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Sympathetically cooled and compressed positron plasma
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We report sympathetic cooling and compression of a few thousand positrons by laseri@®iedns in a
Penning ion trap. The observed centrifugal separation of the two species implies approximate rigid rotation of
the positrons andBe™ ions, and a positron density comparable to #Be* ion density of=4x10° cm™ 2.

We use the sharpness of the separation to place a 5-K upper limit on the positron temperature of motion parallel
to the magnetic field. The positron lifetime is greater than two weeks in our room-temperature Penning trap.
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I. INTRODUCTION compresses the ions to high density. Through the Coulomb
interaction, the®Be" ions and positrons exchange energy
Cold, dense positron plasmas in traps have wide-rangingnd momentum. If this exchange of energy and momentum is
applications in physics. Trapped positrons can be extractestrong enough to overcome the ambient sources of heat and
and used as a source for a bright positron beam in surfaderques on the positrons, tres"-°Be” plasma will evolve
science[1] and atomic physic$2,3] studies. Reservoirs of into a global thermal equilibrium state characterized by equal
cold, dense positrons should be useful in making cold antitemperatures and rotation frequencies of the positrons and
hydrogen by passing cooled antiprotons through the trappedBe’ ions. At low temperature, this results in centrifugal
positrons[4,5]. Cold, dense positron plasmas are also theseparation of the species and positron densities nearly iden-
starting point for a number of interesting and exotic studiedical to the °Be™ ion densitieg19].
in plasma physics. Examples include a combined electron- We report here centrifugal separation of tABe" ions
positron plasm#6] and a positron plasma cooled to tempera-and positrons, with the positrons compressed into a narrow
tures where the plasma crystallizes and the plasma modeslumn along the trap’s magnetic-field axis with density
must be treated quantum mechaniclfy. =4x10° cm 3. Centrifugal separation of two-species ion
Much progress has been obtained over the last decade plasmas has been observed and studiedBa™-Hg" [20],
trapping and cooling positror{8—14]. Recent experiments °Be"-?’Mg* [21], °Be"-Cd" [22], and °Be’-1*%ke" (32
by Gabrielse and by Surko and their co-workers report “state<s q<44) [23] plasmas. In these experiments, laser cooling
of the art” results in trapping dense, cold positrons. With aone ion species resulted in temperaturessdf.5 K for the
cryogenic Penning trap, a 110-mE&Na source, and tung- other ion species. However, the energy transferéfd &Be*
sten moderators, Gabrielse and co-workdrs,12 trapped  collision is ~1000 times weaker than in these ion-ion sym-
~2x10P positrons at a density of 7x10° cm 3. Surko  pathetic cooling studies. Sympathetic cooling of antiprotons
and co-workerg13,14], using a 90-mCi positron source, a by 4-K electrons in a Penning trap has been obsef¢&ll
room-temperature Penning-Malmberg trap, and a solid Nelso, protons have been cooled by 4-K electrons and anti-
moderator, report the largest number of trapped positronprotons by 4-K positrons in nested Penning trgk 24). No
(~3%10® in 8 min). In this case, the positrons had a evidence of centrifugal separation was observed in any of
~300 K temperature distribution and number densities othese experiments involving electrons or positrons. Possible
~8x10" cm 3. reasons include insufficient densities and temperatures for
This paper presents experimental results on the capturegparation to occufl9] or the lack of establishment of a
storage, and sympathetic cooling and compression of posrotational equilibrium. Centrifugal separation of the posi-
trons in a Penning trap containing laser-coof@ke™ ions.  trons and®Be’ ions enables us to determine the positron
Preliminary accounts of the work have been reported in Refgdensity and place a rough upper bound on the positron tem-
[15,16. Here we expand those discussions and summarizperature.
additional attempts to accumulate positrons after heating the In Sec. Il, we describe the experimental setup and in Sec.
moderator crystal to high temperatures. This experimentall the positron detection methods. In Sec. IV, we present the
work follows simulations of trapping and sympathetic cool-measured accumulation rates. Our method for estimating
ing of positrons via Coulomb collisions with coftBe* ions  temperature limits is discussed in Sec. V. We conclude by
[17,18. The basic idea consists of simultaneously storingsummarizing and discussing future possibilities.
positrons and®Be* ions in the same Penning ion trap. Ra-
Qiatiqn pressure from a Iaser' bedne., Doppler laser cool- Il EXPERIMENT
ing) is used to cool thé’Be" ions and apply a torque that
Figure Xa) shows a schematic of the experimental setup
[15]. The top(load) trap was used to creatéBe™ ions by
*Permanent address: Ball Aerospace, Boulder, CO 80301. electron-beam ionizing neutral Be atoms sublimated from a
TElectronic address: john.bollinger@boulder.nist.gov heated Be filament. Th&Be" ions are then transferred to the
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Tifol = T|(Be") are the temperatures of ti@e* velocity distribu-
tions in the directions perpendicular and parallel to the

