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Three designs for a magnetic trap that will simultaneously confine
neutral atoms and a non-neutral plasma
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Three trap designs are proposed for the simultaneous confinement of neutral atoms and a
non-neutral plasma in close proximity. One design uses axially symmetric static magnetic fields with
a magnetic minimum in a ring around the trap axis. Axial symmetry is required for confinement of
the rotating non-neutral plasma, and the magnetic minimum traps the neutral atoms. The second
design uses a rotating axially asymmetric magnetic field superimposed on a cusp field to create a
time-averaged magnetic minimufa “TOP” trap). The rotating asymmetry acts as a magnetic
“rotating wall” to help confine the non-neutral plasma. In the third design, a cylindrically symmetric
high-order multipole field traps the neutral atoms, which are made to rotate about the trap axis in
order to avoid the magnetic null at the trap center. These designs may be useful for the production
and confinement of cold antihydrogen. Z)01 American Institute of Physics.

[DOI: 10.1063/1.1403355

I. INTRODUCTION trapped single-species plasmas are cold and of high density
S0 as to maximize recombination rates when they are com-

Over th? past decade, minimuhmagnetic tra_ps have l|)ined, the large-scale static field asymmetries produced by
developed into a standard technology for trapping neutrathe loffe bars will degrade plasma confinement, causing

clouds of atoms.These traps use magnetic fields with a local lasma heating and charaed particle loss at levels that are
minimum in |B(r)| at a point wheréB| remains nonzero. P 9 ged p
probably unacceptabfe.

One standard trap design, the “loffe—Pritchard” trais, . ) _
In this paper we consider three possible methods for

shown schematically in Fig. 1. A pair of Helmholtz coils . . s
create a saddle point ifB| at the trap center. The saddle is [F@PPINg neutral atoms in close proximity to a cold, dense

transformed to a minimum by four loffe bars. The magneticnon—neutral plasma. The first method relies on a novel cylin-
minimum creates a potential well for some atoms sincedrically symmetric magnetic configuration that can be used
atomic spinsu align either with or against the magnetic field. & @ Penning trap to confine a non-neutral plasma, but also
The magnetic dipole energy for spins aligned against théias a minimum in|B| so that it can simultaneously trap

field is neutral atoms. The magnetic minimum is on a ring around
the axis of symmetry of the trap. We will show that potential
Evm=—u-B=|u[|B], (1 well depths of ordel K or more should be achievable with

L. L ... . this trap design. It is important for the well to be as deep as
which is minimized at the trap center. The magnetic field P g P P

C . . . ossible, since the antihydrogen will be created at the plasma
does not vanish in the well; otherwise a spin could flip at th . .
. x g . .3 . .~ temperature of a few K, and will also have kinetic energy
magnetic null(“Majorana flips” °) and the magnetic mini-

associated with the plasma rotation.

mum would then expel the atoms rather than confine them. A 4 desi dard “ti d orbiti
The loffe—Pritchard trap is an excellent configuration for second design uses a standard “time-averaged orbiting
(TOP) trap’ to confine the neutral atoms. Like the

many purposes. However, the design is not cylindricallyPotential’ . > the .
symmetric, and this is a problem for certain applications.0ffé—Pritchard trap, this design imposes large-scale azi-

One such application is the production and confinement offuthal magnetic asymmetries, but the asymmetries are made
cold antihydrogen. Two experiments are currently underway© rotate around the trap axis. This rotating magnetic field
to achieve this godl.The experiments use Penning traps tohas two effects: first, the torque exerted on the plasma by the
trap two cold single species non-neutral plasmas consistingptating field may act to spin up the plasma, possibly even
of anti-protons and positrons respectively, from which it iskeeping it confined indefinitely in much the same manner as
hoped that antihydrogen can be created by careful combinalectrostatic “rotating wall” asymmetries used in other
tion of the two species. The antihydrogen must then be conexperiment$. Second, the rotating field, in concert with a
fined in a neutral atom trap. A recent analysims shown static cusp field, creates a time-averaged magnetic minium at
that stable single-particle orbits exist for individual positronsthe trap center, wit{B|#0 there. However, the effective
and antiprotons trapped in the non-axisymmetric magnetiglepth of this potential minimum is probably limited to of
field produced by an loffe—Pritchard trap. However, if the 5rder 0.1 K or less.

