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Experimental study of anomalous heating and trap instabilities in a microscopic*’Ba ion trap
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Asingle *¥Ba’ ion has been laser cooled to the first few vibrational states of garB@adius rf quadrupole
trap. Initial measurements showed no anomalous heating of the vibrational phonon for observation times up to
1 ms, corresponding to a heating rate less than 3.3 phonons/ms at a 95% confidence level. Subsequently we
observed the growth of large and unstable bias voltages that were correlated with exposure to the atomic beam.
After loading over 250 ions over a period of 720 days the trap became unstable, with ion lifetiinesin.
A possible connection between this trap instability and anomalous heating observed in quantum computation
experiments is discussed. An isotopically selectively laser cooling method was used tdt&mens out of
a naturally abundant cloud.

DOI: 10.1103/PhysRevA.65.063407 PACS nuntber32.80.Pj, 39.10kj, 42.50.Vk

[. INTRODUCTION tioned above, which allow experiments to reveal the physical
mechanism. The results were unexpected in that the stability
Anomalous heating of the vibrational states of trappedof the trapped ion deteriorated with time. Early in the experi-
ions has become one of the most important experimentahent measurements of the height of the phonon sidebands
obstacles to realizing of the Cirac-Zoller mod&] of quan-  for 1-ms delay showed no heating, which yielded a two stan-
tum computation. In this model, ions are laser cooled to thalard deviation lower limit on the phonon lifetime of 30@s.
quantum-mechanical ground vibrational state of an rf quadGiven the scaling of the heating rate wih* and ion mass,
rupole trap. The center-of-mass phonon is used as a quantutimis result is not in conflict with previous measurements on
communications channel to transmit information from one[9] Be or[10] Ca. In later work the trap became so unstable
ion to another and to perform logical operations. The superthat phonon sidebands could not be measured, due to the
position of n=0 andn=1 states that is used to transmit short ion lifetime and fluctuating contact potentials. The trap
quantum information is destroyed by any process that heatstability continued to deteriorate until the ion lifetime was
the ion, wheren is the phonon quantum number. Since quan-consistently less than 1 min. A factor of 2—4 increase in
tum gate operations take on the order of/d§, phonon life- phonon heating rate over a 2-yr period has been observed
times>1 ms are needed to make accurate tests of quantugreviously [9] in Be, but not the loss of functionality re-
logic, even for a few ions. Initial expectations based on exported here. We speculate in the conclusion, that both
periments with millimeter scale traps were that phonon life-anomalous heating and the loss of trap stability are due to the
times d 1 s ormore would be easily achieved. However, the accumulation of contaminants from the atomic beam on the
first experimental tes2,3] of the Cirac-Zoller model trap electrodes and that this is the origin of the fluctating
showed a phonon lifetime of only 1 ms in a microtrap of patch potentials inferred by Winelaret al. Since there is
radius 170um. Subsequent analygi,6,7] revealed that this  currently no accepted model for the physical mechanism un-
anomalous decay could not be explained by Johnson noisdgerlying anomalous heating, establishing a hypothesis is nec-
black body radiation, or any other fundamental mechanismessary for determining a definitive experiment.
Experiments comparing the heating rates of symmetric and

antisymmetric modes of a two ion crystal have shdsh Il. EXPERIMENT
that the heating is due to a spatially uniform but temporally
fluctuating electric field of about 1 mV/cr{b,9]. Further This overall concept of the experiment is similar to that of

work comparing anomalous heating rates in six tf@svith ~ Ref.[2] in that the qubit consists of two ground-state hyper-
radii varying from 170 to 395wm showed that the heating fine levels that are driven by a pair of counterpropagating
rate increased as™“. This dependence is consistent with a Raman beams'*'Ba" does not have a quasi-two-level sys-
model in that the electric-field noise at the ion is due totem, useful for quantum state measurements, inSheto
fluctuating patch potentials on the electrodes, where th&,, system but does possess a metastéhlg state with a
patch size is much smaller than the electrode dimension slong lifetime. A quasi-two-level system is available in the
that fluctuations in different parts of the electrodes are un455 nmS,,, to P5j, system, but this creates additional prob-
correlated. Note that long phonon lifetimes of 200 ms havdems because of th@ s, and D5, states at 585 and 614 nm,
been observed in a larger trap of 7004 radius, consistent respectively, which at present can only be excited with dye
with the d™# relation observed abovd0]. lasers. Instead, we use the 493 &m, to P/, transition for