magnetic-field axis £ axis). The ion resonance fluorescence

which was scattered approximately perpendicular to the laser

beam and the magnetic field was imaged byf &nobjective

lB’Z onto the photocathode of a photon-counting imaging detec-
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tor. By a continuous translation of the cooling beam parallel
e to thez axis, we could illuminate a slice of the plasma con-
taining thez axis of the trap. In this way, we were able to
°Be* | | °Bet obtain an approximate side-view image of ttge* plasma
as shown in Fig. (b).
The positrons are emitted from a 2-m&Na source with
F= Cirmoderator an active diameter of~1 mm. The source is placed just
above the vacuum envelope, and positrons enter the vacuum
FIG. 1. (@) Schematic diagram of the lodt) and experimental envelope through a Ti foil of~7 wm thickness. Positrons
(E) cylindrical Penning trapgdrawn to scalg EC, end capiC,  travel along the axis of the Penning traps until they hit the
compensation; R, ring of the experimental trép) Two-species  Cu(111) moderator crystal. Moderated positrons then reenter
°Be"-e" plasma: side-view camera imagep) and radial variation  the trap where they can be trapped and sympathetically
of fluorescence signal integrated owetbottom. cooled by the laser-coole®Be* ions. We chose a Glill)
moderator crystal because of the expected narrow energy dis-
lower (experimental trap. The inner diameter of the trap tribution of moderated positrorf£8,29, and because it can
electrodedexcept for the experimental ring electrgde 10  pe annealed and cleaned at a relatively modest temperature
mm. The traps are enclosed in a cylindrical quartz envelopg~900°C).

that, after baking at-350 °C, maintains a vacuum in the low
10 ° Pa (~10 ' Torr) range. The trap and vacuum enve-
lope are at room temperature. The uniform magnetic field of
5.9253 T, produced by a superconducting magnet, is aligned Trapped positrons were detected and their number mea-
parallel to the trap axis within 0.01° and produce$Be* sured through observations of centrifugal separation and
ion cyclotron frequency()=27x10.2 MHz. An axisym- through the annihilation radiation measured after ejecting the
metric, nearly quadratic trapping potential is generated byaccumulated positrons onto the Ti foil above the trap. We
biasing the ring of the experimental trap to a negative volt-start this section by discussing centrifugal separation.
age Vg and adjacent compensation electrodes \fg If charged atomic particles with different charge-to-mass
=0.9xVg. For Vg=—100 V, and for the end cap voltage ratios rotate about the trap axis at the same radius, they will
Vec=0, the °Be" single-particle axial frequency is», tend to rotate with different rates because of different cen-
=2mx870 kHz, and the magnetron frequency is, trifugal forces. If the particles have the same chaffpe
=2m7XxX35 kHz. example, singly charged ions or atomic partit|éise heavier

In Penning traps, an ion plasma undergoe€xB drift ~ particles will rotate faster than the lighter particles. Colli-
that is a rotation about the trap symmetry axis. This rotatiorsional drag will then cause a radial drift of the lighter ions
through the magnetic field produces, through the Lorentinward, and the heavier ions outward. Centrifugal separation
force, the radial binding force of the trap and radial plasmacontinues until an equilibrium is reached with both species
confinement. When a plasma reaches thermal equilibriuntotating with the same, [19]. In the T—0 limit, the sepa-
the entire ion plasma rotates at a uniform rotation frequencyation is complete and the density of either species is deter-
, . In this experiment, laser radiation pressure as well as ained by the rotation frequency; =2¢€,M;w,(Q;— w,)/g?
rotating electric field were used to set [25,26]. The rotat- [19]. Heren;, M;, ;, andq; are the density, mass, cyclo-
ing electric field was generated by applying 180° out-of-tron frequency, and charge of thih species. 1{q;=q, and
phase sinusoidal potentials to two segments of a split eleaw,<Q4,(),, then the densities are approximately equal and
trode located between the ring and the lower compensatiothe combined shape of the plasma is a spheroid. Therefore
electrode(not shown in Fig. 1 The oscillating field that trapped positrons, if cooled to low temperatures, will move
results is the superposition of components that rotate witho orbital radii smaller than those for tH@e* ions, with the
and against the plasma rotation. The corotating componemositrons forming a column of uniform density along the trap
was used to control the plasma rotation frequetibg “ro-  axis.
tating wall”) [26]. Figure 1b) shows a side-view image of 38Be" plasma

