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Heating of trapped ions from the quantum ground state
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We have investigated motional heating of laser-codlBd" ions held in radio-frequenc§Pau) traps. We
have measured heating rates in a variety of traps with different geometries, electrode materials, and character-
istic sizes. The results show that heating is due to electric-field noise from the trap electrodes that exerts a
stochastic fluctuating force on the ion. The scaling of the heating rate with trap size is much stronger than that
expected from a spatially uniform noise source on the electr@ies$ as Johnson noise from external cirguits
indicating that a microscopic uncorrelated noise source on the electf®alels as fluctuating patch-potential
fields) is a more likely candidate for the source of heating.

PACS numbe(s): 32.80.Pj, 39.10+j, 42.50.Vk

I. INTRODUCTION [8-14] Johnson noise from the resistance in the trap elec-
trodes or external circuitrthe manifestation of thermal
Cold trapped ions have been proposed as a physica&lectronic noise or black body radiation consistent with the
implementation for quantum computati¢®C) [1], and ex- boundary conditions imposed by the trap electrode struc-
periments on ong2-5] and two[6,7] ions have demon- ture), fluctuating patch potentiaiglue, for example, to ran-
strated proof of the principle. Work is currently underway to domly oriented domains at the surface of the electrodes or
extend these results. In ion trap QC, ion-laser interactiong@dsorbed materials on the electrodesnbient electric fields
prepare, manipulate, and entangle atomic states in ways d&om injected electronic noise, fields generated by fluctuating
pendent on the quantum motional state of the ions. A limit-currents such as electron currents from field-emitter points
ing factor in the fidelity of an operation is uncontrolled heat-0n the trap electrodes, and collisions with background atoms.
ing of the motion during manipulations. Heating leads toOnly the first two mechanisms will be considered here since
decoherence of the quantum superposition states involved € remaining mechanism@nd others are unlikely con-
the computatio8,9], and can ultimately limit the number of tributors[8] or can be eliminated by comparing the measured
elementary gate operations that can be strung togethe€ating rates of the center of mass and differential modes of
Speculations have been made about the mechanisms tH#0 ions[6]. As will be shown below, the Johnson noise and
lead to heatingi8,10—14, but measurements are scarce sincePatch-potential mechanisms give rise to heating rates, which
the necessary sensitivity can be achieved only through lasgcale differently with the distance between the ion and the
cooling to near the ground state of motion. Additionally, trap electrodes.
systematic studies of the dependence of heating rate on vari-
ous trap properties are difficult, since often this requires the
construction and operation of an entirely new trap apparatus,
which may have different values of properties not under A. Preliminaries

study. Indeed, the data presented here pose several interpre-tqo heating rate caused by a fluctuating uniform field can

tational difficulties for this reason. be derived as in Savaet al.[15] and agrees with a classical
Heating of a single trapped iofor the center-of-mass .0y jation[8]. The Hamiltonian for a particle of charge

motion of a collection of trapped iop®ccurs when noisy  5n4 massn trapped in an harmonic well subject to a fluctu-
electric fields at the position of the ion couple to its Charge’ating, uniform(nongradient electric field drivee(t) is
giving rise to fluctuating forces. If the spectrum of fluctua-

tions overlaps the trap secular motion frequency or its micro- H(t)=Hy—qe(t)x, (1)
motion sidebands, the fluctuating forces can impart signifi-

cant energy to the secular motion of the ion. Here, we 5 2 9, .
express the heating rate as the average number of quanta‘%lf'er.e HO_.”p t/ 2”: m_(ﬁmx_lz |s_ﬂ'§hte usfual, statlonaliy har-
energy gained by the secular motion in a given time. Ther§_”°nIC osciiiator Hamiitonian with trap frequenay, . From
are several candidates worth considering for sources of thérst-order perturbation theory, the rate of transition from the

noisy fields that give rise to heating. Some of these aré(;|rounlc;)s_tat[e15c])f the well|6=0)) to the first excited state
n= is