In this paper we study the trapping and heating of a singleooling and optical pumping, and shelve the ion intoEhg
13'Ba* ion in a trap of 80um radius, which is 2—10 times state at 650 nm for quantum state readout.
smaller than other traps used in quantum computation. The The hyperfine structure of thé*Ba’ ion, which has
original intention was that the small size of the trap wouldnuclear spinl =3/2, is shown in Fig. 1. Th&,,, and Py,
generate large phonon heating rates due talttfelaw men-  states haveF=1 and F=2 sublevels, with spacings of
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FIG. 1. The energy levels of thE™Ba ion. TheS,;,, Py, and omorm 493 nm sideband
D, states have different scales. separator

FIG. 2. The layout of the experiment. The circular aperture in

littina has b d with s ! the center is a schematic representation of the ion trap, with the
state splitting has been measured with errers ppm in a vacuum tank not shown. Also not shown is a second ion trap of 5

cloud of trapped ionfl1] by microwave-optical double reso- 1 giameter containing a singfé’Ba atom used as a frequency
nance, while thé andD state splittings have been measured,qference.

in fast ion beamg$12,13 with accuracies on the order of 1

MHz. The D5, state hag==0,1,2, and 3 sublevels with hy- with the F'=1 level of theP,,, state. An additional micro-
perfine shifts of-655 MHz,—511 MHz,—176 MHz, and wave phase modulator driven at 1488 MHz is used when
+438 MHz, corresponding to magnetic and electric quadrunecessary to excite tHe' =2 level, for example, for optical
pole hyperfine interaction constanfs; and B; equal to  pumping or shelving to th® 5, state.

189.73 MHz and 44.55 MHz, respectively. For convenience The primary Doppler cooling beam is inclined at an angle
we designate th& P, andD state total angular momentum of 20° to theZ axis of the trap, parallel to an applied mag-
asF,F', andF", respectively. netic field of 4 G. The polarization of the blue and red beams
can be switched in about 20 ns between and o~ . Polar-
ization switching is accomplished by a system of acousto-
optic modulators, quarter-wave plates, and beam combiners.

The apparatus is shown in Fig. 2. The system comprise$he beam is focused to a 20m radius in the center of trap
two ion traps, a largés mm) trap of conventional design that so that at resonance a few hundred nanowatts of blue light is
is used as resonance lamp for accurately tuning the lasaufficient to saturate the transition. Fei* polarization the
frequencies, and a small planar tfdg,15 of 80-um radius  493-nm laser will optically pump the ion into a linear com-
that provides high phonon frequencies useful for quantunbination of theF,M¢)=|1,1),|2,1), and|2,2) states in a few
logic. Doppler cooling is provided by a 493-nm beam to-P state lifetimes(7.92 ng. The laser cooling is sustained
gether with a copropagating 650-nm beam that is used titially by switching back and forth between™ ando ™ at
prevent the accumulation of population in thg,, state and every 100 ns. Faster switching speeds did not increase the
also for shelving. The 493-nm light is generated by a homeflourescence rate or lead to colder ions. The primary Doppler
built Coumarin 480 dye laser pumped by 408-nm Kr ionbeam does not provide optimum cooling for tk@andY axes
laser. The dye laser is servolocked to a temperature regulatdéetcause it is nearly perpendicular to them, since the cooling
vacuum interferometer using a 50-cm Zerodur cylinder asate o« 1/sirf6, where §=20° [20,21]. Hence a secondary
the primary length reference. The 650-nm light is generatedoppler beam, inclined at 55° to the primary, is used to cool
by an external grating diode laser locked to a similar referthe X and Y axes to near the Doppler limit. The secondary
ence cavity. Long term stability is better than 1 MHz over abeam is oblique to the axis of quantization, does not optically
period of months as measured by the repeatability of thepump the ion, and provides steady-steady laser cooling with-
S-P-D two-photon resonance discussed below. out the need to switch polarizations.

