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Pure electron or pure positron plasmas held in magnetic fields B radiate energy because of the
cyclotron motion of the plasma particles; nominally, the plasmas should cool to the often cryogenic
temperatures of the trap in which they are confined. However, the cyclotron cooling rate for
leptons is (1/4 s)(B/1 T)?, and significant cooling is not normally observed unless B = 1 T. Cooling
to the trap temperatures of ~10K is particularly difficult to attain. Here, we show that dramatically
higher cooling rates (x100) and lower temperatures (=-1000) can be obtained if the plasmas are
held in electromagnetic cavities rather than in effectively free space conditions. We find that
plasmas with up to 107 particles can be cooled in fields close to 0.15T, much lower than 1T
commonly thought to be necessary to obtain plasma cooling. Appropriate cavities can be
constructed with only minor modifications to the standard Penning-Malmberg trap structures.
Published by AIP Publishing. https://doi.org/10.1063/1.5006700

I. INTRODUCTION

Nonneutral plasmas consist of particles of only a single
sign of charge. Such plasmas have been studied extensively
since the mid-1970s,' and may be made from many differ-
ent constituents. Here, we concentrate on nonneutral plasmas
commonly cooled by cyclotron cooling: electron and posi-
tron plasmas.

It is often beneficial to obtain very low temperature plas-
mas. For instance, the number of antihydrogen atoms trapped
by the CERN’s ALPHA experiment is a strong inverse func-
tion of the temperature of the positrons from which the antia-
toms are synthesized. Similarly, monoenergetic positron
beams are best obtained from very low temperature positron
plasmas.*

Nonneutral plasmas are typically confined in Penning-
Malmberg traps,’ which employ axial magnetic fields B for
radial plasma confinement. These magnetic fields cause the
plasma particles to follow gyro orbits, and lose energy by
cyclotron radiation. The temperature T of these plasmas
can be most simply modeled by dT/dt = —T'(T —Tg) + H,
where the cooling rate I" often approaches the free-space cool-
ing rate Ty = (1/4s)(B/1T)? Tg is the temperature of the
local radiation environment surrounding the plasmas, typically
near the temperature of the trap walls, and H represents the
heating power coupled into the plasma. The equilibrium or
final temperature T of the plasmas is trivially found to be

Ty = Ty + H/T M

and is often observed to be hundreds, even thousands of
kelvin, despite Tp < 10K, unless great care is taken to mini-
mize H. Even with such care, the equilibrium temperatures
are rarely lower than 30 K.

Yjoel@physics.berkeley.edu

1070-664X/2018/25(1)/011602/4/$30.00

25, 011602-1

Previously,” we showed that resonant cooling using
electromagnetic cavities can significantly enhance the
plasma cooling rate and lower the equilibrium temperature.
This work was inspired by Purcell,’ and predicted to occur in
plasmas by O’Neil.” Our prior work, however, did not yield
plasma temperatures approaching the wall temperatures
for plasmas containing more than ~10° particles. (Other
prior work was on single electrons,® or on nonequilibrium
parametrically-driven electron clouds.’ Neither of these last
two experiments made direct temperature measurements.)
Here, we describe the cooling of many millions of electrons
to near-thermal equilibrium with the trap walls in remarkably
low magnetic fields, fields low enough to be obtained with
copper rather than superconducting magnets.

Il. EXPERIMENTAL CYCLE

The plasma diagnostics we use for the experiments
described here are destructive. Consequently, we operate
with repeated, near-identical inject—hold—dump cycles, simi-
lar to those used in many Penning-Malmberg trap experi-
ments." As shown in Fig. 1(a), plasmas are produced by an
electron gun, and, following a strong axial magnetic field,
passed through a 1cm ID copper iris where they are then
loaded into a microwave cavity. The plasmas are allowed to
cool via cyclotron radiation in the cavity, and dumped,
through another iris, onto a high-gain charge collector'® to
recover the plasma temperature.'! The irises prevent thermal
microwaves (with frequencies below the cut-off frequency
of the iris structure) from entering the trap and causing
unwanted heating of the plasmas.

