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Temperature and heating rate of ion crystals in Penning traps
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We have determined the temperature and heating rate of laser-cooled ions in a Penning trap using Doppler
laser spectroscopy. Between*Iind 16 °Be"* ions are trapped in a Penning trap and Doppler laser cooled to
temperatures of a few millikelvin, where they form ion crystals. This system is an example of a strongly
coupled one-component plasma. The ion temperature was measured as a function of time after turning off the
laser-cooling. In the solid phase, we measured a heating rat€®fmK/s. Information about possible heating
mechanisms was obtained directly from temperature measurements, and also from measurements of the rate of
radial expansion of the ion plasma. We determined that the observed heating is due to collisions with the
~4x107° Pa residual gas of our vacuum system.
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I. INTRODUCTION degenerate electron gas. They can also exist in less dense

. o . objects, however, only if the temperature is corresponding|
Plasmas of ions trapped in either Paul or Penning traps ax ) y P P gy

. . iBw. Cold trapped ions form a convenient low-density and
routinely laser cooled_ to .tempera.tures sufficiently low for thelow-temperature strongly coupled laboratory OCP. With ions
plasma to enter the Ilqwd or So'.'d. _p_has[es4]. Th_ese cold trapped in a Penning trap, the uniform neutralizing back-
ion plasmas offer unique possibilities for studies of both

. . ) ..ground charge is provided by the trapping potenf&B].
atomic phyS|_cs gnd strongly coupled plasma .phy3|cs WIttH cps have been subject to extensive theoretical and compu-
related applications as diverse as cold antimatter, low;

. . S : tational studies. For instance, the coupling parameter where
temperature chemistry, high-precision atomic and molecul

. Ahe plasma undergoes the liquid-solid phase transition has
spectroscopy, frequency standards, and quantum |nf0rmat!o[51een determined to high accuracy. In recent years, the calcu-

processing5]. Because the confinement in a Penning trap_ ISations have converged B~ 172—174[7,10]. There is no

prow_ded by static electrlc_ and magnepc fields, the_ Pennlngi?:orresponding experimental determination of this value. In
trap is particularly well suited for trapping and cooling Iargefact the actual liquid-solid phase transition has never been
numbers of ions. We trap up te10° °Be" ions in a Penning dire’ctly observed in an OCP.

trap and laser cool these ions to below 10 mK, where the ion" 5\ ° "ihe crossed electric and magnetic fields in a Pen-

Flasma undetrgljoe_fha phafe tra?slltlon to_the Soi'ﬁ ph?jse a ﬂ1g trap, the trapped ion plasma undergoes a rotation about
orms a crystal with an interparticie spacing on the order ofy, magnetic-field axis. In thermal equilibrium, this rotation

10 um [2,3]. is rigid [8]. At the low temperatures characterizing the

cle':nlasrei(;-(;:r(ﬂgdrg);:izpelxzzrr?ao:‘n : zigng:)?nggﬁeﬁ;mg&e:m%resent work, the plasma density is constant within the
' . . } . > ‘Plasma boundary and can be expressed as
(OCP. An OCP is a system of a single species of classica y P

point charges(ions) embedded in a uniform neutralizing
background charg§6—8]. The thermodynamic state of an
OCP is determined by the coupling paramefewhich is

Ny = 2€gMa, (¢ — ‘Ur)/qzy (2

wherem is the ion massg, is the rotation frequency about

defined as the magnetic-field axis, anf). is the cyclotron frequency.
1 5 Accordingly, the density is determined by the rotation fre-
-1 , (1) quency. At the plasma boundary, the density decreases from
AmegawskeT this constant value to zero over a distance comparable to the

Debye length\p =1 kg T/ N0, which for the present system

is shorter than the interparticle spacing. Due to the quadratic
trapping potential, the plasma is shaped like a spheroid with
An aspect ratie=z,/r,. Here Z, is the axial extent, i.e., the
extent along the magnetic-field axis, of the cloud=a6, and

whereg, is the vacuum permittivityg is the ion chargekg is
Boltzmann’s constanfT is the temperature, anal,s is the
Wigner-Seitz radius given by the expression for the plasm
densityny=3/(4mad,o). ' is a dimensionless measure of the

ratiq of the potential energy between nearest-neighbor ions e equationz(r):ia\e’w describes the boundary of the
the ion thermal energy. Strongly coupled OCIPs>1) are cloud. The aspect ratio is directly related to the rotation fre-

belletvefd to eX|tst n ciensehastrqphysmall o_bjects SLE)CZSSC;I’I_ tI‘%encywr [8]. The stability region of the trap, in terms of
crust of a neutron star, where iron nuclei are embedded in g, .. frequency, iso,< < Q.—wy, where o, is the

single-ion magnetron frequency.
Here, we present measurements of the trapped-ion tem-
*Electronic address: mjensen@boulder.nist.gov perature for motion parallel to the magnetic field as well as
TPresent address: University of Hyogo, Hyogo 678-1297, Japanthe rate at which this temperature increases when no laser
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cooling is applied, i.e., the heating ratgee Secs. Il A and residual gas pressures show the effect of residual-gas colli-
[l A). We focus on the solid-phase behavior. This work issions and are described in Secs. Il A and 1l B 1. Ambient
motivated mainly by the prospects of creating many-particlestatic field errors due to asymmetries in the construction of
entangled states. Entanglement can lead to improved spectrge trap produce a torque on a rotating Penning trap plasma,
scopic precision. For an ensemble of independently prepareghich leads to a reduction or “spin down” of the plasma
ions, the uncertainty on a given transition frequency scales agtation. Residual gas collisions also produce a drag on the
1/\N, whereN is the number of ions, whereas for certain rotating plasma and contribute to the spin down. In this
entangled states, known as spin-squeezed states, the scalipgrk, we apply a rotating electric fielgh rotating walj that

can be as strong as !1”[11—.13- Hence, by 9”ta”9".“9 the pposes these spin-down torques and holds the plasma rota-
ions, the spectroscopic precision can potentially be improve on frequency constant. We estimate the torque and, hence,

e ot Ot Kefhe energy input due (0 the rotating wall by measuring the
The creation of many-particle entangled states therefore has in-down rate and subsequent radial expansion of the ion

interesting implications for experiments on quantum simulaP@sma when the rotating wall is turned off. The spin-down