The 493-nm laser carrier is tuned to the midpoint of the We chose the|F,Mg)=|2,2 and the |F,Mg)=]1,1)
F=1 andF=2 states and sidebands at4018.370 MHz states to define the qubit. The ion was prepared by optically
are generated by a microwave resonant-cavity electro-optipumping it into the former. This was achieved by setting the
phase modulator driven by about 0.7 W of rf so that theprimary Doppler beam tar™, turning off the secondary
carrier and first sidebands have approximately equal amplibeam, and turning on the 1488-MHz modulator, so that a
tudes. For Doppler cooling, the laser sidebands are resonateitieband of the 493-nm light was resonant with $g to

8037.742 MHz and 1488 MHz, respectively. The ground-

A. lon traps and laser cooling
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P12 |[F',M{)=12,2) transitions. Since all transitions except |[F',mq,)=|2,2) level of theP state as the resonant “dark”

those starting with thg=, M) =[2,2) are excited, population  state. Ther* ando~ polarizations of the blue and red lasers
is pumped into this state. are selected to excite thiSF=2AMg=2 transition.(The
The Py, state decays to thB, state with a branching red polarization isr~, since it stimulates the emission of a

ratio of 30%.D-P transitions must be COﬂtinUOUSly driven to o photon’ increasing the angu|ar momentum of the alom
avoid population accumulation due to the 47 s lifetime ofSince the Doppler cooling beams are normally tuned about
this state. The='=1 state will decay only to th&”=0,1, 20 MHz below resonance to tti¢ =1 hyperfine level of the
and 2 while the=" =2 state will decay to the”=1,2, and 3, P state, the 1488 MHz modulator is turned on so that the
due to theAF =1 rule. All four D sublevels must, therefore, upper sideband resonates with fhe=2 level. The acousto-
be excited. A wideband traveling-wave electro-optic modu-optic modulators are driven to produce complementary linear
lator was used to sequentially excite each state every 100 ns&amps by driving rf modulator diodes with properly shaped
For Doppler cooling the 650-nm laser carrier is resonategpulses. Overall transfer efficiency is over 50%.
with the most heavily populated state, thé=2 state and
sidebands at 335 MHz and 480 MHz are used to empty the  C. Isotopic purification and the 'Ba atomic beam

"=1 and O states, respectively. For optical pumping, an
additional rf pulse is applied at 870 MHz to empty thé
=3 level via theF' =2 level. These and other acousto-optic
and electro-optic modulators are controlled by a 32 channet
digital programmer.

Barium has seven stable isotopes, with masses of 130,
132, 134, 135, 136, 137, and 138 amu and abundances of
1%, 0.1%, 2.5%, 6.6%, 7.8%, 11.3%, and 71.7%, respec-
ively. The even isotopes have spin zero dftBa and'*Ba

both have spin 3/213'Ba was chosen because of its abun-
dance and because its isotope shift facilitates isotopic purifi-
cation by selective laser cooling. Even if an enriched oven is
used to load the ion trap and even if the number of trapped