We also consider a third design that, like the first design,
dElectronic mail: dhdubin@ucsd.edu uses static cylindrically symmetric magnetic fields to confine
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FIG. 1. Magnetic coil configuration of an loffe—Pritchard neutral atom trap.
Arrows show the direction of currents.

FIG. 2. Magnetic coil configuration of a cylindrically symmetric minimum-

both the plasma and the neutral atoms. Here the magnetﬁzpennlng trap.

minimum is a null at the trap center. In order to keep neutral

atoms away from this magnetic null, the neutral atom cloud . | , | letel lized
is made to spin, creating a centrifugal potential that repel??s'tron plasma remains nearly completely unneutralized. It

the cloud of neutrals from the trap center. The rate of rotatior{nlght be. hgpe_d_ that a small density_of antipr_o.tons would
may be controlled with a small rotating magnetic field. Thehave an insignificant effect on the positron stability, and that

main static magnetic field contains sufficiently high multi- & description of the system as a single species plasma might
pole momentsin=4 or highe} in order to overcome the then be relevant. In this scenario, one of the traps discussed
centrifugal potential at large radius and trap the atoms in g this paper could serve as the recomb!natlon section.

ring. We will show that well depths of ordel K or more As a final caveat, the.magnet de5|gn§ pre;ented hgre
could be obtained in this design, depending on the rotatioHave not been optimized with regard to engineering feasibil-

frequency of the neutral atoms and the strength of the mang" .Some of the d,es'gn,s are somewhat unusqal, and may be
netic field. difficult to realize in their present form. In particular, design

Although antihydrogen formation requires the recombi-limitations due to stresses on the magnetic coils will not be

nation of positron and antiproton plasmas, the work pre_dlscussed. However, it is hoped that one or more of these

sented here considers only the trapping of a single specié‘?nce_pt_S may prove to be a useful first step in the design of
plasma in conjunction with a neutral atom trap. There are? €alistic neutral atom/non-neutral plasma trap.

several reasons for this approach: first, separate single spe-

c_ies plasmas must be confined and co_oled before_ recombing- A cy INDRICALLY SYMMETRIC MINIMUM- B

tion can be attempted. It would be easiest to do this nearby tBeNNING TRAP

the region where recombination and neutral atom trapping

will occur, so it is important to consider the equilibrium of ~ Cylindrically symmetric minimun® equilibria have re-
single species plasmas in the fields created by a neutral atof¢ived considerable attention in the neutral plasma commu-
trap. Second, the recombination process itself is not yet urRity due to their superior MHD stability propertie3.Our
derstood: the partially neutralized plasma may exhibit a hosfirst design is similar to the “stuffed cusp,” but with an
of instabilities, and issues regarding both the axial and radiaddded solenoidal magnetic field, which is required for non-
confinement of such plasmas have not yet been resolve@ieutral plasma confinement.

although progress is being matié! By focussing on the A schematic of the magnetic elements in the trap is
trapping of a single species plasma in conjunction with neushown in Fig. 2. The trap consists of a solenoidal magnetic
tral atoms, our work avoids these thorny issues. field Byz, which for simplicity is assumed to be uniform; an

However, our work could have some bearing on the re-azimuthal magnetic fieIcBaaélr created by a wire aligned
combination process: one possible recombination techniqualong the axis of the solenoid, and the field from a current
would be to allow only a relatively small number of antipro- loop concentric with the solenoid whose current runs in the
tons at a time to enter into the positron region, so that th@pposite direction to that of the solenoid. The latter field
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FIG. 3.r andz location of the field null as the ratio of the solenoidal to loop FIG. 4. Location of magnetic minimum versus azimuthal fiBlgfor three
field is varied. NoB, field is applied. values of the ratio of solenoidal to loop field8y/B,,. Solid curves are
radial position, dashed curve is the axial position B@r/Bo/=1.

