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Abstract

The density and geometry of̄p and e+ plasmas in realistic trapping potentials are required if the rate of antihydr
formation from them is to be understood. A new measurement technique determines these properties of trapped positron+)
and antiproton (̄p) plasmas, the latter for the first time. The method does not require the common assumption of a sp
plasma geometry, which only pertains for a perfect electrostatic quadrupole trapping potential.Plasma densities, diameter
aspect ratios and angular momenta are deduced by comparing the number of particles that survive transmission t
aperture, to that obtained from self-consistent solutions of Poisson’s equation. Forp̄ the results differ substantially from th
spheroid plasmas of an ideal Penning trap. The angular momentum of the plasma emerges as smooth function of the
particles in the plasma, independent of the depth of the potential well that confines them.
 2004 Elsevier B.V.
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Slow antihydrogen (̄H) has so far been produce
as positrons (e+) cool antiprotons (̄p) [1] to the low
relative velocity needed for̄H formation within a
nested Penning trap[2]. The production of slow̄H by
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this method was confirmed by two different detect
mechanisms—by countinḡp and e+ annihilations that
are within 5 µs and±8 mm of each other[3] and
by field ionizing the H̄ [4,5] for background-free
detection.

The geometry and densities of the single com
nent plasmas of e+ and p̄ are needed as a first st
to understanding thēH formation rate. These prope
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ties have never been measured for ap̄ plasma. Imaging
trapped̄p annihilations on background gas has yield
only a very coarse resolution, nearly the size of
trap radius[6]. Positron plasmas have been charac
ized by several methods, but these have limitation
our context. The simplest method would be to ej
the trapped plasmas along magnetic field lines to
sition sensitive detectors[7], but such detectors woul
block p̄ and e+ entry into the 4.2 K trap from oppo
site ends. A useful e+ characterization method is t
compare the frequency of a hydrodynamic mode
the plasma to what has been calculated[8,9]. This has
been done successfully in the limit of thin drumhead
plasma shapes[10] and in the limit of extremely large
numbers of e+ [11,12]—neither of which pertain to
our experiments so far. For the large numbers of+,
spheroidal plasma shapes were assumed, even th
these apply only when there is a perfect, electrost
quadrupole trapping potential. The potentials with
the open access cylindrical Penning trap designs[13]
used forH̄ production[3–5] are not a good approx
mation to a quadrupole near the trap electrodes.

In this Letter, we deduce the plasma density, dia
eter, aspect ratio, and angular momentum of trapp̄p
and e+ plasmas by a new method. No assumption
a spheroidal plasma shape is needed owing to the
of a self-consistent solution to Poisson’s equation[14].
The method does not require huge plasmas, and e+ and
p̄ access from the ends of the trap is not obstruc
This first measurement of the geometry of ap̄ plasma
reveals āp plasma that is far from spheroidal. Just
striking, we observe e+ plasmas that are surprising
spheroidal even when they extend into regions wh
there are large departuresfrom an ideal electrostati
quadrupole potential. The angular momentum for+
plasmas is shown to increase smoothly with e+ num-
ber, independent of the depth of the confining poten
well.

The density and geometry of the e+ andp̄ plasmas
depend, of course, on how these particles are a
mulated into the trap. In the examples used to ill
trate the method, e+ in a 3 mm diameter beam slo
in a thin moderator crystal, pick up an electron
they exit this crystal, and are trapped when the e
tric field of a trap is able to remove this electron[15].
The p̄ plasmas are accumulated (or stacked)[16,17]
from pulses of 5 MeV̄p from CERN’s AD that slow as
they pass through thin vacuum windows, a PPAC
h
Fig. 1. Overview of the trap and fiber detector. Antiprotons ar
accumulated in the lower region (left), below the rotatable electr
aperture, while e+ are accumulated in the upper region (right).

tector, a gas moderator cell, and finally a Be degra
window. A preloaded plasma of cold electrons (load
using a field emission point for most of the illustr
tions used here) cools thēp; its diameter determine
the geometry of the cooled̄p which are measured.