Raman transitions between tHE,M¢)=|2,2 and the ionsis small, it is nevertheless likely that occasionally one of
|F,Mg)=]|1,1) states are produced by two additional laserthe more abundart=0 isotopes will be loaded. This method
beams detuned by several GHz from fhg, state and with a  permits such ions to be ejected from the trap.
frequency difference equal to the 8037-MHz hyperfine spac- The large(5 mm diameteyrion trap was operated with an
ing. The beams are generated by a third laser sysem based @nenriched barium atomic beam and is used as a single-ion
a 1/2-w 986-nm source, consisting of a diode laser followedrequency standard for setting the 493- and 650-nm lasers to
by a tapered amplifier. A 493-nm light is generated by athe optimum ion loading frequencies. We distill a single
resonant-cavity doubler using KNgQhat produces 3 mw ¥Ba” from a cloud of naturally abundant isotopes by using
of second harmonic from 70 mW of fundamental. The twothe 493-nm laser carrier, which is nonresonant with any
Raman frequencies are generated by a microwave phadéd’Ba’ transition, to heat the =0 isotopes. When the
modulator identical to the one used for Doppler cooling. Be-*+ 4-GHz sidebands are in resonance with thi8a™ hyper-
cause of the short duty cycle of the Raman pulses, thifine levels, the carrier lies from 350 MHz to 225 MHz above
modulator can be driven to null the carrignodulation index the transitions of the fivé=0 isotopes, heating them into
B=2.4) using 7-W pulses of 4018-MHz rf. This reduces thelarge orbits. These ions can then be ejected from the trap by
chance of a spurious resonance of the carrier with the iomeducing the trap depth with a dc potentidia” term in the
The two sidebands enter a plane parallel optical cavity oMathieu equations In this way a single*Ba* ion may be
16-GHz free spectral range that reflects the lower sidebandistilled from dozens of ions in a few minutes. Once loaded
and transmits the upper. Less than 5% of the upper sidebanitis trap holds ions for several months without laser cooling.
remains in the reflected beam when resonant. The cavity i§his is consistent with the excellent vacuum resulting from
servocontrolled to the upper sideband by a lock-in detectormore than ten years of continuous operation at pressures be-
The reflected and transmitted beams are then switched Hpw 5x 10 1° Torr. During the first few years the ion life-
acousto-optic modulators and focused to a,2f- beam time was less than 24 h, presumably due to a small partial
waist radius in a counterpropagating geometry in the vacuumressure of C® and other gases that can form covalent
chamber. bonds during collisions.

The stimulated Raman adiabatic rapid passage method The 80um trap was loaded by an enriched atomic beam
[16] has been used to coherently transfer amplitudes fronsontaining 85%"'Ba . The beam was generated by a double
one level to another in molecules and atoms. Here, it is usedven that provides fewer contaminants and better control of
to “shelve” an amplitude to a metastable state as originallyatomic flux than a conventional device. The first part of the
discussed by DehmeftL7]. When the atom is shelved, all oven generates free®Ba by a chemical reaction of
flourescence ceases, while in the unshelved case, the atotBaCQ, with tantalum powder at 1200 °C. The barium is
will continue to emit spontaneous photons for many life-sprayed onto the second part, called the hot plate, whose
times. This is necessary to make a quantum state projecticlemperature is regulated to a few degrees celcius by a ther-
measurement of a single atom, given the photon collectiomocouple. The trap is loaded by operating the hot plate at
efficiency is less than I¢. We coherently transfer the am- 370—380 ° C, which permits precise regulation of the vapor
plitude of the |F,M)=|1,1) level of the S state to the pressure. Contaminants in the atomic beam are reduced by
|[F”,men)=13,3) sublevel of the metastabl2 state, using the two mechanisms. First, there is no line-of-sight path between

B. Raman excitation and shelving by stimulated Raman
adiabatic rapid passage
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the first oven and the trap so that high-temperature byprod-
ucts of the reaction do not reach the trap directly. Second, . S
any contaminants that reach the hot plate will tend not to 150 - ot add
reach the trap because those whose vapor pressure is higher .
than 380 °C will never leave the hot plate, while those whose : .
vapor pressure is lower will all be removed the first time it is
operated. It acts as a vapor pressure filter. 50
It is necessary to generaté’Ba by a chemical reaction in
high vacuum because free Ba reacts quickly with the atmo- 100 200 300 400 500 600 700
sphere to produce BaO and other compounds that are not days
readily dissociated. The first oven is initially heated to . .
1100 °C while connected to a turbo pump at $0Torr be- FIG. 3. A plot of the compensation voltagg, over a period of
fore bake out. Th’é7BaCQ evolves CQ gas so that 700 days. I\_Iote the rapid increase drmng p(_enods c_)f heg\{y exposure
only137BaO remains. The chamber is then baked at 250 oéo the atomic beam and th_e drop durlrrg periods _of inactivity. During
for 24 h. When the trap is ready to use, the mixture of BaOthe last few month<,, varied unpredictably during the course of