The ions were cooled by a laser beam530 um wais)  and the corresponding radial dependence of %#Be™ fluo-
tuned to near resonance with the?3,,—2p?P,, °Be" rescence after accumulating positrons for many hours. The
transition at 313 nm. The laser enters the trap at an angle dflark” nonfluorescing column in the plasma is due to the
11° with respect to the plane that is perpendicular to theresence of particles with charge-to-mass ratio greater than
magnetic field and contains the trap center=Q plang. that of °Be’. We determined that most{95%) of this
Based on measurements from previous experin[@mswe  column is due to positrons from the lifetime of this column
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L . L . L possibly 50 times improved, compares very favorably with
this lifetime. Our trap was baked at350 °C for one week

"\’\.\‘\'\. [ which should have been effective at removing large mol-
¢ ecules which have anomalously large cross sections for pos-
105N60 h L itron annihilation[3].

] [ The positrons were also directly detected by ejecting the

. e'-°Be" plasma onto the Zem Ti foil located above the
trap. With the energy<€1 keV) that the positrons acquired
while being ejected out of the trap, all the positrons annihi-
lated in the Ti foil. The resulting annihilation radiation was
detected with a Nal scintillation crystal mounted 2.5 or 5 cm
above the Ti foil. A light pipe coupled the output of the Nal
crystal to a photomultiplier tube mounted0.5 m above the
magnet.(The ?’Na source was removed from the magnet
10* & T ' T r T bore during this procedunreWe attempted to eject all the
0 50 100 150 positrons in a period of time small compared to the rise time
Time (h) of the Nal crystal scintillation 300 ns). In this way the
scintillation crystal will produce a single pulse, free from
FIG. 2. Number of trapped positronsolid circles, number ~background radiation, whose height is proportional to the
shown is equal to actual number multiplied by 108Be* ions  number of annihilated positrons.
(solid boxe$ and light impurity ions(triangle$ as a function of Positrons were ejected with different sets of voltages on
time after they are created. the trap electrodes and with different pulse voltages. For ex-
ample, starting with the"-°Be™ plasma trapped with axi-
after the*Na was blocked. By multiplying the positron den- ajly symmetric voltages on the experimental trap, the experi-
Sity (@, =27X450 kHz, Ng+=nge+=1.8X10° cm %) with  mental and load trap voltages were adiabatically changed so
the observed volume of the nonfluorescing coluiiameter  that thee*-°Be™ plasma was moved to the region of the
=1.0<10"% cm, length=1.6x10"? cm), we estimate that |ower end cap of the load trap, where it was confined by the
2000 cold positrons are present in the plasma. following electrode potentials: 900 V, 900 V, 900 V, 850 V,
The lifetime of the nonfluorescing column in Fig(bl 800 Vv, 0V, 250 V, and 100 V. Here the potentials are listed
was determined by blocking th€Na source and measuring starting with the lower end cap of the experimental trap and
the decrease in the volume of this column over a period ofoving up[see Fig. 1a)]. The lower end cap of the load trap
one week. The measuredellifetime of the light-mass was then pulsed from 0 V to 500 V by a voltage pulser with
charges that make up this column wa860 h and is nearly a ~50 ns rise time. The resulting output pulse of the photo-
identical to the observedBe™ trapping lifetime[30]. In a  multiplier preamplifier was recorded on a digital oscillo-
separate experiment we measured the lifetime of impurityscope.
ions of light mass(e.g., H), which could be created and  For a fixed procedure for positron ejection, the voltage
trapped while loading positrons. We deliberately createcheak of the photomultiplier annihilation pulse was propor-
light ions (in a pure °Be™ plasma by ionizing background tional to the volume of the dark central column measured
molecules with a~20 eV electron bean{The ??Na source from side-view images such as FighL However, changing
was blocked during this measuremgiiue to reactions with  the electrode potentials and pulse voltages of this procedure
background gas molecules, these light-mass ions disappearptbduced, in many cases, a different proportionality constant.
with a 1k lifetime of ~10 h. The 5% change in the volume For some conditions the photomultiplier annihilation pulse
of the dark central column in Fig.(l}) after the?®Na source was significantly longer than the scintillator single-event
was blocked for 20 h indicates that greater than 95% of thipulse and delayed beyond the scintillator and high-voltage
column is due to positrons. Figure 2 shows the measuregulse rise times. This indicated that for these conditions not
lifetime of the positrons®Be™ ions, and light-mass impurity  all the positrons were ejected simultaneously. Presumably the
ions. reason for this is pickup and ringing induced by the high-
The nearly identical lifetimes of théBe' ions and the voltage pulse on different trap electrodes. We could not de-
positrons indicates that these lifetimes are likely limited bytect ringing and pickup sufficient to cause this problem.
the same effect. One possibility is charged particle loss duklowever, the trap potentials could be monitored only outside
to a slow radial expansion of the plasma between the dailghe vacuum system. To estimate the number of trapped pos-
measurements when ti@e" ions (and therefore positrois itrons, only annihilation procedures that produced single-
were not compressed radially by a laser beam or a rotatingvent pulses were used.
electric field. If the positron lifetime was limited by a trap ~ The Nal crystal detection system was calibrated with a
effect like this, then the positron annihilation lifetime could 32.9 kBq (~1 «Ci)%Ge source. This is a good source for
be greater than 360 h. Surko and co-work&H measured a calibration purposes because it is principally a 511-keV
lifetime of ~1 h in a room-temperature trap with a base y-ray emitter from positron annihilation within the source
pressure of~ 7x10 8 Pa (5< 10 1° Torr). The 360 h life- and its housing. Because the Nal crystal sensitivity depends
time in our room-temperature trap, where the base pressure @ the position and the angle of the incomipgay, one of