IIl. TWO MODELS FOR SOURCES OF HEATING
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2 mann’s constant, anR(w) is the effective(lumped-circui}
Po 1= 47———Se(wm), (3)  resistance between trap electrodes. The heating rate is given
Amh o, by
where Sg(w)=2f7.d7e'“"(e(t)e(t+ 7)) is the spectral —  0’kgTR(wp)
density of electric-field fluctuations in units of (V/¢ffz 2. NR= mho-d? ®)
m

For an ion trapped by a combination @ssumed noise-
less static fields and inhomogeneous rf field@aul trap the

) . A numerical estimate of the heating rate for typical trap pa-
heating rate can be generalized[id]

rameters gives 0.1/s:ng<1/s[8,11], which is significantly

slower than our observed rates. As a final note, the lumped-
q? wﬁq circuit approach is convenient, but not necessary. In the Ap-

Ao, SE(wm)_"ESE(QTt om) |, (4 pendix, we present a microscopic model that is valid for

T arbitrary ion-electrode distances and reproduces(gqfor

all the traps considered hefand for all realistic traps where

d> 4, whered is the skin depth of the electrode material at

the trap secular frequency

wheren is the rate of change of the average thermal occu
pation numberw,, is now the secular frequency of the mode
of motion under consideration, ardy is the trap rf drive . ) .
frequency. The second term on the right-hand $RIdS) of C. Fluctuating patch-potential noise
Eq. (4) is due to a cross coupling between the rf and noise To derive the heating rate for the case of microscopic
fields; it will not be present for the axial motion of a linear patch potentials we use the following approximate model.
trap, which is confined only by static fields. Even for motion \we assume that the trap electrodes form a spherical conduct-
confined by rf pondermotive forces, this second term will being shell of radiusa around the ion. Each of the patches is a
negligible in the absence of spurious resonance&g(m) or  disc on the inner surface of the sphere with radiys a and
increasingSe(w) (sincew;/Q%~10") and is neglected in  electric potential nois&/,(w). Alternatively, each patch is
what follows[8]. assumed to have power noise spectral derSiffw). The

We differentiate two sources of the noise that gives rise telectric field noise at the ion due to a single patch is
heating. The first is thermal electronic noise in the imper-Ep(w)z—3Vp(w)r5/4a3 in the direction of the patch. There
fectly conducting trap electrodes and elsewhere in the tragre N%4Ca2/r§ such patches distributed over the sphere
circuitry. Though this source of noise is ultimately micro- yith coverageC<1. Averaging over a random distribution

scopic in origin, for our purposes here it can be treat.ed adyf patches on the sphere, we find that the power spectral
equately by use of lumped circuit models. Thermal noise hagensity of the electric field at the ioflong a single direc-
been considered in the context of ion-trap heating in severaﬂon) is

places[8,11-14. The second source of noise considered

here is due to “microscopic” regions of materigsmall

compared to the size of the trap electrodegh fluctuating, Se(w)= N(

discontinuous potentials established, for example, at the in-

terface of different materials or crystalline domains. We call_ . . )

this patch-potential noise, and its microscopic origin leads td S 9ives a heating rate

manifestly different heating behavior from that for the ther- o2

mal electronic noise case. Static patch potentials are a well- - :3q CraSv(@m)

known phenomenon, but little is known about the high- P 16mhwd*

frequency(MHz) fluctuating patches, which are required to

account for our observed heating rafé§—18. in which the associatiod~ a is made. Note the difference in
scaling with electrode size between E@5S) and (7). The