. o : each experiment and finally made it impossible to trap the ion more
and Ta powder is heated to 1200 °C to form ffé@a which than a few Minutes.

coats the hot plate. Once the hot plate is charged it can be
used over a period of several months to load from 10-3
ions. The hot plate may be recharged an indefinite number
times by reheating the first oven. In practice over 300 ion
were loaded over a period of two years without breaking
vacuum.

This is in contrast to another widely used method of gen

e compensation voltage began to drift during the experi-
ent. During the last 20 days of the experiment the ion life-
ime dropped to about 1/2 h and the compensation voltage
became so unstable that the ion flourescence as viewed on an

iimaging photomultiplier showed visible fluctuations in inten-

erating free Ba from an exothermic reaction of Balith sity over a period Of. several minutes. At the gnd of th'.s
Ni at 800 °C. At this temperature Al has a high vapor pres_perlod the compensation voltage changed so rapidly and with

sure and it is likely that the atomic beam contains Al andfc)usihfé:ﬁ?ﬁe\éalgziatg:; 'ct)fct?]téld rr;%tugfosnestetprocﬁ?r:gbae?ri\l/(i)c?r
other impurities as well as Ba. The stability of ions loaded : 9

from such an oven was grossly different from that of theth.e.re wa.\s'sufficient time 1o test the hardware to eliminate a
refined oven, as discussed below. trivial origin. Furthermore, when the vacuum chambe_r was
opened and the barium oven replaced without touching the
trap long ion lifetimes and small, stable compensation volt-

lll. CONTACT POTENTIALS AND TRAP INSTABILITY ages returned. It appears that exposure to air and the subse-

It is well-known ion traps have stray electric fields in their quent bake out “cleans” the trap of whatever causes the stray
interior that can bias an ion off the center of the trap. Mostfields. Replacment of the double oven by a similar device
ion traps have “Compensation electrodes” that are used téhat had been more CarEfUIIy cleaned showed about half the
cancel these fields and return the ion to the center of the trapate of rise ofC, .

Laser cooling to the ground state usually requires this. The Previous work with the same trap but an unrefined Ni
problem has been so significant that Dehmelt has constructddpAls source showed completely different behavigy. took

a microscopic Paul-Straubel trép9] that could be heated to both positive and negative values and subsequent loads dif-
up to 1000 °C to evaporate the Ba deposited by the atomitered by =100 V or more. While there was a general in-
beam, which reduced the compensation voltage significantigrease inCy| with time the regular behavior of Fig. 3 was

In the present experiment the compensation voltagevas  hot apparent. After 20—-30 ions the trap abruptly stopped
measured over two and half years and correlated with théoading at a large positive or negative value @f. This
onset of trap instabilities. behavior was also reset after exposure to air.

The above system was used to loaB11 ions over a Experiments have shown that the trap instability is not
period of 798 days. During the first 690 days and 240 ionglue to charging of the trap insulators by the electron beam.
the trap behaved in a stable and repeatable manner. Specfl'st, the electron beam was turned on at about 20% of the
cally, the bias or compensation voltage remained stable t§ading value while an ion was being observed in the trap,
about=10 V for the duration of datataking, typically 6—10 Without changing the compensation voltage. Second, an elec-
h. Furthermore, ions once loaded remained in the trap for a§on current about ten times the loading value was left on the
long as desired. Unexplained ion loss occurred less thaffap for about ten times the usual length of a load, which also
three times during this entire period, comprising severahad little effect.
thousand hours of datataking, indicating a mean ion life
great_er than 500 h. The compensation voltage ingreased OVer v SEARCH FOR HEATING OF VIBRATIONAL
a period of months as it was exposed to the atomic beam and PHONONS
dropped during periods of inactivity, as shown in Fig. 3.