Number
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woo kL " LA L R B L B B tion. Sources of such torque include trap construction errors
! ! and the coupling of the positrons to the stationary back-
1600 + . ground radiation field32].

We observed centrifugal separation of the positrons with
rotation frequencies up to 1 MHz. For larger rotation fre-
1200 |- . guencies, the radius of the positron column was too small to

l_‘ clearly see separation. In the 6 T magnetic field of this
experiment, wr~27X1 MHz gives a positron density
800 |- %»_—‘{—4 - =4x10° cm™ 3, which is~50 times greater than the highest
L

1400 -
1000 -

600 L positron density previously achievéti4].

from expt. trap, 750 V
from load trap, 500 V ]
from expt. trap, 500 V 1 IV. POSITRON ACCUMULATION

from load trap, 500 V, 5 cm

400 P}*

»en0nm

200

e'number from annihilation signal

L, Our positron accumulation rate was lows G0 positrons
0 1000 1200 1400 1600 1800 per houy and limited the total number of trapped positrons to
~2000. Two different schemes for loading positrons were
explored. First we attempted to mimic the procedure of Gab-

FIG. 3. Comparison of the number of trapped positrons obtaine(?(alse (;:md ::ho-worléers tOfdfleld .|ton|2|r:g RydEerg p((j)Sltronlum
from the calibrated annihilation signal with the number obtained ormed as the moderated positrons leave the moderator crys-

from the volume and density of the “dark” plasma column. Posi- tal [11,12. L . S . . .
trons were ejected from the load or the experimental trap, with The basic idea of the field-ionization technique is that in a

different voltage pulse height&00 V, 750 \J, and with the Nal  Nigh magnetic field, a fraction of the moderated positrons
crystal located 2.5 cnfsquares and circlesand 5 cm(triangles  that leave the moderator crystal combine with an electron to

from the Ti foil. The Nal crystal detection system was calibratedform positronium in a very high Rydberg state. The positro-
with a 32.9 kBq (1 uCi) %Ge source. nium then travels into the trap as long as the electric fields
between the moderator and trap are not large enough to field
the larger uncertainties in the calibration is due to the differionize the Rydberg state. The trap potentials are adjusted to
ence in the size of the®®Ge 511-keV y-ray source give a larger electric field inside the trap capable of field
(~5 mm active diametgrnd the annihilation spot on the Ti ionizing the positronium and therefore capturing the posi-
foil (<1 mm diametex Overall we estimate the uncertainty tron. Figure 4 shows an example of the on-axis potential and
in determining the number of annihilated positrons from theelectric field we used in our attempt to accumulate positrons
peak of the preamplifier output pulse to be25%. via field ionization of Rydberg positronium. Positrons were
Figure 3 compares the number of positrons determine@ccumulated with a number of different overall well depths
from the annihilation signal with the number of positrons (or electric-field strengthswhile maintaining roughly the
calculated from the volume and density of the dark centrabame trap potential shape.
column (before annihilation We assume a positron density ~ Figure 5 shows the accumulation of positrons for two dif-
given by a rigid rotation of the positrons with ti@e* ions,  ferent trap depths. The solid curves are fits to the rate equa-
and that the column consists of positrons only. The differention dN/dt=a—N/7 for the number of accumulated posi-
symbols correspond to the results obtained with the plasmions N. The fitted accumulation rates are listed in the
ejected from either the load or experimental trap and withfigure. For both datasets, the fittedellifetime 7 was
different voltage pulse heights. Some systematic variation-120 h. This is a significantly shorter lifetime than that
between the different procedures is observed. While we deeasured in Fig. 2 where tiféNa source was removed and
not understand this variation, the positron number detervoltages symmetric about the trap center were applied to the
mined by the annihilation method should produce a lowerexperimental trap electrodes. Similar to REf1], we ob-
limit for the number of trapped positrons. In fact in all cases,served an increase in the number of accumulated positrons as
Fig. 3 indicates a slightly larger annihilation signal than ex-the maximum electric-field strength within the trap was in-
pected from the measured volume of the light-mass columrcreased. However, our maximum accumulation rétap
However, the difference is only of the order of the estimatedvoltage ~200 V) occurs at an electric-field strength that is
systematic uncertainty of the measureme{#5% for the of the order of ten times greater than that observed in Ref.
calibration of the annihilation signal and 30% for the volume[11]. The observed loading efficiency was10® times less
estimate. than that observed in Refidl1,12 and is likely explained by
The annihilation measurements support the conclusionthe sensitivity of this technique to an absorbed gas layer on
reached with the lifetime measurements, i.e., the light-masthe moderator crystal. Gabrielse and co-workers used a cryo-
charges observed in the centrifugal separation are positrongenic tungsten moderator and observed a decrease in effi-
In addition, the number and density of the positrons is con<€iency if the moderator was heated after cooling to 4 K. We
sistent with an approximate rigid rotation of the positronsused a room-temperature Cu moderator that was baked to
with the °Be" ions. Evidently, the momentum transfer be- 350 °C during the vacuum bakeout. Therefore our moderator
tween the®Be" ions and positrons is sufficient to overcome crystal was not expected to have the same absorbed gas layer
any ambient torques on the positrons which oppose the rotas in the experiment of Gabrielse and co-workers.

