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Abstract. We laser-cooled up to $£0°Be™ ions to ~1 mK in a Penning-Malmberg trap and
measured the ion temperature as a function of time afteingoff the cooling laser. We observed a
rapid heating of the ions when their temperature in a dioeqtarallel to the magnetic field increased
above 10 mK and show that this is due to the equilibration ofaanw(few kelvins) impurity-ion
cyclotron motion with the parallel motion of td8e* ions. The observed equilibration is more than
14 orders of magnitude faster than predicted by theory thealid in the absence of correlations,
and is closely related to the enhancement of nuclear remdtialense stellar interiors, first predicted
over 50 years ago by Salpeter. Future experiments simithietavork described here can be used to
model nuclear fusion in dense plasmas. Finally, we deseritsttempt to use the measured heating
rate of the’Be™ ions to observe the latent heat of the predicted soliddiguiase transition.
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INTRODUCTION

Strongly correlated (or strongly coupled) Coulomb systemmmpass diverse many-
body systems that exist over a wide range of densities anpeeatures [1]. Examples
include colloidal suspensions, complex (dusty) plasnesericooled trapped ions, and
dense astrophysical matter. A particularly simple strprgupled Coulomb system
is the strongly coupled one-component plasma (OCP). An OCBistsnof a single
species of point charges embedded in a uniform, neutrglizatkground charge [2, 3].
The thermodynamic state of an OCP is determined by a singlplioguparameter
M= q2/ (4rtepawsksT ), wheregg is the vacuum permittivityq is the ion chargekg

iIs Boltzmann’'s constanfl is the temperature, anays is the Wigner-Seitz radius,
given by the expression for the plasma density= 3/(4mad,s). I is a measure of the
ratio of the potential energy between nearest-neighba forthe ion thermal energy.
Extensive theoretical investigations have shown that@ngty coupled OCPI{ > 1)
undergoes a first-order solid-liquid phase transitiof at 172— 174 [2, 4]; however,
there has been no experimental confirmation of this restiangly coupled OCPs
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exist in dense astrophysical objects such as in the crustradudron star or in the
interior of a white dwarf star, but can also exist at lower gignif the temperature
is correspondingly low. Laser-cooled trapped ions are aroigs and convenient low-
density, low-temperature realization of a strongly codp@CP. In an ion trap the
trapping fields are mathematically equivalent to a newiradi background charge [5].

In this manuscript we describe measurements of the temperaf the®Be* ion
motion in a direction parallel to the applied magnetic fiefdtlee Penning trap as a
function of time after turning off the cooling laser [6, 7].ithe cooling laser on we
measure ion temperatures1 mK, close to the 0.5 mK Doppler laser cooling limit.
With a typical ion density ofig = 2 x 108 cm~3, a 1 mK temperature gives a coupling of
" ~ 1500, which is in the solid (i.e., crystalline) regime of &P phase diagram.
Previous experiments have observed the predicted bccatsyshen the number of
trapped ions was greater thanl0° [8, 9]. After the cooling laser is turned off, collisions
with the room temperature residual gas produeeOal K/s rise in the ion temperature
until the ion temperature reaches 10 mK. With= 2 x 108 cm 3, 10 mK corresponds
tolr ~ 170, the predicted solid-liquid phase transition. For terafures slightly greater
than 10 mK, we observe an unexpected rapid heating ofBleé ions, which we show
is due to the equilibration between the cold parallel motthe °Bet ions and the
warm (few kelvins) cyclotron motion of heavier impurity ®ihat surround théBet
ions. In an uncorrelated plasma this equilibration is exgmially suppressed at the large
magnetic fields and low temperatures of this experimentI1D, The observed heating
indicates that the equilibration of cyclotron motion witlotion parallel to the magnetic
field is enhanced in a strongly correlated plasma.

Theoretical work [12] has shown that the observed enhanceimelosely related to
the enhancement of nuclear reaction rates in dense stekaiors where the correlation
parameted” can be greater than 1. In a strongly correlated plasma thghibeiing
ions cannot be neglected when two ions undergo a closeioallighe effect of the
neighboring ions is to screen the Coulomb repulsion of thédoad ions, enhancing
the probability of close collisions. In 1954 Salpeter shdvikat this enhancement
of close collisions gives rise to an increase in nuclearofusates in the interior of
dense stars [13, 14]. In particular Salpeter showed thahwie nuclear fusion rate is
predominantly due to binary collisions, then the fusioe iatenhanced by a facté(I")
relative to the fusion rate calculated for an uncorrelatedmpa with the same density
and temperature. The factb(l" ) depends only on the Coulomb coupling parameter. The
regimed” < 1andl > 1 are called, respectively, the weak and strong screengignes.