B. Thermal electronic noise thermal electronic noise model gives a scaIngocd*Z,

Heating rates in the case of thermal electronic noisévhile the patch-potential model givesed™*. In fact, ad ~*
(Johnson noigecan be obtained simply through the use ofdgpendence also arises from a random distribution of fluctu-
lumped-circuit models, which are justified by the fact thatating charges or dipoles.
the wavelength of the relevant fieldat typical trap secular
or drive frequenciesis significantly larger than the size of IIl. MEASUREMENTS
the trap electrodes. Such an analysis has been carried out
elsewhere[8,11,19, and only the major results will be
quoted here. Resistances in the trap electrodes and connect-To determine the heating rate, we first cool the ion to near
ing circuits give rise to an electric-field noise spectral densitythe ground state. In sufficiently strong traps, this is achieved
Se(w) =4kg TR(w)/d?, whered is the characteristic distance simply by laser cooling with light, red detuned from a fast
from the trap electrodes to the iofjs the temperaturénear  cycling transition ¢/~ w,,, where y is the radiative line-
room temperature for all of our experiment&g is Boltz-  width of the upper stajgropagating in a direction such that

IEp(w)\?  3CSy(o)r;
avp<w>) O ©

)

A. Measuring the heating rate
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its k vector has a component along the direction of the mode +f ' ' '
of interest. In weaker traps, additional sideband Raman cool- i e d
ing is utilized to cool to the ground statg]. Typical starting

values ofn, the average number of thermal phonons in the
mode of interest, are between 0 and 2.

After cooling and optically pumping the ion to its internal
ground statedenoted| | ), we drive Raman transitions be- §
tween atomic and motional level2—4]. Tuning the Raman
difference frequenc w to the kth motional blue sideband
(bsh at Aw=wg+ko, drives the transition|]})n)
< |1)In+k) where|1),||) refer to the interna(spin states
of the atom that are separated by. The kth red sideband
(rsb) at Aw= wg— ko, drives| | )|n)«<|1)n—k). The mea- ok , , .
surement utilizes asymmetry in the strengths of the red anc  ooo 0.05 0.10 0.15 0.20
blue motional sidebands to extraat The strengths of the tmel
sidebands are defined as the probability of making a transi- gG. 1. An example of heating rate data. The main graph shows

tion [ )—|T), which depends on the occupation number of; () yst, the delay between cooling and probing. The insets

the motional levels. The strengths are probed by a Rama&mw Raman spectra from whichis extracted, according to Eqg.

pu!s_e of dura“ort. tl.meq to eitherkth s_ldel:_)and. The prob- (11). For the insetsP | is the probability that the ion remains in the
ability P, of remaining in| |) after pbrs?)blng is measured and ||y state after application of a Raman probe of fixed duration with
the strengthsl,™=1—-P| ., and I,"=1-P| py, are eX- giference frequench w; rsb, red motional sideband; bsb, blue mo-
tracted. For thermal motional states, the strengths of the regbnal sideband. The sidebands shown are the first sidebands. The

and blue sidebands are related[By8] data are for trap 5 from Table | at 5 MHz secular frequency and
o n=12+2/ms.
1SP= > Prsin® Qi (8)
m=k o (Rk)l/k
=— (13)
— k= 1-(Ry*
:(_— 2 PmSin2 Qm+k,mt 9 . . . . . L . .
1+n/ m=o0 which is valid even if the Lamb-Dicke criterion is not satis-

fied. In principle,k should be chosen to be the positive inte-

bsb ger nearest tm in order to maximize sensitivity. In practice
L™ (10) we usek=1, 2, or 3 in most cases. Note that Efjl) is valid
only for thermal states; this is adequate since Doppler cool-
ing leaves the motion in a thermal stq#e20], as does any
cooling to near the ground state.

n

1+n

k

where Q. m=Qmm+k IS the Rabi frequency of th&th

sideband between levelsn and m+k, and P,,=n™/(1 I order to determine the heating raie del "
+n)™*1 is the probability of themth level being occupied h order to determine the heating raie delays with no
e — . laser interaction are added between the cooling cycle and the
for a thermal distribution of mean numberThe ratio of the  roping cycle. An example of a data set at a fixed trap secu-
; —(rsby bsb i a i " -
sidebandsR,=1,>71;> is independent of drive timé and  |ar frequency is shown in Fig. 1. The error bars are deter-
immediately gives the mean occupation number mined as follows: The raw data of Raman scans over the