B,(r,2) is most easily written in terms of the vector potential T increases the well depth above the temperature of liquid

associated with the loop, assumed to have radijus helium, obviating the need to cool the trap walls with a di-
IA lution refrigerator.
o, 19 R '
B,(r,z)=— r+——(rA9/)z, 2) We now turn to the non-neutral plasma confinement
0z ror characteristics of this trap design. It is well known that
where single-species plasmas can be confined in a thermal equilib-

rium state by static cylindrically symmetric fieldThe un-

A(,/(r,z) neutralized charge cloud rotates about the trap axis with ro-
B, a2 tation frequencyw. For low plasma temperature such that the
_ 0,2 (2—=m)K(m)—2E(m) 3 Debye length is small compared to the plasma size, the
a2+t r2+ 22+ 2ar m ' plasmaﬁ(illensity in thermal equilibrium is determined by the
equatio
4ar
M= 55— 5, (4) Mw
a*+ri+z5+2ar n(r2)=5_5(Qc(r2)-w), ®)

K(m) and E(m) are the complete elliptic functiort$,and _
B, =B,(r=0,z=0). whereQCZ=eBz(r,z)/mc is the cyclotron frequency based
‘ only on the axial component of the total magnetic field. Here
e is the charge anth the mass of the plasma particles. Note
that the azimuthal fiel&, does not play a role in non-neutral
plasma confinement.
Equation(5) follows from the fact that rotation through a

; S . magnetic field creates an effective potential wigl(r,z) for
=ry andz=z, is both a magnetic mimimum and a magnetic

. : ) ‘the particles, where
null, which makes it unusable as an atom trap. With an azi-

muthal field,|B| no longer vanishes. Since the azimuthal field _ €or mw?r?

is monotonically decreasing with the location of the mini- e(r2)= TA"(r’Z)_ 2 ©®

mum is shifted outwards to a locatiog,>r,. For B, suffi-

ciently large, the minimum disappears as it is pushed towar

the loop. The dependencegf on B,/Bg is shown in Fig. 4

for several values 0B, /By,. WhenBy /By=1, the mini-

mum location is at finite= *z,,. The variation ofz,, with Ag(r,z)=Ag/(r,z)+ 1Br?, (7)

By/By is also shown in Fig. 4 for one choice B /By . ) , .
Contours of constanB| are shown in grayscale in Fig. 5 whereAa/ is the loop vector potential, g'Ve”_bY _E@)' The

for the choicesB,/B, =2.6, givingr,=0.81a; andB,/B, _pc_)tentlanSB can be thought of as due _to a fictitious neytral-

4 izing background charge of density(r,z); that is,
V2¢g(r,z)=4men(r,z). The equilibrium plasma density
matches the density out to a surface of revolution where
the supply of plasma charge is exhausted. The shape of this
surface is determined by the condition that it is an equipo-
tential in the frame rotating with the plasma. Therefore to
find the plasma shape, we solve the equation

WhenB, <B,, the loop magnetic field cancels out the
solenoidal field at a ring of radiug, in the plane of the loop
(the x—y plane. WhenB, >B,, the field is cancelled at
points * z, along thez axis (see Fig. 3.

Without an applied azimuthal fiel®,, the ring atr

he second term is the deconfining centrifugal potential and
o(r,2) is the -component of the magnetic vector potential,
given by

=0.125, givingr,,=0.83. For these parameters, contours
of constantB| with |B|/By=0.9 do not intersect the walls of
the apparatus.

For antihydrogen in the ground statly|=7e/2m.c.
According to Eq(1), a solenoidal field oBy=2 T therefore
corresponds to a potential well of depth (0.9-0.125/
0.83)uBy=1 K. Atoms with temperature less than this
should collect around the minimum etr,. A field B;=8 o(r,z)|s=constant, (8)
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FIG. 5. (Color) An example of plasma confinement in
4 ® 0.7 1.2 the cylindrically symmetric minimun® Penning trap.
® Plasma density is shown by colored contours, magnetic
zla oo b (-)@ 0.6 0.8 field intensity is shown by gray scale contours. Green
’ lines are magnetic flux surfaces. Arrows denote the lo-
® cation of current-carrying wires. Thick blue lines are
-] 0.5 0.4 electrodes. In this exampleB, /B, =2.6, B4/B,
l® =0.125, andv=0.38ren,a>.
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where S is the surface of the plasma, antlis the total Since the plasma rotates with frequengyneutral atoms

potential, including the self-consistent potentiak(r,z) created by recombination at radiusvithin this plasma will
from the plasma itself, and the potential|,(r,z) from volt-  be created with a certain amount of angular momentdpm,
ages on surrounding electrodes: =Muv,r, whereM is the atomic mass and, is the azi-
_ muthal velocity, which has an average valuawf This will