In the strong screening reginfél) ~ € , which produces huge enhancements even for
moderate values di. At very high densities binary collisions no longer doman#te
nuclear fusion rate. In this regime, known as the pycnoraralegime, the fusion rate
Is also enhanced, but the enhancement no longer simply deery on the Coulomb
coupling parameter. Dubin [12] has shown that weak and gtsgneening regimes can
also be defined for the equilibration of ion cyclotron enevgth ion energy parallel
to the magnetic field in a Penning trap. In these weak and gtsoreening regimes
the equilibration of ion cyclotron and parallel energiesmhanced byxactly the same
factor predicted for nuclear fusion rates. Future expemisisimilar to those discussed
here should be able to measure the Salpeter enhancementifeitte strong screening
regime for the first time.
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FIGURE 1. Schematic diagram of the setup. Figure is not to scale. Hpediameter is 4 cm. Top- and
side-view images of a plasma with 26 000 ions are shown. Thieakedges of the plasma visible in the
side-view image are due to the presence of non-fluorescipgrity ions heavier thafBe™.

HEATING RATE MEASUREMENTS

Figure 1 shows a schematic diagram of the setup [6]. The 4.5agnetic field of a
superconducting solenoid with a room-temperature borelymes a’Bet cyclotron
frequency ofQ¢ = 2 x 7.6 MHz. With a typical trapping voltage Ofyap = 500 V,
the 9Bet axial and magnetron frequencies are respectively= 211 x 565 kHz and
wm = 2t x 21 kHz. TheExB fields cause the trapped ion plasma to rotate about
the magnetic-field axis. The plasma evolves to a thermallibgum state where this
rotation is rigid. At the low temperatures characterizing present work, the plasma
density is uniform. The rotation frequency determines the plasma density and the
overall plasma shape [3]. We use a rotating electric fieldéoigely controky [15]. The
data presented here were taken on approximately sphefisahas of 16to 1¢° °Be*
ions withay, = 27T x 64 kHz, which corresponds tg = 2 x 108 cm2 andays ~ 10 um.
9Be" ions are created in the trap by electron impact ionizationeaftral®Be evap-
orated from an oven. By biasing the electron source so thatlgerons have just
enough energy to ioniz&8Be we create a purdBe' ion plasma. However, over many
hours (time constant of several days) heavier singly clibiges jn = 10 (BeH"), 26,
34 amu] are created by collisions betwé®g" and the room-temperature residual gas
at ~ 4 x 1079 Pa. The plasma rotation causes ions of different mass taifteyatly
separate and the heavy-mass impurity ions occupy a regiargat radii (see Fig. 1).
The plasma is cooled by Doppler laser-coolingte- 1 mK. Cooling laser beams are
sent through the trap parallel and perpendicular to the etagfield axis. The resulting
resonance fluorescence is imaged by side- and top-view eam€&he cooling laser
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FIGURE 2. (a) Temperature curves recorded with different plasmasftarent days spanning a period
of many months. The horizontal dotted line indicates 10 mK. (b) is a close-up of (a).

is tuned approximately 20 MHz below t#&,; , (m =+3,my=+1) < 2Py, (m =
—I—%,mJ: -I-%) cycling transition. Over a-10 s time scale the cooling laser optically
pumps 94% of the ions into tH"tSl/z (+%, +%) state, i.e., the lower level of the cooling
transition [16]. A probe beam is introduced along the magrfetld axis to measure
the temperature associated with motion along this axis t@imperature is measured by
Doppler laser spectroscopy on the single-photon tramls%ﬁ@/z (my :+"—§, mJ:+%) —
2P3/2 (my :+%,m3: —%) [6, 16]. This transition depopulates the cooling cyclet iba
it removes, in a Doppler sensitive way, some of the populdtiom the281/2 (+%, +%)
optically pumped ground state and puts it in ﬂ&/z (+%, —%) ground-state hyperfine

level. The change in th%ﬁl/z (+%,+%) state population is measured from the change
in the cooling laser fluorescence. After each probe lasesuarement, the cooling laser
beams are applied for about 20 s to re-initialize the ogsigadlmped state. See Refs.
[6, 16] for details.