TABLE I. Summary of traps. The size column is approximately the distance between the ion and the
nearest electrode surfac@; is the trap rf drive frequency. The heating rate) (is for a trap secular
frequency of 10 MHz, which in the case of traps 3a and 3b had to be extrapolated from data at lower trap
secular frequencies. The two numbers quoted for 3a and 3b are for two different versions of the trap. See the
text for a further discussion of the parameters.

Trap Type Material Sizegm) QO+/27 [MHZ] F(ms’ h Refs.
1 circular ring Mo 170 250 1 [3,4]
2 elliptical ring Be 175 250 10 [6,7]
3a circular ring Mo 175 150 10,16
3b circular ring Mo 395 150 0.5,10
4 linear Au 280 150 2.3 [9]
5 linear Au 280 230 3.5 [22]
6 linear Au 365 230 1.1 [22]
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FIG. 2. Schematic diagram of the electrodes of tragfr8m
Table ). The distance between traps 3a and 3b is 1.7 mm. Not to
scale.

. . . . FIG. 3. Schematic diagram of the electrodes of the linear traps
sidebandssuch as is those shown in the insets of Figate traps 4, 5, and 6 from Table.IThe traps are formed by evaporat-

fit to Gaussu‘;_ms, from which the depths of the sidebands arl%g gold (approximately 0.75um thick) on an alumina substrate.
extract_e d, with errpr pn Fhe parameter estimate CaICUIate‘ijhe outer segmented electrodes are the endcaps, while the long
assuming normal distribution of the data. The errors from the, ., . owen electrodes carry if. The axial directitabeledz) is par-

rsb and ESb strengths are propagated through{(g for an allel to the rf electrode. The two separate trap wafers are spaced by
error onn. The error bars shown ares] and include only 200 um for traps 4 and 5 and 28am for trap 6 (spacers not
statistical factors. These errors are incorporated in the lineahown. Schematic diagram not to scale.

regression to extraah with appropriate error. Many such
data sets are taken for various types of traps and at differeripen end is approximately 500 V with a few watts of input
secular frequencies. power. In all traps except for traps 3a and 3b the resonator is
inside the vacuum chamber with the trap. In traps 3a and 3b,
B. The traps the resonator is outside the chamber, with the high-voltage rf
. . . lied to the trap through a standard vacuum feedthrough.
The measurements of heatl_n_g rate in this paper eXtengpgince we belie\rje thatgsurface effects are an important fgc—
over a five year period and utilize six different traps. The

tor in heating, we cleaned the electrode surfaces before using

:Laps ?re sumns_a: 'Zde_dhm Tart])lle elmlb-['r:a? érggssz.rangs.ﬁ&b%iéf trap. When trap electrodes were recycled, they were first
€ references Tisted, here only et discussion IS Inciu leaned with HCI in order to remove the Be coating depos-

The "ring” traps are approximate quadrupole conﬁguranonsited by the atomic source. For the molybdenum traps an elec-

gq“sgsttirr]lg thatflﬁt e_Iectroddé125_ Mdm thifjk) ‘;V'tfh I"‘(‘,,h(ljle tropolish in phosphoric acid was then used. For the beryllium
”de 10[)0ug Ih(' ke f['r?% ?n an md ependen .t?]r gdec— f electrodes electropolishing in a variety of acids was ineffec-
trode ( pm thick tha orms enc caps on either side of 0 55 aprasive polishing was used. Finally, the traps were
the electrode, centered with the hole, similar to the tra insed in distilled water followed by methanol. The gold
shown in Fig. 2. In trap 1, the ring and endcap eIectr()de‘?électrodes of the linear traps were cleaned with solvents after

were at the same average potential; in traps @ Zua static bei . . : :