tion and quantum computation. meaSL_Jrements are d'esg:ribed in .Secs. 1B and IlI B 2. We
A necessary condition in the proposed schemes for creaftiso discuss the p05_5|b|I|ty that_ noise from the trap elect_rodes
ing entangled states is that the ions are in the Lamb-Dickdu€ 0, .9., fluctuating patch fields could produce heating of
limit while their internal and motional states are manipulatedth® ions. This is thought to be a possible heating mechanism
to create the entanglemeii4—16. The Lamb-Dicke limitis 1N €xperiments using a few ions in miniature radm-frequency
the limit in which the amplitude of the ion motion in the raps[20]. As discussed in Sec. Ill B, our measurements in-
propagation direction of the state-manipulating radiation isdicate that the heating of the ions immediately after turning
much less than /2, where\ is the radiation wavelength. Off the cooling laser beams is dominated by collisional en-
This constraint is basically equivalent to imposing an uppe®rdy exchange with the room-temperature residual-gas par-
limit to the ion temperature. It is not possible to carry out theticles
_desired state manipulations while directly Ia_ser cooling the Il EXPERIMENT
ions. Therefore, entanglement can be obtained only if the
system is cold initially and has a heating rate low enough A cylindrical Penning trap is used to confine betweefi 10
that the ions will remain in the Lamb-Dicke limit throughout and 16 °Be" ions at densities on the order of2L0° cmi™®
the process. Here, we do not consider the option of sympd21,22. Figure 1 is a schematic diagram of the setup. The
thetically cooling the ion$17]. data presented here were, unless otherwise mentioned, re-
The only previously published measurements of ion heateorded at a pressure 6f4x 10°° Pa(see discussion of pres-
ing in a Penning trap were made almost 2 decades ago csure measurements in the AppendiA magnetic field of
small plasmas of less than a few thousand ift®. The 4.5 T is provided by a superconducting solenoid. The cyclo-
heating was not measured at short times. Instead, over a pton frequency i€),=27 X 7.6 MHz, and with a typical trap-
riod of ~10 s the ion temperature was observed to increasping voltageV,,,=500 V, the axial and magnetron frequen-
to ~20 K. This large temperature increase was thought to beies are respectively w,=27 X565 kHz and wp,=27
due to a radial expansion of the plasma, which occurreck 21 kHz. The symmetry axis of the trap electrodes is
when the cooling laser beam directed perpendicular to thaligned with the magnetic-field axis to with0.005°. This
magnetic field was turned off. This beam applied a torques done by minimizing the strength of zero-frequency modes
that maintained a constant rotation frequengy(and there- excited by a misalignment of the trap electrode and magnetic
fore a constant plasma density and ragliong offsetting am-  field axes[23].
bient torques that otherwise would decreageand increase Doppler laser cooling tolf <5 mK leads to a coupling
ro. With the perpendicular cooling beam blocked, the plasmaarameted” > 300, and the plasma is therefore in the solid
expanded, which resulted in a conversion of Coulomb potenstate. Cooling laser beams are sent through the center of the
tial energy to thermal energy. This expansion has been sigrap both parallel and perpendicular to the magnetic-field
nificantly reduced in subsequent Penning traps through bett@xis. These two cooling beams are derived from the same
trap construction and by aligning the magnetic field with the313 nm beam which is produced by frequency doubling a
trap electrode symmetry axis. Furthermore, we currently us626 nm beam from a dye laser. The parallel cooling beam
a rotating electric field19] to precisely control the plasma has a~1 mm waist[24], which is greater than the plasma
rotation frequency and eliminate the plasma expansionradiusry. The waist of the perpendicular cooling beam is
However, the rotating electric fieldrequently called a “ro-  significantly narrower(~50 um), and this beam, if offset
tating wall”) does work and therefore provides a source offrom the center, can be used to apply a torque on the plasma
energy or heat for the plasnjd]. and change its rotation frequency. For the temperature mea-
In addition to measuring the ion temperature and overalsurements discussed in this paper, the cooling laser powers
heating rate, we have investigated several potential sourcegere around 100 and 10W for the parallel and perpendicu-
of the observed heating. In particular, we have considerethr beams, respectively. In the spin-down measurements, re-
heating due to residual-gas collisions, due to the work ocorded with the parallel cooling beam only, the power in this
energy input of the rotating electric field used to keep thebeam was lowered to around 28V. In all cases, the maxi-
plasma rotation frequency constant, and also due to noiseum intensity of the beams is below saturation of the cool-
from the trap electrodes. Temperatures measured at differeirtg transition.
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FIG. 2. Energy-level diagram fdiBe" in a high magnetic field

FIG. 1. Schematic diagram of setup. Figure is not to scale. Thi{wot to scale Due to the very small hyperfine splittings in tie
.

trap diameter is 4 cm. The electrodes used to apply the rotating wa ates, each line here represents all hyperfine levels, i.e., all possible

field are not shown. The vertical edges of the plasma visible in thglalues ofm,. The cooling and probe transitions are indicated. The

side-view image are due to the presence of nonfluorescing impuri%avelength of both laser beams is 313 nm. All diagnostics are
ions heavier than Be. The direction of the side-view light collectionbased on the fluorescence from the cooling tr.ansition

and the direction of the perpendicular cooling beam form a 60°

angle in a plane perpendicular to the magnetic field axis. Top- an@btained both from the side, by use of a position-sensitive
side-view images of a plasma with 26 000 ions are shown. |ndi-phot0mu|tip|ier tube, and from the top, by use of a Charge
vidual crystalline planes are visible in the side-view image. Thecoupled device camera equipped with an image intensifier.
diameter of the fluorescing part of the plasma, i.e., theiBes, is  The solid angles of the light collection of the side- and top-
500 um view objectives ard/5 andf/2, respectively. Phase-locked
control of the rotation frequenay, is obtained by applying a

3 rotating wall potential to a segmented ring electrode around

3 1 2 3 e :
=+2 my=+3) 2P, , (m=+3, my;=+3) transition (see Fig. :
211 2 3/2 | 21 2
2) by use of linearly polarized light with the polarization axis _the 9enter of the trafil9]. Control of .the rotation frequgncy
implies control of the plasma density and aspect ratio. The

perpendicular to the magnetic field axis. The cooling radia- ) L ; e .
tion optically pumps 96% of the ions into tR, (+§,+%) parallel cooling beam is aligned with the magnetic field axis

state, i.e., the lower level of the cooling transitifdb]. The _(the plasma rqtation axido within ~0.001°. This alignr_nent
parallel and perpendicular cooling beams cool the motiod® done by using 'ghe perpendicular cooling beam to increase
parallel and perpendicular, respectively, to the magnetic-field® Plasma rotation frequency to near the cyclotron fre-
axis. Due to the Coulomb interaction between the ions, ther§U€ncy. A slight misalignment of the parallel cooling beam
is some coupling and, hence, sympathetic cooling betweeRroduces a component of the parallel bearwector in a
these two directions. However, to achieve the lowest iorflirection perpendicular to the magnetic-field axis. Fgr
temperatures in both the parallel and perpendicular motions; {1, the ion rotation velocity is sufficiently large that such
we directly laser cool in both these directions. The lowest component, through the Doppler effect, will produce an
achievable temperature using Doppler laser coolitt,e  asymmetric fluorescence visible in the top-view image.
Doppler-cooling limiy is Tp =%/ 2k, wherey is the decay In addition to°Be" ions, heavier ions are slowly created
rate of the upper state. For the present transition the decdyy collisions betweeriBe* and the residual gas. The period
rate has been determined theoretically to be2w  for 50% of the’Be" ions to be converted into heavier ions is
X 18.0 MHz[26], which leads to a Doppler-cooling limit of much greater than 100 h. Cyclotron-resonance spectroscopy
0.43 mK. This limit is reached when the laser is detunedhas shown that these ions are predominantly of masses 10
below the resonance by the amouyti2. The data presented (presumably BeH), 26, and 34 a.m.u.. The plasma rotation
here were recorded at a larger detuning, but the dependencauses ions of different masses to centrifugally separate and
of the cooling limit on the detuning is relatively weak at the heavy-mass impurity ions occupy a region at larger radii.
detunings larger thany/2, and the actual cooling limit This is evident in the side-view image in Fig. 1. Since the
should still be below 1 mK27]. shape of the overall plasma including impurity ions is a
All the diagnostics are based on the ion fluorescence fromspheroid, we conclude that the impurity ions have the same
the cooling-laser beams. Real-space images of the plasma aation frequency as théBe" ions. Furthermore, the fact