We measured the temperature as a function of the tigig after turning off the
cooling laser beams. Figure 2 shows temperature curvemebttaith different plasmas,
all with the same densityy = 2 x 10° cm~3, over a period of many months. In all cases,
the temperature increased slowky 0.1 K/s) until T ~ 10 mK (" ~ 170), which is
the temperature associated with the solid-liquid phagesitian. At 10 mK, a sudden
increase to temperatures of a few kelvins takes place. Theta@f this rapid heating



0.3 T T T T T T T T T T T
—A— "normal" measurement

O liquid plasma

O freeze pulse

X clean plasma
02} e

&0.1_%§%%% %_

% &

0.0

X
| gégé/é o ©
] . 1 . 1 . 1 . 1 . 1
0 200 400 600 800 1000
[ms]

tdelay

FIGURE 3. Temperature curves recorded using different initial cbods. The “normal” curve 4\)
was obtained using both parallel and perpendicular laselirg. Only perpendicular laser-cooling was
applied in case of the “liquid" curve (squares). The frepakse method (discussed in the last section on
the heating rate and the latent heat) was used to obtain the iclicated with circles. These three curves
were recorded on 56 000 ion plasmas witt85 % impurity ions. The curve shown with was recorded
on a 23 000 ion plasma containing no impurity ions.

occurs at different values tdejay, depending on the magnitude of the slow heating rate
in the solid phase, but always occurs at approximately threegamperaturé ~ 10 mK.

A measurement of the temperature of it motion perpendicular to the magnetic
field axis showed similar behavior.

We varied a number of experimental parameters and conditiminvestigate their
effect on the heating curve. From temperature curves redowdth different residual
gas pressures we determined in Ref. [6] that the sldivl K/s heating rate measured in
the solid phase is due to collisions between trapped ionsa@ord-temperature residual
gas molecules. Increasing the residual gas pressure alsmasged the size of the rapid
heating step that occurred when the parallel temperatutbeotBe* ions increases
above 10 mK. In addition to the residual gas pressure, thg otfler experimental
condition that had a significant effect on the heating curas the presence (or absence)
of impurity ions. Figure 3 shows a temperature curve (#ig) taken on a “clean”
plasma containing essentially no impurity ions®Be* plasma free of impurity ions
is obtained for a few hours after creating the plasma. Tremirapid heating step in
this curve; rather theBe* temperature smoothly increases at the slo@1 K/s rate for
the duration for the 1 s measurement.

These dependencies of the rapid heating step on residugrgssure and impurity
ions indicate that the heating step is likely due to an elopation of the’Be ion parallel
motion with an impurity-ion motion that is excited by resadlyas collisions. Theory
and molecular dynamics simulations [7] show that lasetembdBet ions efficiently
cool the parallel motion of the impurity ions, but in the datine regime, not the
impurity ion cyclotron motion. Estimates of the sympatbeboling rate for the impurity
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FIGURE 4. (a) The temperature &fcay= 1 s as a function of the frequency of an rf field exciting the
mass-10 cyclotron motion. (b) A temperature curve record#dthe rf drive tuned near resonance. Figs.
(a) and (b) were recorded on different plasmas. In (b) thepegature atyeay = 1 s without the rf drive
was~ 0.7 K.

ion cyclotron motion along with the measured residual gestihg rate & 0.1 K/s)
indicate likely impurity ion cyclotron temperatures #fiL K, which is the correct order
of magnitude to account for the observed heating step.

By exciting the mass-10 cyclotron motion with an rf field, weosled experimen-
tally [7] that additional excitation of the impurity-ion ciptron motion increases the
amount of rapid heating. Figure 4 shows e temperature atelay= 1 s as a func-
tion of the rf frequency, and a full temperature curve reedrdith the rf drive tuned
near the mass-10 resonance. A strong dependence of thaghetp on the rf drive
frequency (and therefore the mass-10 impurity ion enelggpiserved. In addition the
energy added to the impurity-ion cyclotron motion is notmled with the®Be™ parallel
motion until T g+ ~ 10 mK. These measurements, along with the theory and molecu-
lar dynamics simulations of the sympathetic cooling rateticate that the source of the
energy released in the rapid heating step is a warm (fewr&lelyclotron motion of the
trapped impurity ions.