T X eing evaporatively deposited on their alumina substrates.
bias field could be added between the fork and ring to changgy e time of exposure of clean trap electrodes to the atmo-
the distribution of binding strengths along the three principle,

£ th The si £ th . d he h ighere before the vacuum chamber was evacuated was typi-
axes of the trap. The size of these traps Is stated as the hq lly less than one day. The traps were then vacuum baked at
radius, with the end cap spacing approximately 70% of the

hole diameter. For the elliptical ring trarap 2 the stated 350° C for approximately three days.
size is the radius along the minor axis and the aspect ratio is
3:2; the fork tines are parallel to the major axis of the ellipse.
Traps 3a and 3b were drilled into a single flat electrode with Our longest-term heating measurements were made on
a single graded fork electrodsee Fig. 2 The rings are trap 1. In Fig. 4 we plot the heating rate as a function of date
circular and the size stated is the radius. This was the trapf data acquisition for a fixed trap frequen@l MHz). The
used for the size-scaling measurements. The heating in all dfeating rate is on the order of 1 quantum per millisecond
the ring traps was measured in a direction in the plane of thevith a basic trend upwards of 1 quantum per millisecond
ring electrode, parallel to the tines of the fork electrode.per year. Over this time the electrodes were coated with Be
Traps 4, 5, and 6 are similar linear traps with geometry infrom the source ovens, but beyond this, nothing was changed
dicated in Fig. 3. Trap 6 was made slightly larger than trapsn the vacuum envelope, which was closed for this entire
4 and 5 by increasing the space between the two electrodgeriod of time. The cause of the increase in heating rate is
wafers. Heating was measured along the axial directionunknown, but may be related to increased Be deposition on
which has only a static confining potential. The size quotedhe electrodes. Be plating on the trap electrodes could be a
in Table | for the linear traps is the distance between the iorsource of patch-potential noise.

and the nearest electrode. All traps are mounted at the end of Figure 5 shows heating rates in the linear trépaps 4, 5,

a coaxial\/4 resonator for rf voltage builduf21]. Typical  and 6 and the elliptical ring tragtrap 2 as a function of trap
resonator quality factors are around 500 and rf voltage at theecular frequency. The frequency dependence of the heating

C. Data
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rate is expected to scale &(wn)/ vy, [EQ. (4)]. For ex-
ample, a trap electrode with a flat noise spectiusa(w)
=consi will have a heating rate that scales a§,'. The
actual spectrum of fluctuations is impossible to knaari-

trap secular frequency, o, /2r [MHz]

FIG. 6. Data from trap 3, showing heating rates vs trap secular

ori, but in principle the data can be used to extract a spedrequency.(a) Data set number 1. The two points on the small trap
trum over a limited frequency range given the model leadingat w,/27=5.3 MHz were taken with Raman cooling to
to Eq.(4). For the three linear traps, the heating rate data arf(t=0)~0 and with Doppler cooling only tm(t=0)~2. Note

most consistent with &, scaling, implyingSg= » ~*. This

(a) 100 EI_ T T T T T T T T I _=
) : ]
% [ ]
t 10 % -
S 3 3 E
=2 s 3
D B i
g I %@ i
[=)] 1 —
£ E M trap 2 3
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1 10
trap secular frequency, o, /2x [MHz]
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g & i
s °F & - E
g - .
% [ iy o ]
ot L J
-% O trap5 - -
2 A trap6 LE

1 - -

3

trap secular frequency, o, /2r [MHz]

that they give comparable results, as they should. The dashed lines
shOWw;1 scaling.(b) Data set number 2. The small trap data were
taken with an rf voltage of-400 V and the big trap with-600 V.