We measure plasma temperature by slowly reducing
the confining potential on the downstream electrodes and
monitoring the amount of charge released. This gives us
information about the high-energy tail of the axial velocity
distribution,'" in particular, the exponential slope of this
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FIG. 1. (a) Sectioned schematic of the Penning-Malmberg trap used in these
experiments. Radial confinement is provided by an axial magnetic field B,
and axial confinement is provided by potentials applied to the trap electro-
des. Electrons are injected into the trap from an electron gun (E) and plas-
mas are stored in Cavity 2. The plasma temperature and the number of
plasma particles are determined by releasing the plasma onto the microchan-
nel plate (MCP)—phosphor screen detector (M). Irises (not shown) are pre-
sent on both ends of the system. (b) The simulated electric field intensity for
the TE;; cavity mode.

(b)a

———free space

curve gives the axial plasma temperature 7). At the low mag-
netic fields considered in this paper, our plasmas are always
in the weakly magnetized regime and so T is expected to
thermalize with the cyclotron-cooled component T at the
modified Ichimaru-Rosenbluth collision rate.'> We calculate
a collision rate v~ 100s~' for the hottest, least dense plas-
mas considered here (10°K, 10”cm%); for more typical
plasmas (100K, 10® cm73), the theoretical collision rate is
v 10%s7h

lll. CAVITY

In this paper, we focus on Cavity 2 in Fig. 1(a); the other
cavities were not used. This cavity differs from our previous
“bulge” cavity (Cavity 3)'? as described below:

1. The central bulge in the cavity is very small (Ar = 0.5 mm)
relative to the cavity’s radius near its ends (20 mm). The
cavity also extends over a much greater length (L = 9cm)
than our prior cavity.

2. The cavity is made of a single solid electrode. Our previ-
ous cavity was made from multiple electrodes and
required inter-electrode chokes to limit radiation leakage.

3. The cavity is made from titanium TiAl6V4 alloy, which
retains a roughly constant bulk resistivity p ~ 1.6 uQ - m
down to the electrode operating temperature of 9.1 K. In
our previous work, the cavity was made with nichrome-
coated copper. In order to remove energy from the cavity
mode rapidly enough to cool large numbers of electrons,
it is essential that the cavity walls remain appropriately
resistive at low temperatures. The titanium alloy is
believed to be superior to the nichrome used previously
because it is only weakly paramagnetic and does not
require electroplating, which may not yield a layer several
skin-depths thick at the mode frequency.

Although the bulge in the Cavity 2 electrode is able to
completely contain certain high-frequency, high-order, micro-
wave modes, the mode confinement from the bulge alone is
relatively poor for the low-frequency, low-order, TE;;, modes
discussed in this paper. (Here, k is the index for the z-depen-
dence of the mode.) Fortunately, the radial steps at Planes 1
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and 2 at the entrances to Cavities 1 and 3 (see Fig. 1) improve
the TE, | confinement. For example, the TE;; mode has a cal-
culated resonant frequency f ~ 4.397 GHz, and a calculated
quality factor Q = 1000 set by roughly equal ohmic losses in
the resistive cavity wall and radiative losses through the
axial opening and inter-electrode gaps (<1 mm). Figure 1(b)
shows the magnitude of the perpendicular electric field of
this mode.

IV. COOLING RATE MEASUREMENTS
A. Dependence on the mode

To test the mode predictions, we scanned the magnetic
field through the range of fields predicted by our simulations
to include the TE;;; modes. (The magnetic field values can
be related to radial cyclotron frequencies via the relation
. = eB/m, where e is the electron charge and m is the
electron mass.) For every B value, we held a plasma with
N=2x10° electrons, initially at 26 000K, for 8s. The
resulting final temperatures are plotted in Fig. 2 as a function
of B. The measured cooling peak fields and frequencies
agree with the mode frequency simulations to about one per-
cent for the modes shown. The dominant cooling peak occurs
at B=0.1555T, which, with a cyclotron frequency of
4.353 GHz, is very close to the calculated frequency of the
TE;; cavity mode. We focus on this mode henceforth.