Penning traps for confining e+ and p̄ are formed
by biasing a stack of 32 cylindrical electrodes (Fig. 1)
that are aligned with aB = 5.4 T magnetic field,
as has been described[1]. Antiprotons from CERN’s
AD facility are loaded into one end of the tra
structure[17], while e+ from a22Na source are loade
into the other via a method that involves the ionizat
of Rydberg positronium[15]. The electrodes ar
within a vacuum enclosure kept at 4.2 K via therm
contact with liquid helium; the pressure within
similar apparatus was measured to be better than×
10−17 Torr [18].

To countp̄ we release them from the trap by r
ducing the trapping potential, and count the coin
dence signals produced by annihilation pions pa
ing through surroundingscintillating fibers (Fig. 1)
and large scintillator paddles farther from the tra
The well calibrated detection efficiency is about 50
and there is negligible background. Trapped e+ are
counted nondestructively using familiar radi
frequency techniques[19].

The aperture method of determining the density
geometry of trapped plasmas involves several st
Plasmas stored in the 12 mmdiameter electrodes i
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Fig. 2. Electrodes (a) and potentials (b) used to launch
recapture e+. The recapture efficiency is high for 1 and 51 rou
trips (c) and decreases slightly as a function of the number of ro
trips (d).

the accumulation regions of the trap are analyzed
passing them through an aperture with a diam
2a = 5 mm that is presented when the rotatable e
trode is in its open position, and then recapturing th
The number of particles in the plasma is counted (
ing techniques mentioned above) before and afte
travels through the aperture to determine the trans
ted fractionPa . This is then compared to the efficien
that is calculated for various particle geometries to
termine which of these plasma configurations we ha
as will be described.

Fig. 2 illustrates that we can apply the fast volta
pulses required to launch and then recapture e+ with
near unit efficiency for a round trip (Fig. 2(c)) that is
not through the aperture. The efficiency remains ne
this high after 100 round trips (Fig. 2(d)). Much less
precise timing is required for̄p than for e+ owing to
the largerp̄ mass. The considerable challenge is t
most devices able to change the potential in less
10 ns, as required by e+ transit times, introduce nois
that heats up the trapped particles, often driving th
from the trap. We used programmable pulse genera
driving saturated FET switches which produce 20
pulses with a rise time of 3 ns. Attenuators can red
the amplitude, and toroid transformers can invert
voltage sign of electrical pulses sent through 1.5 m
Fig. 3. Electrodes (a) and potentials used to pulse e+ (b) andp̄ (c)
through the aperture. During a pulse the potential changes from th
solid to the dashed curves.

Fig. 4. Efficiency at which e+ (a) andp̄ (b) plasmas make one pa
through the aperture as a function of the number of particles in
plasma.

stainless-steel microcoax cable, to matching netwo
near the trap that reduce reflections. Up to 8.5 V pu
can be applied to the electrodes, with rise times
than 4 ns and relative timing precision better th
1 ns. Changing from the solid to dashed potentia
Fig. 2(b)requires changing the potential on electro
P3 from−3 to 3 V.

Similar switched potentials are used to launch+
(Fig. 3(b)) and p̄ (Fig. 3(c)) from one side of the
aperture and catch them on the other. The e+ are in
wells that are 0.8, 1.6 and 2.3 V deep on axis, and thēp
are in a 1.6 V well. Fig. 4shows the measured transf
efficiencyPa for e+ andp̄ sent through the aperture
a function of the number of particles in the respect
plasmas. For e+, the transfer efficiency decreases fro
near unity as the number increases and the plasma
grows. In marked contrast, thēp plasma always has
large diameter, even for small numbers ofp̄, so that
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a large fraction of thēp do not make it through th
aperture. We discuss possible reasons presently.