The secular frequency was changed by tuning the dc bias between
fork and ring electrodes.

does not greatly assist us in identifying a physical mecha-
nism for the heating. For example, pure Johnson noise will
have a flat spectrum, low-pass-filtered Johnson noise will
have a spectrum that decreases with increasing frequency,
and the spectrum of fluctuations in the patch-potential case is
entirely unknown. In addition to the theoretical ambiguity,
there is evidence in other data sets of different frequency
scalings(though they are always power-law scalingghis
measurement certainly cannot be used to pinpoint a heating
mechanism; it is presented here only for completeness.

The data of Fig. &) provide a first indication of the
scaling of the heating rate with trap size. Trap 6 is about 1.3
times larger than trap 5, while its heating ra& 10 MH2
was a factor of 3 slower. This indicates that the dependence
of heating rate on trap size is stronger thhr?, but is con-
sistent withd~4. Of course, this comparison is to be taken
with some caution, since these are two separate traps mea-
sured several weeks apart, and therefore likely had different
microscopic electrode environments. However, a comparison
is warranted since the traps were identical apart from their
sizes. In particular, all the associated electronics were the

FIG. 5. Heating rates vs trap secular frequencyanthe ellip- ~ Same and the rf drive voltage was very nearly the same. In
tical ring trap 2 and in the microlinear trap 4 and(b) linear traps ~ fact, the rf voltage was slightly larger for the measurements
5 and 6. The only intended difference between traps 5 and 6 is then trap 6, which showed the lower heating rate. This is im-
size. In all four data sets, the secular frequency was varied byportant to note because we observe a slight dependence of
changing a static potential only. the heating rate on the applied rf trapping voltage. Though
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FIG. 7. Expected heating rate vs distance
from electrode for thermal electronic noise, from
Egs. (A6), (A7), and (4). The numerical param-
eters are those fotBe™ with molybdenum elec-
trodes at 10 MHz secular frequency and room
temperature.

heating rate [quanta/ms]

0™ ! 1 L L L
107 10
distance from plane [m]

we have only a qualitative sense of this dependence ahg mechanisn{Eq. (5) predicts ad®~4.8 scaling, but is
present, it seems that heating rates increase with rf voltagepnsistent with the scaling in the patch-potential cHse.
up to a point, at which the effect levels off. This rf-voltage (7) predicts ad*~ 23 scalind. When these data are used to
dependence is observed along directions where the ion jsredict an exponent for the size scaling, the resul’i&- .
confined both by static fields and by pondermotive fields. It For the second data set, shown in Fi¢b)6the trap was
may not be unreasonable that the increased rf voltage inremoved from the vacuum enclosure, given the usual clean-
creases the intensity of the noise soufessibly due to an ing (as discussed aboyand replaced for the measurements.
increase of temperature of the electrodesen when it does In this data set, the trap behaved quite differently from all
not affect the trap secular frequency, as in the axial directiother traps, with heating rates significantly below those of
of the linear traps. other traps. AlsoSg must have been a strong function of
Trap 3 was designed to give a controlled measure of théor this trap since the scaling with trap frequency was rather
heating rate as a function of trap size, while all other parampronounced. The scaling with size was also strong: the heat-
eters were held fixed. The trap electrodes were made frorimg rate was 16 000 times smaller in the big trap. When these
the same substrates, the electrodes were subjected to tHata are used to predict an exponent for the size scaling, the
same preuse cleaning, the traps were in the same vacuumsult isd'?*2. Needless to say, it is difficult to draw general
envelope, driven by the same rf electronisBnultaneously,  conclusions from the data for this particular trap, but the
and data for both traps were acquired with minimal delay difference in heating rates between the two traps seems to
For direct comparison at the same secular frequency in botstrongly indicate, again, that Johnson noise is not the source
traps, it was necessary to change the applied rf voltage sinasf the heating. We cannot be sure why this trap had such
o< 1/d%. (A static bias between ring and endcap can beanomalous heating behavior, but we speculate that it is due
added, as discussed above, but this was not sufficient to met a less-than-usual deposition of Be on the trap electrodes
sure heating at identical secular frequencies for the same rior to the measurements, because the trap was loaded with
drive) There are two data sets to be discussed for this tragminimal exposure to the Be source atomic beam.
shown in Fig. 6. At this point it is useful to compare the present results to
In the first set, shown in Fig.(8), we have data points at heating rates in other experiments. There are two other mea-
two different secular frequencies for the “small tragftap ~ surements. The first was done witi®Hg" [10]. For that
3a) and one point for the “big trap’(trap 3h. The heating  experimeniw,/27~3 MHz andd~450 um and the heating
rates of the small trap are comparable to the heating rates feate was 0.006/ms. Accounting for scalings with trap fre-
other traps and show @' scaling of the heating rate. The quency @,}) [23] and massrh~t), these results are con-
single point on the big trap is at a lower secular frequencysistent with the present results for a size scalingdof.
yet has a muclslowerheating rate. In fact, if we extrapolate Another measurement has been made fiGa" [5]. For
the data from the small trap to the same secular frequenchat experimentw,/2m~4 MHz and d~700 um and the
(using w, 1y, the heating rate is over an order of magnltudeheatlng rate was 0.005/ms. Compared to the present experi-
lower in the big trap. The ratio of the heating rate in thements and the Hg experiment, this is also consistent with a
small trap to that of the big trap is 206. This is a much d~# scaling, although it is certainly unlikely that all systems
stronger scaling than that predicted by a Johnson noise hediad the same patch field environment.
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IV. CONCLUSIONS AND OUTLOOK 4