Doppler laser-cooling is carried out on tfﬁSl,z (m,
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that the rotating wall potential can gain phase-locked controtransition,y is the Lorentzian width, and vy is the Gaussian
of the plasma rotation frequency indicates that most of thevidth. The Lorentzian contribution is due to the natural line-
impurity ions have crystallized. From this, we infer that thewidth of the transition, while the Gaussian contribution is
heavy-mass impurity ions, through sympathetic cooling, argjue to Doppler broadening. From E®), the probability of

cooled to temperatures similar to tﬁB_e+ ions. The work  an jon remaining in thés, , (+§,+%) state by the end of the
presented here has typically been carried out on plasmas wify ms probe laser pulse is given hyse@("x10ms \e

5%-20% heavy-mass impurity ions, although the data reg,qrefore use the line profile
corded at elevated residual gas pressures were obtained with
plasmas having-50% heavy-mass impurity ions. f(v) = eV, (5)

A. Temperature measurements to fit the measured Doppler broadened line profiles. The pa-

The axial temperature of th#Be" ions was probed by rametera=ax 10 ms determines the amplitude of the line
Doppler laser spectroscopy on the single-photon transitioRrofile. _ _
281, (m|=+§,mJ=+l)H2P, (m,=+§,m3=—l) [25] (see In the fit of Eq. (5) to the measured line profile, the
Fig_zz)_ Thezlinearlyzpolari;éd probé beamgistNLZ mm Lorentzian width is fixed at the theoretical valuky,
was sent into the trap along the magnetic field axis, and ¥/27=18.0 MHz[26], and the Gaussian widthy, is ex-
consequently the measurement provides a determination d@cted from the fit. The remaining free parameters are the
the axial temperature. Since the probe transition is 160 GH2MPplitudea and, since frequencies are measured only on a
below the cooling transition, a second frequency-doubled@lative scale, the center frequeney. Also, the base line,

dye-laser system is needed to produce the probe beam. THgch in principle should equal 1, is allowed to vary in the
upper statéP,, (+%’_%) decays with probability 1/3 to the fit. The temperature is calculated from the expression for the

ZSyZ (+2,+1) state and with probability 2/3 to thés;, Doppler width

(+§,—%) state. Hence, the resonance can be observed as a v [ 2keT

decrease in fluorescence from the cooling laser due to a de- Avp=—"——. (6)

population of the cooling laser cycle.
The data-taking procedure is as follows.tAt0, the cool-  Note that for small amplitudes

ing laser beams are turned off. After a desired amount of

time, tgeiay the ions are exposed to a 50~500 nW probe laser f(v) =1-av(v) (7

pulse of duration 10 ms. Immediately thereafter the coolings just a \oigt profile. Equatioi5) contains corrections due
laser beams are turned back on. The count rate in the sidg; the saturation and broadening that occurs at large ampli-
view camera is measured before turning @fferord and after  ydes. Since only a few photon scattering events per ion dur-
turning back on(yapey) the cooling beams, and the measureding the 10 ms period are sufficient to transfer an ion from the
signal, defined agaper Yoerore IS the probability of an ion 25 (+3,+3) to the %S, (+3,-3) state, we achieve large-
staying in the’s, , (+3,+3) state. After such a measurement, amplitude signals and saturation at very low probe laser
the ions are exposed to the cooling beams for about 25 $owers. In the derivation of Eq5), it is assumed that all
Because the cooling beams optically pump the populatiofons are subject to the same probe laser power. This assump-
trapped in thé'S,, (+§,—%) state back to the cooling transi- tion is valid for the liquid phase, where there is good mixing
tion [25], this reinitializes the system. This cycle is repeatedof the ions within the plasma boundary. However, even for
for different probe frequencies until the line profile has beernthe solid phase it will be approximately valid because the
recorded. Mechanical shutters are used for turning on and offiaist of the probe laser beam is greater than the plasma
the laser beams. radiusrg. A set of line profiles for very different probe laser
At time t=tyqy (the start of the probe laser puls¢éhe  powers were recorded for a spherical plasma of 26 000 ions,
population is, due to the optical pumping by the coolingand the Gaussian widths extracted from the saturation cor-
laser, in the’S,,, (+§,+%) state. Fortyeay<t<tgelaqyt 10 ms, rected fits were independent of probe-laser power. We there-
the probe laser beam is on and the cooling laser off, whicliore conclude that the error in analysis caused by the as-
changes the probabilityy of finding an ion in thezsl,2 sumption of uniform probe laser power is negligible.

(+2,+3) state by The temperature measurements presented here were car-
d ried out at a fixed rotation frequency, =27 X 64 kHz cor-
=P _ -aAV(»)p. (3) responding to a spherical plasma,. set by the rotating waII._ In
dt order to ensure a constant rotation frequency, the rotating

Here, 3 is a proportionality constant and(») is the \oigt wall does work by balancing any external torques on the

function plasma. In the following section, the method for measuring
' . the magnitude of external torques is discussed.
0 e—u
V( V) = f du _ 2 1 21 (4)
—o {M _ UJ il IR B. Spin-down measurements
Avp 4| 2wAvp

We determine the magnitude of the external torque, due to
which is a convolution of a Lorentzian and a Gaussiais ~ ambient static field errors and residual gas drag, by measur-
the laser frequencyy, is the center frequency of the probe ing the spin down of the plasma after turning off the rotating
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wall and calculating the resulting change in the canonical PANLSEALEREE
angular momentum of the plasma. The total canonical anguj
lar momentum per ion about the magnetic-field axis of a
spheroidal plasma in a Penning trap can be expressed as

3 Nm
=—— Q.- 2w,), 8
207Tnozo( ¢~ 2wy) (8)

whereN is the number of ions in the plasni@]. We wish to
determine the average torque per ion

dL
T(wr) = a(wr) 9

due to a change im,. We here consider the torque on the
entire plasma including heavy-mass impurity ions located a T
larger radii. Equation{8) assumes that the plasma is a pure s 8
one-species plasma. However, due to the mass dependen <
of (), and the fact thaf).> w,, the mass dependence of the
angular momentum and therefore also of the torque is weak.
Hence, Eqgs(8) and (9) are a good approximation for the
present plasmas. Using Eq®) and(8), the torque per ion
can be written as

0ost L

count rate

FIG. 3. (a) Side-view image with solid lines indicating the ver-
tical slice used to determine the top and bottom of the plasma. The
image size is 258 256 pixels where one pixel corresponds to a
distance of 4um. The dotted lines indicate the top and bottom of

3 N& 1 Q. - 2,)2 the plasma determined by the procedure described in the(t®xt.
o) ==— { ¢ r Projection of counts in the slice onto tlzeaxis. The dotted lines
40 mepzy i (Qe = o) [ i (Qe = o) indicate the position of edges while the dashed near-vertical line to
(Qe - 20,) dz ]dwr the far left shows the background level which is found by linear
+ —+2—. (10 interpolation between the background plateaus above and below the
Zp  dey dt plasma.