To make these measurements, the e+ are counted
nondestructively before and after a trip through
aperture, using electronicsconnected to the electrode
of harmonic traps on both sides of the aperture. Thp̄
are counted by ejecting them from the trap and us
the efficient annihilation detectors mentioned abov
Two identically prepared̄p plasmas are used; one
simply ejected from the trap to get a normalizati
signal. The second is sent through the aperture
bounced back to ensure that the counted annihilat
take place in the same location as those from
normalization plasma. Varying the number of pas
through the aperture establishes the small (∼ 10%)
correction needed to account for losses on the a
tional pass through the aperture.

What remains is to relate the measured transm
sion efficiencyPa through an aperture of radiusa, to
the properties of a plasma comprised ofN particles
of chargeq and massm. The plasma is confined b
a magnetic fieldB (equivalently specified by its cy
clotron frequencyωc = qB/m) and an electrostati
potential well. The cylindrical symmetry makes it na
ural to use cylindrical coordinatesρ andz.

For the familiar special case of a perfect electros
tic quadrupole trapping potential, a single compon
plasma assumes a spheroidal shape (Fig. 5) with a den-
sity that is uniform out to a boundary that drops
abruptly in a Debye screening length. Here a “sph
oid” is an ellipsoid with rotational symmetry about th
magnetic field direction̂z. The strength of the poten

Fig. 5. Ideal, spheroidal plasma.
tial well is indicated by the angular frequencyωz of
the plasma’s center-of-mass oscillation along the m
netic field direction. In this idealized case, the plas
is a spheroid of maximum radiusρp and maximum
axial half-lengthαρp (i.e., with aspect ratioα).

We seek to determine the three crucial parame
of the ideal spheroidal plasma—its radiusρp and as-
pect ratioα, along with its uniform densityn, equiva-
lently specified by the angular plasma frequencyω2

p =
e2n/(ε0m). Of the three independent relations th
must be solved to get the three parameters, the
two are familiar properties of a spheroidal plasma[9]:

(1)N = 4π

3
αρ3

pn,(
ωz

ωp

)2

= 1

α2 − 1
Q0

1

(
α√

α2 − 1

)

(2)with Q0
1(z) ≡ z

2
ln

(
z + 1

z − 1

)
− 1.

The aperture adds a third equation relatingPa to ρp ;
Pa is just the fraction of the spheroidal plasma tha
within ρp < a.

(3)Pa = 1−
[

1−
(

a

ρp

)2
]3/2

.

The third equation determinesρp whenρp > a. When
this condition is not met, for small numbers of trapp
particles, thenPa = 1 instead and we do not hav
enough equations to solve for the three unknowns.
three equations and thus their solutions depend u
the measured valuesN , Pa , ωc andωz.

The spheroidal plasma characterized byn, ρp andα

(Fig. 5) rotates rigidly at angular frequencyωr aboutẑ

(4)ωr = ωc

2

[
1−

√
1− 2

(
ωp

ωc

)2
]

≈ ω2
p

2ωc

,

with the (very good) approximation applying whe
ωc � ωp as it is here.

When the trapping potential is not a perfect el
trostatic quadrupole potential, the plasma shape n
not be spheroidal. The potential within a real trap
never perfect, especially within simple uncompensa
traps, and it is typically far from the ideal quadrupo
near the electrodes of the trap. An attractive featur
the aperture method is that there is no need to ass
a spheroidal plasma shape. A self-consistent solu