This behavior changed gradually starting about day 690 It is customary to consider two ground state-levels of a
(where day 1 was April 5, 19990ver the course of the next trapped ion driven by Raman beams of Rabi frequen@ies
90 days, the mean ion lifetime dropped to several hours andnd(), as forming an effective two level system with a Rabi
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frequency equal t@),Q,/A, whereA is the detuning from 1400
resonance. For An=—1 transition[4,22,23 the effective 1300
Rabi frequency becomes 1200
0.0 2 1100
N lA : @) § 1000
with Lamb-Dicke factor 200
800
- h
7i=(k—Kp)-nj\/ 5—, (2 347 347.5 348 3485 349 349.5 350 350.5
2 Mw; (a) MHz
wherek, , are the wave vectors of beams 1 anads a unit
vector pointing in the direction of thgth vibrational mode 1800
w;j, andm is the mass of the ion. Fakn= +1 transitions, 1600
the factoryn is replaced byy/n+1. The effective two-level
system is also knowf¥,22,23 to have a light shift term 2 1400
=1
2 N2 8
€ QZ_ 3) 1200
A
- ) ) 1000 oS e
Note that for theAn=0 transition the light shifts are always
smaller than the linewidth provided th&X;~,. This fol- 348.3 348.4 348.5 348.6 348.7 348.8 348.9 349
lows from comparing Eq(3) to the effective Rabi frequency ® MHz
0,Q5/A. This is not true for theAn=1 transitions since
here the effective Rabi frequency is reduced by the factor 800
7i+/n but the light shifts are not. This is important for heavy .
ions, wheren;=<0.1. In this experiment it was necessary to 700
empirically adjust the light shifts to obtain Fourier-limited ¢
phonon signals. This was done by observingAlme=0 tran- £ 600 .
sition for Raman pulse widths varying from 600 ns to4$. ]
The effective Rabi frequencf Q) ,/A was adjusted for ar 500
pulse in each case, while holding the ratio of the powers in N
beams 1 and 2 constant.()f; and(}, are unequal, the center 400 ~—# e S

of the resonance will shift as the pulse width is varied. The
relative strengths of the two beams can then be adjusted until
all pulse widths have the same center frequency.

The Raman signals were observed by a pulse sequence FiG. 4. Showing the agreement of the Raman carrier signal with
containing 4 steps. Step 1 comprised Doppler cooling rescthe Fourier-limited theory for pulse widths ¢) 600 nS,(b) 5 us,
nant with theP,, F'=1 state and lasted for 50s. The  and(c) 40 us. The fact that all the resonance curves have the same
primary and auxiliary blue beams were turned on while thecenter frequency shows that the light shifts are equal, as discussed
red beam was resonated with thg, F"=2 level. Arf side-  in the text.
bands at 335 MHz and 480 MHz depopulated ffe=0 and
2 states as described above. Step 2 lastad and optically  level theory{4,22,23. Note the quality of this fit over the 66
pumped the ion into thiF,M¢)=|2,2) state. Here the 1488- is to 1 ratio and that no light shifts are apparent.
MHz modulator was turned on to resonate with fhe=2 The ion trap[14,15 has near-circular symmetry witd,
level while the auxiliary blue beam was turned off and the~wy,~4 MHz andw,=8 MHz at the operating voltage of
red laser remained on. Step 3 drove the Raman transitior800-V peak. The Lamb-Dicke factors »{,7y,7,)
from the |F,Mg)=|2,2) state to the/1,1) state and lasted =(0.032,0.032,0.045) indicate that then==*1 phonon
from 600 ns to 4Qus. Here all beams were turned off except sidebands will be significantly weaker than thea=0 car-
the two Raman beams. Step 4 read out the population of thiéer. To compensate for this, two sets of data were taken
|F,Mg)=]1,1) state by turning on the primary blue beam simultaneously, one with a Raman pulse g&4 and another
and the 1488-MHz modulator so that the strong transitiorwith 5 us. The Raman intensity was set to giver gulse for
|[F.Mg)=]1,1) to |F',Mg/)=]2,2 was driven. Shelving theAn=0 transition at 1»s pulse width. The G«s data then
was not used for these tests and Step 4 lasted only 500 ngave a 5/n;7; = pulse for the phonons, which are shown in
which generated a Raman signal of 20—-30 counts/s, suffiFig. 5.
cient to determine the center frequency in a few minutes. Shelving was necessary for the heating measurement
Figure 4a—4c) show the Raman signal for pulse widths of since the heating times of upto 1 ms reduced the data rate by
600 ns, 5us, and 40us, which are fit to the effective two- a factor of 20. Shelving added steps 5 and 6 to the pulse