¢(1,2)=¢p(r, )+ $u(r,2) + du(r,2). © create a tendency for the neutral atom cloud to spin. This
Since our design has a central wire, required for the azirotation creates a deconfining centrifugal potential for the
muthal fieldB,, a voltageV must be applied to the wire in neutral atoms, which can be expressed as an additional term
order to repel plasma charges. This creates a hollow plasmim Eq. (1):
In Fig. 5 we assume that the wire has radiss0.05, and
that there is a surrounding grounded cylindrical electrode at
r=a. The plasma is assumed to be a long column. For large

|z| away from the loop, the magnetic field is nearly uniform, . . _
and the plasma forms a hollow column with uniform density ~ 5° far we have assumed that this centrifugal term is
negligible. However, this depends on the size“gf In typi-

No=(Mw/2mwe?)(Qy— w), whereQy=(eB,/mc) is the cy- ) X )
clotron frequency associated with the solenoidal field onlyC@ €xperiments, the rotation frequeney2m is on the order

The inner and outer radii of the hollow colummn, andr,,  ©f several kHz. Taking the plasma radius torhe=1 cm, we

are related to the voltagé on the inner wire by the condi- M@y €stimate angular momentum due to rotation/gs
tion that ¢(r ,2) = b(r ,,2) = constant: ~Muwrg. Then for an antihydrogen atom the centrifugal

term is

r%—rf+2r§ln(r—1> —2r§|n(r—2”. (10) w27\ 2(r \2[ 1. \2

b a 0.5Mw2rg/r2:o.24k< ) (—") (—p) .
. 1kH,) \'r lcm

In Fig. 5, we have chosen,=0.2a, r,=0.3a, so that

V=0.38renya®. We have also assumed thal(),<1, so  One can see that a rotation frequency of 1 kHz and a plasma

that we can neglect the centrifugal potentialdg [see Eq. radius of 1 cm leads to a small centrifugal correctioictp;

(6)]. In this case we need not specifyin determining the however,o/27=10kHz would cause a large change in the
plasma equilibrium. magnetic well, possibly leading to deconfinement, depending
One can see from the figure that the plasma expandsn the ratio ofr,/r at the location of minimunB. In order
radially and decreases in density nea0, since the confin- to trap large densities required for rapid recombination, a

ing B, field is weakest here. One can also see that the minilarge magnetic field will therefore be required so thate-
mum B ring is well outside the plasma. This is hardly sur- mains small.

prising, sinceB, vanishes aty<r,, and the plasma must be Another potential difficulty with this design involves the
confined in a region away from this point according to Eq.central wire. Astute readers may already have noted that pro-
(5). In principle, it is possible to construct finite-length ducing a tesla size field with a central witer wireg re-
plasma equilibria that contain the minimum ringratsince  quires exceedingly high currents. Fortunately, the azimuthal
B, does not vanish at,,, but rather atr,. However, the field produced by the central wires need not be this large.
confinement potentiaky(r,z) exhibits only a very weak Recall that the only purpose of the azimuthal field is to pre-
minimum in this case. vent Majorana flips by keepingB| finite at the magnetic

/2

Em=|ul|B|+ (11

-z
2 Mr?"