64 ATRAP Collaboration / Physics Letters B 595 (2004) 60–67

ted
by
of
,

est
to
y
a

of

-

s,
nd-

by
ra-
d
nsi-
er,

via

.
r ra-

me

t

cies
t
p

for
tion
n

s is
sity

the
ght

as
tral
ct
f
rty
the
al

e

t ra-
a
d
ave

the

the
e
ia-
rgy
ole

-
be-
he
ap-

rger
s
ng
to Poisson’s equation,

(5)∇2φ(ρ, z) = −qn(ρ, z)/ε0,

determines the combined potentialφ(ρ, z) of the trap
and the particle charge densityn(ρ, z) in a mean
field approximation. We use a code that is adap
slightly from what was generously provided to us
Spencer[14] to calculate the possible geometries
an N particle plasma in global thermal equilibrium
labeling each possible configuration by its larg
radial extent,ρp . The minor adaptations allow us
input fixedN andρp instead of fixed central densit
n(0,0) andρp . In global thermal equilibrium a plasm
rotates at a single rotation frequencyωr which is
effectively an average over the thermal fluctuations
individual particles.

We assume that both e+ andp̄ are in thermal equi
librium at temperatureT = 4.2 K. This is a very good
assumption for the e+ since, like the cooling electron
these cool to the 4.2 K temperature of their surrou
ings by radiating synchrotron radiation. Thep̄ situa-
tion is more complicated. They are initially cooled
collisions with 4.2 K electrons to the same tempe
ture. We assume that they keep this temperature, an
the results to be described are in fact not very se
tive to variations in the temperature used. Moreov
the observed time for axial energy redistributions
p̄–p̄ collisions is of order ten seconds[4], shorter than
the minute or so available for thēp to equilibrate.
The radial equilibration time for thēp is less clear
Long range collisions seemed to be responsible fo
dial equilibration of Mg+ ions[20]. The time required
for radial equilibration seems comparable to the ti
available when scaled to our conditions.

For a given N , ρp and T , the self-consisten
solutions determine the possible densitiesn(ρ, z) and
shapes for the plasma, and the angular frequen
at which it rotates,ωr . (For smallρp—plasmas tha
are near the central axisand far away from the tra
electrodes—we recover the spheroids that pertain
an ideal quadrupole potential.) For each configura
(i.e., for each ρp) we calculate the transmissio
efficiencyPa by integratingn(ρ, z) over the volume
ρ < a. The measured transmission efficiencyPa

then indicates which of the possible configuration
present in our trap, thereby determining the den
profile n(ρ, z) and the rotation frequencyωr . Also
determined is the total angular momentum

Lz = mωr

N∑
i=1

ρ2
i + 1

2
mωc

N∑
i=1

ρ2
i

(6)≈ 1

2
mωcNρ2

rms.

The first, mechanical term is so much smaller than
second, field term that the approximation to the ri
applies, withρ2

rms≡ ∑N
i=1 ρ2

i /N .
The e+ plasma parameters are plotted inFig. 6 as

a function of the number of positrons, for plasm
in the three mentioned potential wells. The cen
density n(0,0), diameter, axial extent, and aspe
ratio all grow slowly with increasing number o
e+. The angular momentum, presumably a prope
of the loading process, does not change with
depth of the potential well, owing to the cylindric
symmetry. For small numbers of e+ we have thin
“pancake” clouds (α → 0). In this limit, Fig. 6(e)
shows that the rotation frequencyωr approaches th
single particle magnetron frequencyω2

z/(2ωc), as
expected. A±10% uncertainty in theN is reflected
in the error bars.

The diameter of the thin, pancake shapedp̄ plasma
changes very little as the numberN of p̄ is increased
(Fig. 7), while the axial extent, and hence the aspec
tio α, grow linearly withN . The error bars represent
±10% uncertainly inN . If we had assumed idealize
spheroidal plasma shapes we would mistakenly h
concluded that thēp parameters were changing as
dashed lines. The density that increases withN is the
average density of the plasma, since this provides
most realistic measure of the density of the wholp̄
cloud. The central density of thin clouds is apprec
bly lower than the average due to the thermal ene
of the particles and the deviation from a quadrup
trapping potential[21,22].