B. Dependence on the magnetic field

In Fig. 3(a), we show the effect of varying the magnetic
field for plasmas containing 2 x 10° electrons; each plasma
is cooled for 12s after being loaded into the cavity. The
plasma temperature falls by over two orders of magnitude in
the vicinity of the TE;;; mode. By obtaining similar curves
for variable holding times, we can generate a plot of temper-
ature vs. time for each magnetic field value, and from these
plots extract the cooling rate I as a function of the magnetic
field. This is shown in Fig. 3(b), with a representative tem-
perature vs. time curve shown in Fig. 3(c).

The peak measured value of the cooling rate is
I' ~ 0.7s~!, while the calculated free space cooling rate at
0.1555T is Ty ~ 0.006s~!. Hence, the enhancement of I’
over its free space value is greater than 100.

The lowest off-resonance I', found in the wings of
the curve in Fig. 3(b) [and also in the off-resonance data in
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FIG. 2. Measured temperatures of plasmas initialized at 26 000 K and cooled
for 8 s at the indicated magnetic field values. The dips occur when the TE;;
modes are excited.
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FIG. 3. (a) Plasma temperature after 12s and (b) cooling rate for 2 x 10°
electrons, both measured as the magnetic field is swept. The band indicates
the 1o range around the best fit values. The inset (c) shows typical cooling
data at one magnetic field value and the fit from which the cooling rate is
derived.

Fig. 4(a)], appears to be lower than the calculated free space
rate. This could be evidence of suppressed free-space emis-
sion; because of the irises at the extreme ends of the system,
there is no easy path for ~4 GHz radiation to propagate out
of the system.

C. Dependence on the number of electrons N

In order to study the N dependence, we held the mag-
netic field at the on-resonant value B =0.1555 T, correspond-
ing to the TE ;; mode, and took temperature vs. time curves
for plasmas with N varying from 10° to 10® electrons. We
plot the resulting cooling rate I" as a function of N in Fig.
4(a), along with measurements of the background rate taken
at the off-resonant values B=0.153 and B =0.158 T. In Fig.
4(b), we show the final temperature reached in each case,
either after 100s of cooling, or after attaining equilibrium,
which may occur much faster for the on-resonance data
points.

For larger numbers of electrons, the frequency of the
cyclotron mode will be shifted down slightly via a self-field
effect.” Self-field cyclotron mode shifts have been revisited
recently in ion-based plasmas'* and can be understood in our
parameter regime as a doppler shift due to the increased
E x B rotation rate for denser plasmas. The on-resonance
data in Fig. 4 was taken at fixed B; we did not continually
adjust B to match the peak as N changes, and therefore, some
of the reduction in the cooling rate at high N could be due to
the cyclotron mode shifting slightly out of resonance with
the cavity mode. We estimate the relative magnitude of
the frequency shift to be ~10~* for our densest plasmas
(10° cm~3). Assuming the cooling peak has approximately
the same shape for higher N plasmas as it does for the
N =2 x 10° plasma in Fig. 3, this shift should not reduce the
cooling rate by more than 10%.

As can be seen in Fig. 4(a), the observed cooling rate I
is nearly constant out to N=1 X 108, but starts to diminish at
higher N. At the highest N we measured, 8 x 10, the cooling
rate is still approximately five times higher than the free
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space rate, and approximately ten times higher than the
observed off-resonance rate (extrapolated from N =35 x 107).
The measured final temperatures [see Fig. 4(b)] begin to
climb at approximately N = 10°, and reach the off-resonance
value at N=8 x 10,

Numerical studies indicate that the dominant plasma-
cavity coupling is through a single center-of-mass cyclotron
mode.'> We believe the rate at which energy is mixed into
this mode from the electron ensemble to be the factor limit-
ing cooling for large numbers of electrons, rather than the
self-field effect, but further work is needed to determine
what causes the mixing at low magnetic field in this cavity.