7y, d7y/dw,, anddw,/dt should all be taken as functions of tation frequency, 2(w,) [or ®,(2Z)], is obtained from a
o;. Accordingly, a determination of (w,) requires knowing series of calibration images recorded at known rotation fre-
N, o, Zy(w,), (dz/dw,)(w,), and (dw,/dt)(w,). With the  quencies.
present sign convention, a decrease in rotation frequency Returning to the determination afw,), the calibration
corresponds to a negative value (dfv,/dt)(w,) and a posi- images yieldzy(w;) and (dz/dw,)(w,), and the actual spin-
tive value ofr (w,). down images in turn yields, and (dw,/dt)(w,). Calibration

The derivative(dw,/dt) represents the spin-down rate, and spin-down images are recorded on the same plasmas

and is measured by recording a sequence of side-view in}ith roughly equal count rate levels and analyzed following
ages as a function of time after turning off the rotating wall. [N €xact same procedure in order to minimize the sensitivity
to small errors in the background subtraction. The number of

Typically, an image with an accumulation time of 30 s is ions, N, is calculated from a side-view image of a spherical
recorded every 60 s. Due to the direct relation between thens: N, 9 P

rotation frequency, and the plasma aspect raf#], a mea- plasma(w, =27 X 64 kHz). The plasma height is measured

surement of the plasma heighty2/ields the value ofv,. We ?Tj_rrt]h% tr:)lggtt;gr S\titﬁ)résqzsz)calculated using the relation
: =27y )
choose to use the plasma height as opposed to the plasm"’%Since the spin-down measurements are based on fluores-

yvidth_be_cause the presence .(.)f nonfl_uorescing heavy-ma%%nce images, the axial cooling beam is on during the mea-
impurity ions at the largest radii complicates an accurate de, '

.7 : surementythe perpendicular cooling beam is turned)off
termination of the plasma width. The sharpness of the plasméonsequently, in addition to the external torqugg due to

boundary makes it possible to measure the plasma hezght 2, mpient static field errors and residual gas drag acting on the
simply as the difference between the plasma top and bottorgjasma, there can be a torqugs, caused by a small mis-

in a side-view image. In detail, a vertical slice from the cen-zlignment of the axial cooling beam. Even though this beam
ter of the plasma in the 256256 pixel side-view image is s aligned with the magnetic-field axis to withir0.001°,
selected and projected onto tlzeaxis (the magnetic-field 7. turned out to be significant compareddg, To separate
axig). An example of this procedure is shown in Fig. 3. After the contributionsr,,; and 7., We alternate between record-
background subtraction, the edges are found as the poinisg a sequence of spin-down images with the axial cooling
where the count rate equals a certain fractitypically 0.3 beam on continuously, leading to a total torqug,= 7ex:

of the averaged count rate at the center plateau. Subpixelse, and a sequence with the axial cooling beam chopped
resolution is obtained by linearly interpolating between countat 200 Hz(50% duty cyclg, leading to a torquerghep= 7ex
rates in the two pixels on either side of the limit defining an+%1-,aser The external torque and the laser torque can then be
edge. The actual relation between the plasma height and raletermined from the equations
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Text= 2Tchop™ Teonts 12 I l (a)]
10F . ]

Tiaser= 2(Tont— 7'chop)- (11 :
0.8 - B

Finally, if the plasma can always be described lyigid-
rotor) thermal equilibrium state and any changes in this state
due to the coupling with the rotating wall occur adiabatically,

Y, aﬂer/y before
o
(=]
T
|

then the energy increase per ion due to the work done by the 04F .
rotating wall is given by[8]: [ ey =OMS ]
dE 02 1Ay =5+2MHz ]
_ [ T=1.6106mK ]
E = TextWr - (12 0.0L i' . ‘ L i
wall 0 100 200 300 400 500
HereE denotes the total plasma eneigym of the potential 121

and kinetic energigsper ion. SpecificallyE is the total en-
ergy per ion as calculated in the lab fraas opposed to the
rotating frame—see the Appendix and Rgd]). We use Eg.

(12) to estimate the possible temperature increase due to the
work done by the rotating wall. We believe the assumptions
of thermal equilibrium and adiabatic change that go into Eq. [
(12) are reasonable for the measurements discussed in this 0.4 |
paper. These assumptions mean, for example, that the rotat- Ft =1000ms
ing wall does not excite large amplitude plasma modes, so 0.2 _—A":";L 215 + 5 MHz
that the plasma remains close to a thermal equilibrium state [ T=247+0.05K
during its evolution. 0.0 ‘

1.0 |
0.8 F

06 I

Y, afler/y before

500 0 500 1000 1500

frequency [MHz]
I1l. RESULTS AND DISCUSSION

FIG. 4. Line profiles recorded for a spherical plasma of
440000 ions ata) tgejay=0 Ms andb) tyeay=1000 ms. The dashed
Figure 4 shows two examples of measured line profilesind solid lines are Voigt profile fits respectively withq. (5)] and
and corresponding Voigt profile fits. The profile recorded atwithout [Eq. (7)] saturation correction. Ite) the two fits are nearly
tgelay=0 [s€€ Fig. 48)] is, ignoring the 10 ms duration of the identical. The Doppler widths and corresponding temperatures ex-
probe pulse, a measure of the temperature when the ions atracted from the fits with saturation correction are shown. The fre-
laser-cooled continuously. From the fit we determined a temquency scale is referenced to the center of the laser sweep interval,
perature ofT=1.6+0.6 mK, which is close to the Doppler- which generally does not coincide with the line center. For technical
cooling limit. The accuracy of this temperature measurementeasons, the frequency scales(af and (b) are shifted relative to
is limited by the Stab|||ty of the probe laser frequency and byeaCh other. This shift is due to a Change in the offset of the fre-
the fact that, at the lowest temperatures, the natural linewidtuency sweep of the laser and is not an actual shift of the line
of the transition is significantly larger than the Doppler Center.
width. At higher temperatures the Doppler width dominates
[see Fig. 4b)], resulting in much smaller relative uncertain-  Figure %b) shows a close-up of the short-time heating
ties on the extracted temperatures. rate data from Fig. ®). From linear fits to the data, heating
Heating-rate curves were obtained by measuring the tenrates around 65 mK/s are obtained. This is comparable to
perature as a function of delay timig,, after turning off the  the heating rates observed in miniature radio-frequency traps
cooling laser. Figure (®) shows heating-rate curves for plas- typically used for pursuing ion-entanglement experiments.
mas of 28 500 and 440 000 ions. Initially, the heating rate idHowever, in the following section we argue that the source
slow. However, at tgea~100 ms, in the case of of heating in the miniature radio-frequency trg@§] is dif-
440000 ions, the temperature increaseslTte2 K within  ferent from the source of heating in the present Penning trap.
about 100 ms. A similar behavior is observed for the plasma
consisting of 28 500 ions. In both cases, the onset of this B. Heating mechanisms
rapid heating coincides with reachifg~ 10 mK. With our

density of 2<10° cm™3, T=10 mK corresponds to a cou- forent o) : * residual llisi
pling '~ 170. This is where the solid-liquid phase transition'c 't POSSIDIE Sources ot energy. residua-gas cofisions,

of a strongly coupled plasma is predicted to take place. Wé(vork done by the rotating wall, and electric-field noise from

therefore believe the rapid increase in the heatingT at the trap electrodes.
~10 mK is due to the solid-liquid phase transition. At
present we do not understand the cause of this rapid heating,
and therefore in the following we focus on the short-term The effect of residual-gas collisions was investigated by
heating rate, i.e., the heating rate characteristic of the solidecording heating rate curves at different residual-gas pres-
phase. sures(see Fig. 6. Data were taken at three different values