V=1men,
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FIG. 6. Schematic of the magnetic coils for a TOP Penning trap.

minimum. For cryogenic atoms, this can be accomplished 0
with modest azimuthal fields, on the order of a few gauss. r/a ®
The argument is as follows. Majorana flips are prevented

when the minimum sp_m preces§|9n frequencwgﬂin/ﬁ FIG. 7. (Color) An example of plasma confinement in a TOP Penning trap.
[where B,in»=B(rm.z,) is the minimum magnetic field Pplasma density is shown by colored contours, time-averaged magnetic field
strength, is much greater than the maximum rate of varia-intensity(|B|) is shown by gray-scale contours. Green lines are magnetic
tion of the magnetic field as seen by an atom moving througlﬂ“x surfaces neglecting the rotating field. Arrows in and out of the page
L —. enote the location of current-carrying wires. Thick blue lines are elec-
the minimum, UVB/B)maxNEBO/aB_min' wherev is the ther- trodes. Red dot is the location of the “circle of death.” In this example
mal speed of the atoms. Comparing these two rates for antiz, /g, =0.75, B, /B,=0.05, andv,=0.6ren;a>.
hydrogen yields

Brir>1.3 GaussBy/1 Tesla¥*(T/1K)*¥(a/Lcm) 22

(12 plasma. Neutral atoms are trapped in the magnetic well cre-
Thus, a field of 10-100 Gauss at the magnetic minimunrated by the cusp. The plasma is held away from the null by a
should be sufficient to prevent any Majorana flips from oc-biased cylindrical electrod@éot shown.
curring, provided that the atoms are cold. To this configuration is added a rotating magnetic field,

Finally, we note that it is possible to create a ring- predominantly in thex—y plane, rotating with frequenciy.
minimum-B configuration that does not need a central wire:The field is created byn=2 (or morg pairs of Helmholtz
the “Furth—Andreoletti” trap'? This considerably simplifies ~coils located about the trap as shown. The current in the coils
the trap design, but unfortunately the depth of the magnetiés oscillated at frequency/m, and phased by-/m between
minimum in such traps is exceedingly we&Kkn Sec. IV we  adjacent pairs of coils.
will discuss an axisymmetric trap design that also avoids the  For simplicity in the following analysis, we take the so-
central wire, but has a well depth of orde K or more. lenoidal field and rotating field to be uniform, and the cusp to
be created by a single current loop, resulting in

Il. “TOP” PENNING TRAP R R .
B,=B,(r,z) +Byz+ B, (X coswt+ ¥ sinwt), (13
This design uses a standard time-averaged orbiting po-

tential (TOP) trap, combined with a Penning trap, as dis-whereB, is the strength of the rotating field, and is its
played schematically in Fig. 6. The non-neutral plasma igotation frequency. This frequency must be chosen to be
confined in the upper section by a solenoidal magnetic fieldsmall compared to the spin precession frequenayR|/7%

In the lower section this field is cancelled by an opposingin order for the spins to be able to follow the rotating field
field, creating a cusp with a null on theaxis, below the without flipping; but the rotation must be rapid compared to

Downloaded 21 Sep 2001 to 132.239.73.69. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



4336 Phys. Plasmas, Vol. 8, No. 10, October 2001 Daniel H. E. Dubin

the dynamical frequencies of the antihydrogen in the trap. Ifrodes with a thin conductive inner coating in order to allow
so, the rotating field can be time averaged, resulting in anhe rotating wall field to penetrate into the plasma confine-

average magnetic potential energy ment region. Alternatively, an open design with large gaps
5 — between the electrodes could be attempted.
Erop= M<|Bt|>::“_ﬂ-f dt/By. (14) However, a 600 G rotating field may be insufficient for
® Jo confinement of antihydrogen. This is because in a TOP trap,
Near the cusp, located at=z., a Taylor expansion oB, the magnetic field strengtlB| goes to zero at a point that
yields rotates around the trap centéermed the “circle of deathy.
A A A According to Eq.(13), the radius and height §,zy) of this
B,~B'(rf —2(z2—2,)2) — Bz, (19  circle is given by the solution to the coupled equations

where B’ is the radial derivative oB, at the cusp;B’ B/r(rdvzd)_Br_:o’ and B, (rq,zq) +Bo=0. Using Eq.