The cooling effects discussed above were all obtained
with plasmas placed at the cavity and mode center.
Motivated by our prior work finding that cavity cooling is
sometimes the best with plasmas offset from the mode cen-
ter,” we also studied plasmas placed where the calculated
mode amplitude was reduced by a factor of two. In the pre-
sent cavity, however, we found that offset-plasma cavity
cooling is not as efficacious as centered-plasma cavity cool-
ing (see Fig. 4). This remains true at higher magnetic fields
and at the corresponding higher order cavity modes, and
might be explained by the lower predicted single-particle
cooling rate associated with this cavity on account of its
greater volume.

The behavior of the final temperatures in Fig. 4 is in
rough accord with the predictions of Eq. (1). The cooling
rate required to evaluate this formula is directly available
from Fig. 4(a). The required heating power H comes, at least
in part, from the plasma self-expansion (see Fig. 5). In the
presence of collisions, the tendency of like-sign plasma
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FIG. 4. (a) Cooling rate I" and (b) final temperature T as a function of N.
The black square data points were taken with the plasma in the center of
the cavity and the field tuned to resonance for 2 x 10° electrons. For green
triangular data points, the plasma was held at a 9 cm axial offset from the
cavity center, where the microwave field is predicted to be a factor of two
weaker. For the red circular data points, the plasma was at the cavity center,
but with the field detuned 3 mT away from the cyclotron-cavity resonance.
The dashed lines are (a) the free space cooling rate at 0.1555T and (b) the
predicted temperatures at 100 s, including the effect of expansion heating.
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FIG. 5. Measured expansion rate (left axis, black squares) over 100s and
calculated heating power H (right axis, red dots) as a function of N.

particles to separate causes the irreversible conversion of
electrostatic potential energy into kinetic energy and ulti-
mately heat.'® The heating power can be calculated from a
formula in Ref. 17, and the result is also plotted in Fig. 5.
Using the calculated H, I and initial temperature 7, from the
data, along with Ty =9K, the measured wall temperature,
we plot as dashed lines in Fig. 4(b) the predicted tempera-
tures Tyoos =T + H/T' + (To — Tg — H/T") exp[—TI" - 100s].
The prediction agrees with the measured final temperatures
at lower N, but slightly underestimates the temperature at
higher N for the resonant data set and in general for the offset
data set. We suspect that this is an indication of the plasma’s
increased sensitivity to other heating sources such as elec-
trode voltage noise when it contains more electrons (reso-
nant, high N) or overlaps with multiple electrodes (offset).

V. CONCLUSION

This paper reports a significantly improved range of
cooling enhancements compared to our earlier work.” The
reason that we observe enhanced cooling for higher numbers
of electrons than in Ref. 5 has not yet been definitively estab-
lished but is believed to involve the rate at which thermal
energy is mixed into the dominant radiating mode of the
plasma, relative to the single particle cooling rate. The lon-
ger, wider cavity structure used here affects both rates via
the microwave mode geometry (I' depends on Q and the
effective volume of the mode) and plasma geometry (which
influences mixing from bounce motion). Lower temperatures
at high N may be the result of improved shielding on the
electrode voltage lines or improved alignment of the electric
and magnetic fields.

We achieve efficient cavity-enhanced cyclotron cooling
at very low magnetic fields: fields low enough that cyclotron
cooling is effectively absent without a cavity. The success of
this method for >10° electrons at 0.1555 T suggests that, if
expansion heating can be controlled, cooling at even lower
field values should be possible. Steady state fields in the
0.15T range could be provided by a non-superconducting
solenoid, which may be preferable for experiments where
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precision limits are set by superconducting hysteresis
effects,'”® or simply for reduced startup and operating
expenses.

Cavity-resonant cooling may also be of interest for
some recently proposed experiments involving large num-
bers of cryogenic leptons in strong magnetic mirror
fields,'*?® and for antimatter beam experiments which may
run at similar magnetic field values. For example, a recent
annihilation experiment®' was performed using positrons
cooled at 0.065T via sympathetic cooling on a CO buffer
gas. Consequently, the final positron temperatures were not
lower than the buffer gas temperature, which was held at
50K to avoid condensation. Our method could potentially
remove the need for a buffer gas and also result in greatly
reduced energy spread for the beams produced in such an
experiment.
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