0 i 2
0 200 400 600 8

e” number from "dark" plasma volume
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O
> E FIG. 5. Number of positrons vs accumulation time for two dif-
= O ferent trap depths. The 200-V trap corresponds-td0,—38,
= o] —200,—-220,—200, 0 V and the 70-V trap to-15,—13,—70,
] "5 —77,—70, 0 V on the moderator crystal and experimental trap
0‘2 % electrodes. Here the potential of the moderator crystal is listed first
@ L followed by the experimental trap electrode potentials in order of
L .30 - their proximity to the moderator crystal.
0 5 10 15 20 25 30

this trap were~10° ions. From scaling factors calculated in
Ref.[18], we estimate that this reduces the positron loading
FIG. 4. () Schematic diagram of the experimental Penning trapefficiency from the bench mark calculation with®Liens by
and (b) the calculated on-axis potential well and electric fields for @ factor of 80. A spread of a few tenths of a volt in the axial
—~10,—8,-8,-17,—25,—22 V on the Cu crystal and trap elec- energy of the moderated positrons will also result in a factor
trodes, from left to right. The adjacent load trap electrodes were adf ~100 decrease in loading efficiency over that obtained
0 V. This was one of the smaller well depths used to accumulatevith a room-temperature spread. Just these two factors can
positrons. account for our low accumulation rate. However, because we
do not have independent measurements of the moderator
We also investigated positron loading through Coulomberystal efficiency and the energy spread of the moderated
collisions with laser-cooledBe" ions. Calculations indicate
that this technique can efficiently trap positrofis]. For
example, with a 2-mCi source, calculations indicate that this
technique can trap positrons at a rate~c20 s, assuming
a moderator efficiency of I¢ and a 300-K distribution of
moderated positrons passing through a%n 3 °Be’
plasma of 1 cm length. This requires1®® °Be' ions for
complete overlap with the 1-mm-diameter positron source.
Because this technique’s efficiency depends on the energy
distribution of the moderated positrons, before accumulating
positrons, we cleaned and annealed the Cu moderator crystal
by (in situ) electron bombardment heating t0800 °C for
~30 min. Figure 6 shows the positron accumulation rate as
a function of the bias of the Cu moderator crystal relative to
the experimental trap lower end cap. The accumulation rate
rises rapidly over a few tenths of a volt nearl V. How- ; T
ever, for a room-temperature distribution of moderated pos- Cu Bi
. . ; : . u Bias (V)
itrons, an order of magnitude sharper increase in the positron
accumulation rate is anticipated. FIG. 6. Positron accumulation rate, obtained while attempting to
To compare our measured accumulation rate with the cakpad through Coulomb collisions with laser-cool®8e* ions (and
culations in Ref[18], the dependence of the accumulation sympathetically cooleé™), vs the moderator crystal bias. Typical
rate on the’Be™ plasma size and on the energy distribution plasmas consisted of 10° °Be" ions with ~500 positrons. The
of the moderated positrons must be taken into account. Theashed vertical lines indicate a 0.5-V interval over which the posi-
largest °Be™ plasmas we could routinely load and cool in tron accumulation rate rapidly increases to its maximum value.
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positrons, we cannot determine whether the accumulatior :
rate in Fig. 6 is due to Coulomb collisions.