A. Determination of heating rate

In this section, we investigate the importance of the dif-

1. Residual-gas collisions

033401-6



TEMPERATURE AND HEATING RATE OF ION.. PHYSICAL REVIEW A 70, 033401(2004)

T T T T T T 8 T r . . . .
L (a .
21 () : : @ T
L L & é
20} ; 6l L 3
Py
15} _
a —_ L 4
1.0} . =~ I ¥
L @ z
2F =7 ° -
05 & . i
O N=28500 | - . = .
00 [ %MB.E ® Elj N 1 N 1 A. N =| 440. Oool ] o cEee 8 L] T L n L L 1 " 1 L -
0 200 400 600 800 1000 0 100 200 300 400 500 600
0010l ® 0.03| (b) ] B P-4x10°Pa -
| L] / 0 P~13x10°Pa
0.008 J I / X P~29x10°Pa |
! ] 0.02} / ]
0.006 | - /
< ] 3
~ ~
0.004F - i 0.01
= ]
0.002 -/T .
0.000 | i 0.00 ’ .
0 20 40 60 80 100 0 20 40 60 80 100
t [ms] tdelay [ms]

delay

FIG. 5. () Heating-rate curvestemperature as a function of ~ FIG. 6. (@) Heating-rate curves for a 410000 ion plasma re-
tuelay for plasmas consisting of 28 500 and 440 000 iof). A corded at three dlﬁerent_ pre_ss_urés)A clpse-up on the_shor_t-tlme
close-up of the short-time data where the plasmas are still in thdata where the plasma is still in the solid phase. Straight lines have
solid phase. Linear fits to the short-time data give short-time heatP€en fitted to the short-time data yielding heating rates of

ing rates of 68+24 mK/gsolid) and 62+21 mK/s(dasheq, re-  87+19 mK/s (solid line), ~1.0K/s (long-dashed ling and
spectively, for the small and large plasma. ~2.0 K/s(short-dashed linefor lowest, intermediate, and highest

pressure, respectively.

of the pressure. When operating at the lowest presg@itre . . . ) i
which the data in Fig. 5 were also recorgldtie Bayard- the observed shift of rapid heating to shorter times with el-
Alpert ionization gauge, which measures the residual-ga§vated pressures shows that residual-gas collisions are a
pressure, is turned off and the exact value of the pressure fominant heating mechanism while the plasma is in the solid
not known. We estimate that the base pressure, when tHéhase. Finally, in the Appendix we estimate the ion heating
ionization gauge is off, is~4x 10°° Pa(see the Appendix  rate due to residual-gas collisions for different ion-molecule
With the ionization gauge on, a pressure-o13x10° Pa  collisional cross sections assuming that il the dominant
was measured. A further increase in the pressure-#®  background gas molecule. We obtain heating rate estimates
X 107° Pa was obtained by regularly cycling the ion pumpsthat are 2—-18 times larger than the measured 65 mK/s heat-
off and on. ing rate. Accordingly, residual-gas collisions are expected to

An increased heating rate at elevated pressures is evidebe an important mechanism and can provide an explanation
from linear fits to the short-time data shown in Figbs The  for the observed heating.
fits yield heating rates of 87+19 mK/s;1.0, and~2.0 K/s Residual-gas collisions are of less importance in the min-
for the lowest, intermediate and highest pressures, respeiture radio-frequency traps holding just a few ions. For
tively. Due to the limited number of data points in the solid room-temperature traps at10°® Pa, the collision rate per
phase, the heating rates for the intermediate and highest présn with the residual gas molecules+€.03 s* [28]. Hence,
sures are very uncertain. However, clear evidence of a coin the case where only a few ions are present in a trap under
relation between residual gas pressure and heating is alsdtrahigh vacuum, the interval between two residual-gas col-
found from the onset of rapid heating, which happens atisions is sufficiently long that most measurements are car-
delay times of around 100, 25, and 5 ms for the lowestried out without any collision events. With 491 ions, on
intermediate, and highest pressures, respectijede Fig. the other hand, residual-gas collisions are so frequent that it
6(a)]. This heating starts at the solid-liquid phase transitionbecomes necessary to take into account the average effect of
which occurs at a fixed temperatufe=10 mK. Therefore, those collisions.
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« P, FIG. 8. The result of short-duration spin-down image sequences
__ 130} g DDDDD 4 for a plasma consisting of 18 600 ions recorded with the cooling
g "__ ‘”\:D beam on continuously and chopped. Height and corresponding ro-
5 120 '-_ %, tation frequencyf,=w,/27 are plotted as a function of time after
& i . DDDD T turning off the rotating wall. Straight lines are fitted to the two data
= o sets giving the spin-down rates. From these rates the toregles
110l " %o i =3.5X 1031 J andr,ee=4.7X 10731 J atf, =67 kHz are extracted.
= continuous - Pog,, This data set corresponds to run No. 11 in Fig. 9
o chopped %,
100L— - - - 0y :
0 30 60 90 120 Eq. (11) to determinery,; and 7,5 The outcome of a com-

plete data series taken on a 18 600 ion near-spherical plasma
(f,=67 kH2 is shown in Fig. 9. In Fig. @) the work per ion

FIG. 7. Spin-down data for a plasma consisting of 25000 ionsper unit time due to the rotating wall is estimated frogy
Two image sequences covering roughly the same range in rotatiogng Eq.(12). This work is divided by the specific heat of an
frequency were recorded, one with the axial cooling beam on conggeg| gas to obtain an estimate of the possible temperature
tinuously and one with the axial cooling beam chopped. The imageéhange due to this energy input. Averaging the results of Fig.

are 256<256 pixels with 4um/pixel. (a) and (b) show the actual gy yields an estimate for the possible temperature change
images corresponding to the highest and lowest rotation frequeraue to the work done by the rotating wall of
cies, respectively, in the run with a continuous cooling beam.