COMPARISON WITH THEORY

The rapid heating step is an example of an equilibration c'ubarmyclotron energy with
the energy of ion motion parallel to the magnetic field. Wﬂ’Fge+ increases above 10
mK the temperature measurements in Fig. 2 indicate thatfhidileration occurs in less
than 1 s (i.e. an equilibration rate> 1 s™1). It is interesting to compare this observed
rate with theory. Until recently, the only theoretical tr@a&nt [10] of the equilibration
of ion cyclotron and parallel energies in a Penning trap waslwonly forI < 1. In
this theory, which is well tested experimentally [11], atcbn energy is shared with
parallel energy through close collisions where the distasfcclosest approadhin the



collision is comparable to the ion cyclotron radigsFor large magnetic fields and low
temperatures the mean distance of closest approach candbelanger than the mean
cyclotron radius (b) > (r¢)). In this case the plasma is called strongly magnetized, and
close collisions that share cyclotron energy with paraietrgy are rare. This results
in an equilibration rate that is exponentially small in théao k = (( >/<rc))/\/§ [10].

With experimental parameters appropriate for the experimdiscussed heréRget ,
B=45T, T, ~ 50 mK,ny=2x 10° cm3), the theory of Ref. [10] (valid foF < 1)

predicts an equilibration rate ~ 10-1° s~1. This geologically slow rate is more than
14 orders of magnitude slower than the observed equiltratte.

However, as briefly discussed in the introduction, closéistohs can be enhanced
in a correlated plasma due to screening from the neighbaoing. Weak and strong
screening regimes can be identified in a strongly magnetiasina where the cy-
clotron/parallel equilibration rate is enhanced by the esdactor f (I') predicted for the
nuclear fusion rate in dense stellar interiors [13, 14].nMite experimental parameters
used to calculat®g in the previous paragraph,~ 30 and the Salpeter screening fac-
toris€ ~ 1038, which, within an order of magnitude, is the enhancementired to
explain the observed equilibration. However, the agreénsefortuitous, as the mea-
surements of Fig. 2 are from plasmas in the high density pyeclear regime where
binary collisions no longer dominate the equilibratiorerdresently no detailed theory
exists for cyclotron/parallel equilibration in the pycnmhear regime. Nevertheless our
measurements indicate that this equilibration rate isiglgoenhanced in a plasma with
r>1.

In Ref. [12] Dubin shows that the weak and strong screeningneg where the
cyclotron/parallel equilibration is predominantly duelimary collisions occurs when
I < k%/5, (The strong magnetization parameteis defined in Ref. [10] and in the first
paragraph of this section.) This regime can be accessedrbyrpout measurements
at lower densities and higher temperatures than reported Imstead of measuring the
coupling of an elevated (and not measured) impurity-ioriatyon temperature with the
9Be™" parallel temperature we could directly measure the eqatiibn between theBe™
parallel and cyclotron motions by using an rf drive to heat®e™ cyclotron motion.
The °Be* cyclotron temperature could also be measured as a funcfitime after
turning off the cooling laser. In this way it should be po$sito measure the Salpeter
screening factor for the first time in the strong screening-(1) regime. Experiments
like this can advance our understanding of nuclear reaxtiodense stellar plasmas.

HEATING RATE AND THE LATENT HEAT

In addition to the clean plasma (i.e., no impurity ions) temgpure measurements, Fig. 3
shows several different temperature curves recorded witbrent initial conditions.
The measurements indicated by the squares were obtainbdpesipendicular laser
cooling only, that is, the cooling laser beam that is noryndiltected along the magnetic
field axis was blocked. With the perpendicular cooling lasgrwe measureiﬂH’Bef ~

70 mK, which corresponds to a liquid plasma. This warmer Igdreemperature is
expected because the parallel motion is only indirectiieadhrough its coupling to
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FIGURE5. Calculation of the heating rate of an OCP assuming a denistyd 0® cm~2 and a constant
0.1 K/s heating rate. The50 ms pause in the temperature increasell mK is due to the latent heat of
the solid-liquid phase transition.

the perpendicular motion, but is directly heated by photwoil. Starting with a liquid
plasma, a rapid heating step is not observed. InsT%g smoothly increases at the
slow ~ 0.1 K/s heating rate due to residual gas collisions.