V. POSITRON TEMPERATURE

With sympathetic laser cooling, the positron temperature
can, in principle, be as cold as tfiBe* temperature. That is, )
positron temperatures of the order of 10 mK, where the pos-
itrons form a crysta[7], are possible. Unfortunately, there

are no easy methods for measuring positron temperature
this low. We investigated two different methods for obtaining
information on the positron temperatuf&) spectroscopy on

the positron cyclotron resonance ail the sharpness of the N
centrifugal separation. While the spectroscopic information -200 ' 0 ' 200
on the cyclotron resonance was dominated by effects othe Frequency (kHz)

than temperature, an upper limit on the positron temperature N

Fractional change (%)

TH(e*) of motion parallel to the magnetic field was extracted m
from the sharpness of the centrifugal separation. The two & 5400 o
methods are discussed below. 3
(&)
E 5200 L
A. Positron cyclotron resonance O
[
In a magnetic field of 6 T, the positron cyclotron reso- b) 8
nance occurs at a frequency ef166 GHz. The positron @ 5000+ B
cyclotron resonance will be shifted and broadened by the o
relativistic mass shift £12.6 kHz for room-temperature 2
positrong and possibly broadened by first-order Doppler ‘o 4800 i
shifts due to the axial motion of the positrons. We generated 0
microwaves at 166 GHz by tripling the output of-e60 mW 4600

klystron at 55 GHz. For the resonance curve in Figy,7the 0 20 40 60 80 100 120 140 160
output of the klystron was attenuated by20 dB. A multi- Ti (ms)
mode waveguide carried the 166-GHz microwave radiation Ime {ms

into the magnet bore close to the trap center. No special care G, 7. positron cyclotron resonand@ Resonance curve re-
was used in coupling the microwaves into the trap. Micro-corded at low microwave power. The frequency scale is the applied
waves that leaked out of the end of the Waveguide had t@hicrowave frequency minus 165 857 083.5 k}([z)_ 9Be" fluores-
pass through the quartz vacuum envelope and between thence signal when the amplitude of the applied microwaves is
gaps in the trap electrodes in order to excite the positrohopped at 22 Hz. The curve {g) is a fit to a Gaussian through the
cyclotron motion. Excitation of the positron cyclotron mo- data points obtained by measuring peak-to-peak valuéb)ofor
tion increases the positron energy. Through the Coulomb ineach frequency, the data i) were averaged on a multichannel
teraction the positrons then increase ttge* ion energy, scaler for>5min.
which changes the level of thtBe" ion resonance fluores-
cence. We believe that the~200 kHz resonance width of Fig.
Figure 7a) shows the change in thtBe" resonance fluo- 7(a) was probably caused by power broadening. When in-
rescence as the frequency of the microwaves is steppetfeasing the microwave power from a low value, a sharp
across the positron cyclotron resonance. The 200-kHz widtkhreshold in the power needed to observe the resonance was
is larger by more than an order of magnitude than the largesibserved. Figure 7 was recorded slightly above this thresh-
anticipated relativistic mass shifts~12 kHz for a 300-K old. An increase of only~5 dB in the applied microwave
positron). First-order Doppler shifts can be much larger. Forpower above this threshold was sufficient to rapidly annihi-
example, a 1-K positron moving along tk€axial) direction late the positrons, presumably through excitation of the pos-
produces a Doppler shift of 2 MHz in the positron cyclo- itrons to at least a few eV where positronium formation with
tron resonance for microwaves traveling along the same dibackground gas atoms could take place. The apparent signifi-
rection. For our experiment though, Figbl shows that the cant excitation of the positron cyclotron motion that was
positrons are confined to a volume with characteristic dimenrequired to observe the resonance was probably necessary
sion much less than than the 1.8 mm wavelength of the 16&ecause of the weak coupling between the positron cyclotron
GHz microwaves. In this Lamb-Dicke limit, first-order Dop- motion and the®Be" ion and positron axial motions. For
pler broadening will take place as sidebands instead oéxample, experimental and theoretical studj@8] have
contributing to the resonance width of FigaY. Broadening shown that in large magnetic fields, the energy equipartition
due to magnetic-field instability and inhomogeneity is ex-rate between the positron cyclotron and axial motions be-
pected to be at most a few kilohertz. comes exponentially weak in the limit of low temperature.
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This point is discussed more completely below. L e ——

In an attempt to obtain temperature information from @) *p-------------- . r
first-order Doppler effects, we also searched for sidebands 09+ \ { r
near the plasma frequency-00—-500 MHz) of the posi- > \ r
trons, but did not observe any. In fact, because of the large % %1 ' ) T
plasma frequency, we expect that axial sidebands will be & °¢1 I'. o :of';mn (.jens'ty
observable only at significant temperatures300 K). We g 05 y e density r
were also unable to observe any sidebands due to the plasma & %41 T”(e") =05K T
rotation. o 031 -