A relatively small number of̄p and only one poten
tial well, 1.6 V deep on axis, are used as examples
causēp accumulation takes a long time. Now that t
usefulness of the method is demonstrated it can be
plied to plasmas that are accumulated differently than
our example plasmas—for example, to the much la
number of̄p used for slowH̄ experiments (open circle
in Fig. 7). Thesēp were cooled and accumulated usi
cooling electrons loaded when fast e+ from a radioac-
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istakenly

curves
Fig. 6. (a)–(f) Parameters of e+ plasmas in potential wells of three different depths. The density isn(0,0). For low numbers of e+, ωr

approaches the one-particle magnetron frequencyωm = ω2
z/(2ωc) indicated by the segments crossing the left vertical axis of (e), as expe

The solid curves are to aid the eye.

Fig. 7. Parameters of̄p plasmas in a well that is 1.6 V deep on axis. The dashed curves and the X points are what would have been m
deduced if a spheroid plasma shape had been assumed. The density is the average ofn(ρ, z). For low numbers of̄p, ωr approaches the
one-particle magnetron frequencyωm = ω2

z /(2ωc) indicated by the segment crossing the left vertical axis of (e), as expected. The solid
are to aid the eye.
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Fig. 8. Plasma boundaries for 1.4×106 e+ (a) and for 1.4 × 105

p̄ (b), both within an electrode of the trap inFig. 3(a). The spheroid
approximation (dashes) is not good for thep̄ but is much better for
the e+. Corresponding midplane density profiles are in (c) and (

tive source scattered off background gas atoms
liberated from cold trap surfaces.

For the larger e+ andp̄ plasmas used for̄H exper-
iments the solid curves inFig. 8 show typical e+ (a)
andp̄ (b) plasma geometries. Thep̄ plasma boundar
clearly differs from the (dashed) spheroid that wo
pertain for a perfect electrostatic potential (Fig. 8(b)).
By contrast, the boundary of a typical e+ plasma in
Fig. 8(a)is well approximated by a spheroid except
small deviations near the electrodes, where the trap
tential differs most from an ideal electrostatic quad
pole. The deviations are more visible in the midpla
density profiles inFig. 8(c) and (d).

One caution about the smallerp̄ plasmas is tha
their axial extent falls slightly below the Debye leng
and becomes comparable to the inter-particle spac
The self-consistent solution to Poisson’s equat
utilizes a mean field approach—not likely to
especially accurate for our smallest plasmas that
only a couple of particles thick, though such smalp̄
plasmas are not used forH̄ experiments.

The fast pulsing electronics that is quiet enou
to avoid serious heating of the plasmas permits u
apply the aperture method to well depths no dee
than 2.3 V on axis. To estimate the parameters
larger e+ plasmas in deeper wells used in laterH̄
experiments the measured parameters inFig. 6 can
be extrapolated to potential wells of different dept
The angular momentumLz is especially useful sinc
Fig. 6shows it to be independent of well depth.Fig. 9
shows an extrapolation for 106 e+ in potential wells
Fig. 9. Extrapolated density, diameter, axial extent and aspect
for 1 million e+ in a potential well as a function of the potential we
depth on axis.

of increasing depth on axis. This must be checked
course, when better electronics becomes available

The density and geometry of trapped single co
ponent plasmas of e+ andp̄ have been measured by
aperture method—the first time thatp̄ plasmas have
been characterized. The method does not require as
suming a spheroidal plasma geometry which only p
tains for a perfect electrostatic quadrupole trapp
potential. The e+ cloud shapes turn out to be a
proximately spheroidal. Thēp plasma shapes are de
nitely not. The measured transmission through a a
ture together with self-consistent solutions of Po
son’s equation show thēp radial extent to be appre
ciably smaller than that for a plasma in ideal Penn
trap fields. Applied toH̄ formation, thep̄ radius used
by ATRAP is larger than the e+ radius so that thēH
production rate would be enhanced withp̄ plasmas of
smaller radius. The aperture method makes it poss
to determine the geometry of thēp and e+ plasmas,
along with the density of the latter. These antima
plasma properties are critical if there is to be quant
tive understanding of̄H production rates.
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