=3B, lar|>~%. The average oveB| can then be easily (15), one obtainszy=z;, andrq=B, /B’. The location of

performed, yielding this point is shown_ as a red dot in Fig. 7, for the given
parameters of the figure.

a To keep from suffering Majorana flips, neutral atoms
—_(y2 _ 2
ETOP_z(r +2(z=2)%), 18 must be confined within this circle, imposing an effective
well depth of
wherea=B'?/(2B,). Thus, the averaged potenti}op ex- P
hibits a minimum at the location of the cusp; but the mag- E - B, 1
netic field itself is nonzero there, taking on the vaRe max— Mg (17)

Plasma confinement in this setup is similar to the elec- . . , .
trostatic “rotating wall” perturbations used in several non- according to Eq.(16). A 600 G rotating field yieldsE pa

neutral plasma experiments, where the rotating perturbatiorT20 mK, which is more than sufficient for laser-cooled at-

is created by oscillating voltages applied tm2ectors cen- oms but may be difficult to achieve with antihydrogen, for

tered atg, = j/m.8 It has been shown that electrostatic wall which efficient laser cooling techniques are still a subject of

perturbations with appropriate phase can be used to confineo€gg'r%vr$ie%rcf V\;hllehtieypdeirr?trl;resnog tf:llstrordéo(rj h
plasma indefinitely, over a range of temperatures from mK g YN IoWey have been achieve agnetically trapped ny
eV drogen using dilution refrigeratds and evaporative

It is currently unknown whether a rotating magnetic field cooling; suc_:h techmques_may not be applicable to antihy-
will work as a magnetic “rotating wall,” because there have droge n studies. Evapqratlve cooling throws away a large
been no experiments to test this concept. However, there hgsactm-)n of the.atoms in order to Iower the energy of the
been considerable work on a similar configuration, the “rota_remalnder, which may be problematic when dealing with

mak,” for use in driving currents in a neutral plasma. In this small quantities of antihydrogen. Also, the thermal coupling

device fields of order 600 Gauss were made to rotate at 67.%f dilution-refrigerated walls to neutral antihydrogen atoms

kHz, which should be sufficient for magnetic rotating wall in a high-vacuum environment has not been clarified. In any
confinement of non-neutral plasm&sA rotating field in the case, the deeper the trap well, the better the chances of suc-

X—y plane causes the total field confining the non-neutral >

plasma to tilt slightly, and this tilt precesses aroundzlaeis tenngf E\_"V er:gg gﬁggﬁ:}'or}gzg%‘?ﬁ ;?mozg%?éedzstgbl
at frequencyw; ideally, this will spin up the plasma to fre- z, 1arg Ing T u possible, possibly

guencyw. For a 4 Tesla solenoidal field and a 600 Gauss P to a few thousand Gauss. However, according to(Ea),

rotating field the tilt is 0.9°. A static field tilted by this S &N these large fields limit the maximum confinement tem-

amount would cause rapid plasma I64@dicating that such perature to of order 0.1 K. It may be possible to increase the
L potential well depth further by employing more complex ro-
a rotating tilt would probably couple well to the plasma. tating fields that include a quadrupole comporfritiow-

An example of a cold trapped plasma confined in this - . .
configuration is shown in Fig. 7. In this figure the effect on ever, the feasibility of rotating a quadrupole field of several
L IIhousand Gauss at tens of kilohertz is unclear.

the plasma of the rotating magnetic field is neglected fo . .
b 9 9 g If and when experimental techniques are developed so

simplicity: it would slightly distort the plasma equilibrium that milliKelvin temperature antihydrogen can be easily cre-
into a rotating 3D figure vyithout cylindrical symmetry. The ated, a design basgd on the TOPyrote?ting magnetic figld trap
g;?e/dcforgou:s:&?,\;\; (\;htfl a%migl\éggage\?veviLuodo?g (/:;m- would probably be the most straightforward approach to con-
0 oo 9 —% fining both neutral antihydrogen and a non-neutral plasma.
=0.75, so that the cusp is al./a=\/(Bo,/Bo)™"~1  ynijl that time, however, the field geometry of Sec. I pro-
=0.46. The plasma is held away from this cusp by a singl&jides the required well depttf @ K or more, as well as the

cylindrical electrode, biased to the voltage=0.6men,a®.  cylindrical symmetry needed for plasma confinement.
Note that aB, =600 G, the spin precession frequency is