Yy o2 L
B. Centrifugal separation z;' [\ N

Because we could not find a more direct method, we used 1
the centrifugal separation of thBe" ions and positrons to b) "1
place an upper limit offj(e*). In the 6 T magnetic field, the 091
positron cyclotron radius becomes smaller than the distance 081
of closest approach for temperatures100 K. In this
strongly magnetized regime the positron cyclotron motion
decouples from the other degrees of freedom, with the result
that the distribution function for the positrons is determined
by T|(e") and notT, (e™) [34]. T (e™) will be cooled sym-
pathetically through the Coulomb interaction with the laser-
cooled °Be" ions. However, we expect this cooling to be 01 ~ L
weak because of the large difference in the positron and oo}— 1 Teea L
%Be™ masses and because of the small overlap of the species 0 10 20 30 40 50 60 70 80 90 100
due to the centrifugal separation. Due to this weak coupling, Radius (um)
TH(e+) could be larger than théBe' temperature. There- . o . .
fore, we calculated the positron arfe™ density profiles FIG. 8. Calculated radial variation of positron afBe" ion
assuming  zero-temperature 9%Bet  jons [T||(gBe+) dengities for agn infinitely long c_olumn with coldBe' ions
:TL(QBe+):0] but nonzero-temperature  positrons [Ty( Bei)=Ti( Be")=0] ?ut for different positron temperatures.
[Ty(e")>0]. Even though we do not assume equal temperaga) T|(e")=05K, (b) Ty(e")=3 K.
tures, we do assume rotational equilibrium of the positron
and °Be* ions. This is experimentally supported by our pos-shown in Fig. 9a) is the measuredBe* fluorescence profile
itron detection measuremer(iSec. llI). in a plasma consisting ofBe" ions and impurity ions of

The calculation closely follows the profile calculations light mass created by ionizing background gas molecules.
discussed in Refs[19,35 for an infinitely long plasma Note that both profiles are nearly identical. They both show
column. Figure 8 shows the results of these calculationsmall but nonzero fluorescence fos 20 um and a gradual,
(positron and®Be’ ion relative density profilesfor two  nearly identical rise in fluorescencerat 50 um. The offset
different temperaturesT(=0.5 and 3 K and for conditions in fluorescence is due to the size of the laser beam waist
similar to some of the experimental measuremenis ( (~50 um) compared to the diameter of the nonfluorescing
=27xX500 kHz, N_=number of positrons/length column (~100xm). From previous studies of sympathetic
=1.5x10° cm™ 1) [36]. For a givenT(e"), the °Be' den-  cooling [17-20, we expect the temperature of both the
sity makes a sharp jump from zero density at a radius deter?Be* ions and impurity ions to bes0.5 K and therefore
mined primarily by the value o, . This jump is then fol- expect a sharp increase in ti8e* density such as that
lowed by a gradual increase at larger radii. Age”)  shown in Fig. 8. We believe that the much more gradual
increases, the sharp jump becomes smaller and the subdeerease in the’Be™ fluorescence observed in Fig(ad is
quent increase in thBe" density more gradual. In the ex- due to the resolution of the side-view imaging system. Figure
perimental measurements, the plasma axial extent was typ®(@) is consistent with an instantaneous rise of tHge®
cally smaller than the overall plasma diamefsee Fig. density at the boundary between the impurity and 1Be*
1(b)]. However, the calculations should correctly describeions, convoluted with a Gaussian response function of
the separation of the species as long as the diameter of tf&8-um full width at half maximum(FWHM). This resolu-
dark region in the’Be" fluorescence is of the same order of, tion is about three times worse than that expected from a
or smaller than, the axial extent of the plasma. We typicallydifferent experiment, which also usétb optics[37], and is
worked in this regime. probably due to astigmatism produced by viewing through a

An experimentally measured profile of tiBe" ion fluo-  vacuum window at an 11° angle of incidence.
rescence, assumed to be proportional to the ion density, is Figure 9b) compares the measuretBe" fluorescence
shown in Fig. 9a). The plasma rotation frequency was profile (obtained with positronsin Fig. Ya) with the ex-
=2mwx500 kHz, which givesng: =nge+=2x10° cm 3. It  pected®Be’ fluorescence profile fof|(e")=3 K. The ex-
contained 1.%10° °Be™ ions and~1700 positrons. Also pected®Be" fluorescence profile was obtained by convolut-