— B ’ ' 2 ’

We have measured heating from the ground state of (@)=~ 5 f olr )J-:%z [Gij(rr',w)[* dV".
trapped ions in different traps. The magnitude of heating (A2)
rates and the results of the size-scaling measurements are
inconsistent with thermal electronic noise as the source of The Green function satisfi&;;(r,r',w)=Gj;(r',r,»), so
the heating. The results do not indicate any strong deperthe above integral can be interpreted as the Ohmic power
dence on trap-electrode material or on the type of trap poabsorbed by the conductor from the electric fields generated
tential (pondermotive or statjc The rf voltage applied to the by a point dipole at position. By energy conservation, this
electrodes may play a role in heating, in as much as it maynust be equivalent to the time-averaged power dissipated by
have an influence on patch potentials. a point dipole ar, which is related to the imaginary part of

Since we have not identified the mechanism for the obthe Green function matrixG;;(r,r,w) [24]. This simplifies
served heating, it is difficult to say what path should be takerEq. (A2), leaving the fluctuation-dissipation theorem
to correct it. If fluctuating patch potentials on the surface of
the electrodes are the cause, then further cleaning may be S _ 2kgT D
appropriate. Additionally, better masking of the trap elec- Ei(r’w)_
trodes from the Be source ovens may help.

The results coupled with those of other experiments Agarwal solved Maxwell's equations fds;;(r’,r,w) for
[10,5] strongly indicate that bigger traps have smaller heatthe simple geometry of an infinite sheet of conductor, filling
ing rates. This is not a surprise, but the strength of the scathe spacez<0 with the conductor-vacuum interface in the
ing may be. With little sacrifice in the trap secular frequencyz=0 plane[25]. Although this idealized geometry is far
(which ultimately determines the fastest rate of coherent mafrom any real ion-trap electrode structure, rough scalings of
nipulation a dramatic decrease in the heating rate vs logithe thermal fields can be relevant to real ion-trap geometries.
gate speed appears possible using larger traps. From Ref[25], the Green function matrix for this problem is

diagonal with axializ) and radial p) components

Im Gj;(r,r,w). (A3)

j=xy.z
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APPENDIX: THERMAL ELECTRIC FIELDS k2 [w—w )
+ —| ——| |e?Wo? dq. (A5)
We are interested in the thermal electric field power spec- Wo | W+ W

