to the launch position is shown in Fig. 12. We see that the
nonlinear forces (red) distort the linear-force acceptance
area (blue), with the larger velocity rays affected the
most—but do not produce any significant decrease in
acceptance.

20

vy (Mm/s)
o
I

—10

-10 -5 0 5 10
y (mm)

FIG. 12. The Cs fountain (y, v,) phase-space acceptance area
(Fig. 11: blue) on returning to the trap is shown in blue for lens
fields with only the linear-focusing terms, and in red with the
nonlinear terms included.

VII. BEAM ENVELOPE EQUATIONS
If the forces on the atom are linear and uncoupled, the
focusing fields [Egs. (9) and (10)] become

GX(ZC) = %2EA3(ZC)E))0(ZC)

G,(Z) = +—[2E(Z)E,,(Z) ~ Dy(2,)]
G.(2.) = +5-Da(Z,)

and they depend only on the central trajectory position Z...

Then, for any beam distribution in phase space, we can
calculate the evolution of the root-mean-square (rms) mo-
ments o2 = (x?), o, = (xv,), o5 = (v3), etc., from the
envelope equations [12] for the x direction (focusing if
G, > 0, and defocusing for G, < 0)

do?
Yo, =0 e
dar 7w dr
2

W0 26,20, =0
dt W\Le) Oy,

and equations of the same form for the y and z directions.
Here at time ¢ the central atom is at the longitudinal
position Z,. with velocity V..

The above three envelope equations are not independent,
but are connected by the constant of the motion the rms

emittance: e, = 1/ U%U%X - O )zcv

At any position in the fountain, the atom trajectories of
the rms distribution lie inside the equivalent Kapchinsky-
Vladimirsky distribution [13,14] (x, v,) phase-space el-
lipse given by

a',zjxx2 =20, xv, + o2vl = g2

with area A, = 7e,. At a waist (o,, = 0), such as the
fountain launch point, the phase-space ellipse is upright
with (x*/02) + (vi/o?) =1and &, = 0,0, .

T W1 I I I I
0 20 40 60 80 100 120 140 160 180 200 220

Z. (cm)

0 1 1 1 1

FIG. 13. The atom bunch o, envelope in the Cs fountain, for
launch velocity V_. = 4.0 m/s and an initial phase-space ellipse
at the trap with beam size o, = 4.5 mm, tilt o, = 0, velocity
o, =8.0mm/s, and area A, = 113 mm?/s. The green line
marks the turnaround point at 110 cm.
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FIG. 14.  The atom bunch o envelope in the Cs fountain, for
launch velocity V,. = 4.0 m/s and an initial phase-space ellipse
at the trap with beam size o, = 3.2 mm, tilt o, = 0, velocity
o, =144 mm/s, and area A, = 145 mm?/s. The green line
marks the turnaround point at 110 cm, and blue shows the
electrode apertures in the four lenses.

0 1 1 1 1 1 1 1 1 1 1

0 20 40 60 80 100 120 140 160 180 200 220
Z; (cm)

FIG. 15. The atom bunch o, envelope in the Cs fountain, for
launch velocity V,. = 4.0 m/s and an initial phase-space ellipse
at the trap with beam size o, = 4.5 mm, tilt O, = 0, velocity
o, =80 mm/s, and area A, = 113 mm?/s. The green line
marks the turnaround point at 110 cm.

For the generic eEDM fountain with lens parameters
given in Table I, we show in Fig. 13 the beam envelope size
o, for an initial phase-space ellipse with rms sizes o, =
45 mm, o,, =0, o, =80mm/s, A, =113 mm?*/s.
The actual acceptance in the x direction will be determined
by the fountain apertures and the good-field width of the
lenses.

The beam envelope size o, which is limited by the plate
half gaps, is shown in Fig. 14 for an initial phase-space
ellipse with o, = 3.2 mm, o, =0, o, = 144 mm/s,
Ay = 145 mm? /s, matched approximately to the trajectory
acceptance area shown in Fig. 11.

The beam longitudinal envelope size o, for an initial
phase-space ellipse with rms sizes o, = 4.5 mm,
0, =0, 0, =80mm/s, A, =113 mm?/s is shown
in Fig. 15, and we find that the atoms remain well bunched
in the fountain. Part of this comes from the conservation of
the Hamiltonian energy, which shows us that for any two
atoms on the optic axis, the relative kinetic energy at all

positions Z is constant, i.e., 3(VZ=VZ)=(V_ +iv v, =
const, and is the same as that at the launch point.

VIII. CONCLUSIONS

In experiments where a neutral atom bunch transits
through electrostatic lenses, the defocusing of the atoms
in the end fields of the lenses can be significant if the atoms
are very slow and the lenses have high fields and small
plate gaps. We have described in this paper the character-
istics of these defocusing end fields, and how they can be
overcome by the introduction of transverse-focusing lenses
to keep the atom bunch small and maximize the trans-
mission. These results apply to electric fields of any
strength and can be used in other applications such as
atomic clocks and for transport and focusing on any
strong-field-seeking polar molecule.
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