05 - - - - Positron density [
Be" density L

] \
044 \
] \

T(e)=3K

Relative density
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a) 4ol ' ' ' ' '_._'E plasma, v is greater than 13.6S for T (e")~T(e")
o /'— = ] =10 K, but decreases exponentially as the temperature is
® 08- i reduced. Therefore as théBe’ ions sympathetically cool
2 - Ti(e"), we anticipateT, (e")~T(e") for T(e")=10 K.
o] ] ./ ] As T”(e*) is cooled to lower temperatures, the radiative cou-
8 0.6+ J ] pling of the positron cyclotron motion prevents further cool-
g ] ] ing of T, (e*). The equipartition rate has not been studied
T / o+ 7 for large differences betweef) andT, . However, due to its
. 1 Be plasma exponential dependence on the distance of closest approach,
21 AP T S ] theT, /T, equipartition rate could be significantly reduced as
1 a—e—a=F" _:_x::: '&;g;,::gﬁs'ons-l Ty(e") isH cooled below 10 K. This means thkt(e™) could
0.0 T T increase as'l'||(e+) is cooled below 10 K. Without further
b) 104 estimates of the equipartition rate for the case of large dif-
ferences betweeh, (e*) andTH(eJ“), we can place only the
0.8 - 10 K=T,(e")=300 K limits onT, (e*).
[
§ 056 VI. SUMMARY
§ oa o + 4 In summary, we have demonstrated sympathetic cooling
5 7 Be -e plasma - and compression of small numbers-2000) of positrons
2 ] with laser-cooled®Be" ions. The observed centrifugal sepa-
L g2 — Cale. for3K AR . L -
ration implies that the positrons arfi@e’ ions rotate rigidly
—=— Fluorescence | o S - ..
and have comparable densities, indicating positron densities
00— —s—n= ; T of =4x10° cm™3. This is~50 times greater than the high-
est positron density previously achievgt¥] and could be
Radius (um) useful in experiments making antihydrogen. The positron

lifetime is greater than two weeks in our room-temperature
trap. We use the sharpness of the centrifugal separation to
place a conservative upper limif 6 K on the positron tem-
perature for motion parallel to the magnetic field.

The low accumulation rate limited the number of posi-
trons that could be accumulated to a few thousand. This
number needs to be significantly increased for most of the
potential applications of cold positrons. This could be done
by combining the sympathetic cooling technique with an es-
tablished technique for accumulating positrgh—14. It is
ing the calculated density profile fdr(e”)=3 K (see Fig. interesting to speculate about the maximum number of pos-
8) with the estimated 28m Gaussian response function of itrons that can be sympathetically cooled. A potential limit is
the image detection system. Good agreement is observed bge number of ions that can be directly laser cooled. We can
tween the two curves. This indicates thaf(e")<3 K.  routinely load and laser coot 10f °Be" ions to tempera-
However, this limit depends sensitively on the estimated retures <10 mK. This ion number is limited by our loading
sponse function of the image detection system. Because wechnique rather than by the capabilities of laser cooling.
do not have a truly independent measure of this responsgiith a different loading technique, non-neutral plasmas of

FIG. 9. (8) Measured radial dependence of thBe" fluores-
cence for a°Be’ impurity ion plasma and for 4Be*-e" plasma.
(b) °Be’-e" plasma fluorescence curve shown (@ compared
with a calculated curve of théBe" fluorescence forT”(e*)
=3 K. The nonzero fluorescencerat 0 in (a) has been subtracted.
The calculated curve was obtained by convoluting%Be* density
curve of Fig. &b) with a 28.um FWHM Gaussian response of the
side-view imaging system.

function, we place a conservative limit Gﬁl(e+)55 K by ~10° Mg* ions have been laser cooled to temperatures of
directly comparing the profiles in Fig(&§ with calculations  ~1 K [38]. Therefore it may be feasible to sympathetically
such as those shown in Fig. 8. laser cool~10° positrons, comparable to the largest number

We were not able to place any experimental limits onof positrons that have been trapped in a Penning-Malmberg
T.(e*). We know that the positron cyclotron motion was trap. This would provide a useful, very cold source of posi-
radiatively coupled to the room-temperature walls of the traftrons in a room-temperature vacuum system.
with a free space decay rate of 13.6'sThe positron cyclo-
tron motion was also coupled by collisions with the positron
motion parallel to the magnetic field. This coupling, which
has been well studied both theoretically and experimentally This work was supported by the Office of Naval Re-
[33], becomes exponentially weak for low-temperature possearch. We acknowledge useful discussions with T. M.
itron (or electron plasmas in high magnetic field. Specifi- O’Neil and D. J. Wineland. We also thank B. Zimmerman
cally, the positronT, /T collisional equipartition rater  and B. Coursey at the NIST lonizing Radiation Division for
scales as eXp-5(37«)?%/b] for k=(b/r)/\2. Herebisthe  the calibration of the activity of th&%Ge source. One of us
classical distance of closest approach gna the thermally  (B.M.J) thanks MNTS(Serbig, Project No. 1443 for finan-
excited cyclotron radius. For a >10° cm 2 positron  cial assistance.
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