348.6 348.62 348.64 348.66 348.68
(©) MHz
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900 Heating data were taken by inserting a dead time ranging
850 from 50 us to 1 ms after the optical pumping in step 2. The
800 dead time consisted of turning off all acousto-optic and
L, 750 electro-optic modulators. The phonon sidebands were mea-
g 700 sured before and after the dead time. The signature of heat-
S 650 ing is that the delayed sideband would be larger than the
600 prompt sideband. The data of Fig. 6 show no sign of heating
550 any delay time. These data were fit to the theoretical signal
h (Refs.[4,22,23) using a nonlinear regression routine. The
340 345 350 355 360 background counts and the depth of the resonance were
MHz treated as free parameters while the width and center fre-

uency were constrained. T er degree of freedom for
FIG. 5. The phonon spect_rum of the trap_. Note_th_at the degen,?he prgmpt and delayed pholrjl('(g;nps of Figéb)66(c) and Gd)
eracy of thex andy phonons is lifted by a slight ellipticity of the o'y 7795 10 1.0, 1.3, and 1.3 indicative of an excellent
near-circular trgp apertures. The freque_ncy difference _of the ‘[W(iit By inéreaéing ,the Heigﬁt of the theoretical signal for the
Raman beams is 7680 MHz plus the tuning frequency given on thde-layed data until thg? increased by the requisite amount
X axis. . . ’
we derive that heating rates3.3 phonons/ms, or a phonon
; lifetime <300 us, can be excluded with 95% confidence
|seque;1ce|, V\ghere step 5 trar|1$fe>rred the populat||on >0f t wo standard cliueviatior)\sBoth Figs. &c) and E{d; have the
F.,Mg)=11,1) state to theDy, |3,3) state via theP,, |2,2 . ) " . . .
state as described above. Step 6 then read out this state foﬁg:nri:;iﬂsrg?irﬂg"‘(’)efr'ngfornesli?gﬂ';Qci):]'ggoggl('thCV:tgvﬁ%']

period of 15us by turning on ther* blue beam, turning off . 4
the 1488-MHz modulator, and turning on the red laser an pale apprOX|matteZ5,9] as ”?’dg- For example, the 1-ms
ifetime in a 170 um trap using”Be scales to 310Qus for

the 335- and 480-MHz sidebands to depopulate all the metag,; i

stable levels except thE8,3) shelving state. The limiting Ba andd=80 um.
factor in this was off-resonant excitation of the shelving state
by the red light used to depopulate thé=0,1, and 2 levels.

In early experiments shelving lifetimes of over 208 were
common, but the data here used higher red powers that lim- It is important to place these results in the context of
ited the shelving lifetime to about 3@s. The shelved data previous work on anomalous heating. The NIST study in-
rate was 200—400 counts/s at the fastest decoherence timetided the construction of six different traps over a period of