10rad/s, which is much larger tham. Therefore, the

atomic spins should easily be able to follow the rotating fieldllyl'w\cgl‘lNDRICALLY SYMMETRIC ROTATING ATOM
without flipping and deconfining the atoms. Also, note that at

100 kHz, the skin depth of copper is roughly 2aén. This The configuration of magnets discussed in Sec. Il in-
may necessitate the use of nonconductive cylindrical eleceludes a central current-carrying wire, which complicates the
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TABLE |. Parameters of a cylindrically symmetric rotating neutral atom trap with a single multipole field

component.
Multipole Radius of Scaled maximum  Radius of minimum
moment minimum Minimum energy (rotation frequency) at o= anay
n An 'mla EBmm/;“LBn @max (rm/@) max
4 3/2 4al9 —2/9 (—.222) 3/2 0.66...
5 15/8 (4al15)2 —15/32 (—.469) 15/8 0.70G. ..
6 15/8  (1G/75)Y®  —9/3200°(—.611) 15/8 0.73...
7 35/16  (1G&/105)Y4  —35/24/3 (—.842) 35/16 0.76...
8 35/16  (32u/245)"5  —25/8 392'5 (—.947) 35/16 0.78. ..
9 315/128 (32/315)Y6 —945/5122%°3(—1.16) 315/128 0.79. ..

design. In this section, we discuss one possible alternative to
the design of Sec. Il which retains cylindrical symmetry, but ~ B=V| B,
has no central wire.

As discussed in Sec. Il, rotation of the neutral atomsyhereB,, is a constantr, is spherical radius and is the
about the trap axis creates a deconfining centrifugal potenssual spherical polar coordinate.

tial. For single particles, the effective potential is given by ~ Then one can see that=4 is required, so thai{B|

E) Pn(cosa)> , (20

r 2

2| @y

2[(n—3) n—3
n—-1’'

2a
(n_l)An

(22)

Eqg. (11). This potential repels any atom withi,#0 away o js sufficiently weak at smalts and the centrifugal
from the trap center. Therefore, if one creates a magnetic nutbrce creates a local maximum &; at r=0. Also, these
atr=0 to trap the neutral atoms, and if one can cause th@igher multipoles are sufficiently strong at largerto over-
neutral atoms to rotate about the trap axis so that all atomgome the centrifugal force and confine the atoms in a circu-
have/,#0, the atoms can be trapped in the magnetic wellating ring about the trap axis. Atoms will then be unable to
but will avoid the central magnetic null. Furthermore, sincereach the origin provided that the well depth is larger than
the atoms will be created through recombination in a rotating, T.

plasma they will already have an angular momentum associ-  Forn=4 there is a minimum ifE in thez=0 plane, at
ated with this rotation. The confinement scheme would bginjte r. The energy in the=0 plane can be written, using
similar to that displayed in Fig. 6; the non-neutral plasmaggs.(18) and (20), as

would be confined in the upper section, and the neutral atoms

would be confined in the lower sectidasing a cylindrically r\n-t

symmetric configuration of magnets, to be described pres- Eg(r,z=0)=uB, An(g) Ta

ently).

Even if the bulk rotation of the neutral cloud is main- where A= \/n2P§(0)+ pl’12(0), the prime indicates differ-
tained, thermalization of the neutrals through atom-atonentiation, ande=M w?a?/(2uB,,) is a dimensionless num-
collisions would eventually create atoms with sufficiently ber parameterizing the relative strength of the centrifugal and
low /, such that these atoms would fall through the null atmagnetic forces. Fon=4, Eq. (21) has a minimum ar
the trap center and be lost due to Majorana flips. This loss=r =a(2a/(n—1)A,)Y"3). At the minimum,Eg takes
process can be avoided through careful design of the magn the value
netic well and careful control of the neutral rotation fre-
guency, as we will now show.