tral densitySEi(r,w) generated from a specified volume of

con_ductor. The conduc_tor can be decomposed into a web cé\flectric function of the conductotin the low frequency
resistors each carrying current spectral - densiy limit), k= w/c, and wave vectors/, andw (generally com-
=4kgT/R; (where we assumégT>%w). The resistance plex) are defined byw2=k%—q2 and w?=kZ% —q? with
along theith direction of an infinitesimal volume element is |, Wo=0 and Imw=0. The free-space Green’s function
R;=dl/(0dA), whereo is the conductivitydl is the length G™¢(w) has imaginary part InG'®%(w)=k%/6me, and

alongi, anddA is the cross-sectional area. A Fourier com-gives rise to the isotropic free-space black body electric-field
ponent of current;(w) through the volumelV=dIldA gives  fj,ctuations when substituted into Eh3).

In the above expressions(w)=¢ey+ic/eqw is the di-

rise to an electric dipolePi(w)=Ii(w)dl/w. Thus the  The above integrals are significantly simplified in the
equivalent spectral density of electric dipole of the infinitesi-«qyasistatic” limit, wherekz<1 and the conductivity is suf-
. . . . _ 2 1
mal resistor is isotropicSp () =4kgTo dV/w®. ficiently high so thatké<1, where = \2c%y/wo is the
The electric field from an electric dipol(r’,w) oscillat-  skin depth of the conductor. Despite these conditions, no
ing at frequencyw and positionr’ is restriction is placed on the value ofé. We break the above
integrals into two pieces. The first pieff hasq=<k with w,
_ / / real. In the quasistatic limit, this piece can be shown to can-
E; = P i . Al I
(1) j:;y,z (' @)Gij(rr', ) (A1) cel the free-space contribution to the transverse Green func-

tion Im G,,(z,z,w), while doubling the free-space contribu-
In this expressionGj;(r,r’,») is a Green function matrix, tion to the axial Green function I%,(z,z,). Physically,
representing théth component of electric field at position  the presence of the conductor negates the transverse free-
due to thejth component of a point dipole at, which  space black body field while it doubles the axial black body
satisfies the appropriate boundary conditions of the geontfield due to a near-perfect reflection. The second piece of the
etry. The electric-field spectral density at positiois an  integralsf, hasq=k with wy imaginary. These pieces of the
integral over the dipoles in the conductor volume: integral can be solved to lowest orderkz andks. Com-
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bining terms and substituting the results into £43), the
thermal electric-field spectral density is

5 (n0) okgTw?  keT (1+ /1+z4)1/2
Z,0)= = —+—
F2 3mec® 4moz®\2 4 5
(AB)
. kT (1 [1 2\ -
4 g2 Na ] A

PHYSICAL REVIEW A 61 063418

Eqgs.(A6) and(A7) have been substituted into Bd), giving
the expected thermal heating rate foPBe ion trapped with
molybdenum electrodes at room temperature. Note that the
predicted heating rate at trap sizes typical in our experiments
is significantly slower than the 0.1-1 quanta/s rate predicted
in [8,11]. This difference comes from the choice of the value
of the resistance in E@5), which was chosen if8,11] as an
absolute upper limit.

When interpreting these results, only the rough scaling
should be considered. Realistic ion-trap electrode geometries
are more complicated than a single infinite conducting plane,

These expressions show that the thermal electric-fieléhvolving a more closed electrode structure. This generally

noise scales as A7 for z< & [14], but scales as 47 for z
>4 [8,11]. At large distancez>/&/k (with kz<1), the

requires a full numerical solution to the relevant boundary
value problem. Moreover, we are usually interested in the

axial field noise settles toward twice the free-space blaclelectric-field fluctuations at the center of the trap, where
body value while the radial field vanishes. This result is alsahese fluctuations will be substantially different from those

reported in Ref[26]. The behavior is shown in Fig. 7, where

above an infinite plate.
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