From our understanding of the rapid heating step develapéikel previous section,
this behavior is in fact expected. In the liquid stateTage+ ~ 70 mK the coupling

between the impurity ion cyclotron motion and ftge™ motion is significantly greater
than in the crystalline state. This strong coupling preseasidual gas collisions from
elevating the impurity-ion cyclotron temperature. Stagtwith a liquid plasma we can
also prepare a crystalline plasma with a low impurity-iorcloyron temperature by
freezing the plasma with a short parallel laser cooling @uEhis is to be contrasted
with the “normal” temperature measurements where the lehtater beam is applied
for the ~20 s optical pumping period between temperature measutemiére freeze-
pulse data in Fig. 3 show temperature measurements obtaitiech 100 ms parallel
laser-cooling pulse applied immediately before turninfytbé cooling lasers. In this
case the plasma is a solid at the start of the heating measntebut spends less than
100 ms in the solid phase, where the sympathetic coolingisateeak. No additional
heating is observed at the solid-liquid phase transition.

By working with plasmas with small numbers of impurity ionsdaby using the
freeze-pulse technique, we can get rid of the rapid heatieyy @nd obtain a constant
~ 0.1 K/s heating rate due to residual gas collisions in bothctystalline and liquid
regimes. Figure 5 shows a calculation of the expected teatyrerincrease for #8Bet
ion plasma, assuming a constant 0.1 K/s heating rate. Tloellaabn assumes (1)
that the plasma energy can be written as the sum of the zenpetature mean-field
electrostatic energ® of the plasma plus the internal enerdyof a bulk OCP (valid
for large plasmas [3]), and (B is constant as the plasma temperature increases. The
~50 ms pause in the temperature near 10 mK is due to the latenvhiest-order solid-
liquid phase transition. At the phase transition, the iangerature stays constant until
the plasma absorbs the latent heat required to melt theatrisit possible to observe
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FIGURE 6. Carefully measured temperature curve on an approximapdigrical plasma of & 10°
9Be" ions obtained with the freeze-pulse technique. The meammts are not sufficiently accurate and
stable to observe the predicted latent heat

this manifestation of the latent heat [3, 17] in the heataig measurements?

Figure 6 shows our best attempt at observing the latent hihttias technique.
The measurements were performed with the freeze-pulsaiteehwithin 36 hours of
loading a plasma of 4 10° °Be* ions. The probe laser frequency was controlled by
varying the off-set frequency of a lock to a saturated alswrdeature in and cell.
Although Fig. 6 gives a hint of a pause in tBe* heating rate near the expected solid-
liquid phase transition, the temperature measurementsatrsufficiently accurate and
stable to definitively observe (or not observe) the preditaéent heat. One problem is
that the temperature measurements are slow. Each poingir6 Feiorresponds to more
than 1 hour of data taking. This could be improved by an orfleragnitude by using a
third laser to repump those ions tagged by the probe laser.

Although the measurements of Fig. 6 do not identify a latezdththey do place
some impressive limits on the stability of the plasma. Inapped ion plasma the zero-
temperature mean-field electrostatic eneEjyis much larger than the internal energy
U. Therefore a small change EP can release a large amount of thermal energy. For
example, we know the rotating wall provides phase-lockeaatrob of «y in the solid
regime. However, because a liquid plasma does not sus@ashtiaring force of a solid
plasma, could there be a very small slipdap as the plasma undergoes the solid-liquid
phase transition? For the plasma in Fig. 6, a 10 Hz decread®if4 kHz rotation
frequency would increase the radius of the plasma iyl um (dRp/Rp ~ 1.3 x 1074).
This slight radial expansion of the plasma would result ireardase in the mean-field
electrostatic energy of the plasma and a resultariO0 mK/ion release of thermal
energy. The consistency of the temperature measuremerfgyob means that the
plasma radius and density are very constant while residsatgllisions heat the plasma.
Observation of the latent heat through the plasma heatitegmay be possible, but
requires an extremely stable plasma and plasma heatingaratee duration of the



measurement. An experimental observation of the phassitimnmight be more easily
done through Bragg scattering [8].
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