Plasma height as a function of time after turning off the rotating
wall for continuous and chopped cooling beams.

time [minutes]

1 dE
3 dt
—k
ZB

=-3+10 mKIs. (13)

2. Work done by the rotating wall

wall

The torque due to the rotating wall was deduced from o )
measurements of the plasma spin-down rate when the rotaince the runs in Fig. 9 are not completely independent, and

ing wall was turned off. Equatioril2) was then used to also because the laser torque fluctuations between runs are
estimate the energy input due to the rotating wall. Figure -probably not random, we use the standard deviation of the
shows the results of a relatively long spin-down measuregroup of measurements in Fig(t (without dividing by
ment. The spin-down rate is nearly twice as high in the data/N,,, whereN,,, is the number of rungo obtain the uncer-
recorded with the cooling beam on continuously as in thdainty stated in Eq(13). Interestingly, the anticorrelation be-
data with the cooling beam chopped. This shows that théweenr,,, and rse €vident in Fig. 9 is the expected behavior
laser torque is the dominant torque. Also, the continuous and the measurements are dominated by laser torque fluctua-
chopped runs are subject to inconsistent fluctuations in th&ons. We can therefore only place an upper limit of 10 mK/s
spin-down rate, which we attribute to laser-torque fluctua-on the temperature increase due to the rotating wall. The
tions. In the derivation of Eq11), it is assumed that,.;is  specific heat of a crystallized strongly coupled plasma ap-
constant in time. In an attempt to minimize errors in theproaches By, the specific heat of a harmonic lattice, for large
analysis caused by laser-torque fluctuations, we resort to takouplingsI’. Use of this specific heat would result in a limit
ing image sequences of less than 15 min duration. Two suksmaller by a factor of 2 on the temperature increase due to
sequent image sequences, recorded with the cooling beathe rotating wall. In either case, this energy input is signifi-
continuous and chopped, give measurementsrgf; and cantly below the heating rate obtained from the temperature
Tehop f€SPECtively. An example obtained with a plasma conmeasurements. Hence, the contribution to the heating rate
sisting of 18 600 ions is shown in Fig. 8. from the rotating wall torque is negligible for a plasma of
To gain better statistics and average over laser torque flughis size.
tuations, many image sequences are recorded, alternating be-A similar data series obtained with a large plasma consist-
tween the cooling beam on continuously and chopped. Evering of 440 000 ions is shown in Fig. 10. In this case, an
two subsequent image sequences are then combined usirgergy input per ion from the rotating wall =67 kHz of
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FIG. 10. Torquega) and resulting work done by the rotating

FIG. 9. Torquesa) and resulting work done by the rotating wall Wall (b) at f,=67 kHz (near-sphericalextracted from a complete
(b) at f,=67 kHz (near-sphericalextracted from a complete series _series of spin-down measurements on a plasma consisting of 18 600
of spin-down measurements on a plasma consisting of 18 600 iontNs.
Each run consists of a spin-down measurement with the cooling
beam on continuously and chopped. The first run is based on thgpproximately equals that of a small plasma, which is shown
data from the first continuous and the first chopped measurementgp be due mainly to residual gas collisions. Therefore, re-
and the second run is based on the data from the first chopped argdual gas collisions can account for the large plasma heating
the second continuous measurements, etc. The runs are therefgige although in this case we cannot rule out some contribu-

not completely independent. tion due to the rotating wall.
In addition to heating the ions, residual-gas collisions pro-
1 dE duce a drag on the rotating ion plasma, which will contribute
3 gt =-7%177 mK/s (14) to the plasma spin down. In the Appendix, we show that
—kg under some ideal assumptions it is possible to relate the heat-
2 wall ing due to residual-gas collisions to the torque due to the

. . . o , residual-gas drag. In particular, if the Beesidual-gas colli-
is obtained. Once again the uncertainty is dominated by lasefi; 1o are elastic, the average torque per ion due to residual-

torque fluctuations, and we can only place an upper limit ol drag .7y is related to the average energy increase per
~180 mK/s on a potential temperature increase due to thg 4,e to residual-gas collisions(dE/dt)|.y, by

rotating wall. Even though we believe that the fluctuations in

the axial laser beam direction and position are approximately 2 m+mgaors dE
the same in Figs. Gsmall plasmaand 10(large plasmg the Tdrag™ 1_5_qm 2 gil s (15)
rg  Urms coll

larger plasma appears to be approximately 20 times more
sensitive to these fluctuations. Presumably this is because tiéerev,,,s= VkgT/my is the root-mean-square velocity of the
magnitude of the laser torque fluctuations depend sensitivelgesidual gas anth is the mass of the dominant residual-gas
on the ratio of the plasma radius to the axial laser beanspecies. Equatioiil5) assumes a single-species plasma. If
waist. For large plasmas the limit on the temperature increasthe residual gas consists of more than one dominant species,
due to the rotating wall is not small compared to the heatinghen Eq.(15) must be summed over the different species.
rate found by the temperature measurements. However, FiQur dominant residual gas is presumably H the H, mass,

6 shows that the heating rate of a large plasma sensitivelg residual gas temperaturef 300 K, and a heating rate of
depends on the background pressure. In addition, the me&5 mK/s[Fig. 5b)] are substituted into Eq15), we obtain
sured short-timésolid phasgheating rate of a large plasma values of 2.5<103?J and 2.0< 103 J for the average
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torque per ion due to residual-gas collisions for the small andhowever, an interesting question to pursue in future experi-
large plasmas of Figs. 9 and 10. These torques are about twoents.
orders of magnitude less than the experimental limits ob-

tained from Figs. 9 and 10 on the total torque per ion due to ACKNOWLEDGMENTS
all sources, including residual-gas drag and ambient static
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3. Electric-field noise Memorial FoundationJapan for financial assistance. The

Heating in miniature radio-frequency traps due to electricduthors thank Daniel H. E. Dubin for stimulating discussions

field noise caused by both thermal electronic nedhnson and Wayne M. Itano and Tobias Schatz for useful comments

noise and fluctuating patch fields was studied in Rg]. " the paper.

We make the simple assumption that these noise sources

could be present at a comparable level in our Penning trap. APPENDIX

The heating rates attributed to these two forms of noise are

proportional to 142 and 14* respectively, wherd is the . "

characteristic distance from the trap electrodes to the ion§Neray due to reS|du:_:1I-gas collisions, \_/vor_k done_ by the ro-

[20]. In our Penning trap, the distance from the trap electating wall, gnd heating due_ to electr_lc f|e|d. noise. If we

trodes to the ions is larger by two orders of magnitude thaﬁ]egleCt he'a.tlng due to elect'rlc field noise, which we beheye

in the miniature radio-frequency traps. The heating rates du be negligible, the energy increase perion after the cooling

to thermal electronic noise and fluctuating patch fields 25" beams are turned off can be written as

should therefore be decreased by four and eight orders of dE dE dE

magnitude, respectively, compared to those for the miniature qt = m + m

radio-frequency traps. Since the heating rates observed in coll

these two different types of traps are of the same order oflereE, as in Eq.(12), is the total plasma energthe sum of

magnitude, we conclude that the contribution from electric-the potential and kinetic energigser ion as calculated in the

field noise to heating in our Penning trap should be neglifab frame. The corresponding increase in the ion temperature

gible. can be obtained by dividindE/dt by the specific heat. If the

external torque opposing the plasma rotation is due to ambi-

IV. CONCLUSION ent static-field errors and residual gas drag, we may further

Wt Teyi= Thield+ Tarag @Nd, from Eq(12):