V. CONCLUSION

dropping to 10 counts/s for 1 ms delays. five years and concludd®] “Since we have not identified
20400 - 14000
20200 13750
13500
g 20000 2 13250
=
2 19800 g 13000
19600 12750
19400 12500
12250
3402 3404 3406 3408 341 3402 3404 3406 3408 341
(a) MHz © MHz
27000 3900
3800
26500
3700
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g 26000 3600
(53
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FIG. 6. The shelved axial lower phonon sideb#néxis) shown before a decoherence interiladxes and after(triangles for dead times
of (a) 100 us, (b) 200 us, (c) 400 us, and(d) 1000 u«s. No sign of anomalous decoherence is apparent at any delay time.
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the mechanism for the observed heating, it is difficult to sayprogressively more frequent intervals. At the end, the value
what path should be taken to correct it.” And . system-  of C,, could not be adjusted fast enoug#very few seconds
atic studies of the dependence of heating rate on various trap maintain a constant count rate and ion loss followed
properties are difficult, since this often requires the construcquickly. While it is possible that the fluctuating value ©f

tion of an entirely new trap apparatus, which may have dif-could be unrelated to the ion lo$shich might be due, for
ferent values of properties not under study.” An evaluation ofexample, to momentary loss of rf driveseveral months
our experimental results suggests a hypothesis that can Rgsre spent in excluding hardware artifacts as a cause. No

tested in subsequent work. _ , changes in the basic operating parameters of the trap were
The most surprising result of our experiment is that the

- . S . observed during the experiment other th@ayp.

stability Of t_h-e trap degrades over time. lon lifetime in the The idea that exposure to the atomic beam creates in-
trap was initially >500 h but dropP‘?d to less than 1 min creasing bias fields in the trap is also supportedChyhis-
after two years of operation comprising over 300 single-ion . ; : . .
experiments. We speculate that this is due to contaminatiohory of Fig. .3' Durlng penods Of. |.ntense us@v Increases
of the trap surfaces by the atomic beam. The hypotheticarlap'dly', During pgnods of |nact|v_|ty£:\, declines with an
physical mechanism is that the atomic beam deposit&PProximate half-life of three to six months, perhaps due to
either37Ba or other impurities on the trap electrodes creating"nemical reactions with the background gas. Again, it is pos-
contact potentials, which fluctuate either due to movement ofiPlé that the behavior o€, is unrelated to total atomic
the adsorbates across the surface or, on a slower time scaRgam dose, and, for example, is due to electron-beam charg-
due to chemical reactions with the background &= also ing of insulators, but no effect of the electron beam@p
Ref.[18].) In such a model fluctuations in different parts of has been found in the experiments noted above. Additional
the trap are uncorrelated, consistent with the' patch po-  evidence relatingCy, to the atomic beam is provided by ear-
tential model of Ref[9]. The significance of the=300 us  lier experiments with a relatively dirty Ba beam resulting
phonon lifetime measured above is that there was relativeljrom exothermic reactions in BaNifAlAs noted above, this
little heating when the trap was clean early in the experi-source produced a larger and more err&ig record than
ment. The later observations of ion loss are then manifestahat of refined source, with the rest of the apparatus identical.
tions of an extremely large and irregular heating rate. Note Several definitive but difficult experiments are possible.
that this ion trap has a depth ef10’ vibrational levels so  Shielding the trap from the atomic beam would require a
that if the instability is driven by electric-field fluctuations as highly collimated atomic beam and a small aperture, due to
hypothesized above, large phonon heating rates must accortite 80um radius of the trap. Alternatively, the trap could be
pany the instability. heated 19] to 400 °C, where surface Ba evaporates in a few

The primary evidence for this model comes from the cor-seconds. Another approa¢®4], originally intended to pro-
relation between the stability of the compensation voltageect mirror surfaces, is to use a small linear trap in that the
Cy and the ion lifetime. Early in the experiment, when theions are loaded in a separate part of the trap and moved into
relatively long phonon lifetimes of Fig. 6 were recorded, thean operating region not accessible to the beam. If our hy-
flourescence rate at resonaneel(l KHz) could be main- pothesis is correct, both anomalous heating and time-
tained with a constant value @, for an entire run of 6-10 dependent trap instabilities would be absent from such sys-
h. As the experiment progress€g needed to be adjusted at tems.
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