For a thermalized gas of neutral atoms, the single- Eg =~ H#Bne
particle potential of Eq(11) should be replaced by the Bolt-
zmann potential associated with gas rotating with uniformwhich shows that as increases, the minimum energy be-
rotation frequencyw: comes more negative and the well becomes deeper. How-

N 5 ever, Eq.(21) implies that the largest well depth occurs at

Eg=uB—zMo " (18) a=amu=A,; otherwiseEg(r=a,z=0)<0, and according
This potential energy enters in the Boltzmann thermalto Eg.(19) it begins to be more likely for particles to hit the
distribution?? magnetic coils at =a than to escape to the origin. The val-

- ues of aya, and corresponding values tEBmin| andr,, are
f(r,v)=(2mkgTIM) ™ ¥ e~ M- erT2eTeEalr 06T, given in Table 1. AlsoEg(r,z=0) is displayed in Fig. 8 for

(19 several values of and for &= a -

wheren, is a constan{the neutral particle density at the trap One can see from the table and the figure that the well
center whereEg=0). The centrifugal term in Eq(18) will depth can meet or even excee®,,, depending on the val-
still repel particles from the trap axis, provided that the at-ues ofn and «. Furthermore, the higher the order of the
tractive magnetic potentigkB is sufficiently weak near the multipole, the deeper the confineméalthough at highn the
axis. This can be arranged by employing a high order multitradius of the minimum approaches. Values ofB,, of a
pole field. Assume for the moment thBthas only a single Tesla or more should be technically feasible, allowing trap
multipole component, that is, depths of order 1 K or more. For example, if we take 6
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FIG. 8. Boltzmann potential vs radiugn thez=0 plane for several perfect i}
multipole fields,n=4, 6, 8, and 10. The potential is shown for the case of 1

maximum well depth, where scaled rotation frequercy o ., SO that
Eg=0 atr=a.

0.4

and Bg=>5Tesla, then Table | implies the maximum well
depth is|Eg_ [=2K, realized at a rotation frequency af

=32 kHzx 1/a(cm).

The magnetic field does not need to be a perfect multi-
pole for the design to work. Consider, for example, the field
created by 6 current loops on the surface of a sphere o
radiusa, separated irg by equal amounts, and given alter-
nating currents of the correct magnitude to null @i, r'a
9°B,/dz* and ¢*B,/9z* at the origin.(The first and third
derivatives OfBZ vanish by symmetry of the configurati()n. FIG. 9. (Colorn The Boltzmann potential from an approximate 6 multi-

The field is of the form of Eq(20) near the origin withn pole, created by 6 current loops. G_ray contours are contour_s of constant
. . Eg/uBg, for maximum well depth@=0.85 chosen such th&z=0 atr

=6, but differs substantially from Eq20) asr —a. Never-  _3) Green lines are magnetic field lines.

theless, a contour plot &g vsr andz for this configuration

of currents, shown in Fig. &or the case of maximum well

depth, shows that the confinement is nearly as good as for aumably weak, the magnitude of the rotating field could

perfectn=6 multipole, both in terms of maximum well probably be considerably smaller than the 600 Gauss fields

depth and spatial extent of the well. discussed in the previous section. The torque from this rotat-

For any cryogenic system of particles rotating at tens ofng field (and from the static field errorss found using Eq.
kilohertz, heating due to conversion of rotational energy into(1):
thermal energy is clearly an important concern. Unfortu-

. . . JB
nately, not much is known about this phenomenon in neutral 7= — , —
atom traps. Although experiments have been performed on 90
rotating Bose—Einstein condensates, rotation rates of only @ihis equation shows that even a simple uniform rotating
few hundred hertz were obtained by torquing on the atomsield, as in Eq.(13), could work to torque on the atoms and
with lasers?® and in these experiments the heating due tomaintain their rotation at some equilibrium level. By slowly
rotation was apparently not an important problem. Neverthevarying the rotation rate of the field, the atoms could be
less, several possible mechanisms present themselves f@tcelerated or decelerated as their rotation rate equilibrates
heating the atoms by slowing their rotation. One obviousyith that of the field. This method has proven to be quite
candidate, collisions with background neutrals, can presumsuccessful when applieising electrostatic fieldsto non-
ably be minimized by operating in a cryogenic high vacuumneutral plasmas rotating at up to hundreds of kiloh®rtz.
environment. Another possible mechanism is the scatteringiowever, it is currently unknown whether the rotating field
of the circulating atoms by static magnetic field asymmetriestechnique will work with neutral atoms.

Such asymmetries always exist at some level, even in the
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