In this paper we have considered changes in the plasma

. (A1)

wall

The present study shows that the laser-codief plas-
mas in our Penning trap have a heating rate of 65 mK/s dE -

o . . ot = Wy Tiield + Or Tgrag (A2)
while in solid phase. For relatively small plasmas consisting dt | yan g
of 20 000-30 000 ions, we have been able to establish that . . . . .
the heating is caused by residual-gas collisions. Residual—gjg this append|x,. we derive an expression f6dE/dt)|co in .
collisions also appear to be the main heating mechanism fdf'ms of the residual gas density, temperature, and collision
large plasmas with-400 000 ions. We note that the heating /0SS section. We d_erlve a similar expression for the torque
rate has been measured only for spherical plasmas, and thatag du€ to the residual gas drag and relate this torque to
the relative importance of energy increase due to residual-gaddE/ dDlcor- We show thatw, 7qraq the work per unit time
collisions and the rotating wall could vary with the plasmadone by the rotating wall to balance the background gas
rotation frequency and shape. drag, is small compared to(dE/dt)|.,, and can be ne-

The solid-phase heating rate, valid for the firstglected. _ .
100-200 ms, is comparable to the heating rates obtained in We assume that the ions are cdlf=0), that the colli-
miniature radio-frequency ion traps, where entanglement o$ions are elastic, and that the rotational velocity of an ion is
up to four ions has been achieved. Since large numbers &mall compared to the thermal residual-gas velocity. That is,
ions can be trapped and cooled in the present Penning traf,u=rw, 6 is the rotational velocity of an ion in the plasma
entanglement of many more ions may be possible. In gerand v,s= VkT,y/m, is the one-dimensional root-mean-
eral, the internal state manipulations used to entangle thsguare velocity of the residual-gas particles with m
ions slow down with increasing number of trapped ions.and temperaturd,, we assumei=|u|<uv,s and calculate
However, with the solid-phase heating rate measured her¢he energy change and drag due to residual-gas collisions to
we believe entanglement of between 100 and 1000 ions intwest nonvanishing order /vy
spin-squeezed states with significant levels of squeezing
should be within reach.

Finally, we note that the slow heating rate of the ions
measured in the solid phase is followed by a very rapid heat- For simplicity, we calculate the energy transfer due to a
ing in the liquid phase. This sudden change in the heatingesidual-gas collision with an ion in a local inertial frame
rate appears to be a manifestation of the solid-liquid phaseoving with the ion’s rotational velocity. We note that
transition. At present, we do not understand how the soliddescribing a residual-gas collision in such a local inertial
liquid phase transition could produce this signature. This isreference frame makes sense because the duration of a

1. Energy transfer due to collisions
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v=0 v' 1 V2
/@ F(v) = 323 exp(— 5 ) (AB)
Q m@ (2m) 2Urms 20ims
(@) Urgq m —_ a S L
e .)g . denote a Maxwell-Boltzmann distribution of velocities with
. o * Ums= VKTrg/ My as defined earlier. In the local frame of an
Mg e ion, the distribution of residual-gas velocities Fgv,q+u).
v The average energy increase per unit time of an ion due to
m /° residual-gas collisions can then be written as
® @ () — g dE m,
— -— . U
. O yéj .m | T 2 f dgvrgF(Vrg"' U)UrngE(Urg),
M, m o dt | con (Mg +m)
rg,c

(A7)

SWherenrg is the density of the residual-gas molecules. Here
we useEg to denote that EqLA7) gives the energy increase
Ser ion, due to collisions, in the rotating frame of the plasma.
Equation (A7) is just the recoil heating of an ion due to
residual-gas collisions. Withu|<v,ms we expand

FIG. 11. Sketch of the initial and final states of a residual-ga:
collision in (a) the initial rest frame of the ion ang) the center-
of-mass frame. This figure defines quantities used in the text. Th
scattering angled of the ion in the rest frame is related to the
scattering angle8 in the center-of-mass frame = 3/2.

. . . L 2
residual-gas collisiof<10 p9 is negligible compared to the Vig - U ( u )
F(vg+u)=F 1-S2—+0l—]|. (A
rotation period 27/ w, ~ 20 us) of an ion. We show that the (Vrg + ) = F(Vig) V2 © 2 (A8)

difference between the energy transfer calculated in thi
frame and the lab frame is small, of ordé¥/v? . It is fre- A leading 1o th it
quently useful to describe the ion motion in a frame that?Verage 1o zero leading {o the resu

?Ne neglect the smail?/v2_ term. The term linear I will

rotates with the ion plasm@]. In this rotating frame the ion dEg mnf 5
energyEg is given in terms of the lab frame ener@yand it |y, = nrg—q_(m N m)z(vrgUE(vrgD- (A9)
col rg

canonical angular momentuin (about thez axis) by Eg
=E+w,L. In a residual-gas collision, the energy transferredHere, we use the notatiofg(v)) to denote the average of a
to an ion in a local inertial frame moving with the ion’s quantityg(v) over the Maxwell-Boltzmann distributioR(v),

rotational velocityu is the same as the energy transfer cal-j.e., (g(v))=d®F(v)g(v). Within the approximations used

culated in the rotating frame. o to derive Eq.(A9), (dEg/dt)|., is independent ofi and is
For T=0, a trapped iofii.e., a trapped Beion) is at rest  iherefore the same for all ions.
in a local frame moving with the ion’s rotational velocity We use two different cross sections to estimate the heating

As shown in Fig. 1(a), let v,y be the velocity of a residual ate. In an ion-molecule collision, the electric field of the ion

particle before the collision. In the center-of-ma@m,)  polarizes the colliding residual gas molecule, resulting in an
frame, the final collision state can be described by two scatyttractive interactionU(R)=-ag?/(8me,R%) at large ion-

tering angles, defined in Fig. 1b) as the angle between ngjecyle separatio [28]. Here « is the polarizability of
the final velocities and the initial collision axis, and an anglehe molecule. For impact parameters less than a critical value
{ that describes the azimuthal orientation of the final scatterbcrit:(aqz/mouvz)1/4’ where 1 is the reduced mass, the
ing plane about the initial collision axis. In the c.m. frame, it reqjq,a1-gas molecule penetrates an angular momentum bar-
is easy to show that the final ion velocity i8:  (jer and undergoes a close spiraling collision with the ion
=Mygurg/ (Mg +m). In the local frame of the ioiiFig. 11&],  [29]. The Langevin cross SECHaN angevid Urg) = TH3; there-
this gives a final ion velocity of fore provides a measure of the cross section for close colli-
sions. Because energy and momentum can also be trans-
) (A3) ferred by long-range collisions, we expeot ,,gevin May
underestimate the ion heating rate. A more conservative es-
timate of the heating rate is obtained from the total collision
cross section in &,/R* potential. With C,=a0?/(87ey),
1 m the total “elastic” cross section IS TgpasidVrg)
gm(v’)z = (m—:ff@vrzgz cos (f) - (A4)  =7T(1/3)[ag?/ (16ephv,) 123 [28]. ’
9 The pressure in the vacuum vessel was measured by a
Let o¢(v,g) denote the total collision cross section for en- nude ionization gauge locatedl m from the trapped ions.
ergy transfer, defined by The pressure reading was7x 107° Pa(~5x 10" Torr).
. q P However, Fig. 6a) indicates that this reading is limited by
— ; Yo P outgassing of the gauge and that the pressure with the gauge
UE(Urg)_Zﬂf Sm(’B)OI’GdQ2 COS2<2)' (A5) off is likely 2—4 times lower. Our vacuum vessel is con-
structed mainly of stainless steel and fused silica. In systems
Heredo/d() is the differential scattering cross section which like this, H, is typically the dominant background gas, which
we assume to be independent{ofAlso, let is what we assume here. With the reduction by a factor of 2

m
v/ =2—"2—pco B
Meg 2

and a final ion energya recoil energy of
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in sensitivity of the ionization gauge for JHwe estimate a dp mmny, Vg U
background of~4 x 1079 Pa of H, with the ionization gauge Al T T e e\ e 2 Vigoe(vg)
off. At 300 K, this corresponds to a density of residual H coll 9 rms
molecules ofny=1.0x 102 m™, ~ mm, (Vg - U)?

In estimating the heating rate with EGA9) we assume - _unrgmrg+ m\ Y v2 1P oe(vrg)

isotropic scatteringdo/dQ)=o/(4m)]. For isotropic scatter-

: L . ; 2
ing the collision cross section for energy transfer is equal to __ mny 1 Urg
=—Uung Urg™> oe(v rg)

the normal collision cross sectiofog(v,g) =0 (v,g)]. With Mg+ m3 Vs
— 30 3 - —
iY(Hz)—O-SZX 10" m?, mrg_—2mp, ar_1d m—S?mp (my = —my, (AL4)
=proton mask after evaluation of the integral in EGA9),
we obtain where the drag coefficient is given by
1 dEg n m
— = 0.15 KI/s, A10 =L — @3 : A15
3k dt ( ) Y SUrzmsmrg+ m<vrgUE(Urg)> ( )
SR
2 Langevin In Eqg. (A14) we have used the fact that the average contain-
ing (vrg-u/u)2 is the same for any components\of. Evalu-
1 dEg ~1.2 K/s (A11) ation of Eq.(Al15) with the parameters used to obtain Egs.
3k dt ' ' (A10) and(Al1) gives
SRB
2 elastic YLangevin™= 3.0x10%s?, (A16)
These estimated heating rates are approximately 2 and 18
times larger than the measured heating rate of 65 mK/s dis- Yelastic= 2.5X 1073 s7L. (A17)

cussed in Sec. Il A. If we use the specific heat of a harmonic, | .\« the measured heating rate was less than the esti-

lattice (3kg) instead of the specific heat of an ideal gas, themated heating rates of Eq#10) and (A11), the drag coef-

Sicient due to residual gas collisions is likely also less than
the estimates of Eq$A16) and (Al7).

Equations(A9) and(A14) for the energy and momentum
change of an ion due to residual gas collisions both involve
the same(vf‘gcrE(vrg» average. It follows that:

heating rates of the heavy-mass impurity iqese Sec. )
are reduced by the mass factor in EA9). However, even
for the extreme case of a plasma consisting of 58% ions
and 50%m=34 a.m.u. ions, the heating rates of E¢510)
and (A11) are only reduced by-30%. The difference be-

tween the estimated and measured heating rate may indicate dp u mg+m dEg

that the estimated residual-gas pressure is too high or that . —— == (A18)
. . . ) L. ) . . t coll 3l}rms mrg dt coll

our assumption of isotropic elastic collisions is too simplis-

tic. Nevertheless, these estimations shows that residual-g&om Eg.(A18) we calculate the torque per ion, averaged
collisions can provide an explanation for the measured solidever a uniform density spheroidal plasma, due to residual-
phase heating rate of 65 mK/s. gas drag. For a plasma consisting of a single ion species of

. massm, we obtain
2. Momentum transfer due to collisions

2
. . - + r
We now derive an expression similar to E4.9) for the Tdrag= Em—m’q% d&r . (A19)
average momentum transfer due to residual-gas collisions. 15 My vfps  dt o

The m_omeptum trgnsferrgd to the ion in the collls_lon de-with the substitution (dEq/db)|cou~ (AE/dD)|o (SE€ Next
picted in F|g_. .11 will c_o_nS|st qf a component alowg (i.e., section), this expression was used on two different plasmas
along the original collision axjsgiven by in Sec. Il B 2 to estimate the torque per ion due to residual
m gas drag. Also, from EQ.(A19) we see thatw, 7y,
m—mq‘VrgZ CO§(§>, (A12) o (w?r2/v2 )(dEx/db)|e. Becausen,ro<uvms the work pegr
9 unit time w, 74,54 done by the rotating wall to balance the
and a component perpendicular W, The perpendicular residual-gas drag is small compared to the collisional recoil
component will average to zero in the integration over theheating (dEg/dt)|, of the plasma.
azimuthal scattering anglé. The average momentum per
unit time transferred to an ion due to residual-gas collisions 3. Laboratory versus rotating frame
can then be written as

dp
dt

We have calculated the energy and momentum transfer
_ MMy 3 due to residual-gas collisions in a local inertial frame moving
ol Mg+m f Vi (Vig + U)vigVrgTevg). with an ion’s rotational velocity.. This is equivalent to cal-
(A13) _culatlng the_ energy and momentum transfer due to collisions
in the rotating frame of the plasma. The momentum transfer
In the expansion of(v4+u) in Eq. (A8), only the term due to a collision is independent of the frame of reference,
linear in v,y will not average to zero. We obtain and therefore our calculation of the residual-gas drag is

033401-12



TEMPERATURE AND HEATING RATE OF ION.. PHYSICAL REVIEW A 70, 033401(2004)

frame independent. The energy transfer due to collisions iffame from the rest frame by the termrd,a As discussed
not the same in the lab and rotating frames, but the differencearlier, this term is proportional to(w? vg,zms)(dE/dt)|c0”

is small. Consider an ion with rotational velocityin the lab  and, with the assumption<uv,,s can be neglected com-
frame, which undergoes a residual gas collision that changgsared to (dE/dt)|.q.

its velocity by év. The change in the ion energy in the lab  Physically the term e, (dL/dt)|.o= ~W;Tgrag IN EQ.
frameAe:%m(uﬂs\/)2 22 due to the collision is related to (Azo) can be thought of as the work done by the ions in
the change in the ion energy in the rotating fraey ~ “spinning up” the residual gas. Not only is this work by the
:%mévz by Ae=Aeg+mu-4v. In terms of the change in the ions small compared to(dE/dt)|.,, but it is offset by the
momentum of the ionAp=mdv, this expression can be writ- work of the rotating wall in holding the plasma rotation fre-
ten Ae=Aeg—-w,2-(r X Ap). After averaging over the re- quency constant against the residual-gas drag. Mathemati-
sidual gas velocity distribution and over the ions in thecally if Egs.(A2) and(A20) are substituted into EGA1) we

plasma we obtain obtain
dE dEx dL dE  dEx
qr = - A20 —_—= — + . A21
dt | con dt |con @r dt coII ( ) dt dt | o Wy Tield ( )

Here, as beforek is the total plasma energy per ion ands ~ That is, the energy increase of an ion, after the cooling lasers
the canonical angular momentum per ion aboutzleis in  are turned off, is due to collisional recoil heating
the lab frame. Equatio@20) also follows directly from the  (dEg/dt)|.,; and the work done by the rotating wall to
equationEr=E+w,L. From (dL/dt)|C0":7-drag we see that counteract the torque due to ambient field er@ys;qq. We

the energy increase due to collisions is reduced in the labote thatw, 74,5 does not enter in EqA21).
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